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Abstract

Base excision repair (BER) is a frontline repair mechanism that operates through the G, phase of the cell cycle, which ensures the
genome integrity by repairing thousands of DNA lesions due to endogenous and exogenous agents. Its correct functioning is
fundamental for cell viability and the health of the organism. Uracil is one of the most prevalent lesions that appears in DNA
arising by spontaneous or enzymatic deamination of cytosine or misincorporation of the deoxyuridine 5'-triphosphate nucleotide
(dUTP) in place of deoxythymidine 5'-triphosphate (dTTP) during DNA replication. In the first pathway, the uracil will prefer-
entially pair with adenine, leading to C:G — T:A transition. When uracil in DNA arises from misincorporation of dUTP instead
of dTTP, this process will result in A:U pairs. Organisms counteract the mutagenic effects of uracil in DNA using the BER repair
system, which is mediated by a member of the uracil-DNA glycosylase (UDG) superfamily. Several assays evaluating the in vitro
BER enzyme activity have been described so far. Some of these measure the BER activity by an oligonucleotide incision assay
using radiolabeled duplex oligo. Others use circular double-stranded DNA substrates containing a defined lesion. The novelty of
our method resides in its rapidity and safety (radioactive free detection) as well as in the possibility of having a reliable
quantitative determination of UDG activity in both cell and tissue extracts. We also demonstrated the effectiveness of our method
in assessing UDG activity in cell lines with a reduced DNA repair capacity and in different kinds of tissues.

Key messages

* Base excision repair is a fundamental repair mechanism ensuring the genome integrity.
* Uracil is one of the most prevalent lesions that appears in DNA.

* The mutagenic effects of uracil in DNA are mitigated by the uracil-DNA glycosylase.
* Several assays evaluating the in vitro BER activity have been described so far.

* A safe and quantitative assay evaluating the in vitro UDG activity is required.
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Introduction

The genome of a cell is continuously damaged.
Inevitable DNA lesions arise from the intrinsic chemical
instability of the DNA molecule in the cellular environ-
ment and the normal cellular processes, which determine
base oxidations, deaminations, alkylations, hydrolytic
loss of DNA bases, strand breaks, misincorporated nu-
cleotides, and other chemical modifications, such as re-
actions with endogenous DNA reactive species [1-3]. It
has been estimated that every single human proliferating
cell can acquire approximately 10,000-20,000 lesions
every day under physiological conditions [3, 4]. These
lesions, if not repaired, can alter the base-pairing of
DNA and interfere with the replication and transcription
process, leading to mutation accumulation and related
disease [3]. Among the cellular strategies to maintain
the genome integrity, base excision repair (BER) is an
essential mechanism that copes with DNA base alter-
ations, especially due to reactive species generated by
metabolism [2]. BER is the principal repair mechanism
and operates through the G; phase of the cell cycle,
during which error-free DNA replication is ensured by
removing DNA lesions [3]. It has been widely demon-
strated that the BER pathway deficiency determines ge-
nomic instability and may trigger the development of
many human diseases, such as sporadic cancer, neuro-
degeneration, and premature aging [3—6]. The impor-
tance of BER is also emphasized by the fact that the
knockout of genes belonging to the BER pathway is
lethal at the embryonic stage [3].

BER is initiated by a damage-specific DNA glycosylase
that recognizes the incorrect or damaged base and cleaves
the N-glycosylic bond that links the base to the sugar phos-
phate, creating an abasic intermediate site. This site is incised
by an apurinic/apyrimidinic (AP) endonuclease or AP lyase.
Then, a lyase removes the remaining sugar fragment, and a
DNA polymerase fills the gap. Finally, a DNA ligase seals the
nick [2, 3]. The first step in BER is generally the enzymatic
excision of the incorrect or damaged base from duplex DNA
by a DNA glycosylase. There are several DNA glycosylases,
each of which possesses binding pockets that specifically re-
ceive a set of modified bases [2, 7, 8]. Mammals have evolved
11 DNA glycosylases that recognize specific base modifica-
tions in DNA and are subdivided into four structurally distinct
superfamilies: the uracil-DNA glycosylases (UDG), the helix-
hairpin-helix (HhH) glycosylases, the 3-methyl-purine
glycosylases (MPQG), and the endonuclease VIII-like (NEIL)
glycosylases [9, 10].
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Uracil is one of the most prevalent lesions that ap-
pears in DNA, arising by two different pathways. These
include either spontaneous/enzymatic hydrolytic deami-
nation of cytosine or misincorporation of deoxyuridine
5'-triphosphate nucleotide (dUTP) in place of thymidine
5'-triphosphate (dTTP) during DNA synthesis. In the
first pathway, the uracil, if not repaired, will preferen-
tially pair with adenine during replication, leading to
C:G — T:A transition mutations [2, 11, 12]. It has been
assessed that 70 to 200 genomic cytosine bases are con-
verted to uracil in each human cell per day [11, 12]. On
the other hand, when uracil in DNA arises from
misincorporation of dUTP instead of dTTP, this process
will result in A:U pairs. Although not mutagenic, this
pairing can be lethal for cells when present at a high
level in genome [12].

