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ANALYSIS OF DOXORUBICIN-INDUCED MITOCHONDRIAL
DNA DELETIONS IN HUMAN BLOOD LEUKOCYTES AND
THP-1 CELL LINE BY PCR
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Doxorubicin (DOX) is an antineoplastic drug with potent cardiotoxic activity
due to selective accumulation and disruption of mitochondrial functioning in
cardiomyocytes. Accumulating evidence indicates that DOX can also induce
genotoxic side effects in other cells. The mutagenic effects of DOX in human
peripheral blood leukocytes and THP-1 leukemia cells were analyzed using PCR.
It was revealed that DOX could induce deletions of different sizes and loci of
mitogenomes of normal human leukocytes and THP-1 leukemic cells.
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Introduction. Mitochondria are double-membrane organelles that produce
over 90% of ATP via oxidative phosphorylation (OXPHOS) in mammalian cells [1].
In somatic cells, each mitochondrion carries several copies of intronless circular
mitochondrial DNA (mtDNA) containing 16.569 bp and 37 genes that encode for 13
protein subunits of the OXPHOS, two rRNAs (12S and 16S) and 22 tRNAs [2]. Due
to a lack of histones and effective repair mechanisms of mtDNA, it is susceptible to
various types of somatic mutations, which can be observed in different pathological
conditions including cancer [3], Alzheimer’s disease [4], diabetes [5],
cardiomyopathies [6], and Parkinson’s disease [7]. Therefore, the identification of the
environmental factors that can induce mtDNA mutations is of high importance. In
particular, drugs that cause mitochondrial damage and disruptions of mtDNA have
gained much interest.

Doxorubicin (DOX) is a highly effective antineoplastic agent commonly used
for the treatment of multiple cancer types [8] and has a wide range of mechanisms
of toxicity. DOX is a topoisomerase Il poison that results in the induction of DNA
double-strand breaks and cell death in dividing cells. Therefore, DOX is more toxic
to cancer cells with high proliferative activity. However, DOX induces dose-
dependent acute and chronic toxic side effects such as cardiotoxicity and therapy-
related malignancies [9].

Not only nuclear, but also mtDNA was shown to be the target of the action of
DOX. Using the fluorescent DNA dye PicoGreen, it was shown that anthracycline
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drugs, including DOX, intercalate into nuclear DNA and mtDNA within living cells.
Intercalation of mtDNA by anthracyclines causes nucleoid aggregation and
mitochondrial interlinking and, thus, may contribute to the marked mitochondrial
toxicity associated with these drugs. These effects were influenced by ATM/p53
activation, thereby showing mitochondrial nucleoids are linked to the genomic DNA
damage response [10, 11].

It was shown that mitochondrial damage plays a pivotal role in DOX-induced
cardiac failure and cell death [12]. The mitochondrial accumulation and toxicity of
DOX could be explained by its high affinity to the inner mitochondrial membrane
phospholipid cardiolipin. Cardiolipin directs the anchoring of cytochrome ¢ on the
outer surface of the inner mitochondrial membrane [13]. Thus, the binding of DOX
to cardiolipin might impair the interaction of cytochrome ¢ with the mitochondrial
membrane [14]. Aryal and Rao [15] demonstrated that B lymphocytes from patients
with Barth syndrome lacking cardiolipin are more resistant to DOX-induced
oxidative stress and cytotoxicity in comparison to B lymphocytes from healthy
individuals.

Accumulating evidence indicates that other mechanisms might also be
involved in the side effects of DOX [16]. In mitochondria, DOX is reduced to a
semiquinone leading to the production of superoxide and hydrogen peroxide [17]. It
was suggested that mtDNA is highly susceptible to oxidative stress-induced damage
due to its proximity to the electron transport chain which can impair mitochondrial
functioning [18].

