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Abstract. The induced “recombinogenic situation” in hematopoietic stem cells and the activation of the cell’s repara-
tive systems create the basis for recombination events between fragments of extracellular double-stranded DNA de-
livered into the cell and chromosomal DNA or other forms of the reparative-recombination process. In mouse and rat
model organisms as well as in human bone marrow cells, changes in the amount of telomeric DNA in hematopoietic
stem cells were assessed as an indicator of repair and recombination events that have occurred. In all experiments
performed, recombinant human angiogenin was used as a comparison factor. Dot blot hybridization showed that in
the colony cells obtained from the bone marrow cells of the model organisms as well as from human bone marrow
cells treated with a double-stranded DNA preparation, there was a significant increase in the amount of telomeric
DNA. Amplification of telomeric DNA in colony cells is not associated with contamination of the original DNA prepa-
ration with which the bone marrow cells were treated. Treatment of bone marrow cells with DNA that does not carry
telomeric sequences (Alul PCR fragment) does not lead to an increase in the amount of telomeric DNA in the cells
of grown colonies. This suggests the participation in the amplification of telomeric DNA of an extrachromosomal
DNA template carrying telomeric DNA. It has been established that treatment of bone marrow cells with angiogenin
also leads to an increase in telomeric DNA in colony cells. A comparison of the type of colonies with the intensity of
hybridization (i.e. the amount of telomeric DNA in the sample) suggests that the increase in the amount of detect-
able telomeric DNA following treatment with angiogenin and hDNA9" has a fundamentally different origin. Western
blot analysis and real-time PCR revealed that the increase in the amount of telomeric DNA following treatment of
bone marrow cells with a double-stranded DNA preparation does not correlate with the activity of endogenous/exo-
genous telomerase. For angiogenin, it has been shown that an increase in the amount of telomeric DNA may be the
result of activation of endogenous telomerase activity. A principle has been developed for the amplification of a new
genetic trait that came into hematopoietic stem cells with extracellular double-stranded DNA material and was fixed
in the recipient genome or was transitively present in the cell as new genetic information.
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Analysis of changes in telomeric DNA amount
after treatment of hematopoietic stem cells
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AHHoTauuA. HayumpoBaHHasa «peKOMOMHOreHHan cMTyaLua» B reMOMO3TUYECKMX CTBOJSIOBbIX KNETKax U akTuBauusa
penapaTmBHbIX CUCTEM KNETKM CO3MalT OCHOBY ANA PEKOMOMHALMOHHBIX COBLITUA MeXAY AOCTaBNEHHBIMUA B KNETKY
¢dparmeHTamMm aKkcTpaknetouHon asyuenoyeyHor AHK n JHK xpomocom nnm nHbix Gopm penapaTtnBHO-pekombuHa-
LIMOHHOro npouecca. Ha MofienbHbIX OpraH13max MbllUK U KPbICbl, @ TaKXe C UCMOIb30BaHNEM B KauyeCTBe MCXOAHOTO
MaTepuana KneTok KOCTHOro Mo3ra YenoBeka Obislo OLlEHEHO U3MeHeHMe KonnyecTsa TenomepHoi 1HK B remonoatu-
YeCKMX CTBOJOBbIX KNETKax Kak noKasaTtesib MPOon30LWeALWrX pernapaLMoHHO-PeKOMOVHaLOHHBIX COObITUIA. Bo Bcex
NPOBefEeHHbIX SKCNepUMeHTax B KauecTBe GpakTopa CpaBHEHMWA NCMNONb30BaNCA aHIMOreHNH PeKOMOVHAHTHBIN Yeso-
Beyecknil. MeTofom AOT-610T rmbpuar3aumMm NoKasaHo, YTo B KNeTKax KOSIOHWI, MOsyYeHHbIX U3 KIeTOK KOCTHOrO
MO3ra MOfe/bHbIX OPraHN3MOoB, a TakXKe 13 KJIeTOK 06pa3LoB KOCTHOIO MO3ra YenoBeka, 06paboTaHHbIX NpenapaTom
aByuenoyeuHor [1HK, npor3oLuno goctoBepHoe yBenmyeHne konmyectsa TenomepHon IHK. Amnnvnéukaumsa tenomep-
How [1HK B KneTkax KONMOHWI He CBA3aHa C KOHTamuHaumel npenapatom ncxoaHon HK, KotopbiM o6pabatbiBanucb
KneTKn KocTHoro mo3sra. O6paboTka KneTok KocTHoro mo3sra [1HK, He Hecylle TenomepHbIX NocnefaoBaTenbHoOCTeN
(Alul UP-bparmeHT), He NPUBOAMUT K YBENUUYEHMIO KonnyecTsa TenomepHoi IHK B KneTkax BbIPOCLUMX KONOHUIA. ITO
npegnonaraet yyactve B amnandukauny tenomepHoit JHK skctpaxpomocomanbHon [HK-matpumubl, Hecywen IHK Te-
nomep. YCTaHOBJIEHO, YTO 06paboTKa KETOK KOCTHOrO MO3ra aHrMOreHVHOM TakXKe COMPOBOXAAETCA yBeNnYeHnemM
TenomepHoi IHK B KneTkax KonoHui. CONocTaBieHNE TUMNa KOMIOHUI C MHTEHCMBHOCTbIO rMbpuansaymn (T.e. Konu-
yecTBa TenomepHoi IHK B 06pasLe) npeanonarano, YTo yBesIMyeHne KonmyecTsa AeTekTrpyemon TenomepHon JHK
npu 06paboTke aHrnoreHnHoM 1 hDNA9" nmeeT NpuHUMNMANbHO pasHoOe NPOUCXOXKAEHVE. BecTepH-6110T aHann3om
1 metogom MMUP B peanbHOM BpemMeHM YCTaHOBIIEHO, YTO YBeNMYEeHe KonmyecTsa TenomepHon HK npu obpaboTtke
KJ1eTOK KOCTHOro Mo3ra npenapaTtom AsyuenoyeyHon [HK He koppennpyeT ¢ akTMBHOCTbIO SHAOreHHOWN/3K30reHHOWM
Teniomepasbl. [InA aHrMoOreHnHa NokasaHo, YTo yBennyeHvie konmyectsa TeniomepHon IHK moxeT ObiTb pesynbtatom
aKTMBaLMWN SHAOTEHHON TeNoMepasHOWM akTUMBHOCTU. Pa3paboTaH npuHUUN amnanduKaumm HOBOTO reHeTNYeCcKoro
Npu3HaKa, NpuLLeALWwero B reMono3TnyecKkme CTBOMOBbIE KNEeTKM C SIKCTPAKIeTOUHbIM AByLenoveyHbim HK matepura-
JIOM 1 3aKpenuBLUMMCA B PELUNNEHTHOM reHOMe MM TPaH3UTHO NPUCYTCTBYIOLUM B KNeTKe B KauecTBe HOBOW reHe-
TUYeckon nHGopmaLmn.

KnioueBble cnioBa: reMonosTMYeCcKne CTBONOBbIE KNETKW; AOT-6510T rmbpugmsaumns; TenomepHana OHK; aHrnoreHuH;
pekoMOUHOreHHas cuTyauus

Introduction

The central idea of this part of the study is to prove that ex-
tracellular double-stranded DNA fragments internalized into
hematopoietic stem cells (HSCs) (Ruzanova et al., 2024)
are involved in recombination repair processes activated by
these fragments in undifferentiated precursors. A telomere,
which consists of repetitive homogeneous DNA sequences,
was used as the model target as changes in its content can be
casily detected experimentally. In all the mammals, telomeric

repeats have an identical nucleotide sequence. Therefore, hu-
man DNA can be used as a substrate for assessing changes
in telomeric DNA content caused by recombination repair
processes in different experimental model systems. Quantita-
tive dot blot hybridization with a telomeric repeat DNA probe
was chosen as the main method for assessing the events that
have taken place.