To counteract the mutagenic effects of uracil in DNA, or-
ganisms use the BER pathway, which is mediated by a mem-
ber of the UDG superfamily proteins. Based on substrate spec-
ificity, four different UDG activities have been identified in
humans, including the uracil-DNA glycosylase (UNG), with
UNGT involved in uracil removal from mitochondrial DNA
and UNG2 acting in nuclear DNA, the single-strand-selective
mono-functional uracil-DNA glycosylase 1 (SMUGL!), the
thymine DNA glycosylase (TDG), and the methyl-CpG-
binding domain 4 (MBD4). These proteins can remove uracil
from both single- and double-stranded DNA when located
opposite G, A, or a CpG sequence [2, 13]. It has been sug-
gested that the principal role of UNG2 may be to excise
misincorporated uracil opposite A during DNA replication.
On the other hand, SMUG1 has been showed to target uracil
derived from cytosine deamination as well as TDG and
MBD4 may preferentially excise uracil present at CpG se-
quences [14-17].

The development of assays able to evaluate the ac-
tivity of key enzymes involved in BER is being studied
by physicians and researchers since a defective DNA
repair system could lead to deleterious effects for the
whole body. Many protocols evaluating BER enzyme
activity have been described so far. Some of these
methods measure BER enzyme activity by an oligonu-
cleotide incision assay using a radiolabeled duplex oligo
[18, 19]. Others use circular double-stranded DNA sub-
strates containing a defined lesion [20-22].

In this paper, we describe a new, simple, safe, and quanti-
tative in vitro assay to assess the activity of UDG in both cell
and fresh tissue extracts. Unlike the protocols proposed thus
far, our method does not need technically demanding and
time-consuming procedures. Our protocol requires the (i)
preparation of cell or fresh tissue protein extracts, (ii) synthesis
of a DNA substrate for UDG, (iii) assembly of an in vitro
DNA incision reaction, and (iv) evaluation of UDG activity
by qPCR (Fig. 1).
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Fig. 1 Illustrative diagram of method setup to test the activity of the UDG
enzyme in cell and tissue extracts. Step 1: protein extraction from cell
cultures and fresh tissues. Step 2: synthesis of DNA substrate for UDG.

Materials and methods

Human bone marrow mesenchymal stromal cell
cultures

Human bone marrow—derived mesenchymal stromal cells
(MSCs) (ATCC® PCS-500-012™) were purchased from
ATCC (Manassas, VA, USA). We seeded 5 x 10° cells/cm?
in alpha-minimum essential medium (Alpha-MEM) contain-
ing 10% fetal bovine serum (FBS), 2 mM L-glutamine,
100 units/ml penicillin, 100 pg/ml streptomycin, and
3 ng/ml basic fibroblast growth factor (bFGF)
(ThermoFisher, Waltham, MA, USA). These cells (passage
0) were further propagated to conduct experiments at passages
2-3. Cells were grown in monolayers and maintained at 37 °C
under 5% CO,. All reagents were obtained from EuroClone
S.p.A, Pero, Italy, unless otherwise specified.
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Step 3: assembly of in vitro DNA incision reaction and DNA
precipitation. Step 4: evaluation of UDG activity by qPCR and data
analysis

SH-SY5Y cultures

SH-SY5Y neuroblastoma cells (ATCC® CRL-2266™) were
purchased from ATCC (Manassas, VA, USA). We seeded 2 x
10* cells/cm? in Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% FBS, 2 mM L-glutamine,
100 units/ml penicillin, and 100 pg/ml streptomycin. Cells
were grown in monolayers and maintained at 37 °C under
5% CO,. All reagents were obtained from EuroClone
S.p.A., Pero, Italy.