Lebrecht et al. [19] revealed a 324 bp common mtDNA deletion in the heart
autopsies of patients exposed to DOX. Adachi et al. [20] revealed a 4 kb deletion in
myocardial mtDNA of mice chronically exposed to DOX. It was suggested that the
deleted fragment of mtDNA included the sequence between NADH dehydrogenase
and ATP6 coding regions [20]. Similar results were obtained by Lebrecht et al. [21]
in rat cardiomyocytes where a 459 bp common mtDNA deletion was observed due
to chronic exposure to DOX. Thus, disruption of mtDNA integrity might be involved
in the cardiotoxic effects of DOX in humans.

Although cardiomyocyte is the most studied cellular target of DOX
accumulating evidence indicates that other cells might be targets of DOX too [22].
Lipshultz et al. [23] demonstrated the elevation of mtDNA copy number/cell in
peripheral blood mononuclear cells in childhood survivors of high-risk acute
lymphoblastic leukemia treated with DOX. This compensatory increase in mtDNA
copies might be due to maintaining overall OXPHOS and ATP production in cells
[23]. Mei et al [24] suggested that the elevation of mtDNA copy number in HEp-2,
HNE2, and A549 tumor cell lines treated with DOX could be a self-protective
mechanism to prevent DOX-induced apoptosis.

Previously our group demonstrated that DOX can induce the translocation of
mtDNA fragments into the nuclear genome in healthy human blood leukocytes in
vitro [25, 26]. However, it is not clear which fragments of mitogenome were deleted
and inserted in chromosomes. Recently Wei et al. [27] demonstrated that nuclear
mtDNA fragments (NUMTS) in the human genome preferentially involve non-coding
fragments of mitogenome. However, it is not clear if there is a relationship between
mtDNA deletions and NUMTs. Thus, the aim of this study is the identification of
DOX-induced mtDNA deletions and their location in mitogenome in human blood
leukocytes and the THP-1 human leukemia monocytic cell line using PCR.
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Materials and Methods.

Cell Cultures. Blood samples were collected by venipuncture from two
healthy nonsmoking donors (one female and one male) aged 27-29 years without a
history of exposure to DOX or other anthracyclines. This study was approved by the
Ethic Committee of the National Center of Bioethics (Faculty of Biology, YSU), and
informed consent was obtained from all study donors. The venous blood (2 mL from
each donor) was collected into vacutainers with heparin. Blood samples and THP-1
cells were cultivated in RPMI-1640 medium, containing 10% fetal bovine serum and
1% penicillin/streptomycin at 37°C for 48 4. For the induction of lymphocyte
divisions in the blood 10 ug/mL phytohemagglutinin-L was used.

DOX Treatment of Human Blood and THP-1 Cells. For the analysis of
mtDNA deletions whole blood and THP-1 cells were treated with 0.025, 0.035, and
0.05 ug/mL of DOX for 24 h at 37°C. The implemented doses were selected based
on our previous study where DOX-induced mtDNA transfer into the chromosomes
was shown [25, 26].

PCR Analysis of mtDNA Deletions. MtDNA deletions were analyzed using
PCR followed by gel electrophoresis. Total DNA was isolated using a DNeasy kit
(Qiagen). PCR analysis was performed using 9 pairs of primers designed for ampli-
fication of the whole mitochondrial genome (see Table) [28]. 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, 2 uL of template DNA, and 14 uL of H,O.
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.

Primers set for whole mitogenome amplification. PCR product sizes and
sequences of forward and reverse primers are presented [28]

Primer pair Product length, bp Sequences of primer pairs (5-3")
mtl 1822 for — tagccatgcactactcaccaga
rev — ggatgagocaggaatcaaagac
mt2 1758 for — ctgtatccgacatctggttect
rev — gtttagctcagagcggtcaagt
mt3 2543 for — acttaagggtcgaaggtggatt
rev — tcgatgttgaagectgagacta
mt4 3006 for — aagtcaccctagccatcattcta
rev — gatatcatagctcagaccatacc
for — ctgctggcatcactatactacta
mt3 2709 rev — gattggtgootcattatgtgttg
mté 1738 for — cttaccacaaggcacacctaca
rev — ggcacaatattggctaagaggge
for — gtctggectatgagtgactaca
mt7 1866 rev — cagttcttgtgagcetttctcgg
mt8 1853 for — ctecctctacatatttaccacaac
rev — aagtcctaggaaagtgacagega
mt9 1872 for — gcaggaatacctttcctcacag
rev — gtgcaagaataggaggtgoagt

