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Cells Resistant to Toxic Concentrations of Manganese
Have Increased Ability to Repair DNA
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Abstract—Manganese (Mn) is crucially important for vital activity of cells and has many biological functions. Nevertheless,
high doses of Mn taken up by an organism over a long period may cause neurodegenerative diseases such as manganism and
Parkinsonism. The molecular mechanisms of this Mn toxicity are still poorly studied. It is now believed that Mn-induced
pathophysiological neural processes are multifaceted and affect several metabolic pathways. In particular, Mn ions might
affect the processes of DNA replication and repair. To test this possibility, we obtained an SKOV-3 cell line resistant to the
toxic action of Mn ions. We found that these cells are characterized by the activation of poly(ADP-ribose)polymerase,
which leads to increased ability to repair DNA. Thus, the model used here supports the suggestion that at least one cause of
Mn cytotoxicity might be disorders of the processes involved in DNA replication and repair.
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Manganese performs many diverse biological func-
tions and is a trace element necessary for the normal vital
activity of mammals. Manganese ions (Mn’") are
involved in many physiological processes: protein, carbo-
hydrate, and fat metabolism; energy metabolism; con-
nective tissue formation; and bone tissue mineralization.
Manganese ions also act as an activator and cofactor of
many enzymes [1].

However, long-term uptake of high doses of these
ions can lead to the development of diseases such as man-
ganism and Parkinsonism. According to modern con-
cepts, these diseases with similar symptoms are most like-
ly caused by common molecular mechanisms [2]. A sin-
gle dose or not very frequent uptake of even high doses of
manganese has actually no effect on the human organism.
However, it is difficult to control the content of man-
ganese because it is extremely widespread in foods and in
the environment, in contrast to other toxic and carcino-
genic metals. It can be assumed that almost each individ-
ual suffers to some extent from its excessive uptake. For
example, according to data of the United States

Abbreviations: DTT, dithiothreitol; misGvA, misincorporation
of G versus A; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide; PAR, poly(ADP-ribose); PARP-
1, poly(ADP-ribose)polymerase-1; Pol 1, DNA polymerase
iota.
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Environmental Protection Agency, the reference dose of
manganese is 0.14 mg per kg weight per day (9.8 mg per
70 kg) [3]. The Food and Nutrition Board of the National
Research Council (United States) has established that 1.4
to 9 mg of manganese can enter the human organism
daily only from food [4]. At the same time, the safe upper
limit of chronic uptake of manganese is 11 mg per day.

The molecular mechanisms of the toxic effect of
Mn?* on the nervous system are still not fully known. One
of several existing hypotheses associates manganese-
induced toxicity with disorders of mitochondrial metabo-
lism [5]; it is also supposed that Mn?* are involved in pro-
duction of reactive oxygen species [6]. In contrast, there
is a hypothesis suggesting that divalent manganese ions
increasing the level of inclusion of incorrect nucleotides
by some DNA polymerases in the DNA-polymerase
reaction in vitro are able thereby to cause enhanced level
of mutagenesis and lead to cell death [7]. In eukaryotes,
the best candidate for this function may be DNA poly-
merase iota (Pol 1), with its incorrect activity increasing
hundreds of times in the presence of Mn?" [§].

Another hypothesis associates manganese toxicity
with inhibition of the enzyme poly(ADP-ribose)poly-
merase-1 (PARP-1) [9].

One approach for elucidation of the mechanisms of
toxicity of Mn?" is to study cells resistant to these ions.
With this object in view, in this work we selected clones of
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SCOV-3 cells that are able to survive in the presence of
toxic concentrations of Mn?" and studied the molecular
mechanisms of cell adaptation to such concentrations of
these metal ions. The results indicate that enhanced cell
resistance to Mn?" is associated with higher DNA repair
ability of the cells.

MATERIALS AND METHODS

Cell culture. The mechanisms of the toxicity of Mn?**
were investigated using the SKOV-3 (ovarian adenocarci-
noma) cell line. Previously, in cell extracts of this line we
had found high Pol 1 activity at manganese ion concen-
trations of 50-250 uM and T-stop overcoming (continua-
tion of DNA synthesis after incorrect insertion of non-
complementary guanine opposite thymine of the tem-
plate) [10].

