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IDENTIFICATION OF CYTOGENETICALLY VISIBLE mtDNA
IN INTERPHASE NUCLEI OF HUMAN BLOOD LYMPHOCYTES
EXPOSED TO DOXORUBICIN
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The endosymbiotic hypothesis suggests that mitochondria were free-living
organisms that colonized another cells, and millions of years of co-evolution
resulted in the transfer of a large number of genes from mitochondria to the
nucleus. Recent studies indicate that this is an ongoing process and can be due to
the impact of cells to DNA damaging agents, e.g. radiation or chemical mutagens.
Here we demonstrate that cytogenetically visible mitochondrial DNA
translocation into interphase nuclei genome in human blood lymphocytes can be
identified via fluorescence in situ hybridization after exposure of cells to
doxorubicin.

Keywords: mtDNA, fluorescence in situ hybridization, human blood,
doxorubicin.

Introduction. Mitochondria are known as the “powerhouse” of eukaryotic
cells (i.e. ATP synthesis organelle) which carries up to several copies of circular
DNA each containing 16.569 bp and 37 genes, and the number of mitochondria per
cell can range from less than one hundred to several thousand [1]. Thus, in addition to
the nuclear genome, each human cell carries 1-50 Mb of mitochondrial DNA
(mtDNA) taken together. The endosymbiotic hypothesis suggests that mitochondria
were free-living organisms that colonized another cell, and millions of years of co-
evolution resulted in the transfer of a large number of genes from mitochondria to
the nucleus [2]. There are two types of mtDNA in the nucleus. The first are nuclear
DNA sequences encoding mitochondrial gene products that are no longer present
in mitochondria. The second are nuclear DNA sequences that are copies of existing
mtDNA. These sequences, called nuclear DNA sequences of mitochondrial origin
or NUMTSs, can be detected in a variety of eukaryotic nuclear genomes [3].

During the last decade whole-cancer genomes and their counterparts in
normal tissues have been sequenced and compared, which allowed revealing
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structural variations in the genome-specific to cancer cells. Recently, somatic
nuclear mtDNA transfers (SNMTS) into the nuclear genome have been observed
from breast cancers and several cancer cell lines. Analysis of 587 pairs of cancer
and normal whole-genome sequencing data revealed 25 mitochondrial-nuclear
DNA integration events and a somatically acquired integration of almost the entire
mtDNA sequence (16.556 bp) into chromosome 10g22.3 in breast cancer cells [4].
Nevertheless, the frequency of SNMTs across different cancer tissue types is
variable. It was shown, that triple-negative breast cancers have a 5-fold higher rate
of SNMTs compared to estrogen-receptor-positive breast cancers (6.2% vs. 1.2%,
respectively) [4]. At the same time, colorectal tumors detected in women contained
more NUMTSs than in men (4.52 fold vs 3.51 fold, respectively) indicating
sex-differences in the SNMT rate [5]. Although the cell transformation stage,
at which SNMTs frequently occur, remains to be determined.

The results of several studies suggest that NUMTSs are distributed non-
randomly and tend to be located in damage-prone regions of the nuclear genome
such as open chromatin and fragile sites [6]. In studies with yeast it was demonstrated
that incorporation of fragmented mtDNA into the nuclear genome occurs during
the repair of induced DNA double-stranded breaks (DSBs) of nuclear DNA [7].
Thus, we hypothesized that agents capable to induce DSBs, including chemical and
physical mutagens, have the potential to influence the migration of mtDNA into the
nuclear genome. To investigate this hypothesis, we analyzed the frequency of
cytogenetically visible mtDNA translocation into the nuclear genome after
exposure of human whole blood culture to genotoxic anticancer drug doxorubicin
(DOX) using fluorescence in situ hybridization (FISH).

Materials and Methods.

Cell Cultures. Blood samples were collected by venipuncture from six
healthy nonsmoking donors (three female and three male) aged 27-29 years. This
study was approved by the Ethics Committee of the National Center of Bioethics
(Yerevan State University, Faculty of Biology), 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 were cultivated in RPMI-1640
medium, containing 10% fetal bovine serum, 1% penicillin/streptomycin, and
10 ug/mL phytohemagglutinin-L at 37°C for 72 h.