The graphical visualization of the mitogenome was realized using the
OGDRAW toolkit [29]. Localization of the deleted fragments in mitogenome was
analyzed by alignment of primer pairs of deletion fragments against mtDNA
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reference sequence (NCBI RefSeq:NC 012920.1) using the NCBI BLAST tool
optimized for highly similar sequences. Alignments of the deleted fragments against
the human reference genome (T2T CHM13v2.0/hsl) were performed using the
BLAT tool of the UCSC Genome Browser.

Results and Discussion. In the current manuscript, the results of the analysis
of mtDNA deletions induced by DOX at concentrations 0.025, 0.035 and 0.05 ug/mL
in human peripheral blood (Fig. 1) and THP-1 leukemia cell line (Fig. 2) are
presented. MtDNA deletions were not identified in control samples of the blood (Fig.
1, A) and THP-1 cells (Fig. 2, A).

In peripheral blood leukocytes of male donor PCR analysis revealed mtDNA
deletion induced by DOX at 0.05 ug/mL in samples amplified with mt2 primer pair
(Fig. 1, B). To analyze what part of the mitogenome was deleted forward and reverse
primers of the mt2 primer pair were aligned against the mtDNA reference sequence
(NCBI RefSeq:NC 012920.1) using the NCBI BLAST tool. BLAST analysis
revealed that the mt2 primer pair amplifies the 1758 bp fragment from the 16488—
1677 bp region of the mitogenome. The deleted fragment (A1758 bp) resulted in the
removal of 659 bp of D-loop region, TRNF (tRNA-Phe), RNR1 (12S rRNA), TRNV
(tRNA-Val) genes, and 8 bp of RNR2 (16S rRNA) gene from mtDNA (Fig. 1, C).

A

M mtl mt2 mt3 mtd mt5 mt6 mt7 mt8 mt9

Human peripheral blood leukocytes, control

Human peripheral blood leukocytes, DOX 0.05 pg/mi

Fig. 1. PCR analysis of DOX-induced mtDNA deletions in human peripheral blood leukocytes using
9 pairs of primers. All 9 mtDNA fragments (mt1-9) are amplified in the control sample (A). A
deletion of the 1758 bp fragment (A1758 bp) was found in the sample treated with DOX at 0.05
pg/mL and amplified with mt2 primer pair (B). The DOX-induced deletion of the 1758 bp
fragment of mtDNA is shown on the mitogenome map (the schematic depiction of the deletion
fragment is a graphical approximation) (C).

In peripheral blood leukocytes of female donor DOX-induced deletions were
not identified.

In the THP-1 leukemia cell line PCR analysis revealed mtDNA deletion
induced by DOX at 0.025 pug/mL in samples amplified with mt4 primer pair
(Fig. 2, B). BLAST analysis revealed that the mt4 primer pair amplifies the 3006 bp
fragment from the 3734-6739 bp region of the mitogenome. The deleted fragment
(A3006 bp) resulted in the removal of 528 bp from ND1, TRNI (tRNA-Ile), TRNQ
(tRNA-GIn), TRNM (tRNA-Met), ND2, TRNW (tRNA-Trp), TRNA (tRNA-Ala),
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TRNN (tRNA-Asn), TRNC (tRNA-Cys), and TRNY (tRNA-Tyr) genes and 706 bp

of COX1 gene from mtDNA (Fig. 2, C).
c kﬁ
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Fig. 2. PCR analysis of DOX-induced mt DNA deletions in THP-1 leukemia cell line using 9 pairs of
primers. All 9 mt DNA fragments (mt1-9) are amplified in the control sample (A). A deletion
of the 3006 bp fragment (A3006 bp) can be detected in the sample treated with DOX at
0.025 pg/mL and amplified with mt 4 primer pair (B). The DOX-induced deletion of the 3006
bp fragment of mt DNA is shown on the mitogenome map (the schematic depiction of the
deletion fragment is a graphical approximation) (C).