The cells were grown at 37°C in 5% CO, atmosphere
in RPMI-1640 medium containing 10% newborn calf
serum and penicillin at concentration 100 U/ml.

Study of cytotoxicity of Mn**. The cytotoxicity of
Mn?* was studied by staining living cells with the vital dye
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), which is incorporated into the respira-
tory chain of living cells and inhibits mitochondrial dehy-
drogenases, interacting with oxygen with the formation of
water-insoluble purple formazan crystals.

The cells were inoculated in cell culture microplates
(50,000 cells per well) and, after 24 h, MnCl, solution (25
to 200 uM) was added to the incubation medium. Cells
grown without manganese were used as a control. The
cells were incubated with the MnCl, solution for 4 days.
After that, the dye MTT was added to the medium up to
final concentration 0.5 mg/ml. The staining process last-
ed for 3 h at 37°C in 5% CO, atmosphere; then the incu-
bation medium was sampled, and formazan crystals were
dissolved in lysis buffer (sodium acetate, 410 mg; sodium
dodecyl sulfate, 40 mg; acetic acid, 4 ml; dimethylform-
amide, 100 ml; and water, 100 ml).

The optical density of formazan crystals dissolved in
the lysis buffer was measured with a spectrophotometer at
570 nm. Nonspecific absorbance was measured at
650 nm. The intensity of MTT staining (D, ) was calculat-
ed as the difference of optical densities at 570 and
650 nm. The MTT staining of the control cells (D,) was
taken as 100%. The portion of living cells (F) was calcu-
lated by the formula: F = D, /Dy x 100%. The results were
analyzed in Origin 8.1.

Obtaining cell clones resistant to toxic concentrations
of Mn?*. The SKOV-3 cells were incubated for 4 days with
100 uM MnCl, in RPMI-1640 medium containing 10%
serum. Then the medium was changed. The surviving
cells were grown up to a monolayer in medium without
Mn?* and again incubated for 4 days in medium with
150 uM MnCl,. Then this procedure was repeated with
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200 uM Mn?*. For obtaining a pure cell line resistant to
the toxic concentrations of Mn?", the resulting cells were
inoculated in a 96-well microplate (3 cells per well) and
grown up to a monolayer, followed by sampling of clones
morphologically different from cells of the original
SKOV-3 line. Twelve clones of cells resistant to enhanced
concentrations of Mn** were obtained. The clone desig-
nated as cKZ-5 was used in further work.

The probability of generation of cells resistant to the
toxic concentrations of Mn** was studied in the original
SKOV-3 culture inoculated in a 24-well microplate
(100,000 cells per well). The following day, Mn>" was
added to the cells at concentration 200 uM, and the cells
were incubated for 4 days; then the medium was changed,
and the ratio of surviving cells to the control (the cell
number before the addition of Mn?") was determined in a
Goryaev chamber after 24 h.

DNA Pol 1 activity measurement. The activity of Pol 1
in cell extracts was measured by the misGvA method
based on the difference in electrophoretic mobility
between the primer extended by the Pol 1 and the primer
extended by other DNA polymerases in the reaction mix-
ture [11].

The extracts were prepared as follows: the SKOV-3
cells and the cells resistant to the toxic manganese con-
centrations were grown up to a monolayer in 6-cm Petri
dishes, trypsinized, and homogenized on ice with a Teflon
homogenizer in 1x PBS solution, pH 7.4, in 50-pl vol-
ume. The resulting homogenate was centrifuged at 4°C
for 10 min at 14,000g, and the supernatant was taken for
further reaction.

The two complementary deoxyribooligonucleotides,
a 17-membered primer 5'-GGAAGAAGAAGTATGTT-
3’ and a 30-membered template 5'-CCTTCTTCATTC-
TAACATACTTCTTCTTCC-3', forming a duplex with a
protruding 5'-end during hybridization, were used in the
reaction as substrate 1. The primer was labeled at the 5'-
end with phage T4 polynucleotide kinase (10 units) and
[y-**PJATP (2 MBq) for 30 min at 37°C in 70 mM Tris-
HCl buffer, pH 7.6, containing 10 mM MgCl,and 5 mM
dithiothreitol (DTT). Then the enzyme was inactivated at
70°C for 10 min, and the labeled primer (10 pmol) was
annealed from 15 pmol of the template in 200 ul with the
addition of NaCl to 100 mM at 73°C for 3 min, followed
by cooling to room temperature.

