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Cell-free mitochondrial DNA (cf-mtDNA) is widely used as a biomarker of
pathological processes, but its application for assessing the effects of environmental
factors is limited. For the first time, cf-mtDNA was identified in the KCL22 cell
culture treated with doxorubicin, which is known for its ability to disrupt
mitochondrial functions. The results obtained indicate the effectiveness of using cf-
mtDNA as a biomarker of genotoxic and cytotoxic effects.
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Introduction. Studies in human populations indicate that environmental
toxicants, including polycyclic aromatic hydrocarbons, particulate air pollutants and
black carbon, heavy metals, endocrine-disrupting chemicals, pesticides and
nanomaterials as well as doxorubicin (DOX) can induce mitochondrial stress and
impair mitochondrial function [1].

Upon mtDNA damage, multiple processes including mtDNA repair,
clearance, and release occur to maintain mitochondrial quality and normal cell
function [2]. If repair fails, direct degradation of damaged mtDNA by mito-
chondrial nucleases within mitochondria may occur. Dysfunctional mitochondria
containing damaged mtDNA can be removed by mitophagy. Damaged mtDNA can
be released into the cytosol, then cytosolic mtDNA can degraded or further released
to extracellular space by extracellular vesicles or by cell membrane pores. Finally,
the whole mitochondria carrying damaged mtDNA can be released to extracellular
space by mitocytosis. In addition, upon severe damage, cell integrity is impaired and
apoptosis or necrosis is induced, leading to the release of mtDNA into extracellular
fluids [2]. Thus, mtDNA in the cytoplasm or extracellular space can occur due to
mitochondrial damage.

Cell-free mitochondrial DNA (cf-mtDNA) in the humans was first reported in
plasma and serum of type 2 diabetes mellitus patients [3]. A mitochondrial mutation
in cf-mtDNA was also found in patients with diabetes. Currently, cfDNA is gaining
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attention as a potentially versatile biomarker for a wide range of diseases, aging,
psychosocial and physical stress [4].

MtDNA is more susceptible to stress-induced damages than nuclear DNA, in
part due to the close proximity to the ROS production and lack of the protection by
histones. The mitochondria also have reduced DNA repair capacity in comparison
to the nucleus [5].

DOX is one of the most studied compounds that damage mitochondria. In the
inner mitochondrial membrane DOX specifically binds the phospholipid cardiolipin
which leads to mitochondrial accumulation of the drug [6] at concentrations
100-fold higher than in plasma [7]. This would disrupt the electron transport chain
and would lead to ROS production that can underlie DOX-induced toxicity and
especially cardiotoxicity [6, 8]. DOX induces DNA damage through three main
mechanisms: the formation of DNA adducts, single- and double-strand breaks,
in which DNA strands remain bound to trapped topoisomerase enzymes through
DNA-protein crosslinks and intercalation of DOX in the DNA molecule [9].
Circular and covalently closed nature of mtDNA allows easy access to intercalating
agents [6]. DOX also inhibits topoisomerase, induces senescence, autophagy,
apoptosis, pyroptosis, ferroptosis, or necrosis of cancer cells depending on the dose
of the drug and the cellular context [9].

The use of circulating genomic DNA and mtDNA in human population and
in vivo and in vitro studies will provide a better understanding of the impact of
environmental toxicants. Research using cfDNA as a biomarker of environmental
exposure is limited and needs to be developed. Thus, the aim of this study is the
identification of cf-mtDNA in DOX-induced KCL22 and K562 cell lines using PCR
with primers for whole human mitogenome.

Materials and Methods.

Cell Cultures. The K562 and KCL22 cell lines (both human chronic myeloid
leukemia) were maintained in RPMI-1640 medium supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin at 37°C.

Cell Viability. Cell viability was assessed using trypan blue exclusion test as
previously described [10]. K562 and KCL22 cells were treated with 0.025-
0.56 ug/mL of DOX for 72 h at 37°C. 100 uL of cell suspension was mixed with
100 uL of trypan blue dye and analyzed using the Neubauer chamber.