Induction of pangenomic single-strand breaks by double-
stranded DNA fragments internalized into HSCs via a natural
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mechanism is the underlying phenomenon in a cascade of
events defined by us as a “recombinogenic situation” (Likha-
cheva et al., 2008). This state of the cell drives the recombi-
nation repair machinery, resulting in numerous interactions
between chromatin and intranuclear DNA fragments.

In essence, it is the same situation as the one when double-
strand breaks are formed or disruption of higher-order chro-
matin structure is induced in the cell. Two key aspects of
this process can be differentiated within the recombinogenic
situation: the enzymatic molecular machinery activated in the
cell and recombinant intermediates of chromatin and DNA
fragments involved in recombination repair. Both aspects
have been thoroughly analyzed for double-strand breaks
and single-stranded DNA, while the data on nick-initiated
recombinogenic situation are very sparse as there has been
a lack of research community’s attention to these processes
over the past two decades.

According to what has been said, in Supplementary Ma-
terials 1 and 2!, we briefly describe the molecular events
characterizing the emergence of double-strand breaks and
single-stranded DNA or disruption of higher-order chromatin
structure assuming that many of the described details will
also be typical of the nick-initiated recombinogenic situation.
Supplementary Material 1 lists brief information about factors
involved in the processes described. An analysis reported in
Supplementary Material 2 indicates that a comprehensive
response to damage and various perturbations in higher-order
chromatin structure is induced in the cell. The system of
hierarchical kinases (ATM, ATR, DNA-PK, belonging to the
family of phosphatidylinositol-3-kinase-dependent kinases) is
activated, and molecular systems of either restoring chromatin
integrity or normalizing its spatial organization are brought
into an active state.

Single-strand DNA breaks (nicks) are among the key fac-
tors initiating the disruption of higher-order chromatin struc-
ture. This type of chromatin structure disruption was shown
to have its own repair pathway and activate the palette of
recombination repair factors that is intrinsic to this pathway
and differs from the machinery of double-strand DNA break
repair. Homologous recombination, the main feature of which
is the high precision of correction of genetic information,
is activated upon nick-induced recombinogenic situation
(Vriend, Krawczyk, 2017; Maizels, Davis, 2018). It is known
that ATM and ATR kinases are not absolutely required for the
DNA break repair process upon nick emergence and repair
via the homologous recombination mechanism. It means
that nick-initiated homologous recombination may proceed
without involvement of hierarchically organized kinases and,
therefore, without activation of the checkpoint mechanism.
Furthermore, there are grounds to believe that nick-initiated
homologous recombination can be independent of the phase
of the cell cycle. Like double-strand break repair, repair of
DNA nicks depends on the formation of replication factor
A filaments. While double-strand break repair is dependent
on activity of the BRCA1, RADS51, and BRCA2 complexes,

1 Supplementary Materials 1-5 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Ruzanova_Engl_29_4.pdf
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repair of DNA nicks is related to BRCA1 activity, but is
independent of RADS51 (Vriend, Krawczyk, 2017; Maizels,
Davis, 2018).

Therefore, DNA fragments internalized into the cell induce
nicks. A recombinogenic situation develops, and the homolo-
gous recombination mechanism is initiated. In this scenario,
intracellular DNA fragments act as an extrachromosomal
substrate for recombination repair processes activated by them.
As a result of the interaction of fragments and chromatin,
changes in the DNA of chromosomes will occur. We suppose
that if these alterations are large-scale, they can be detected
by modern analytical methods.

Chromosomal loci in which genomic alterations can be
detected will obviously be those carrying repetitive DNA
sequences, including intercalary heterochromatin domains,
centromeres, and telomeres. The DNA content in these chro-
mosome domains is high, so changes in DNA content in a
selected locus can be detected using various experimental
approaches, including real-time PCR, fluorescent in situ hy-
bridization (FISH), and quantitative dot blot hybridization
assay, in the case of large-scale alterations. Intercalary hetero-
chromatin and centromeric satellites are species-specific, and
allogeneic DNA should be used for analyzing alterations that
have occurred in the genome. In all mammals and humans,
telomeric satellites are represented by the same hexanucleotide
repeat TTAGGG, and any mammalian or human double-
stranded DNA can be used for conducting experiments and
analyzing telomeric chromatin alterations in different species
(Giardini et al., 2014).

Telomeres are specific chromatin structures at the ends of
eukaryotic chromosomes. As mentioned above, telomeric
DNA in most eukaryotes consists of hexanucleotide repeats
(for humans, TTAGGG). Human telomeres are approximately
10 kbp long. The forward and complementary telomeric
strands are known as the G-strand and the C-strand, respec-
tively. The 3'-end of the G-strand is single-stranded DNA
known as the telomeric G-tail. It has been demonstrated that
the G-tail penetrates into the proximal double-stranded repeat
and anneals to the C-strand to form a special structure, the
t-loop. Each telomere is the region of DNA sequence at the
end of a chromosome that is protected by the closed circle of
the t-loop structure and specific proteins, shelterin and CST
(CTCI1-STNI1-TEN1) heterotrimeric complex, against degra-
dation causing chromosomal instability. The CST heterotrimer
binds to the t-loop intermediate at the site of annealing of the
single-stranded G-overhang and the complementary sequence
of the 3'-5' strand (C-strand) to form a protective capping
complex (Fig. 14) (Giardini et al., 2014; Soman et al., 2022;
Alanazi et al., 2024).

Shelterin, a specialized protein complex, is a functional
basis of telomeric chromatin and, in mammalian cells, consists
of one (POT1) and two (TRF1 and TRF2) telomeric DNA
binding proteins, as well as specific proteins linking these
DNA binding proteins (Fig. 14) (Giraud-Panis et al., 2010;
Lee et al., 2014; Soman et al., 2022). Together, these struc-
tural complexes form telomeric heterochromatin in mammals
(Lu W. etal., 2013).

481


https://vavilov.elpub.ru/jour/manager/files/Suppl_Ruzanova_Engl_29_4.pdf
https://vavilov.elpub.ru/jour/manager/files/Suppl_Ruzanova_Engl_29_4.pdf

V.S. Ruzanova, S.G. Oshikhmina, G.S. Ritter ...
N.A. Kolchanov, A.S. Proskurina, S.S. Bogachev

T-loop

S B 11555 3
3 =AATCCC
Shelterin complex
(TRF1, TRF2, POT1, CST complex

RAP1, TIN2, TPP1) (CTC1, STN1, TEN1)

B
S TTAGGG
3 / CCAAUCCC\
TERC
TERT
L+

5'———TTAGGGTTAGGGTTAGGG 3’

Fig. 1. Telomere structure and the mechanism of its elongation by the
telomerase complex.

A - protein complexes in the telomeric region. B - the mechanism of telomere
lengthening by the telomerase complex. Several nucleotides at the 3’ end of
the telomeric G-strand complementarily bind to the TERC template sequence
of telomerase RNA. The chromosome end is lengthened by telomerase reverse
transcriptase (TERT).

Telomeric DNA in dividing cells is prone to shortening (the
so-called end replication problem). Semiconservative repli-
cation cannot complete the synthesis of ends of linear DNA.
Hence, after several cell division rounds, somatic cells have
shortened telomeric DNA, resulting in irreversible cell cycle
arrest (the so-called replicative senescence) (Chan, Blackburn,
2003; Doksani, 2019; Jones et al., 2023).

Two mechanisms preventing telomere shortening and pre-
serving the feasibility of infinite division have been described,
these mechanisms are active in stem cells, including HSCs,
and in immortalized cancer cells. The main mechanism is re-
lated to telomerase activity (Fig. 1B). Telomerase is a specific
reverse transcriptase that elongates the telomeric G-strand.
Stem cells and cancer cells in ~90 % of tumors maintain
telomere length in a telomerase-dependent manner (Chan,
Blackburn, 2003; Nandakumar, Cech, 2013).