During the reaction, 20 pl of the reaction mixture
containing the substrate (50 nM), the cell extracts (4 ul),
the dATP and dGTP mixture (0.5 mM), Tris-HCI
(50 mM), pH 8.0, and MnCl, (0.2 mM) was incubated for
20 min at 37°C. The reaction was stopped by cooling on
ice, followed by the addition of 20 pl of mixture contain-
ing 95% formaldehyde, 0.05% xylene cyanol, and 0.05%
bromophenol blue. The samples were applied to 18%
polyacrylamide gel with 7 M urea in Tris-borate buffer,
pH 8.0. Electrophoresis was carried out at current inten-
sity 15 mA prior to the exit of bromophenol blue from the
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gel. Then the gel was fixed for 10 min in solution con-
taining 10% acetic acid and 30% ethyl alcohol, dried, and
radioautographed for 24 h. The radioautograph was
scanned with a Storm 840 phosphorimager (Amersham
Biosciences, USA). The results were analyzed using
ImageQuant 5.2.

Measurement of level of poly(ADP-ribosyl)ation. The
level of poly(ADP-ribosyl)ation was measured by
immunofluorescence assay using highly specific anti-
PAR mouse monoclonal antibodies (clone 10H; Santa
Cruz, USA) and Alexa 488-conjugated secondary anti-
bodies. The cells were grown to a monolayer in a four-
well microplate with 15-mm wells and then incubated
with MnCl, (100 uM) for 24 h. For inducing poly(ADP-
ribosyl)ation, the cells were treated with 100 uM hydro-
gen peroxide for 5 min. Then the cells were washed with
PBS solution and fixed on ice with methanol for 20 min,
followed by twofold washing with the PBS solution. After
washing, the cells were incubated for 30 min in PBS
buffer containing 5% fetal bovine serum and 0.25% Triton
X-100. Then the cells were stained with monoclonal anti-
bodies 10H (5 mg/ml) in buffer containing 5% fetal
bovine serum and 0.25% Triton X-100, at 4°C for 24 h.
After being washed with PBS solution, the cells were
stained with Alexa 488-conjugated secondary antibodies
(1 : 1000 dilution) for 1 h at room temperature in the
dark, followed by washing with PBS solution and nuclear
chromatin staining with propidium iodide (PI) solution
(1 mg/ml) in PBS (1 : 3000) for 5 min at room tempera-
ture. After staining, the cells were washed with the PBS
solution, dried slightly, and placed on to glass slides. The
cell preparations were examined under a fluorescence
microscope (Axio Zeiss Imager Z1, Switzerland). The
results were analyzed with Image J.

Analysis of correcting exonuclease activity in cell
extracts. The correcting exonuclease activity in cell
extracts was studied using the same 30-membered tem-
plate as for the analysis of the Pol 1 activity and the 18-
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Fig. 1. Cytotoxicity of Mn?" measured by the MTT test: /) original
SKOV-3 cells; 2) cKZ-5 cells resistant to toxic concentrations of
Mn?*,

membered primer 5'-GGAAGAAGAAGTATGTTG-3'.
Oligonucleotide substrate 2 obtained after their annealing
contained an unpaired nucleotide at the 3'-end of the 18-
membered primer, which was identical to the aberrant
product synthesized by Pol 1 on substrate 1. At the same
time, all manipulations with substrate 2 were performed
exactly as in the study of Pol 1 activity described above.

Determination of AP endonuclease activity in cell
extracts. The AP endonuclease activity was determined
using a duplex of 23-membered oligonucleotides, where
oligonucleotide A was 5 -CTCTCCCTTCUCTC-
CTTTCCTCT-3' containing a uracil residue at position
11 and labeled with P3 at the 5’-end. Oligonucleotide B
was 3'-GAGAGGGAAGAGAGGAAAGGAGA-5' and
was annealed with nucleotide A without any changes. A
duplex containing the AP region was obtained by treating
the initially obtained duplex with FE. coli uracil glycosylase
in buffer containing 50 mM Tris-HCI, pH 7.5, 50 mM
NaCl, 1 mM DTT, and 1 mM EDTA for 10 min at 37°C.
The AP endonuclease activity was analyzed as described
in [12].