MSC osteogenic differentiation and alizarin red
staining

2 x 10* cells/cm?® were plated in osteogenic differentiation me-

dium containing DMEM (EuroClone S.p.A., Pero, Italy) sup-
plemented with 10% FBS (EuroClone S.p.A., Pero, Italy),
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0.05 mM ascorbic acid (Sigma-Aldrich, Saint Louis, MO,
USA), 10 mM f-glycerophosphate (Sigma-Aldrich, Saint
Louis, MO, USA), and 100 nM dexamethasone (Sigma-
Aldrich, Saint Louis, MO, USA) for 21 days, changing medi-
um every 3 days. Thereafter, the differentiated MSCs were
stained with Alizarin Red S (Sigma-Aldrich, Saint Louis,
MO, USA) to visualize calcium sediments that were acquired
by microscope [23].

SH-SY5Y neural differentiation

5 x 10* cells/cm?® were plated in neural differentiation medium
containing DMEM/F12 (1:1) 10% FBS, and 1 uM retinoic
acid (Sigma-Aldrich, Saint Louis, MO, USA) for 7 days,
changing medium every 3 days. All reagents were obtained
from EuroClone S.p.A., Pero, Italy, unless otherwise speci-
fied. Neural differentiation was evaluated by analyzing the
mRNA expression of several neural-specific markers as al-
ready reported [24].

Protein extraction from cell cultures

After removing the culture medium, adherent cells were
washed in PBS (EuroClone S.p.A., Pero, Italy).
Subsequently, cells were washed in hypotonic buffer
(10 mM Tris-HCI pH 8.0, 1 mM EDTA, 1 mM DTT) by
scraping and gently resuspending them, followed by pelleting
at 5000 rpm in a cooled centrifuge (Centrifuge 5417R
Eppendorf Italia, Milan, Italy) for 5 min. The cellular pellet
was suspended in 1 mL of hypotonic buffer in the presence of
protease inhibitors (cOmplete™, EDTA-free Protease
Inhibitor Cocktail-Roche, Basilea, Switzerland) and left on
ice for 20 min with occasional agitation. Then, cells were
homogenized in a tight-fitting glass homogenizer (Thomas
Scientific, Swedesboro, NJ, USA) and mixed with 0.5 volume
of high-salt buffer (50 mMTris-HCI pH 7.5, 1 M KCI, 2 mM
EDTA, 1 mM DTT). The suspension was left on ice for
20 min with occasional agitation and then centrifuged at
5000 rpm for 10 min in a cooled centrifuge [25]. The
Bradford assay was performed on the collected supernatant
to determine protein concentration. All reagents were obtained
from Sigma-Aldrich, Saint Louis, MO, USA, unless otherwise
specified.

Protein extraction from tissues

Livers and muscles were dissected from C57BL/6 mice (3-
month-old; male) (Jackson Laboratory, Bar Harbor, ME,
USA). Mice were handled in compliance with protocols that
were approved by the Animal Care and Use Committee of the
University of Campania “Luigi Vanvitelli,” Naples, Italy.
Tissue samples were washed with one volume of ice-cold
PBS, immediately snap-frozen in liquid nitrogen, and
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pulverized with a porcelain mortar followed by resuspension
in five fold by weight the amount of hypotonic buffer (10
mMTris-HCI pH 8.0, 1 mM EDTA, 1 mM DTT) in the pres-
ence of protease inhibitors (cOmplete™, EDTA-free Protease
Inhibitor Cocktail-Roche, Basilea, Switzerland). Homogenate
tissues were left on ice for 20 min, with occasional agitation,
and processed as the cell culture samples.

Preparation of substrate for UDG

As substrate for UDG, we used a human DNA that was am-
plified by PCR with a primer pair encompassing a region of
the GAPDH gene containing in its sequence several dTTPs
(ID: 2597 of NCBI Gene bank; forward primer: 5'-GCAT
CCTGCACCACCAACTG-3'; reverse primer: 5'-GCCT
GCTTCACCACCTTCTT-3"; amplicon size: 327 bp). DNA
was obtained from a human blood sample with the DNeasy
Blood & Tissue kit (Qiagen Italia, Milan, Italy) in compliance
with the manufacturer’s instructions. Fifty nanograms of iso-
lated DNA was amplified in 25 pL reaction mixtures contain-
ing 1X GoTaq® Flexi Buffer, 1.5 mM MgCl,, 100 pM of
dNTP mix, 0.3 uM of each primer, and 1.25 U of GoTaq®
Flexi DNA Polymerase. We utilized a dNTP mix containing
2.5 mM of A, C, and G deoxynucleotides, 0.25 mM of T
deoxynucleotides, and 5 mM of U deoxynucleotides. All
PCR reagents were obtained from Promega Italia, Milan,
Italy [26]. A denaturation step at 94 °C for 3 min was followed
by 32 amplification cycles (94 °C for 45 s, 55 °C for 45 s,
72 °C for 45 s). DNA was amplified on a Verity Thermal
Cycler (ThermoFisher, Waltham, MA, USA). The obtained
PCR products containing dUTP were used without purifica-
tion as substrates for subsequent experiments.