The second mechanism, known as alternative lengthening
of'telomere, has been described for a small number of tumors.
This pathway is characterized by a specific mechanism of
telomeric DNA metabolism where the key elements are recom-
bination and replication-associated recombination (Lundblad,
2002; Hande, 2004; Pickett et al., 2009; Nabetani, Ishikawa,
2011; Rovatsos et al., 2011; Doksani, 2019; Loe et al., 2020;
Lu R., Pickett, 2022; Jones et al., 2023).

In the present study, for assessing large-scale genomic
alterations, we chose to analyze the content of telomeric
DNA (as a target consisting of non-species-specific repeats
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in mammals) in cells treated with therapeutic DNA, hDNAE®'.
The analysis was performed using three approaches: FISH,
real-time PCR, and dot blot hybridization assay (Supple-
mentary Material 3). As mentioned above, a simple way to
assess changes in the telomeric DNA content in HSCs will
be to analyze this parameter in progeny cells after treatment
of HSCs within bone marrow cells and their amplification
to form colonies on methylcellulose (up to 1,000 cells per
colony). Genetically altered HSCs on methylcellulose will
produce genetically homogeneous progeny. In other words,
anew detectable trait will be amplified (the technology is the
property of OJSC “ES.LAB DIAGNOSTIC”, Patent Applica-
tion No. 2023124343 dated September 20, 2023). Telomeres
are formed by repeats that are identical for all mammals (the
TTAGGG repeat sequence in vertebrates’/humans). In prin-
ciple, this fact made it possible to use hDNA®#" in the mouse
or rat models to assess alterations in the telomeric DNA
content.

Additionally, changes in the telomerase level in colony
cells were assessed. Fifteen days after the initial induction
within bone marrow cells, colony cells were re-treated with
the same factors. Evaluation was performed for colony cell
samples collected at time points 0 (untreated samples) and
1,2,4,8, 16, and 32 h after re-treatment. All the evaluations
involved comparison between cells treated with three inducers:
angiogenin, hDNA¥, and angiogeninthDNA#'.

Materials and methods

Experimental animals. Young male CBA/Lac mice aged
2-5 months, old male CBA/Lac mice aged 9—12 months, and
old male Wistar rats aged 18—22 months, bred at the Conven-
tional Vivarium (Institute of Cytology and Genetics, SB RAS;
Novosibirsk, Russia), were used in this study. The animals
were housed in groups (6—10 mice and 3—4 rats per cage) with
ad libitum access to food and water. All animal experiments
were approved by the Animal Care and Use Committee of
the Institute of Cytology and Genetics, SB RAS. Mice were
withdrawn from the experiment by cervical dislocation; rats,
by euthanasia using CO, or decapitation.

Human bone marrow cells. Cells from cryopreserved
bone marrow specimens collected from patients with Hodgkin
lymphoma, provided by the cryobank of the Research Institute
of Fundamental and Clinical Immunology, were utilized. At
the Clinic of Immunopathology of the Research Institute of
Fundamental and Clinical Immunology (Hematology De-
partment), having a bone marrow transplant unit, patients
with hemoblastosis receive high-dose chemotherapy and
transplantation of autologous or allogeneic peripheral HSCs.
When harvesting peripheral stem cells, along with the main
apheresis product (which is transplanted to the patient), two or
three samples (satellite test tubes) of separated cells are also
collected to ensure quality control of the apheresis product
and for research purposes. Together with the main specimen,
these samples were used in the present study. Each bone mar-
row specimen, including satellite ones, is accompanied by
the required documentation package including the Informed
Consent Form, Protocol of Bone Marrow Examination, and
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Treatment Protocol, which are signed by the patient in ac-
cordance with the statutory standards. After the treatment
and application of the main product, the satellite samples are
either disposed of in compliance with the Sanitary Rules and
Regulations or used for research purposes. Documents ac-
companying each procedure of bone marrow harvesting are
stored in the archive of the cryobank of the Research Institute
of Fundamental and Clinical Immunology and can be claimed
upon first demand.

DNA preparation. Human DNA genome reconstructor
(hDNA®#) and placenta DNA were isolated from placentas
of healthy women. hDNA# was fragmented to 1-10 nucleo-
some monomers (200-2,000 bp) by ultrasonic disintegration,
deproteinized using proteinase K, and isolated by phenol—chlo-
roform extraction. Placenta DNA was extracted in a similar
manner, without fragmentation.

Angiogenin was procured from the Angiopharm Laboratory
LLC (Novosibirsk, Russia).

pBSM13-4/ul-pBSM13 PCR fragment. The human A/ul
repeat (the pPBSM13-A4lul-pBSM13 fragment) was amplified
by PCR. Alul repeat DNA cloned into pUC19, including the
beginning and end of the tandemly repeated AluJ and AluY
sequences (NCBI: AC002400.1, 53494-53767), was used as
a template. Standard M13 primers were used for amplifica-
tion (M13 for: 5" GTAAAACGACGGCCAGT 3'; M13 rev:
5" CAGGAAACAGCTATGAC 3'). The PCR fragment was
resuspended in 0.1 V NaAc 3 M pH 5.2 and 1 V isopropanol
for 10 min at —20 °C. The precipitate was washed in 70 %
ethanol and dissolved in sterile water.

Isolation of bone marrow cells. After cervical disloca-
tion, femoral and tibial bones were isolated, epiphyses were
removed, and the bone marrow cavity was washed with
IMDM+2 % FBS. The resulting cell suspension was passed
through a 21-gauge needle several times to eliminate bone
marrow rosettes and then through a 40-um filter. Cells were
pelleted by centrifuging for 10 min at 400g and resuspended
in red blood cell lysis buffer containing 130 mM ammonium
chloride for 3—5 min. The buffer was then diluted tenfold with
PBS; cells were re-pelleted, resuspended in IMDM medium,
and counted in a Goryaev chamber.

Treatment of bone marrow cells with inducers. Bone
marrow cells isolated from old animals and bone marrow sec-
tions from patients with Hodgkin lymphoma were incubated
with inducers for 1 h in the 5 % CO, atmosphere with 95 %
humidity at 37 °C at the following ratio: 500 pg of hDNAE,
or 500 ng of angiogenin, or 500 pg of hDNA#& +500 ng angio-
genin in 1 mL of serum-free IMDM medium per 3x10° cells.
Control (untreated) bone marrow cells were incubated in
serum-free IMDM medium supplemented with PBS volume
equal to that of the inducer added to activate bone marrow
cells.

Cultivation of bone marrow cells in methylcellulose
medium. Bone marrow cells with/without inducer activa-
tion were pelleted for 10 min at 400g and resuspended in
IMDM+2 % FBS. To quantify and analyze myeloid precursors,
the mouse bone marrow cells were placed in the MethoCult
M3434 methylcellulose medium; the rat and human bone
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marrow cells were placed in the MethoCult H4034 methylcel-
lulose medium (Stem Cell Technologies). Colony counting
and cell isolation from the methylcellulose medium after
cultivation were carried out according to the manufacturer’s
instructions. Cells were cultivated for 9-15 days depending
on the experiment objective.

DNA isolation from colony cells and the liver of young
mice. Colony cells were pelleted at 400g for 5—7 min; the
precipitate was resuspended in 50 mM EDTA.

After mice had been subjected to cervical dislocation, a
liver fragment was dissected and homogenized in a buffer
supplemented with 100 mM EDTA pH 8.0 and 20 mM Tris-
HClpH 7.5. SDS was then added to the cells in both cases until
a concentration of 1 %, and the homogenate was incubated in
the presence of 100 pg/mL proteinase K at 58 °C for 60 min.
DNA was isolated by phenol-chloroform extraction and re-
pelleting of 1 V isopropanol from 0.3 M NaAc. The pelleted
DNA was washed with 70 % ethanol and dissolved in sterile
water. DNA was quantified on a Qubit 4 fluorometer (Thermo
Fisher Scientific, USA).

Total RNA isolation. Colony cells were pelleted at 400g for
5-7 min. The precipitate was resuspended in TRIzol Reagent
(Thermo Fisher Scientific, USA). Total RNA was isolated in
accordance with the manufacturer’s instructions. RNA con-
tent was measured on a Qubit 4 fluorometer (Thermo Fisher
Scientific, USA).