DOX Treatment of Human Blood. For induction of mtDNA transfer into
nuclear genome human whole blood was treated with 0.0175 and 0.035 pg/mL of
DOX for 24 h at 37°C. The implemented doses were selected based on [8], which
investigated the DNA damaging action of DOX. 500 interphase nuclei were
analyzed in each experimental variant.

FISH Probe Generation for mtDNA. FISH probe for mtDNA (mtFISH) was
prepared using 9 pairs of primers designed for amplification of the whole mitochon-
drial genome (Tab. 1). Each reaction mixture contained 2 pL of a buffer, 2 pL of
Label-mix, 2 pL of MgCl: (25 mM), 0.12 pL of AmpliTag DNA Polymerase, 2 pL
of fluorochromes and 12.08 pL of H,O.

mtFISH Analysis. FISH analysis was previously used for the detection of
MtDNA insertion in interphase nuclei [4]. Slides were dehydrated with ethanol
series (70, 95 and 100%), treated with pepsin for 5 min at 37°C in the water bath,
washed in PBS for 5 min at room temperature, incubated with 100 pL of
Postfixation solution (5 mL paraformaldehyde + 4.5 mL PBS + 500 puL 1 M MgCl,)
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for 10 min at room temperature under a flow hood. After final dehydration series
with ethanol (70, 95, and 100%) the slides and probes were denatured at 81°C and
hybridized overnight in a humid chamber at 37°C. The slides were washed with
SSC solution and analyzed under a Zeiss fluorescent microscope using 100xobjective.
500 interphase nuclei were analyzed in each treatment and control variant.
Statistical analysis was performed using Student’s t-test.

Table 1

Primer set for whole mitochondrial genome amplification.
PCR product size and sequences of forward (for) and reverse (rev) primers are presented [9]

Product length, bp Sequence (5'-3")
1822 for - tagccatgcactactcaccaga
rev._ — ggatgaggcaggaatcaaagac
1758 for - ctgtatccgacatctggttcct
rev — gtttagctcagagcggtcaagt
for - acttaagggtcgaaggtggatt
rev — tcgatgttgaagcctgagacta
for — aagtcaccctagccatcattcta
rev_— gatatcatagctcagaccatacc
2709 for — ctgctggcatcactatactacta
rev — gattggtgggtcattatgtgttg
for — cttaccacaaggcacacctaca
rev — ggcacaatattggctaagaggg
1866 for — gtctggectatgagtgactaca
rev_— cagttcttgtgagctttctcgg
for — ctccctctacatatttaccacaac
rev — aagtcctaggaaagtgacagcga
for — gcaggaatacctttcctcacag
rev — gtgcaagaataggaggtggagt

2543

3005

1738

1853

1872

Results and Discussion. We have studied the frequency of translocation of
mtDNA into the nuclear genome in human interphase nuclei after exposure of
whole blood cultures to DOX (0.0175 ug/mL and 0.035 ug/mL) for 24 h.

Table 2

Number of mtFISH-positive nuclei per 500 cells after treatment of human whole blood cultures with
DOX (*p<0.05 - significant difference compared to control)

Donors Control DOX 0.0175 pg/mL DOX 0.035 pg/mL

(mean + SD) (mean + SD) (mean + SD)

D1 75+21 95+21 16.0 £ 1.4*

D2 11.0+14 11.5+0.7 16.5+0.7

D3 55+0.7 75+0.7 9.0+14

D4 9.0+238 11.0+14 16.0 £ 2.8*

D5 55+0.7 45+0.7 11.0+0.7*

D6 3.5+0.7 6.5+0.7 6.5+0.7*

The obtained results revealed a significant elevation of the frequency
of mtFISH-positive nuclei after treatment with DOX (Tab. 2). In the control group
the frequency of mtFISH-positive nuclei ranged from 3.5+£0.7 to 11+1.4. In the
groups treated with 0.0175 pg/mL and 0.035 ug/mL DOX the frequencies of
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mtFISH-positive nuclei ranged from 4.5+0.7 to 11.5+0.7 and 6.5+0.7 to 16.5+0.7
(p<0.05), respectively.

Significant positive correlations between number of mtFISH-positive nuclei
and 0.0175 ug/mL (r=0.868; p=0.0003) and 0.035 ug/mL (r=0.834; p=0.0007)
DOX treatment concentrations was, which indicates dose-dependent effect of
mtDNA transfer into nucleus.