Incubation of DNA substrates with cell and tissue
extracts

Protein extracts obtained from cell cultures and fresh tissues
contain active enzymes involved in DNA repair, including
UDG. One hundred and fifty nanograms (ng) of DNA sub-
strates (obtained as above reported) was incubated with 10 png
of cell/tissue extract in 20 ul of reaction buffer (70 mM
HEPES-KOH pH 7.5, 1 mM EDTA, 1 mM DTT, 75 mM
NacCl, 0,5% BSA) for 30 min at 37 °C [19]. In these condi-
tions, the UDG activity of cell and tissue extracts might rec-
ognize and remove deoxyuracil from DNA substrates and
decrease the subsequent PCR amplicon yield. DNA substrates
incubated without protein extract represented the negative
control (NC). As the positive control (PC), an equal amount
of DNA substrate was treated with 0.1 U/ul AmpErase Uracil
N-Glycosylase (ThermoFisher, Waltham, MA, USA) at 50 °C
for 10 min, followed by enzyme inactivation at 95 °C for
5 min. To demonstrate the specificity of the UDG assay, we
also treated an equal amount of DNA substrate that did not
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contain dUTP with cell and fresh tissue extracts. This template
was obtained by PCR amplifying human DNA with a primer
pair encompassing a region of the GAPDH gene. The reaction
was carried out with canonical ANTP mix (dATP, dCTP,
dGTP, dTTP).

All the above reactions were terminated adding 2 pl of
2 mg/ml Proteinase K and 0.8 pl of 10% SDS, followed
by incubation at 55 °C for 15 min. Then, the DNA was
precipitated by the addition of 2 volumes of absolute eth-
anol, 1 pug of glycogen, and 4 ul of 11 M ammonium
acetate [19]. Samples were centrifuged at 16.000 rpm
for 30 min in a cooled centrifuge (Centrifuge 5417R
Eppendorf Italia, Milano, Italy). The DNA pellets were
rinsed twice with 70% ethanol, dried at room temperature,
and resuspended in 20 pl nuclease-free water. These sam-
ples represent the templates for the qPCR reaction de-
scribed in the next paragraph.

UDG inhibition assay

For UDG inhibition assay, 0.1 U/ul uracil glycosylase inhib-
itor (UGI) (New England Biolabs, Ipswich, MA, USA) was
incubated with 10 pg of each cell extracts (proliferating MSCs
or proliferating SH-SY5Y) at 37 °C for 10 min before the
addition of 150 ng of DNA substrate, followed by same pro-
cedures described above for the UDG activity measurement.
As the positive control, an equal amount of DNA substrate
was treated with 0.1 U/ul AmpErase Uracil N-Glycosylase
(ThermoFisher, Waltham, MA, USA) and 0.1 U/ul UGI at
37 °C for 10 min, followed by same procedures described
above.

UDG activity measurement with the standard curve
method

Two microliters of each purified DNA template (obtained as
reported above) was amplified by quantitative PCR (qPCR) in
20 ul reaction mixtures containing 1X iTaq universal
SYBRGreen Supermix (Bio-Rad, Hercules, CA, USA) and
0.3 uM of each GAPDH primer. A denaturation step at
95 °C for 10 min was followed by 40 amplification cycles
(95 °C for 15 s, 55 °C for 40 s) [27]. The DNA was amplified
on a CFX96 Real-Time PCR detection System (Bio-Rad,
Hercules, CA, USA). All reagents were obtained from
Sigma-Aldrich, Saint Louis, MO, USA, unless otherwise
specified.