Obtaining ¢cDNA. Reverse transcriptase PCR was per-
formed on the poly-A mRNA template using a T100 Thermal
Cycler (Bio-Rad Laboratories, USA) and an MMLV RT kit
(Evrogen, Russia) according to the manufacturer’s protocol.

Dot blot hybridization. DNA samples isolated from mouse
and human colony cells were used to quantify telomeric
DNA. DNA samples were sonicated to a size of 100-500 bp.
DNA was denatured in 0.2 M NaOH at 100 °C for 10 min,
and equal quantities of DNA were applied to the Hybond N
membrane using specialized equipment, a dot chamber. The
samples were annealed to the membrane for 10 min using an
ultraviolet lamp and stored until hybridization.

The membrane with attached DNA was transferred to 50 mL
of a pre-hybridization buffer containing 0.1 % SDS, 5xSSC,
5% Denhardt’s solution, and 100 pg/mL yeast total RNA,
and incubated at 37 °C for 1-3 h. The labeled DNA sample
54 bp (P32 oligonucleotide G-probe — (TTAGGG)y; C-probe —
(CCCTAA)y) was denatured by 10-min boiling and added
to 50 mL of the hybridization buffer containing 0.1 % SDS;
5xSSC; 5 % dextran sulfate 500,000; and 100 pg/mL yeast
total RNA. The pre-hybridization solution was removed, and
the hybridization buffer containing labeled material was added
to the membrane after stirring. Hybridization was carried out
at 37 °C overnight under constant stirring. After hybridization,
the membrane was washed thrice with a solution containing
0.1 % SDS and 0.1xSSC (for 15 min each time) at 37 °C.
The hybridization regimen (the buffer system, temperature,
and number of washings) of short oligonucleotides was se-
lected empirically in numerous experiments with radioactive
isotopes of phosphorus and lies within the range of 3742 °C
(Dolgova et al., 2012).
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The membrane with the samples transferred to it was pro-
jected onto a K-type screen. Radioisotope-labeled samples
were scanned using the PharosFX system. The recorded
images were analyzed employing the Quantity One software
using the spot density parameter (intensity/mm?).

Pulsed-field gel electrophoresis. Rat colony cells were
used for quantifying telomeric DNA by pulsed-field gel elec-
trophoresis. The cells were pooled, washed to remove the
methylcellulose medium, and counted in a Goryaev chamber.
The colony cells were embedded into blocks based on 1 %
low melting point agarose (5% 103 cells per block). Before the
analysis, the blocks were stored in 0.5 M EDTA at 4 °C. Before
pulsed-field gel electrophoresis, the blocks were rinsed in TE
buffer and incubated with a lysis buffer (50 mM EDTA, 1 %
sarcosyl (Serva, Germany), 1 mg/mL proteinase K (Thermo
Fisher Scientific, USA)) for 20 min at 50 °C. Next, the low
melting point agarose blocks were fixed in agarose block
pockets and subjected to electrophoretic separation in a pulsed-
field gel electrophoresis system according to the following
regimen: forward — 3 s; reverse — 1 s; RAM-factor — 0.9.

DNA was then transferred to a Hybond N membrane using
the capillary method in 20xSSC (Maniatis et al., 1984). DNA
samples were attached to the membrane for 10 min using an
ultraviolet lamp and stored until hybridization. Hybridization
with the P32-labeled oligonucleotide and scanning of radio-
isotope-labeled samples were then performed in a manner
identical to that for dot blot hybridization assay.

Analysis of TERT expression. Bone marrow cells isolated
from bone marrow sections from patients with Hodgkin lym-
phoma were incubated in the presence of inducers (W(DNA#',
angiogenin, angiogeninthDNA#") and without them (untreated
bone marrow cells, control) in IMDM for 1 h in an atmosphere
of 5 % CO,, at 95 % humidity and 37 °C. Next, the bone
marrow cells were cultured in methylcellulose medium for
15 days. When isolating cells from the methylcellulose me-
dium, the colonies were pooled and washed to remove the me-
dium according to the manufacturer’s instructions. The colony
cells were then counted in a Goryaev chamber and incubated
again with inducers. After inducer activation or without it,
the cells were re-pelleted for 10 min at 400g, resuspended in
DMEM/F-12 (1:1) medium (BioloT, Russia) supplemented
with 10 % fetal bovine serum (Capricorn Scientific, Germany),
100 pg/mL gentamicin (Dalkhimpharm, Russia) and 1 pg/mL
amphotericin B (Sintez, Russia), and inoculated into wells of
a 24-well plate. A sample of cells was collected and divided
into two parts consisting of equal amounts of cells 1, 2, 4, 8,
16, and 32 h after re-induction. The zero point corresponded
to the colony cells before re-treatment with inducers.

One portion of the cells was pelleted; the precipitate was
lysed in TRIzol Reagent, and total RNA was isolated. RNA
samples were pooled into two groups: 0—4 and 8-32 hrs.
RT-qPCR was performed on the poly-A mRNA template
using a T100 Thermal Cycler amplifier and an MMLV RT
kit according to the manufacturer’s protocol. gPCR was
conducted in 96-well plates using the BioMaster HS-qPCR
SYBR (2x) mix according to the manufacturer’s protocol on a
QuantStudio 5 Real-Time PCR System (Applied Biosystems,
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Sequences of the primers used

Name Structure

Rplp0-for 5'CGTCCTCGTGGAATGACAT 3’
Rplp0-rev 5'GCATCATGGTGTTCTTGCCC 3’
TERT-for 5 GGCACGGCTTTTGTTCAGAT 3’
TERT-rev 5" ACATGCGTGAAACCTGTACG 3’

USA). The primer sequences are summarized in the Table.
The qPCR analysis of each sample was performed in three
replicates. The relative expression level was determined by
the 2-2ACt method. The 04 h group of samples was used as a
control group; the expression level of the target gene in them
was taken as unity. Rplp0 was used as the reference gene. The
PCR protocol was as follows: 95 °C for 5 min, 40 cycles of
95 °C for20s, 57 °C for 30 s, 72 °C for 30 s; the final melting
step with slow heating from 60 to 95 °C.

The other portion of the cells was pelleted and resuspended
in saline solution. Protease inhibitors were added to the cell
suspension: PMSF, N-ethylmaleimide, and TPSK to a con-
centration of 1 mM and aprotinin, to a final concentration
of 2 pg/mL. A sample buffer (66 mM Tris-HCI, pH = 6.8;
26.3 % glycerol; 2.1 % SDS; and 0.011 % bromophenol blue)
was then added; lysates were boiled at 96 °C for 10 min and
centrifuged for 5 min at 12,000 rpm. The lysates were used
to conduct electrophoresis, and samples were not pooled over
time. The samples were equilibrated according to the number
of lysed cells before being applied to the electrophoresis
system. Commercially available recombinant human TERT
protein (Cloud-Clone-Corp, USA) (2 ug per lane) was used
as a control. Western blotting with antibodies was performed
after electrophoresis and transfer to the nitrocellulose mem-
brane. Non-specific binding was blocked by incubation in
0.01 M phosphate-buffered saline (PBS) supplemented with
0.02 % Tween 20 overnight at 4 °C. Membranes were then
incubated with polyclonal antibodies specific to human TERT
(Cloud-Clone-Corp, USA) or monoclonal primary antibodies
specific to human TERT (Antibody System, France) and anti-
mouse [gG (H+L) secondary antibodies (Affinity Biosciences,
USA). Western blotting was performed using an ECL Western
blotting detection system (Abcam, UK) and visualized using
an iBright imaging system (Thermo Fisher Scientific, USA).

Statistical analysis was carried out using the Statistica 8
software (StatSoft, USA). Statistical significance was as-
sessed using the Mann—Whitney U-test; the differences were
considered significant at p < 0.05.

