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The concept of natural genome reconstruction.

Part 6. Analysis of changes in the frequency of occurrence of SNPs in exons
of the genes associated with clonal hematopoiesis of uncertain potential
in a patient with a neuroendocrine tumor of the small intestine in the
terminal stage of progression after modification of the hematopoietic
stem cell genome with hDNAS®! (a clinical case report)

D.Y. Oshchepkov 1& V.S, Ruzanova (191%, S.G. Oshikhmina (912, A.A. Traspov3, E.V. Dolgova 1 G.S. Ritter (191,
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Abstract. The final part of our series of studies reports the results of a pilot study of a clinical case (patient K.), indicating
that therapy enabling reconstruction of the genome of hematopoietic stem cells (HSCs) reduces the frequency of SNPs in
exons of the genes associated with clonal hematopoiesis of uncertain potential in a patient with a neuroendocrine tumor
of the small intestine in the terminal stage of progression. The fundamental principles of the therapy were as follows.
Control samples of peripheral blood mononuclear cells (baseline) were collected from the patient. CD34+ HSCs were then
mobilized and collected. The HSC genome was modified using a technology enabling ex vivo correction of the nucleotide
sequences of DNA chromosomes of poorly differentiated hematopoietic progenitor cells. For this purpose, the collected
leukocyte suspension enriched with CD34+ HSCs was treated with fragmented deproteinized genomic DNA obtained from
approximately 100 young healthy women in labor (hDNAY"). The patient was reinfused intravenously with the treated cells.
Five days before reinfusion, the patient received immunosuppressive therapy. Samples of peripheral blood mononuclear
cells were also collected 4, 8, 12, and 27 months after the therapeutic intervention. Full-exome sequencing of DNA isolated
from selected cell samples was performed. A group of commonly accepted clonal hematopoiesis genes was selected as a
criterion demonstrating changes in the genome. The following multiplex panels were used at the initial time point as well
as time points after 4, 8, and 12 months: MGIEasy Exome Capture V5 Probe set, Roche KAPA HyperExome, Nanodigmbio
NEXome Plus Panel v1.0, covering the entire exome and non-coding regions of the analyzed genes adjacent to exons with
~100x coverage. A ~1000x coated panel (Nanodigmbio NanOnco Plus Panel v3.0), including the genes with mutant alleles
identified at the initial time point, was used to verify the identified mutations and more accurately determine their proportions
in readings at the last stage of the analysis (27 months after the therapy). Whole-exome sequencing of hDNAY" (Roche KAPA
HyperExome), which is used to reconstruct the genome of HSCs whose fragments collectively constitute the complete
human genome, was also performed. Although the analysis of readings of whole-exome sequencing of DNA isolated from
blood samples after treatment did not reveal any currently known signs of clonal hematopoiesis with uncertain potential
in the patient K., we found a significant, within the framework of the selected criterion, decrease in the frequency range of
SNPs to 18 % by 27 months of follow-up in 15 % cases of the heterozygous alleles (DNMT1, SF3B1(1-2)). Subsequent analysis
of the frequency of occurrence of controlled SNPs and the corresponding data on the depth of their sequencing, performed
using the All-FIT algorithm, indicates that by the 27th month of follow-up, the proportion of cells carrying the basic set of
SNPs significantly decreases by 12 % (confidence interval (Cl) = 5-16 %). In other words, in a mixture of cells heterozygous for
this SNP, a population of cells carrying a homozygote without an SNP appears. Our findings may indicate that a significant
proportion of cells underwent correction of the SNP to an alternative allele, and this correction was associated with the
treatment of the original HSCs with hDNA?". The detected changes in the group of clonal hematopoiesis genes suggest the
possibility of correcting other loci throughout the HSCs genome. Therefore, the clinical manifestations in the development of
the disease show a pronounced positive trend, which has persisted for four years, until present. It is assumed that the positive
clinical outcome after therapy with reconstructed hematopoietic stem cells is associated with an increase in the regenerative
potential of HSCs, which resulted from the genetic correction of unfavorable mutations in the HSCs genome.

Key words: clonal hematopoiesis; neuroendocrine tumor; genome reconstruction technology; whole-genome sequencing;
hematopoietic stem cells
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KoHI1Iemnimua I'Ip]/[pO,I[HOf/I PEKOHCTPVKIONN I'eHOMA.