We obtained an absolute quantification of PCR prod-
ucts using the standard curve method. Different known
amounts (nanograms) of the DNA template were ampli-
fied by qPCR in the presence of canonical dNTPs to
create a standard curve with threshold cycles (Ct)
(Fig. 2a). The number of molecules of the known
amounts was obtained using the following formula:

Number of molecules

amount of amplicon (ng) x 6,0221 x 1023 (molecules/mole)

length of dsDNA amplicon (bp) x 660 (g/mole) x 1 x 10° (ng/g)

This allowed us to obtain a relative measure of the amounts
of amplicons in the samples treated with different protein ex-
tracts by comparing them to the standard curve and extrapo-
lating the value. A lower quantity of obtained amplicon rep-
resents a higher UDG activity.

Statistical analysis

Statistical significance was evaluated using an analysis of var-
iance, followed by Student’s # and Bonferroni’s tests. For data
with continuous outcomes, we used the mixed-model variance
analysis and, in any case, we analyzed all data with the
GraphPad Prism, version 5.01 (GraphPad, La Jolla, CA,
USA).

Results

Measurement of UDG activity in proliferating
and differentiated cell lines

It is well known that the cell’s capacity for repairing DNA
damage depends on the enzymatic activity of proteins in-
volved in DNA repair mechanisms. Damage-specific DNA
glycosylases are key enzymes in the BER pathway; they rec-
ognize and remove the incorrect or damaged base from DNA
[2]. We set up a simple method to evaluate the UDG capacity
to recognize and cleave the misincorporated bases.

We incubated protein extracts from human bone marrow
MSCs or SH-SYSY neuroblastoma cells with DNA templates
containing dUTP. The UDG present in protein extracts recog-
nizes and cleaves the misincorporated uracils, and the enzy-
matic activity is indirectly determined by calculating the PCR
amplicon yield obtained following the incubation of templates
with cell extracts. Therefore, a lower quantity of obtained
amplicons will representa higher UDG activity.

We evaluated UDG activity both in normal and tumor pro-
liferating cell lines, that is, MSCs and SH-SY5Y cells, respec-
tively. We chose MSCs since they have a robust and effective
DNA repair mechanism given their well-known key role in
promoting the homeostasis of several tissues and organs
[28-32]. Moreover, stem cells, such as those present in MSC
population, persist for long periods in the body and undergo
several rounds of intrinsic and extrinsic stresses. As a result,
they present an effective DNA repair system in order to cope
DNA damage and avoid mutation accumulation and related
diseases [33]. Cancer cells should also present high DNA
repair capacity due to their ability to remove therapy-
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induced DNA lesions and thus to develop therapy resistance
[34]. Among cancer cell lines we chose to evaluate the UDG
activity in SH-SYSY cells, one of the most commonly used
cell lines in cancer and neuroscience research [35].

In addition, we collected cellular extracts from MSCs and
SH-SYSY cells following induction of differentiation to as-
sess the effectiveness of our method in experimental condi-
tions showing a low DNA repair activity. Indeed, many ter-
minally differentiated cells seem to have a downregulation of
DNA repair systems. They do not need to replicate their DNA
and may dispense the several repair systems to constantly
control the genome integrity [36, 37].

MSCs contain multipotent cells able to differentiate in vitro
into several cell types, such as bone, osteocytes, chondrocytes,
and adipocytes [29, 38]. We chose to differentiate MSCs towards
the osteocyte phenotype by treating cells with ascorbic acid, [3-
glycerophosphate, and dexamethasone (see “Materials and
methods”). On the other hand, we induced neuronal differentia-
tion of SH-SYS5Y cells by using retinoic acid [39].

DNA substrates containing several dUTP in their sequence
were incubated with cell lysates from proliferating and differen-
tiated MSCs or SH-SYSY cells. Subsequently, these substrates
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were used as templates for a qPCR reaction that amplifies a
327 bp fragment of GAPDH gene. In these conditions, the
UDG activity of cell extracts might recognize and remove
deoxyuracil from the DNA substrate and decrease the PCR
amplicon yield. Different known amounts of GAPDH substrates
(without dUTP) were amplified by qPCR to create a standard
curve with threshold cycles (Ct) (Fig. 2a). This allowed us to
obtain a relative measure of the amount of amplicon in the sam-
ples treated with different cell extracts by comparing unknowns
to the standard curve and extrapolating the value of the sample
under analysis. A lower quantity of obtained amplicon represents
a higher UDG activity.