Results

Choosing the adequate method

for quantifying the telomeric DNA content

A series of analytical experiments was conducted. At the first
stage, three methodological approaches for quantifying telo-
meric DNA were elaborated using the mouse model.
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In order to choose the method for quantifying the telomeric
DNA, mouse bone marrow cells were treated with hDNA#"
and angiogenin activators and inoculated onto methylcel-
lulose. The cells were harvested after nine days. DNA was
isolated from a portion of the cells, followed by real-time
PCR and dot blot hybridization. Some cells from the same
sample were treated with colchicine, and FISH was carried
out. Hence, the experiments were conducted using the same
cell material at a single time point, “here and now”, so we
successfully assessed the adequacy of each approach for
quantifying telomeric DNA in the analyzed samples (Supple-
mentary Material 3).

The findings indicated that real-time PCR and FISH used
for analyzing telomere length under the selected experimental
conditions yielded conflicting results that could have mecha-
nistic interpretation. Only dot blot hybridization allows one
to detect high statistically significant difference in changes
in telomeric DNA content. Therefore, we chose quantitative
dot blot hybridization for measuring telomeric DNA content.
This approach allows one to directly quantify the content of
DNA homologous to the probe being used in the experimen-
tal sample regardless of the circumstances summarized in
Supplementary Material 3.

Quantification of telomeric DNA content in colony cells

by dot blot hybridization

There can be several reasons for the increased telomeric DNA

content in HSC progeny that was treated as part of bone mar-

row cells and gave rise to colonies with a higher telomeric

DNA content:

1) integration of telomeric DNA that is initially present in the
hDNAZ®" sample into the HSC genome and its amplification
as part of genetically homogeneous colony cells;

2) amplification of cyclic telomeric repeats present in hDNA#"
(rolling circle amplification or alternative lengthening of
telomeres);

3) induction of endogenous HSC telomerase or a transient
telomerase gene incorporated along with extracellular
hDNA¢" internalized into HSCs, stochastically containing
telomerase gene DNA;

4) activation of quiescent HSCs, previously never activated by
life events, containing an initially given, maximum possible,
number of telomeric repeats (and thus telomeric DNA);

5) the increase in the amount of telomeric DNA is a con-
sequence of the presence of colonies of residual initial
hDNAZE®" in the cells;

6) mixed variants are also possible.

Mouse and human bone marrow cells

The telomeric DNA content in HSC progeny cells treated
within bone marrow cells with hDNAE#" activators, angiogenin
and their combination, in the mouse model and in human bone
marrow cells using the quantitative dot blot hybridization was
estimated (Fig. 2). Experiments were repeated multiple times
(see Figure 2 captions) with DNA from different extractions
and using forward and reverse hybridization probe primer.
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Two approaches to normalizing DNA quantity in the treated
cell samples were selected. First, DNA quantities were nor-
malized with respect to intercalator (Qubit), and quantitative
dot blot hybridization was performed (mouse model, human
bone marrow cells). Second, normalization was performed
with respect to the number of colony cells taken into the
treatment (rat model).

Figure 2H compares the results of hybridization of angio-
genin, hDNAE#', and angiogeninthDNAE". One can see that
the hybridization intensity varies differently in the angiogenin
samples in different experiments. For hDNAZ®', the hybridiza-
tion intensity is always higher than that of the control; telo-
meric DNA content for the hDNA®" inducer exceeded that in
the control 1.1-2.5-fold. When using a combination of two
inducers, the hybridization signal was insignificantly higher
than that in the control. The findings revealed that the con-
sidered trait for angiogenin as a monopreparation is unstable.

Finding an association between colony type and hy-
bridization intensity. We compared the dependence of
hybridization signal intensity (the telomeric DNA content
in the sample) on the type of colonies in four independent
experiments, where the indicated parameters were taken into
account. Two lineages, BFU-E and CFU-GM, were analyzed
(Supplementary Material 4).

These findings indicated that there are fundamentally
different reasons for the increase in quantities of detectable
telomeric DNA upon treatment with angiogenin and hDNAE'.
For angiogenin, the increase in telomeric DNA content can
possibly be related to induction of GO activity of CFU-GM
colonies, which had previously remained inactive in the bone
marrow and contained the embryologically predetermined
quantity of telomeric DNA. For hDNAE®', comparison of all
the data obtained for both model systems revealed no correla-
tion between the hybridization intensity and prevalence of a
certain colony type.

Assessment of the intensity of hybridization with P32-
labeled telomeric probe using the pBSM13-A/ul-pBSM13
PCR fragment as an inducer. Special mention should be
given to the results of comparative hybridization with DNA
isolated from colonies derived from HSCs within bone mar-
row cells treated with the pBSM13-4/ul-pBSM13 PCR frag-
ment, with placenta DNA and DNA isolated from colonies
on day 15 after treatment with inducers. It appeared that the
PCR DNA fragment did not stimulate the increase in telomeric
DNA content in colony cells (Fig. 2E—G). This fact means that
extracellular DNA fragments (in this particular experiment)
do not induce endogenous telomerase activity.

Justification of the feasibility of changing the hybridi-
zation intensity depending on quantity and composition
of internalized DNA fragments, as well as the variant of
the P32-labeled telomeric (C/G) probe. It is noteworthy that
changes in hybridization intensity in the samples exposed to
hDNA¢#" in different experiments can be related to the quantity
of telomeric DNA internalized by the cell. Since the cell may
contain approximately 0.2 % (mouse) to 0.02 % of extracel-
lular fragments (humans) (Potter et al., 2024; Ruzanova et al.,
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Fig. 2. Quantitative dot blot hybridization of DNA extracted from colonies of hematopoietic stem cells within mouse (A, B) and human bone marrow
(C-G) without induction (Control) and after induction with angiogenin, hDNAY", and angiogenin+hDNA9" using a telomeric repeat (54 bp, n =9) as a
probe. A1, A3, C, F - C-probe; A2, A4 - G-probe. DNA of young mice (A4), human placenta DNA (F), and DNA extracted from colonies derived from HSCs
within bone marrow cells subjected to treatment with the pBSM13-Alul-pBSM13 PCR fragment (E, F). The membrane was analyzed using a phosphor
imaging system. Signal intensity was analyzed in the Quantity1 software. A, C, E, F — images of the membranes after hybridization. B, D, G - the diagrams
showing spot density (intensity/mm?2) with respect to the control group where spot density was taken as unity (the red line). Significant differences
were determined using the Mann-Whitney U-test compared to the control group (B) and compared to the group treated with the Alul fragment (G);
*p <0.05, ** p < 0.01. H—comparative analysis of hybridization intensity (the telomeric DNA content) from individual experiments between colony DNA

samples after treatment with angiogenin, hDNAY', or angiogenin+hDNAY".

2024), the result of competitive internalization will always
be vague when it comes to the qualitative composition of the
internalized fragments. It means that the number of telomeric
repeats can vary significantly from experiment to experiment.
Furthermore, the variation in hybridization signal intensity
could be because either forward or reverse primer had been
used. An analysis of hybridization intensity using two different
probes indicated that DNA homologous to the G-tail (C-probe)
underwent maximum amplification. DNA homologous to the
C-tail (G-probe) was also amplified, but not significantly.
Comparison of the intensity of hybridization response
to P32-labeled telomeric DNA probe between the DNA
extracted from colonies of the control sample and DNA
extracted from the liver of young animals. The intensi-

ties of hybridization response to the P32-labeled telomere
DNA probe were compared to DNA extracted from colonies
of the control sample and from the liver of young animals
(Fig. 244). One can see an unambiguously interpretable rise
in the intensity of hybridization response in the young animal
sample. This result supports the known fact that old organisms
have a lower telomeric DNA content in HSCs than young
individuals. Moreover, this finding indicates that if induc-
ers activated proliferation of quiescent HSCs of embryonic
origin, the hybridization pattern would not differ significantly
for the samples obtained from young animals and experi-
mental mice.