RESULTS

Cytotoxicity of Mn?* in SKOV-3 cell culture. The
cytotoxicity of Mn?>* was measured by the MTT test. The
SKOV-3 cells were incubated in a 96-well microplate with
MnCl, at concentrations from 0 to 200 uM for 4 days
(Fig. la). The cytotoxic effect of Mn?* began to be
observed only on day three. The optical density of MTT-
stained samples was used to calculate the percentage of
surviving cells relative to the control (without MnCl,).
The presented diagram (Fig. 1) shows that more than half
of the original cells die at Mn?" concentrations above
75 uM. At 200 uM Mn?*, cell death reached more than
80%.

Obtaining cell clones resistant to toxic concentrations
of Mn?*. The cells obtained by incubation of SKOV-3
cells with different concentrations of Mn’>" (see
“Materials and Methods”) tolerated up to 200 pM Mn**
and differed from the initial SKOV-3 cell culture in lower
proliferation rate and altered morphology. The shape of
these cells was more elongated, untypical of the initial
SKOV-3 cells (Fig. 2, a and b).

Then the cells were inoculated into a 96-well
microplate at 3 cells per well to obtain a pure cell culture
containing only the cells resistant to the toxic manganese
concentrations. As a result, 11 clones were found that
grew with the form of concentric ring-like colonies
(Fig. 2c) untypical of the original SKOV-3 cells and other
clones. These clones were samples and tested for survival
in the presence of toxic concentrations of Mn?*. The cells
were inoculated into a 24-well microplate and grown to a
monolayer, and then they were incubated with Mn?" at
concentrations from 0 to 200 uM for 4 days; the percent-
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Fig. 2. Cell morphology: a) original SKOV-3 cell culture; b) clone cKZ-5 cells resistant to toxic manganese concentrations; ¢) concentric

ring-like colonies of clones resistant to Mn?*.

age of surviving cells was determined by MTT staining
(Figs. 1 and 2). The survival rate of selected cells in the
presence of Mn** concentrations toxic for the original
SKOV-3 cells increased considerably. The incubation of
resistant cells with 200 uM of Mn?" resulted in about 20%
cell death on average, i.c. three times less than for the
original SKOV-3 cell line. The resulting cells were desig-
nated as cKZ-5.

The probability of transformation of a separate
SKOV-3 cell during the selection into a cell resistant to
toxic concentrations of Mn** was 3.6:107>.

DNA Pol 1 activity in manganese-resistant clones.
The range of manganese concentrations toxic for SKOV-
3 cells is approximately the same (from 50 to 100 uM
Mn?*) as when enhanced activity of Pol 1 is observed [10].
Consequently, it may be supposed that this DNA poly-
merase causes cell death by inducing enhanced mutagen-
esis. For elucidating this question, the Pol 1 activity was
studied in the cells resistant to the toxic concentrations of
Mn?**. The comparison of DNA Pol 1 activity in the
resistant clones with the activity in the original SKOV-3
cell culture by the misGvA method showed that the prod-
uct of DNA Pol 1 activity (18G) is present both in the
resistant clones and in the original SKOV-3 cell line (Fig.
3). At the same time, its amount is approximately the
same in all of the analyzed cells. Thus, we cannot see any
noticeable relationship between Pol 1 activity and cell
resistance to the high concentrations of Mn**.