Previously it was shown that NUMT sequences of tRNAs, 12S rRNA, 16S
rRNA, COX1, COX3, CYTB and short fragments of ND1, ND5, and ND6 genes in
the nuclear reference genome are overrepresented [30]. Therefore, alignments of the
A1758 bp and A3006 bp deleted fragments against the human reference genome were
performed. The highest score of alignment of A1758 bp fragment was identified
against 1155 bp fragment in 11p15.4 loci (score: 1058; 95.6% identity) containing
MTRNR2LS8 pseudogene. The highest score of alignment of A3006 bp fragment was
identified against 2911 bp fragment in 17p11.2 loci (score: 1945; 84.3% identity)
containing MTND1P15, MTND2P13, and MTCO1P13 pseudogenes.

Although the main mechanism of DOX-induced cell death is due to its ability
to intercalate into DNA and interfere with topoisomerase II-DNA cleavage complex
in chromosomes, it can also result in toxic effects via damaging mtDNA. Neverthe-
less, mutagen-induced deletions of mtDNA are poorly studied. Damaged mtDNA
molecules usually only represent a small fraction of mtDNAs in a human cell, and
their limiting accumulation may involve the clearance of the damaged mitochondrial
pool by mitophagy. In addition, damaged mtDNA molecules may sometimes be
degraded rather than repaired and healthy molecules will replicate to restore mtDNA
copy number, but a complete understanding of what regulates the balance of
degradation versus repair remains unclear [31, 32]. Moreover, several studies have
shown that mitochondria are resistant to mutagenesis after exposure to known
mutagens. For example, Valente et al. [33] demonstrated that benzo[a]pyrene or
N-ethyl-N-nitrosourea produced no significant increases in mtDNA point mutations
or deletions while inducing mutations in nDNA in Muta™Mouse mice. These
findings contradict models of mtDNA mutagenesis and suggest that mitochondrial
damage responses can repress mutagen-induced mutations. The authors suggest that
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mitochondria appear to have mechanisms to avoid or eliminate mutagenic DNA
lesions, and pathways such as mtDNA repair, degradation, and mitochondrial
dynamics could contribute individually or in combination. Thus, further research
should be implemented to clarify the mechanisms of the formation and elimination
of mutagen-induced mutations in mtDNA.

In this article DOX-induced deletions of different sizes and regions of
mitogenomes in human peripheral blood leukocytes and THP-1 leukemia cell line
are demonstrated. Previous studies have shown that DOX exposure can result in
deletions of different regions of mitogenome in human [19] and animal [20, 21]
cardiomyocytes. Thus, the obtained results are in line with the limited data of the
literature.

In peripheral blood leukocytes the A1758 bp was induced by DOX at
0.05 ug/mL while in THP-1 leukemia cells the A3006 bp was induced at 0.025 ug/mL.
There is limited data on differences in sensitivity between normal human peripheral
blood leukocytes and leukemia cells to DOX. Jedrzejczyk et al. [34] compared the
cytotoxic effects of DOX in human peripheral blood mononuclear cells (PBMCs)
and the K562 leukemia cell line by analyzing the mitochondrial activity of
respiratory chain oxidoreductases. It was shown that the ICso concentration of DOX
in the K562 leukemia cell line is significantly lower compared to PBMCs [34].
However, there is no data demonstrating differences between mtDNA deletions in
blood leukocytes and leukemia cells.

The results of the current study indicate that DOX-induced deletions occur at
different loci of mitogenomes of blood leukocytes and THP-1 leukemia cells. In
blood leukocytes, DOX-induced A1758 bp fragment includes sequences encoding
mitochondrial 12S and 16S rRNAs, TRNV and TRNF, and D-loop region. While in
THP-1 leukemia cells DOX-induced A3006 bp fragment includes ND1, ND2,
COX1, and eight tRNAs genes of the mitogenome.