The in vitro incision assay showed that in both proliferating
and differentiated cell lines, the BER pathway was active. In
detail, a higher UDG activity was observed in proliferating con-
ditions for both MSCs and SH-SY5Y cells with respect to their
differentiated correspondents (Fig. 2b). Still, the UDG’s ability to
remove the incorrect bases varies depending on the cell line
analyzed; the SH-SY5Y cells in proliferating conditions had a
greater ability to remove the misincorporated uracils compared to
proliferating MSCs (Fig. 2b). The absence of interference by
non-specific nuclease activity was demonstrated by the PCR
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amplicon yield obtained following the incubation in cell extracts
of DNA templates that did not contain UTP. Indeed, in all these
cases, the PCR amplicon yield was approximately the same as
that obtained in the negative control (qPCR of DNA templates
with no cell extract incubation) (Fig. 2c).

As a positive control, we treated an equal amount of DNA
templates containing dUTP with AmpErase Uracil N-
Glycosylase enzyme. Obviously, in this case, we obtained a neg-
ligible PCR amplicon yield (Fig. 2d).

Finally, to further confirm that observed incision ac-
tivity was due to UDG rather than other components in

cell extracts, we performed a UDG inhibition assay by
pre-treating proliferating MSC and SH-SYSY lysates
with UGI (see “Materials and Methods™). The UGI is
able to bind with UDG in 1:1 UDG:UGI stoichiometry
by forming an irreversible complex [40, 41]. As shown
in Fig. 3a, following UGI treatment, MSC and SH-
SYS5Y lysates lost the ability to remove the
misincorporated bases. Indeed, for both cell lines, the
PCR amplicon yield was comparable to that observed
in the negative control sample (QPCR of DNA templates
with no cell extract incubation) (Fig. 3a).
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a UDG inhibition assay in cell extraxts

S 250 -

o

Z 200 - | I 1
g #

e *

3 150 T %%k OO

2 p 5

2 100 - E

o 50-

(b}

o)

E o

= NC wio UG + UGl wio UG +UGI

Proliferating SH - SY5Y

b
%01 Effect of UDG on DNA templates
245 A -
210 | containing dUTPs
< 2354
o
~ 230
X 95
8
3 2154
(5]
S 2104
E 205
© 20
[
e
E
=
15 4 *%k
10
S |
: L
PC wio UGI PC + UG

Fig. 3 Panel a UDG inhibition assay in cell extracts. The graph reports
the number of amplified molecules before (negative control—NC) and
after the treatment of GAPDH substrates with the extracts from
proliferating MSC or proliferating SH-SY5Y cells with or without
(w/0) UGI treatment, respectively (+ SD, n=3). The asterisk(s) indicate
the statistical difference between NC and each of the other experimental
conditions (*p <0.05, **p<0.01). The hashtag indicates statistical dif-
ference between proliferating MSCs w/o UGI and proliferating MSCs
with UGI (#p < 0.05). The degrees indicate statistical difference between

proliferating SH-SY5Y cells w/o UGI and prolioferating SH-SY5Y cells
with UGI (°°p <0.01). Panel b Effect of UDG on DNA templates con-
taining dUTPs. DNA templates containing dUTP (as those in panel a)
were incubated with AmpErase Uracil N-Glycosylase (ThermoFisher,
Waltham, MA, USA) or with AmpErase Uracil N-Glycosylase plus
UGI and then PCR amplified, respectively. The latter was the positive
control (PC) of the UGI effect on UDG inhibition (+ SD, n=3). The
asterisks indicate the statistical difference between PC with UGI and PC
w/o UGI (**p <0.01)
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As a positive control of the inhibition assay, an equal
amount of DNA substrate was treated with AmpErase Uracil
N-Glycosylase and UGI. As expected, also in this case, we
observed a PCR amplicon yield similar to that of the negative
control (Fig. 3a, b).

Measurement of UDG activity in tissue samples

For many studies, it is preferable to evaluate BER activity in
the tissue of interest instead of using cell lines derived from
that tissue [42, 43]. We also tested our assay to assess UDG
activity in tissue samples. We measured UDG activity in the
liver and muscle of adult mice using the same protocol de-
scribed for the cell extracts in order to compare DNA repair in
different tissue types. We chose two different tissues to dem-
onstrate that our protocol was suitable for obtaining compara-
ble total protein extracts from different kinds of samples. The
liver and muscle tissues exhibit high structural and morpho-

logical differences; the former is made of very soft tissues
encapsulated by a connective tissue unlike the latter, which
is a hard tissue made of multiple bundles of cells (fibers)
surrounded by connective tissue layers [44, 45].