PARP activity in SKOV-3 cells and in cell clones
resistant to Mn?*. The poly(ADP-ribosyl)ation level in
the cells was determined by immunological detection of
poly(ADP-ribose) using highly specific monoclonal anti-
bodies and Alexa 488-conjugated secondary antibodies.
Enhanced poly(ADP-ribosyl)ation was caused by induc-
ing errors in the DNA structure by 5-min hydrogen per-
oxide treatment of the cells. Figure 4 shows that
poly(ADP-ribosyl)ation in the cells resistant to Mn?>" is
almost 2-fold higher than in the original SKOV-3 line
both at the basal level and under the influence of hydro-

BIOCHEMISTRY (Moscow) Vol. 82 No. 1 2017

gen peroxide, which is indicative of enhnaced PARP
activity in the cells resistant to Mn?". Previously, it was
shown that nontoxic concentrations of Mn** after 24-h
incubation inhibit poly(ADP-ribosyl)ation in the cells
[9]. According to our data, the level of poly(ADP-ribo-
syl)ation in the original SKOV-3 cell line decreased by
50% during the incubation with 100 uM MnCl, for 24 h
and by 33% after the treatment with hydrogen peroxide
for 5 min. In the cells resistant to Mn?**, the level of
poly(ADP-ribosyl)ation also decreased by 50% during
the incubation with 100 uM MnCl, for 24 h and remained
essentially unvaried (decreased by no more than 5%) after
the teatment with hydrogen peroxide.

Analysis of correcting exonuclease activity in cell
extracts. Repair activity in cells was analyzed using an
oligonucleotide substrate that we used previously to study
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Fig. 3. Pol 1 activity in SKOV-3 cells and in clones resistant to
toxic concentrations of Mn?* measured by the misGvA method.
The number of nucleotides in the DNA polymerase reaction
products and in the initial primer is indicated on the elec-
trophoregram on the right. Band 18G is a product of Pol 1. Band
18A and other bands are products of other DNA polymerase
extracts.
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the activity of Pol 1, with the only difference being in this
case, at the 3’-end of the 3?P-labeled primer there was an
additional nucleotide G noncomplementary to T of the
template. This substrate is actually identical to the prod-
uct of Pol 1. Since, in this case the primer contains an
unpaired nucleotide, the following two variants of DNA
synthesis are possible under the conditions of DNA poly-
merase reaction in the presence of dATP and dTTP
(Fig. 5): I) synthesis continues after unpaired G, with
formation of less mobile products (Fig. 5, bands 20 and 21
mer); 2) unpaired G is removed by enzymes of the cell
extract, and DNA synthesis continues after the inserted
complementary nucleotide A, with formation of more
mobile reaction products (Fig. 5, bands 20 and 21 mer).
Thus, Fig. 5 shows that the extracts of cells resistant to
Mn?** yield much more product with the correct
nucleotide A.

Study of AP endonuclease activity in cell extracts.
The 5' end-labeled 23-membered oligonucleotide sub-
strate with a uracil residue at position 11 removed by
uracil glycosylase was used in the experiments. Under the
influence of apurinic endonucleases, this substrate is
destroyed with the formation of 11- and 12-membered

P* 5-GGAAGAAGAAGTATGTTIGAA -3
1 BeCCTTCTTCTTCATACAATCTTACTTICTTICCS
P* 5-GGAAGAAGAAGTATGTTAGAA]-3'
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Fig. 5. Analysis of repair activities of cell extracts: a) variants (/ and 2) of DNA synthesis in cell extracts using oligonucleotide substrate 2 (see
“Materials and Methods”); b) electrophoregram of DNA polymerase reaction products (size in nucleotides is designated); ¢) percentage of
product containing correct nucleotide of total reaction products, 20- and 21-membered, formed by SKOV-3 and cKZ-5 cell extracts.
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glycosylase; b) graphical representation of rates of substrate consumption in the reaction with cKZ-5 and SKOV-3 cell extracts.

oligonucleotides. Figure 6 shows that the extracts of cells
resistant to Mn?" much more effectively destroy this sub-
strate compared to the extracts of the original SKOV-3
cells.

DISCUSSION
The molecular mechanisms of the neurotoxic effect
of manganese on the human organism in case of its
chronic consumption are not quite clear yet. It is sup-

posed that Mn*" causes a disturbance in mitochondrial
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metabolism [5] and development of oxidative stress [6].
Manganese ions may cause changes in the level of neuro-
transmitters, as well as the activation of proteinases and
apoptosis [13]. Other studies suggest that Mn?* can have
a mutagenic effect by directly interacting with DNA or
influencing the activity of DNA polymerases [14, 15].