Previous studies have shown that deletions of mitochondrial genes are
associated with a wide range of human disorders including ophthalmoplegia [35],
Kearns-Sayre syndrome [36], Pearson syndrome [37], and cancers [3]. In the
majority of these studies, the deletion fragment of mtDNA includes a common
mtDNA deletion (A4977 bp) between 8470-13447 bp region of mitogenome.
However, the DOX-induced deletions in blood leukocytes and THP-1 leukemia cells
do not overlap with the A4977 bp fragment.

It was suggested that the lack of methods for the manipulation of mtDNA
significantly renders the functional analysis of mitochondrial genes [38]. In this
study, it was shown that A1758 bp and A3006 bp fragments include sequences of
genes involved in the mitochondrial translation apparatus and subunits of proteins of
the OXPHOS system. Thus, the obtained results show that mutagen-induced
deletions can be considered an effective tool for studies of the functional effects of
different genes of mitogenome.
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S. U. <Urre-8Nru3ldy

HNLUNANFARSPLAY. UUUUCIUS USYUL-h HGLEShULE b
JELLAFONEE83NAFLL UUMENE UMBUL LE3UN8hSULErNEFU
Gd. THP-1 AQQU3hL GONFU NG UGN

“npunpniphghtin (DOX)" hwjupungtinuyhtt ntinuniheng £, npbt nibh
nidtin upnhnumnpuhl wiumpynipynid’ yupdwbwynpjud Jupnhnihnghwbtph
dhunpninphnidtbpnid pbwnpnuijuit jnonuwljdudp L npputg  $niayghwgh
hnwpwniunip: Uh upp vjuiiitipn gnyg G mmughu, np DOX-p fupnn £ dwjuoly
ghmpniiwyhtt Ynnitwyh thtimbttp twule wyp pehetitipnid: G-hwhwwmyty G
DOX-h ininwghid Eptlmbtipp dwpnn duypuiwuwyhtt wipyuib fynghmbtpnid
. THP-1 tyynquyhtt pehotitipnid™ MG} Whpennny: 8nyg L wmpyl, np DOX-p
Jupnn £ dwuol] dwnrG-h mwpptp hwnuwottph phjkghwitp, npnip
Jupnn Gh nLbtbuwy muwpptip Gninnhnuyhtt Gpupnnibitp dupnne tnpduy
1tynghmbtinh . THP-1 [tyynquyht pohetitinh thuinglitmdtitipnid:

T. A. APYTIOHSH

AHAJIU3 JIEJIELIUI MHTOXOHAPUAJIbHBIX JTHK,
MHAYHAPOBAHHBIX TOKCOPYBUIIMHOM B JIEMKOLUTAX KPOBU
YEJIOBEKA 1M KJIETOYHOHM JIMHUN THP-1 METO/JIOM IILP

Hokcopyounun (DOX) — mpoTHBOOITyX0JIEBEII Mpenapar ¢ MOLTHOH KapIuo-
TOKCHUYECKOH aKTUBHOCTBIO 3a CYET M30UPATEIBHOTO HAKOIUICHHUS W HapyIICHUS
(yHKIIMOHUPOBAHHS MUTOXOH/IPHIA B KAPJINOMHUONIUTaX. MHOTOUYNCIICHHBIC IAHHEIC
nokaszpiBaroT, 4to DOX MOXET HHIYIUPOBATh TEHOTOKCHYECKHE IOOOYHBIC
addekTr U B Apyrux kierkax. B nanHo# paborte ¢ ucnons3zoBanuem [1[P Obutn
orieHeHbl MyTtareHHsie 3(dexTet DOX B jeiikonurax nepudepuyecKor KpOBH
YyesoBeKa U KieTkax Jyeikemun THP-1. beuio BeisBieHo, uro DOX mMoxeT WHIY-
IUPOBATh ACNCUUU Pa3IUYHOIO pa3Mepa U JIOKYCOB MUTOT€HOMOB HOPMAaJbHBIX
JIEHKOLMTOB YeNOBEKa U JekeMudeckux kinetok THP-1.
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