DOX Treatment of K562 and KCL22 Cells. For the analysis of micronuclei
induction and cf-mtDNA K562 and KCL22 cells were treated with 0.025, 0.035, and
0.05 ug/mL of DOX for 72 h at 37°C. The implemented doses were selected based
on cell viability analysis and our previous study of DOX-induced mtDNA insertion
in nuclear genome [11, 12] and DOX-induced mtDNA deletions [13].

Cytokinesis-Block Micronucleus (CBMN) Assay. CBMN assay was perfor-
med for the analysis of levels of DOX-induced chromosome damage according to
Fenech [14]. Cytochalasin B (3 ug/mL) was added after 44 h of incubation in order
to block cytokinesis and obtain binucleated cells. In total, KCL22 and K562 cells
were incubated for 72 h at 37°C. Hypotonic treatment was performed for 3 min in
0.075 M KCl at 4°C. Fixation was done twice using ice-cold (—20°C) ethanol/acetic
acid (3:1 v/v). Slides were prepared by prewashing with fixative and cell suspension
was added from a very low distance. After air-drying, slides were stained with 10%
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Giemsa. To determine the MN frequency, at least 1000 binucleated cells were
evaluated per each experimental point.

PCR Analysis of cf-mtDNA. After 72 h incubation of KCL22 and K562 cells
with DOX, cell suspensions were centrifuged for 5 min at 2000 rpm and supernatants
were filtered with a 0.45 um filter. The extracellular DNA was isolated with a DNA
isolation kit (Qiagen). PCR analysis was performed using primers designed for
amplification of the whole mitogenome (see Table) [15]. Each reaction mixture
contained 2 uL of FIREPol Master Mix Ready to Load (Solis Biodyne), 1 ul of
forward primer, 1 uL of reverse primer, 4 uL of template DNA, and 12 uL of H,0O.
PCR conditions were the following: initial denaturing at 95°C for 3 min, followed
by 40 cycles of 95°C for 15 s, 56°C for 30 s, 72°C for 1 min, followed by 72°C
for 10 min. PCR results were analyzed by gel electrophoresis.

Sequences and sizes of primer pairs used for the whole human mitogenome amplification [15]

Amplicon number and length, bp Forward and reverse primer sequences (5'-3')
mt1 (1822) for — tagccatgcactactcaccaga
rev — ggatgaggcaggaatcaaagac
for — ctgtatccgacatctggttcct
mt2 (1758) rev — gtttagctcagageggtcaagt
mt3 (2543) for — acttaagggtcgaaggtggatt
rev — tcgatgttgaagcctgagacta
mt4 (3005) for — aagtcaccctagccatcattcta
rev — gatatcatagctcagaccatacc
for — ctgctggcatcactatactacta
mt5 (2664) rev — gattggtgggtcattatgtgttg
mt6 (1738) for — cttaccacaaggcacacctaca
rev — ggcacaatattggctaagaggg
for — gtctggcctatgagtgactaca
mt7 (1866) rev — cagttcttgtgagctttctcgg
mt8 (1853) for — ctccctctacatatttaccacaac
rev_— aagtcctaggaaagtgacagcga
mt9 (1872) for — gcaggaatacctttcctcacag
rev — gtgcaagaataggaggtggagt

Results and Discussion. It was shown that the concentration of cf-mtDNA
in blood of cancer patients is higher than in blood of healthy subjects [16].
We hypothesized that DNA may be more likely to be released from tumor cells than
normal cells and chose this model as presumably more sensitive for our study.
DOX is known to cause mtDNA deletions [13, 17] and cytotoxic effects [9], both of
which can lead to the release of DNA from cells. Accordingly, before studying
extracellular mtDNA, the cytotoxicity and genotoxicity of DOX in K562 and KCL22
cell lines were analyzed.