It is obvious that all of the destructive effects
described can lead to cell death in the human organism,
which in some cases is probably mediated by a genotoxic
effect. In this work, we decided to use an alternative
approach to solution of this problem. Accordingly, to
understand the mechanisms of influence of Mn?* on
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genome stability and to determine the factors that may be
involved here, we obtained cells resistant to the effects of
Mn?* and studied their properties. The cells appeared
with high frequency and had an altered morphology
(Fig. 2). Probably, some of these properties can account
for the causes of toxicity of Mn?* and are associated with
the development of manganism and Parkinsonism.

Among the great number of DNA polymerases pres-
ent in cells, only Pol t is strongly activated by Mn?** com-
pared to magnesium ions, which are the major activator
of DNA replication in cells [8]. Increase in the activity of
incorrect Pol ¢ in the presence of high Mn?* concentra-
tions may lead to an increase in errors during DNA syn-
thesis and be the cause of toxicity of these metal ions [16].
If this is true, then the activity of Pol 1 in the cells resist-
ant to Mn?* must be lower. However, our analysis of the
Pol 1 activity in all of the studied clones resistant to
enhanced concentrations of Mn?* showed that the activi-
ty of this enzyme is approximately the same as in the orig-
inal SKOV-3 cells (Fig. 3). Thus, the survival of cells at
enhanced concentrations of Mn?* can be explained by the
fact that they are able to more effectively eliminate DNA
damage appearing due to the effect of faulty Pol 1.

Our analysis has shown that Mn?*-resistant cells
demonstrate constitutively higher level of poly(ADP-
ribosyl)ation compared to the original cells (Fig. 4).
According to modern concepts, the main function of
PARP in cells is to initiate the repair of damaged DNA
[17]. Initiation is performed by the attachment of
poly(ADP-ribose) (PAR), with the involvement of this
enzyme, to particular protein factors that perform DNA
repair and replication in cells. The cofactor in this reac-
tion is NAD. At the same time, PARP attaches PAR also
to its own molecule, which subsequently leads to its
degradation. Thus, DNA damage results in the activation
of PARP, which, in turn, initiates DNA repair and dies in
its process, while normal existence of the cell continues
after its DNA has been repaired. However, in case of
repeated DNA damages, the content of NAD in the cell
becomes exhausted, which has a negative effect on glycol-
ysis processes and mitochondrial functions. In addition,
the cells accumulate large amounts of poly(ADP-ribo-
syl)ation products, which results in cell death by the so-
called parthanatos pathway [17].

Our data show that Mn?*-resistant cells demonstrate
not only higher level of poly(ADP-ribosyl)ation, but also
an increase in the correcting exonuclease activity (Figs. 5
and 6).

Our data correlate with the results of some other
studies. Previously, it was shown that enhanced activity of
PARP is associated with some neurodegenerative dis-
eases. So, the brain of Alzheimer patients was shown to
have higher content of protein polyadenylation products
[18]. A similar tendency is observed in Parkinson’s dis-
ease. In particular, some authors have shown that the
treatment of mice with the toxin MPTP (1-methyl-4-

phenyl-1,2,4,6-tetrahydropyridine) causing the symp-
toms of Parkinson disease [19] increases PARP activity in
their brains [20-22].

Together with constitutively high PARP activity, the
Mn?*-resistant cells that we obtained demonstrate also
increased level of apurinic endonuclease activity (Fig. 6).
In addition, extracts of these cells are more efficient com-
pared to the original cells at removing the incorrect
nucleotide inserted by Pol 1 and replacing it by the correct
one, thereby reducing the potential mutagenic effect of
Pol 1 (Fig. 5). Taken together, our data indicate the inten-
sification of repair processes in the cells resistant to Mn?*,
which minimizes the negative genotoxic effects of Mn?".

The influence of the toxic concentrations of Mn?" on
cells results in the appearance of cells resistant to these
metal ions with a probability exceeding the appearance of
conventional mutations. At the same time, most cells
with enhanced resistance to these metal ions were less
viable. Obviously, tissues consisting of cells incapable of
division (e.g. brain cells) must be less resistant to such
influence. Taking into consideration that manganism and
Parkinsonism develop in humans over a very long period,
it cannot be ruled out that less viable cells gradually accu-
mulate in the brain under manganese excess, which may
finally lead to these pathologies.
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