Assessment of the chances that residual hDNAS" can
remain in HSCs after they are treated with this DNA
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within bone marrow cells, which may cause an artifact of
increased telomeric DNA content. If the DNA internalized
by the cell is not integrated into the genome, there is a chance
that it is present as extrachromosomal material for a long time,
which may produce this artifact of increased telomeric DNA
content (Dolgova et al., 2012).

The quantity of foreign DNA in the progeny cells of human
bone marrow cells on day 15 of cultivation on methylcellulose
after HSCs within bone marrow cells had been treated with
TAMRA-labeled A/ul repeat DNA flanked by pBS sequences
with primers M 13 was estimated (Supplementary Material 5).
The findings indicate that the 4/ul repeat DNA molecules,
which had initially been internalized into HSCs during primary
processing of bone marrow cells, are not detected in colony
cells. In other words, the increased telomeric DNA content
detected in dot blot hybridization experiments cannot result
from the presence of residual original DNA in colony cells. In
addition, it follows from the experiments that A/ul fragments,
together with the nonhomologous ends of pPBSM13, are not
included in the genome and are not amplified by PCR.

To sum up all the findings obtained, the following conclu-
sion can be drawn. For hDNAZ®', the increase in hybridization
intensity is not associated with the prevalence of a certain
colony type; therefore, it is not associated with HSCs, which
have previously been inactive throughout the entire life of
the organism. There are several variants for activation of the
telomerase gene of exogenous origin, direct integration of
telomeric DNA into the HSC genome, or emergence of extra
telomeric DNA resulting from replication upon treatment of
bone marrow cells with an inducer. The variant that DNA frag-
ments initially internalized by HSCs at an amount sufficient to
alter the hybridization response intensity can be persisting in
the non-integrated state in the cell throughout the entire time
of culturing on methylcellulose is ruled out.

Nevertheless, the cumulative result suggests that there is
more likely to be true integration of telomeric DNA inter-
nalized by the cell into the genome or emergence of replica-
tion-related extra telomere DNA.

For angiogenin, the increase in hybridization intensity can
be associated with induction of the CFU-GM-derived cells
that previously remained inactive throughout the entire life of
the organism. Activation of the endogenous telomerase gene
is also possible. Both possibilities are indicated by the results
of experiments on internalization of angiogenin protein into
primitive murine and human hematopoietic stem cells. It has
been demonstrated that angiogenin is internalized by primitive
murine Scal hematopoietic cells and human CD34+ stem cells
(Ruzanova et al., 2024). In this case, the telomerase gene can
be activated by angiogenin internalized by active HSCs. Inte-
gration is not an option, since there is no necessary substrate.

Hence, this analysis has reliably revealed that changes
occur in the cells in response to induction of bone marrow
cells by DNA preparation, angiogenin, or their combination,
affecting the length of telomeric repeats (the telomeric DNA
content) in as many cells as are needed to enable imaging of
the observed phenomenon.
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Rat bone marrow cells

For the rat model experiments, the number of colony cells was
chosen as the normalization criterion. After being washed to
remove methylcellulose, colony cells were embedded into
blocks of low melting point agarose (500,000 per block, cor-
responding to about 3 pug of DNA). The blocks were lysed,
and electrophoresis was carried out using a pulse controller as
described in the Materials and methods section. The electro-
phoretic data were analyzed, and Southern blot analysis was
conducted. The results obtained are summarized in Fig. 3. The
electrophoresis images were processed using the GelPro 3.0
software (Fig. 34). The relative ratio between DNA quanti-
ties in the lanes was estimated from the luminescence of the
intercalary dye. In the sample containing DNA-treated cells,
DNA quantity in the bands that were subsequently evaluated
by hybridization increased by a total of 10 %. Meanwhile,
the increase in the three bands was nonuniform: the top two
bands almost did not increase, whereas in the third band, the
quantity of DNA increased twofold (Fig. 3B).

The hybridization data showed that the number of telo-
meric repeats in the sample of DNA-treated cells increased
by 17-30 % (Fig. 3C, D). The number of telomeric repeats
was increased in all the bands, in contrast to the rise in the
total amount of DNA. In angiogenin-treated cells, the amount
of DNA decreased compared to the control group. It can be
related to the fact that a large number of erythroid colonies
grew from HSCs treated with angiogenin within the bone
marrow (Fig. 3F), which may contain mature red blood cells
lacking DNA but which could have been counted during cell
selection.

Analysis of the potential mechanisms

for the increase in telomeric DNA content

Murine HSCs internalize extracellular DNA fragments (Potter
etal., 2024). The model system of cryopreserved human bone
marrow was used in the main experiments of further studies. It
was found that human CD34+ HSCs also capture extracellular
DNA fragments. A total of 0.02 % of the haploid genome of
extracellular DNA (in a particular experiment) is internalized
by the cell (Ruzanova et al., 2024).

Two inducers were selected to analyze the mechanism for
the increase in telomeric DNA content: one of those, hDNA#",
carries telomeric DNA as a potential sensing substrate in
HSCs, while the other one, angiogenin, does not carry any
DNA, including telomeric DNA.

It means that the increase in quantity of detectable telomeric
DNA after angiogenin treatment is associated with induction
of either endogenous telomerase or activation of quiescent
primary HSCs that previously have never been activated and
that have been formed and have occupied the bone marrow
niches during embryogenesis. Activation and integration of the
exogenous telomerase gene are infeasible, since the necessary
substrate is lacking.

The following options are being considered for hDNAZ®":
the option related to the feasibility of incorporation of
hDNAZ®" per se into the telomeric DNA genome or an increase
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Fig. 3. The results of treating rat bone marrow cells with angiogenin, hDNA?', and angiogenin+hDNA?".

A - electrophoresis with DNA isolated from colonies, from low melting point agarose blocks. In the bottom block, numbers 1-3 denote the fragments used for
quantitative analysis. B - hybridization with telomeric repeats (C-probe) of DNA isolated from colonies. In the lower block, numbers 1-3 denote the regions used
for quantitative analysis. C - DNA content according to dye luminescence and hybridization intensity for three different fragments compared to the control group
(values are taken as unity; shown with a red line). * Differences are significant compared to the control group; p < 0.05, Mann-Whitney U-test. D - the content of
the BFU-E and CFU-GM colonies on methylcellulose after treating rat bone marrow cells with different inducers, expressed as an index with respect to the control
group (values taken as unity, shown with a red line). E - rat chromosomes (https://rgd.mcw.edu/rgdweb/report/genomelnformation/genomelnformation.html?
species = Rat&mapKey = 372&details = true).

488 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 -4


https://rgd.mcw.edu/rgdweb/report/genomeInformation/genomeInformation.html?species=Rat&mapKey=372&details=true
https://rgd.mcw.edu/rgdweb/report/genomeInformation/genomeInformation.html?species=Rat&mapKey=372&details=true

B.C. Py3aHoBa, C.I. OwnxmuHa, I.C. Puttep ...
H.A. KonuaHos, A.C. MpockypuHa, C.C. boraues

=

*

=

Relative expression
of telomerase mRNA

2025
29-4

AHanm3 n3meHeHnA Konmyectsa TenomepHon HK
npu 06paboTKe reMomno3TUYECKNX CTBONTOBBIX KNETOK

0.1
Control Angiogenin hDNAY" Angiogenin
+hDNAY"

B 1 Angiogenin 2 Angiogenin hDNAY' Angiogenin + hDNAY"
01481632Te|MkDM 3216 3216 8 1 0 4 32 16 8 1 0O 4 0 1 4 8 16 32
—_— ey KDA F 1 = il

b X 1 L 2 d TS

| |
L B 045 8

3 B 150 B

B 135 [

Angiogenin + hDNAY" 2
2

4 8 16 2 4 8

Angiogenin 2

4 8 16

Angiogenin + hDNAY"
0

16 32

Angiogenin + hDNA?Y"

Fig. 4. Real-time PCR and Western blotting of RNA and protein lysates to detect telomerase mRNA and telomerase protein.