Cytotoxicity of DOX in KCL22 and K562 Cells. To select the range of
genotoxic concentrations of DOX that are expected to induce cf-mtDNA, a
preliminary analysis of cytotoxicity of different DOX concentrations was carried out
using trypan blue exclusion test of cell viability. KCL22 and K562 cells were treated
with 0.025 to 0.56 ug/mL of DOX for 72 h. The Inhibitory Concentrations 50 (I1Cso)
determined in our experiments for KCL22 and K562 cells were 0.07 uxg/mL
(Fig. 1, a) and 0.56 ug/mL, respectively (Fig. 1, b).
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Fig. 1. Levels of viability of KCL22 (a) and K562 (b) cells exposed to DOX. * p < 0.05 — significant
difference compared to control.
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Genotoxicity of DOX in KCL22 and K562 Cells. The genotoxicity of DOX at
doses 0.025, 0.035 and 0.05 ug/mL, selected on the basis of cytotoxicity data, was
analyzed by micronucleus test. The obtained data showed significant increase in the
frequency of micronuclei (MNi) in both cell lines. In KCL22 cells, treated with DOX
at concentrations 0.025, 0.035 and 0.05 ug/mL the levels of MNi were 14.5+1.2%o,
19.0£1.1%o0 and 26.1£2.2%o, respectively versus 4.1+0.6%o in control (Fig. 2, a).
The spontaneous level of MNi in K562 cells was 10.3+0.8%o; after treatment with
DOX at concentrations 0.025, 0.035 and 0.05 xg/mL, the frequency of MNi increased
t0 16.5+1.4%o, 21.0+1.8%0 and 25.1+2.9%o, respectively (Fig. 2, b).

The induction of MNi by DOX confirmed its ability to damage DNA at
selected concentrations and conditions. The results obtained served as the basis for
the use of these concentrations for studying cf-mtDNA induction.
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Fig. 2. DOX-induced MNi levels in KCL22 (a) and K562 (b) cells. * p < 0.05 - significant difference
compared to control.
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Extracellular mtDNA in DOX-Treated KCL22 and K562 Cells Cultures.
Cell-free DNA was isolated from control and DOX-treated KCL22 and K562 cell
cultures and amplified using primers for the amplification of whole mitogenome.
Gel electrophoresis images of obtained PCR products of mtDNA in control and
DOX-treated KCL22 cells are shown in Fig. 3.

The results obtained show the absence of extracellular mtDNA in the non-
exposed KCL22 cell cultures (Fig. 3, a). An approximately 300 bp amplicon (mt9
primers) was detected in KCL22 cells treated with DOX at a concentration of 0.025
wg/mL (Fig. 3, b). Amplification of fragments of approximately 200 bp and 1870 bp
in length (mt9 primers) was observed in KCL22 cells treated with DOX at
concentration 0.035 ug/mL (Fig. 3, ¢). When KCL22 cells were treated with the
highest concentration of DOX (0.05 ug/mL), amplicons of approximately 1500 bp
(mt7 primers), 1870 bp and 500 bp (mt9 primers) were found (Fig. 3, d).
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No DOX-induced extracellular mtDNA fragments were detected in the K562
cell line (data not shown).
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Fig. 3. Agarose gel electrophoresis showing PCR products of cf-mtDNA amplification in KCL22 cell

culture: a) No cf-mtDNA fragments were detected in the control probe; b) 300 bp cf-mtDNA in cells

treated with 0.025 xg/mL DOX; ¢) 200 bp and 1870 bp cf-mtDNA in cells treated with 0.035 g/mL

DOX; d) 1500 bp, 1870 bp, and 500 bp cf-mtDNA in cells treated with 0.05 ug/mL DOX. Amplified
fragments are indicated with black arrows.

In this study, we reported, for the first time, the elevation of cf-mtDNA in
KCL22 cell culture treated with DOX. Recent studies have demonstrated cf-mtDNA
as a molecular marker for various diseases [4] and, therefore, it appears as a result
of endogenous damage under pathological conditions. Our study demonstrates that
cf-mtDNA can also be detected under the influence of exogenous genotoxic factors.

Earlier DOX-induced deletion of mitochondrial DNA was shown in vivo in
cardiomyocytes of mouse with chronic DOX-induced cardiotoxicity [17] and in vitro
in human blood leukocytes [13]. Thus, DOX-induced cf-mtDNA in KCL22 cells
could be formed as a result of DNA deletion and subsequent release into the
cytoplasm and out of the cell as well as a result of DOX-induced various forms of
cell death, including apoptosis, pyroptosis, ferroptosis, or necrosis [9].