YacTp 6. AHa/IN3 ISMEeHEeHV S 4acTOT BCTpeuaeMOoCT SNP B 3K30HaX Ir'eHOB,
aCCOLIMMPOBAHHBIX C KJIOHAIbHBIM e MOII0330M HeOoIlpeaeIeHHOT'O
IIOTEeHI[MaJia y MalyeHTa C HeiPOSHIOKPMHHON OITYXO0J/JIbI0 TOHKOM KUIIKI
B TEPMIUHAJILHOI CTaUI IIPOrpeccun rnocjie Mmoaudukaliiuy reHoMa
reMOIIO3TUYECKIUX CTBOJIOBBIX KJIETOK IperapaTomM hDNAS!
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AHHOTauuA. B nocnefHen yactu umkna paboT NPUBOAATCA pe3ynbTaThl NMUAOTHOMO UCCEA0BAHNA KIMHUYECKOTO CyYas
(naumeHT K.), cBUAETENbCTBYOWME O CHVXKEHUM YacToTbl BCcTpeyaemocTn SNP B 3K30Hax reHoB, acCOLUMPOBAHHBIX C
KMOHaJIbHbIM FeMOM0330M HeonpeAesieHHOro NnoTeHumana y naumeHTa ¢ HeMpo3HJOKPVHHON OMYXOMblo TOHKOW KULLKN B
TePMVHabHOW CTaANM MPOrPeCccUn NPy NPYMEHEHN Tepanim, No3BONAIOLLEN PEKOHCTPYNPOBaTb reHOM FreMOMno3TUYECKUX
CTBONOBbIX KNeTok (ICK). OcHOBHbIE MPUHLMMbI Tepanun COCTOANN B Crieaylolem. Y naumeHTa otoémpanyi KOHTPOJbHble
06pa3Lbl MOHOHYKIEapoB Neprdepuueckor KpoBU (HyieBas TouKa). 3aTem MPOBOAUINCE Mobunrsayms n coop CD34+ I'CK.
Ocyuwectenanu moandukaumo reHoma INCK ¢ ncnonb3oBaHMEM TEXHONOMY, MO3BOMAIOLLEN NMPOBECTU eX Vivo KOPPEKLMIo
HYKNeoTuAHbIX nocnegosatenbHocTelt IHK xpomocom HuskognddepeHUnpoBaHHbIX NpefLecTBEHHNKOB remono33a. Ans
3TOro cobpaHHyto nernkoB3gech, oboratieHHyto CD34+ ICK, obpabaTbiBanu dparmeHTUPOBaHHON AeNPOTEMHN3UPOBAHHOM
reHomHol [JHK, nonyyeHHol oT ~100 monopbix 3a0poBbix poxeHul (RDNAZ). MaueHTy BHYTprBEHHO penHdy3nposanm
obpaboTaHHble KNeTku. 3a 5 fHeil o penHby3UM MauMeHT Monyyan MMMYHOCYMNPeCccMBHYlo Tepanuio. Yepes 4, 8, 12
1 27 Mec. Takke 3abupanncb o6pasLbl MOHOHYKNeapoB nepudepuyeckoin KpoBu. Bbino nposefeHO MONHO3K30MHOe
cekBeHupoBaHue [JHK, BbiaeneHHol 13 oTobpaHHbIX 06pa3LoB KNeToK. B KauecTse KpuTepus, OTpaXKaloLero MU3MeHeH s B
reHome, 6bina Bbi6paHa rpynna obLenprHATLIX FeHOB KIIOHaNbHOro reMono33a. B HyneBoi Touke, B Toukax yepes 4, 8, 12 mec.
MCMONb30BanNCh MynbTUMnneKcHble naHenu: MGlEasy Exome Capture V5 Probe set, Roche KAPA HyperExome, Nanodigmbio
NEXome Plus Panel v1.0, oxBaTbiBalowme BeCb 3K30M U HeKoAMpyoLre obnact aHanm3mMpyemblx reHoB, npuneraoLmne
K 9K30HaM C nokpbiTriem ~100X. [nA BeprduKaumm BbIABMEHHbIX MyTauuii n 6onee TOYHOrO onpefeneHna ux fonen B
NPOYTEHMAX Ha NoC/eHeM 3Tarne aHanm3a, Yepes 27 mec. nocie Tepanuu, NCNoNb3oBanacb NaHenb ¢ NokpbiTnem ~1000x
(Nanodigmbio NanOnco Plus Panel v3.0), Bkntouaiollas BbiAB/IEHHbIE B HYNEeBOW TOUKE FeHbl C MyTaHTHbIMU annenamu.
Tak>ke 6blS10 BbINOMHEHO NMOSHO3K30MHOE cekBeHMpoBaHue npenapata hDNA" (Roche KAPA HyperExome), ncnonb3syemoro