A - real-time PCR of the pooled samples (8-32 h). Values are shown relative to the respective 0-4 h groups (values are taken as unity; indicated with a red
line). * Differences are significant compared to the 0-4 h group, p < 0.005, Mann-Whitney U-test. B-D — Western blotting to detect telomerase in the lysates of
activator-treated cells; 1 — acrylamide gels with Coomassie staining, 2 - blots with antibodies to telomerase. Incubation time (h) with the corresponding inducers
is indicated above the lanes. Arrows indicate specific bands at 63 and 35 kDa. Results from three independent experiments are shown.

in the number of G-telomeric repeats as a result of replica-
tion repair of the G-strand (tail), which will be observed as
a larger quantity of telomeric DNA in the descendants of
the primary bone marrow HSCs. hDNA#" can also possibly
activate the transient telomerase gene residing within the
extracellular fragments internalized into the HSC compart-
ments. The dot blot hybridization data do not support the
option that the endogenous telomerase gene in cells accept-
ing the DNA fragment is activated (Fig. 4E—G). An option
similar to that described for angiogenin, involving activation
of quiescent primary HSCs, which have previously never
been activated and which have been formed and have oc-
cupied the bone marrow niches during embryogenesis, was
not confirmed. Furthermore, the option that the residual
amount of hDNA# is preserved in colony cells after the ini-
tial uptake of extracellular fragments by HSCs within bone

marrow cells and subsequent contamination of DNA samples
in colonies by the residual amount of telomeric DNA, which
is initially present in the hDNAE®" sample and is sufficient to
be sensed by dot blot hybridization, has not been confirmed
as well.

The analysis suggested that, at least for angiogenin, the most
likely explanation for the increased telomeric DNA content
would be induction of telomerase activity by this factor. For
hDNAZ®", activation of the transient telomerase gene was still
possible.

Assessment of the effect of inducers

on telomerase activity

It was analyzed in direct experiments whether telomerase
activity can be activated. The experiments were carried out
using the model of HSCs within human bone marrow cells
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after treatment with hDNA#', angiogenin, and their combi-
nation. It has previously been demonstrated that markers
of primitive cells are still retained in colonies grown after
HSCs had been activated by the hDNAZ®" inducer to ~15 % for
murine HSCs (c-Kit/Sca-1) and up to 3 % for human HSCs
(CD34) (Potter et al., 2024). It meant that reactivation of
colony-cultured cells would have similar effects on primitive
progenitors and induce similar events in them; in particular,
the telomerase gene can be activated in the options suggested
above. There would be sufficient material for characterizing
cell lysates to detect any telomerase present by real-time PCR
or (and) Western blotting.

On incubation day 18, colony cells (pangenomic single-
strand breaks being completely repaired), after activation of
HSCs within bone marrow cells by three inducers, were re-
treated using the same substances. Samples were collected and
lysed at the zero point, 1, 2, 4, 8, 16, 32 h after re-induction.
Samples were prepared for real-time PCR and Western blot-
ting. For real-time PCR, RNA samples were pooled into two
groups, 0—4 and 8-32 h. Time-specific samples were used
for Western blotting. The results of the experiments are sum-
marized in Figure 4.

The real-time PCR data (three independent replicates)
indicated that when a response develops between 8-32 h
after re-induction, telomerase mRNA was synthesized in
the samples that had been treated with angiogenin and
angiogeninthDNAZ®". In the control sample, telomerase mRNA
synthesis was blocked. In the hDNA#-treated sample, no
telomerase mRNA was detected under the selected condi-
tions (Fig. 44).

Western blotting was conducted using samples correspond-
ing to all the time points. Three independent experiments
were performed. Polyclonal antibodies were used in the first
one, while monoclonal anti-telomerase antibodies were used
in the second and third experiments. The following results
were obtained. In the first experiment, when utilizing poly-
clonal antibodies in the samples treated with angiogenin and
angiogeninthDNA#, a 63 kDa band corresponding to a cloned
fragment (EcoRI-NotI clone 712562) of human telomerase
(Cech et al., 1998) was detected 16 h post-induction, which
correlates with the overall pattern of telomerase mRNA
synthesis (Fig. 4B). Two consecutive experiments utilizing
monoclonal antibodies against human telomerase revealed a
~35 kDa band that was undetectable by Coomassie staining
(Fig. 4C, D). In the third experiment, a ~63 kDa band was
detected along with the 35 kDa band (Fig. 4D). The specific
~35 kDa band was detected in groups of samples treated
with angiogeninthDNA®#" (second experiment, Fig. 4C) and
angiogenin (third experiment, Fig. 4D). The modes of emer-
gence of this specific band differ for the two experiments. In
the second experiment, the ~35 kDa band clearly appeared
at the time point of 8 h after starting the re-induction for the
angiogeninthDNA#" sample. No band was detected in the
other samples of the second experiment. For the third experi-
ment, an intense ~35 kDa band along with a 63 kDa band
was detected at the zero time point (i. e., before the induction
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in colony cells of the angiogenin-treated sample after wash-
ing to remove methylcellulose). As the incubation proceeds,
by 32 h of the experiment, the intensity of the 35 kDa band
dropped almost to the background value. The 63-kDa band
disappeared within the first hour after re-induction. No bands
were detected in other images. We found a single publication
mentioning a 35-kDa protein related to telomerase activity.
During affinity chromatography used for telomerase isolation,
the 35-kDa protein was detected along with the 120-kDa and
43-kDa proteins. This protein was not analyzed in this study
because it was not detected in preparations of fully purified
telomerase (Lingner, Cech, 1996).

The data obtained using two independent approaches in-
dicate that angiogenin activates the molecular mechanisms
inducing telomerase activity in HSCs, while exposure to
hDNAZ®" does not abolish the activity of this mechanism.

The results obtained mean that: 1) hDNA# does not induce
expression of the telomerase gene; therefore, the increased
telomeric DNA content cannot be related to telomerase activ-
ity; 2) angiogenin induces expression of the telomerase gene,
and the increase in the telomeric DNA content quantified by
dot blot hybridization can be related to this very activity of
angiogenin. Exposure to a combination of angiogenin and
hDNA¢#" also enhances synthesis of telomerase mRNA. It
was shown in the hybridizations performed that in some
cases, the telomeric DNA content in the sample treated with
a combination of two inducers is higher than for the samples
treated separately. This fact may mean that in this case, the
three mechanisms of increasing the telomeric DNA content
overlap due to telomerase activity and either direct integration
of extra telomeric DNA into the genome of the recipient cell or
via replication of quasi t-rings formed by exogenous telomeric
repeats during concatamerization and closure into a ring.

Discussion

The analysis revealed that the two inducers used simultane-
ously increase telomeric DNA content in colony cells via
two independent mechanisms: the conventional telomerase-
dependent complementary synthesis in the case of angiogenin
and the alternative lengthening mechanism for telomeres or
true integration of telomeric DNA into the telomeric hetero-
chromatin domain in the case of hDNA®".

Telomerase is a heterodimer formed by the non-coding
RNA template (telomerase RNA component with a size of
400 bp, carrying the basic telomeric sequence complementary
to the G-strand) used for de novo synthesis of telomeric DNA
sequences and the catalytic subunit of the enzyme (telomerase
reverse transcriptase, TERT). The telomerase complex orches-
trates telomere length homeostasis by inserting telomeric re-
peat sequences to the 3’ end of the chromosome using the RNA
template (Fig. 1B). With a few exceptions (e. g., lymphocytes
and endothelial cells), most human somatic cells exhibit no
telomerase activity, mostly because of suppression of TERT
expression. On the other hand, stem cells, germline cells, and
most tumors exhibit it (Chan, Blackburn, 2003; Giraud-Panis
et al., 2010; Nandakumar, Cech, 2013; Soman et al., 2022).
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As shown previously, angiogenin is internalized into
Scal (mouse) and CD34 (human) hematopoietic stem cells
(Ruzanova et al., 2024). It has also been demonstrated using
human bone marrow cells that angiogenin treatment stimu-
lates the GM hematopoietic lineage and induces telomerase
activity. Earlier, it was revealed (Goncalves et al., 2016) that
recombinant angiogenin stimulates proliferation of myeloid
progenitors (like in our experiments), while enhancing the
quiescent properties of stem cells. These characteristics are
attributed to generation of stress-induced tiRNAs, reduction of
the synthetic activity of blood stem cell, enhanced ribosomal
RNA synthesis, and stimulation of protein synthesis in myeloid
progenitor cells. It is possible that the emergence of telomerase
in cells of GM colonies, which has been demonstrated in our
study, is a consequence of the first process (stimulation of
proliferation of myeloid progenitor cells).