The absence of cfDNA in K562 cell culture can be explained by the limited
scope of research and the unequal response of the two cell types to DOX. cfDNA is
usually released from cells in small quantities and associated detection problems may
be responsible for the negative result in K562 cells. It is worth to note that the ICso
concentration of DOX in K562 cells is higher (0.56 ©g/mL) compared to KCL22
cells (0.07 ug/mL). Thus, the resistance of K562 cells to DOX could also be in play
for the absence of cf-mtDNA in our experiments. In addition, the formation of
cfDNA in KCL22 cells under the present experimental conditions may be explained
by their higher proliferative activity. The doubling time of K562 and KCL22 cells
are 30-40 h and 24 h, respectively [18]. Thus, during the cultivation period it is
expected that the KCL22 cells will go through more division cycles and the DNA of
dividing cells is expected to be more prone to accumulation of damage.
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Although mtDNA is more susceptible to stress-induced damages than nuclear
DNA due to its proximity to the sites of oxidative phosphorylation and lack of the
protection by histones [5] research on its application as a marker of genotoxic
exposure is very limited. An increase or reduction in the mitochondrial DNA copy
number has been documented after environmental and occupational exposure to
benzene [19-21] and polycyclic aromatic hydrocarbons [22, 23], highlighting the
role of mtDNA in exposure associated with intoxication. The only study of
cf-mtDNA as a biomarker of environmental chemical exposure was realized by
Budnik et al. [24] in individuals with fumigant (halogenated hydrocarbon pesticides)
intoxication. Two fragments of circulated mtDNA were identified in blood of
exposed persons, 79 bp and 230 bp in size using gPCR. The concentrations of total
DNA, mtDNA-79 and mtDNA-230 was shown to be increased, and the mtDNA
integrity is decreased in exposed patients compared with those in healthy individuals.
Authors suggested circulating mtDNA as biomarker reflecting mitochondrial
destabilization after environmental exposure to toxic chemicals.

Conclusion. mtDNA can be released from cells as a result, in particular, of
mtDNA damage or cell death. Therefore, we suggest that the cf-mtDNA in the DOX-
treated culture of KCL22 cells could be a consequence of genotoxic or cytotoxic
effect of DOX or both effects together. Thus, further studies using substances of
different mechanisms of action and other cellular models are needed to clarify the
effectiveness of cf-mtDNA application as a marker of environmental exposures.
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NLUNCNFRAPShULAY, UCUUWJUTS KCL22 B4 K562
PQUBHLL GO OFU

Qwywd Ynphquyhtt b dhunpnimphniduyghtt dwqiwl wpmuwpeewyyhit
QYUl-h (b Jhpundwbp yuwpennghwljui gnpopbpugitpn pbnipugnpkno
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KCL22 pohetitinh Ynipmnipmbtitipnid: KCL22 pohotiinh Ynipmnipuyynid huwjmbu-
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T. A. APYTIOHSH, A. A. CAPT'CSH, JI. A. KAJIAIIISH,
O. A. UTUTSAH, P. M. APYTIOHSH, I'.T. OTAHECAH

BHEKJIETOUHAA MUTOXOHIPHUAJIbHAA THK B ObPABOTAHHBIX
JOKCOPYBUIIMHOM KJIETOYHBIX JIMHUAX KCL22 1 K562

Hecmotpss Ha mmpokoe wucnonb3zoBanue BHekieTouHo JIHK sipepHoro u
MHUTOXOHJPUAIBHOTO MPOUCXOXKICHHUSA IJIl XapaKTEPUCTHKH IATOJIOTUYECKUX
MPOIIECCOB, TNPUMEHEHHE 3TOr0 Mapkepa JHJjsi OLEHKH 3(PQGEKTOB CPEeIOBBIX
(bakTOpoB OrpaHuueHO. B mpeacTaBIeHHOM MCCIEAOBAaHMU C HCIHOJIb30BAaHHEM
[TL[P-patimepoB s Bcero mutoreHoma Obina orneHeHa BK-MTIHK B kymprypax
knetok K562 u KCL22 mpu petictBun pokcopyounmna. ®parments BK-MTJHK
pasNM4HOW JUIMHBI ObLTM OOHapyXeHbl B KynbType Kietok KCL22, uro
cBUETENbCTBYET O a(dexTnBHOCTH npuMmeneHus BK-MTIAHK kak Ouomapkepa
FEHOTOKCHYECKUX M ITUTOTOKCHUECKUX 3D (HEKTOB.