Figure 4 shows that our method allowed us to detect UDG
activity in both analyzed tissue samples. In detail, we ob-
served no significant differences in the PCR amplicon yield
following incubation with the different tissue extracts
(Fig. 4a). As for the cell lines, the specificity of UDG activity
in tissue extracts was demonstrated by the PCR amplicon
yield obtained following the incubation of an equal amount
of DNA templates (not containing dUTP) with the extracts
from liver and muscle, respectively. In all the cases, the PCR
amplicon yield was comparable to that observed in the nega-
tive control samples (DNA templates with no tissue extract)
(Fig. 4b). As a positive control, we treated an equal amount of
DNA templates containing dUTP with AmpErase Uracil N-
Glycosylase enzyme (Fig. 4c).
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Fig. 4 Panel a UDG activity in tissue extracts. The graphs report the
number of amplified molecules before (negative control—NC) and after
the treatment of GAPDH substrates with the different tissue extracts (+
SD, n=3). The asterisk indicates the statistical difference between NC
and each of the other experimental conditions (*p < 0.05). Panel b Assay
specificity for UDG activity measured in tissue extracts. The graphs
report the number of amplified molecules before (negative control—
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NC) and after the cell extract treatments of GAPDH substrates that did
not contain dUTP(+ SD, n = 3). Panel ¢ Effect of UDG on DNA templates
containing dUTPs. DNA templates containing dUTP (as those in panel a)
were incubated with AmpErase Uracil N-Glycosylase (ThermoFisher,
Waltham, MA, USA) and then PCR amplified. This was a positive con-
trol (PC) of the UDG effect on DNA templates (+ SD, n=3)
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Discussion

BER is a frontline mechanism that operates through the G,
phase of the cell cycle, which ensures the genome integrity by
repairing thousands of DNA lesions due to endogenous and
exogenous mutagens or stressor agents. Thus, BER activity
prevents many human diseases, such as cancer, neurodegen-
eration, and premature aging [3—6]. Its correct functioning is
fundamental for cell viability and, therefore, for the health of
the whole organism.

Uracil is one of the most prevalent lesions that appears in
DNA, arising by spontaneous or enzymatic hydrolytic deam-
ination of cytosine or misincorporation of dUTP in place of
dTTP during DNA replication phase [2, 12]. Organisms coun-
teract the mutagenic effects of uracil in DNA using the BER
repair system, which is, in turn, mediated by a member of the
UDG superfamily proteins [2, 13].

Several assays evaluating the BER activity in vitro using
cell or tissue extracts have been described thus far [18-22,
46-49]. Some of these methods measure BER activity by an
oligonucleotide incision assay using radiolabeled duplex oligo
[18, 19]; others use circular double-stranded DNA substrates
containing a defined lesion [20-22].

We described a rapid, safe, and quantitative in vitro assay to
assess the enzyme activity of UDG in both cell and tissue
extracts. Unlike several protocols proposed thus far, our meth-
od requires simple, not technically demanding and time-
consuming procedures that are the (i) preparation of cell or
fresh tissue extracts, (ii) use of a DNA segment amplified by
PCR as a UDG substrate, (iii) assembly of an in vitro DNA
repair reaction, and (iv) evaluation of UDG activity by qPCR.
In particular, UDG substrates can be easily prepared by the
PCR amplification of a DNA region containing several
dTTPs. To this end, we added dUTPs to the canonical nucle-
otide mixture used for PCR reaction. At the same time, mea-
surement of UDG activity is readily derived from the qPCR
amplicon yield obtained following the incubation of DNA
substrates containing dUTP with cell or tissue extracts. The
use of qPCR allows the absolute quantification of the undi-
gested amplicons in the samples treated with different protein
extracts. Moreover, the use of low-cost reagents and tradition-
al molecular biology techniques makes our assay more con-
venient than other protocols proposed until now.

Another advantage of the developed assay is that our meth-
od does not use radioisotopes for the detection of UDG en-
zyme activity. Frosina et al. developed a quantitative assay for
measuring BER activity based on the use of mammalian cell
extracts and the construction of a radioactive plasmid contain-
ing a single AP site or DNA lesions repaired via an AP site
formation as a repair reaction substrate. Despite the assay
reliability, it requires technically demanding and time-
consuming procedures, such as the construction of DNA sub-
strates containing lesions, the radiolabeling of DNA

substrates, and DNA purification by density gradient centrifu-
gation with cesium chloride. In addition, the protocol needs
radioactive substrates for the detection of repair products [20].
On the other hand, Matsumoto described a convenient and
safe in vitro BER assay which does not require radiolabelled
substrates or nucleotides. Nevertheless, DNA repair reaction
products are analyzed by agarose gel electrophoresis and de-
tected by staining with SYBR Green providing a semi-
quantitative measurement of BER activity. Also, this protocol
requires a time-consuming procedure for the construction of
the circular DNA substrate containing the AP site and the
DNA sample purification with the cesium chloride method
[22].