Internalized DNA fragments initiate the formation of
nicks required for chromatin rearrangement toward the se-
lected pathway of terminal differentiation of progenitor cells,
which actually trigger the mechanism of this differentiation
(Ruzanova et al., 2024). A similar concept was discussed in
ref. (Sjakste, Riekstina, 2021), where it was suggested that
chromosomal DNA damage in stem cells can trigger differen-
tiation. Nick-induced chromatin perturbations (chromatin
relaxation) will result in an induced recombinogenic situation
and activation of the recombination repair machinery com-
prising numerous active and structural proteins (Nabetani,
Ishikawa, 2011). This fact means that the initially extracellular
DNA fragments residing in the intranuclear space of HSCs
can participate in recombination events that they initiated. The
results of the present study suggest that the increase in telo-
meric DNA content when using hDNAZ#" as an inducer implies
either integration of extracellular fragments carrying telomeric
repeats into homologous telomeric regions or activation of
the mechanism of alternative lengthening of telomeres using
concatamerized cyclic telomeric repeat sequences.

An analysis of the intensity of hybridization response
revealed that the telomeric DNA content was significantly
increased in the analyzed samples, suggesting that the mecha-
nism of alternative lengthening of telomeres was involved in
this process to a greater extent. One of the most characteristic
features of cells having an active mechanism of alternative
lengthening of telomeres is the presence of extrachromosomal
telomeric circles, which are either double-stranded (t-circles)
or partially single-stranded (C- or G-circles) Cesare, Griffith,
2004; Wang et al., 2004; Henson et al., 2009). The t-loops are
closed double-stranded DNA. C-circles are extrachromosomal
telomere DNA with a C-strand forming a circle and a broken
G-strand annealed to it. G-circles are extrachromosomal
telomere DNA, with the G-strand forming a circle and the
broken C-strand annealed to it. The origin of these extra-
chromosomal structures is usually attributed to nick-initiated
replication of telomeric DNA (Fig. 5). Break repair is known
to be stimulated by induction of telomeric double-strand
breaks (McEachern, Haber, 2006; Dilley et al., 2016) and, as
suggested by the present study, single-strand breaks (nicks).
Break-induced replication can be initiated by integration of
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the strand end of the ruptured telomeric agglomerate between
the strands of the intact telomere and proceed via the branch
migration mechanism. The migrating D-loop copies telomeric
repeats from the strand invasion point towards the end of
the donor telomere (Saini et al., 2013; Wilson et al., 2013),
which is accompanied by restoration of telomere length and
structure.

Another mechanism of restoring telomere length is asso-
ciated with insertion of the 3’ end of the telomeric G-strand
between the strands of extrachromosomal t- or C-circles.
Rolling circle replication is induced in this case, leading to
accumulation of a single-stranded G-rich telomeric strand
(Fig. 64) (Nabetani, Ishikawa, 2011; Lu W. et al., 2013;
Doksani, 2019).

Two mechanisms of formation of't-, C-, and G-circles have
been described. t-circles can be formed by intrachromosomal
recombination and t-loop liberation as a result of Holliday
recombination of the 3’ end of the t-loop annealed to the
complementary sequence of the 3'-5" strand (Fig. 54) (Wang
etal., 2004; Nabetani, Ishikawa, 2011; Claussin, Chang, 2015;
Doksani, 2019; Jones et al., 2023). In the other case, both
variants of the C- and G-circles are formed (Fig. 5B).

It was demonstrated that both variants of DNA circles con-
taining telomeric repeats are bulged upon replicative stress
associated with replication fork stalling in difficult-to-replicate
telomeric heterochromatin or with chromosomal DNA damage
(e. g., double-strand breaks or nicks). In this case, the G-circle
can initiate the rolling circle replication starting with the nick
and synthesis of the C-rich tail carrying telomeric repeats of
the 3'-5" strand up to 100 kbp long, which can be detected
both using a phi29 polymerase kit and in vivo (Zhang et al.,
2017). The amplified single-stranded C-rich tail can assumedly
be annealed to the truncated G-telomeric strand (e. g., after a
t-loop is separated from the telomere because of replicative
stress) and as a homologous template to stimulate synthesis
of the truncated G-rich strand (Zhang et al., 2017). Topo II,
the NHEJ mechanism, and DNA-PK activity are involved in
circle formation in this case (Fig. 6B).

The more than twofold increase in telomeric DNA content
in some experiments is attributed to telomeric repeat amplifica-
tion via the putative rolling circle replication mechanism using
circular structures as a template and nick-initiated replication.
For this type of amplification, the single-stranded G-strand
region can be as long as 70—100 kbp (Doksani, 2019; Jones
et al., 2023) (Fig. 64, B).

The large number of C-circles in the cell is the basic crite-
rion for the mechanism of alternative lengthening of telomeres.
The single-stranded 3’ end of the 5'-3’ G-strand can be paired
with both the t- and C-circle to form a D-loop (Fig. 64).
The following multiple rounds of rolling circle replication
amplify telomeric repeats. The number of telomeric repeats
synthesized via this mechanism can be degenerate and will
differ for different telomeres in different chromosomes (Lee
etal., 2014; Jones et al., 2023).

When extracellular fragments carrying telomeric repeats
are internalized into the nucleus, the following events occur.
A recombinogenic situation triggered by the emergence of
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A - formation of t-circles as a result of detachment of the telomere end structure of the t-circle. B - formation of G- and
C-circles as a result of replication fork stalling, induction of break-induced repair, and G- and C-strand bulging with
involvement of Topo II, the NHEJ mechanism, and DNA-PK activity (Zhang et al., 2017).

single-strand breaks is initiated. If the factors activated by
the nick-initiated recombinogenic situation are similar to
those activated by the recombinogenic situation initiated by
double-stranded breaks (Dolgova et al., 2013), the internalized
double-stranded fragments will promptly form a circle (Dol-
gova et al., 2013; Potter et al., 2018, 2024). During the time
they exist in a linear form, they can be integrated into the ge-
nome via the ends in/ends out mechanism. Once ligated into a
circle, these structures will be virtually indistinguishable from
the t- and C-circles formed via the mechanism of alternative
lengthening of telomeres. This means that the amplification
of telomeric DNA during the internalization of extracellular
DNA in HSCs is mostly associated with the elongation of the

G-chain of the telomere as a result of activation of replicative
synthesis by the rolling ring mechanism, presumably induced
by nicks. The significant (more than twofold) increase in
telomeric DNA content in some experiments can be attributed
to this very fact.

Integration of extrachromosomal fragments carrying telo-
meric repeats (leading to extension of telomeric DNA) can
also be implemented via the ends in/ends out homologous
recombination mechanism (Fig. 7) (Rubnitz, Subramani,
1984; Hastings et al., 1993; Cromie et al., 2001; Li et al.,
2001; Langston, Symington, 2004). Other mechanisms of
homologous recombination (single strand annealing or gene
conversion) will not increase telomeric DNA content.
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Conclusion A
Hence, the conducted studies demonstrate that extracellular
DNA fragments internalized by HSCs and carrying telomeric
repeats can be either directly integrated into telomeric hetero-
chromatin or become a template for alternative lengthening of
telomeres, which is accompanied by a rise in telomeric DNA
>
B

quantity and, presumably, an increase in telomere length.
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