It was shown that the human reference genome (version hgl9) contains
755 NUMTSs, and the largest human NUMT covers 90% (14.654 bp) of the
human mitochondrial genome [10]. In our study mtFISH-positive nuclei were
identified in the control group with different frequencies ranging from 3.5+0.7
to 11.0 £ 1.4 nuclei per 500 nuclei. These results indicate the interindividual
difference in the distribution of spontaneous NUMTS in cells of whole blood.

Based on studies in yeast it was suggested that mtDNA insertions were
mediated by nuclear DNA DSB repair via activation of non-homologous end joining,
microhomology-mediated end-joining or homologous recombination pathways [7].

In our study treatment of whole blood culture with DOX resulted in an
elevation of the number of nuclei with mtFISH signals. Interestingly, it was also
demonstrated that the treatment of hepatocytes with DOX significantly increases
non-homologous end-joining activity in vitro [11]. Thus, our results provide
additional data indicating potential involvement of DNA damage and cellular
response as key players in mtDNA translocation into the nuclear genome.

In conclusion, the obtained results confirm previous studies indicating that
DNA DSB-inducing mutagens have the potential to induce translocation of
mtDNA fragments into the nuclear genome. The mt-FISH approach is suitable for
the detection of large mtDNA insertions, while small fragments, which probably
may prevail, will be underestimated.
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Udthnthnid

EGnnupiphngh wbtunipjuwlp hwdwdwjl dhwnpnlnphnudGbpn tntyp GG
wquwuwu wypnn opqulhquibtp, npnGp uhdphngh vk Gl dwnby Wty wy) pooh htim
L WpthnGuwynp mwphGiph hwiwkynpmghw6 hwiqtignty & dhwnnpnlnphniihg
nbiwh peoh Ynphquyhl qtlind pwqiwphy qultph wbnuihnfudwl: dLbphl
nwnhlbph wfuwnmwbpltpn gnyg GG mwihu, np giGtph mbtnuihnfudw6 wju
tplnypp hwlnhymd L YU0O-h JGwujwopltpn wnwowglnng qnponGGtph
(ophGuy’ phihuyuwb L bhghyuyul dninwghblbn) wantigmpjudp: Unwguo
wnpnynilpGtpp gnyg wytghl, np gnpunnniphghlng dwpnm wpjuwl hidn-
ghnGtph Ypwynip hwlgbgimd Lt YnphqujhlG gqhlnimd poowqbltnmhynptl
wntiuwlbh tnFue-h hwinhydwl hwswhwlulnmpul pupdpugiwi:

T. A. APYTIOHSH, T'.T. O'AHECSH, A. A. CAPT'CAH, T. JIUP,
A. AJI-PUKABU, P. M. APYTIOHSH

VIEHTUOUKALUA LIUTOTEHETUYECKA BUAUMON
MUTOXOH/IPUAJIBHOM THK B MHTEP®A3HBIX SJIPAX JIMMOOLIUTOB
KPOBU YEJIOBEKA TIPM BO3JENCTBUU JOKCOPYBUIIMHA

PesomMme

DHIOCUMOMOTHYECKAs TUIOTE3a IPEAIOoNIaraeT, YTO MHUTOXOHAPUU ObUIH
CBOOOJHBIMH OpPTraHU3MaMH, KOTOPbIE KOJIOHU3WPOBAIH JPYTHE KICTKH, W MUI-
JUOHBI JIET KOABOJIOIHH MPUBEIH K TIEPEHOCY OOJIBIIOTO KOJMYECTBA T'CHOB W3
MUTOXOHApUNA B sACpHBIA TeHoM. HemaBHue wuccieoBaHMs MMOKa3alH, 4YTO
MEPEMEIICHUE MHUTOXOHAPHUAIBHBIX TE€HOB B SAPO MOMKET MIPOHUCXOOUTH IpU
JIEHCTBUHA HAa KJICTKH TEHOTOKCHYECKUX (PAKTOPOB (XUMHUUECCKUX M (DHU3UIECKUX
MyTareHoB). IlomydeHHBIE pe3yJabTaThl BHIIBHIN, YTO OOpabOTKa KJIETOK KpPOBU
YeJIOBEKa JIOKCOPYOMIIMHOM TOBBINIAET YacTOTy HHTEP(a3HBIX SACp C IUTO-
TeHETUYECKH BUANUMOM MuToxoHapuansHoi JTHK.