The Bohr’s research team reported several protocols to
measure the repair activity of UDG, oxoguanine DNA
glycosylase (OGG1), and endonuclease I1I homolog (NTH1)
in mouse tissues based on the oligonucleotide incision assay
using a synthetic duplex oligo. Although such assays take less
time than those discussed above and provide a quantitative
measure of BER enzymatic activity, they require the
radiolabeling of duplex oligo [18, 19, 50, 51].

A few years ago, Leung et al. published an interesting
review describing a variety of methods based on luminescent
detection of BER enzyme activity. Luminescence technolo-
gies guarantee a good combination of high sensitivity, sim-
plicity, safety, and rapid response time and are usually inex-
pensive [52]. Nevertheless, even in this case, our method re-
sults less expensive and more rapid than luminescent
oligonucleotide-based protocols. For example, the assay de-
scribed by Hu and co-workers requires the purchase of G-
quadruplex-DNA and the DNA specific fluorescent binder
N-methyl mesoporphyrin IX as well as the protocol by
Leung et al. needs the use of iridium(Ill) complex as a G-
quadruplex-selective probe [53, 54]. Again, Zhang and co-
workers proposed the use of the target-activated autocatalytic
DNAzyme amplification and the rolling circle amplification
strategies for the sensitive and fluorescent detection of UDG
[55]. The fluorescent ultrahigh sensitivity assay developed by
Wang’s research group requires the multi-step excision repair-
initiated enzyme-assisted bicyclic cascade signal amplifica-
tion for the ultrasensitive detection of UDG activity [40]. Of
interest is also the method described by Zhang et al. for the
simultaneous detection of multiple DNA glycosylase activity
using exonuclease-assisted recycling signal amplification in
combination with intrinsically fluorescent nucleotides [56].
Despite their distinct advantages of high sensitivity, selectivi-
ty, and safety, these latest protocols are more time consuming
than the assay we developed. Moreover, they require the syn-
thesis of fluorophore-labeled or modified oligonucleotide sub-
strates and/or probes that are more expensive compared to the
home-made DNA substrate required by our protocol.

Recently, Esadze and collaborators described an intriguing
and efficient fluorescence assay to determine the activity of
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human UNG?2 in cell extracts. Nevertheless, the method re-
quires the use of a fluorescent substrate (FAM-labeled and
containing a quencher) that is more expensive compared to
our home-made substrate. In addition, our method is based on
PCR-based assays that should have a lower limit of detection
(LOD) and limit of quantification (LOQ) compared with fluo-
rescent assays. However, it has to be noted that the paper by
Esadze et al. has the merit of having described the first mea-
surements that directly assess the nanoscale DNA transloca-
tion by UDG in human cells [41].

Despite the advantages offered by the method we de-
veloped, we are aware that it does not allow to differen-
tiate which UDG enzyme is removing the uracil bases in
the assay. In any case, our method allows to obtain an
overall quantitative measure of the activity of UDG—the
enzyme responsible for the initial steps of genomic uracil
processing—useful for demonstrating differences in the
activation of BER mechanism between different cell or
tissue samples.

In conclusion, in this paper, we have described a new
in vitro assay to evaluate the enzymatic activity of UDGs in
both cell and fresh tissue extracts. We also showed the effec-
tiveness of our method in assessing UDG activity in differen-
tiated cell lines with a reduced activity of DNA repair mech-
anisms. Moreover, we demonstrated that it is suitable to eval-
uate the repair activity in extracts from different kinds of tis-
sues. The developed assay has the advantage of simplifying
the protocols proposed so far, providing a quantitative mea-
surement of UDG activity without using a radioactive-based
detection method and producing results rapidly. Finally, we
demonstrated that the protocol can be applied to normal and
cancer cell lines as well as fresh tissues, thus also allowing the
evaluation of UDG activity in clinical samples. The knowl-
edge of DNA repair activity in human samples is of major
importance since unrepaired DNA lesions leads to replication
errors, and this, in turn, may result in mutagenesis, premature
aging, and other diseases, such as neurodegeneration and
cancer.
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