ANA peKoHCTPyKUumMn reHoma 'CK, dparmeHTbl KOTOPOro B COBOKYMHOCTN COCTaBNAOT MOJIHbIN FeHOM YenoBeka. HecmoTpa
Ha TO YTO aHanM3 MPOYTEHUI MOSIHOIK3OMHOrO cekBeHupoBaHuA [HK, BbiAeneHHON 13 MOHOHYKJIeapoB KpPOBU nocie
NPOBeJEHHOro NleYeHUs, He NO3BOUI BbIABUTbL Y NauueHTa K. M3BeCTHbIX Ha AaHHbLI MOMEHT MPU3HAKOB KJIOHAaNbHOrO
remonos3a C HeonpegeneHHbIM MOTEHLMANoM, Hamy OOHapyXXeHO [OCTOBEPHOe B pPaMKax BblbpaHHOro Kputepus
CHVXeHWe fumana3oHa yactoT SNP o 18 % K 27-my mecAuy HabnogeHus B 15 % retepo3nrotHbix annenein (DNMTI,
SF3B1(1-2)). Mocnepyowmin aHann3 4acToTbl BCTPeYaeMoCTV KoHTponumpyembix SNP 1 cooTBeTCTByOWMX [AaHHbIX MO
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rny6viHe UX CEKBEHMPOBAHMS, BbINOMHEHHBIN C Mcnonb3oBaHuem anroputma All-FIT, cBugeTenbcTByeT, uto K 27-My MecaLy
HabnoLeHnA fonaA KNeTokK, Hecywwmx 6a3o8blit Habop SNP, 3HauMMOo cHKaeTcA Ha 12 % (BoBepuTenbHbIN MHTepBan 5-16 %).
WHbIMK crioBamMu, B CMeCU KNETOK, reTepo3nroTHbiX Mo 3Tum SNP, noasnaeTca nonynauma KNeTok, Hecyllana romosnroty 6e3
SNP. MonyyeHHble pe3ynbTaTbl MOTYT CBMAETENIbCTBOBATb O TOM, YTO AJIA 3HAUMMOW OO KNEeTOK NpousoLwna Koppekuus
SNP Ha anbTepHaTUBHbBIN anniefb 1 3Ta KOppeKuus cBA3aHa ¢ obpaboTtkoi ucxofHoix NCK npenapatom hDNAY, npruem
O6HapYy>KEHHbIE M3MEHEHUA B FPyMMe reHOB KOHaNIbHOTO FreMOomno33a NpeanosaraloT BO3MOXHOCTb KOPPEKUUN ApYruX
nokycos no Bcemy reHomy ICK. Kak cnefctsume, KNMHUYECKME NPOABEHUA B Pa3BUTAW NaTONOrMM GONE3HN NMEIOT APKO
BbIPaXKEHHYIO MONIOXMTENbHYIO AMHAMMKY, COXPaHAIOWYICA Ha NPOTAXEHWUM 4eTblpex neT, O HACTOoALWero BpemeHW.
Mpennonaraetca, YTo MONOXWUTENbHbIA KAMHUYECKUA 3ddeKT nocre NpoBeAeHHOW Tepanuu PeKoHCTPYUPOBaHHbIMMK
CTBOJIOBbIM/ KJIeTKaMU KPOBU CBA3aH C yCUNeHVeM pereHepatuBHoro noteHumana CK, npowmsowepwero Bcrneactave
reHeTNYeCcKon KoppeKLmnn HebnaronpuATHbIX MyTaLuil B reHome MCK.

KntoueBble cioBa: KNOHaNbHbIA FeMOMN033; HEMPO3HAOKPUHHAA OMyXOsb; TEXHONOIMA PEKOHCTPYMPOBAHMA FeHOMa;
NOSTHOreHOMHOE CEKBEHMPOBaHMNE; reMOno3TMYeCK/e CTBOOBbIE KNEeTKU

Introduction

Regenerative medicine is currently an actively developing
medical field. Its objective is to restore the damaged or disease-
affected tissues and organs using stem cells. Transplantation
of mature stem cells is the key method employed in regenera-
tive medicine. Two types of stem cells are used most widely:
mesenchymal stem cells (MSCs) and hematopoietic stem
cells (HSCs).

Mesenchymal stem cells repair damage via various mecha-
nisms. They are activated by pro-inflammatory cytokines such
as interferon gamma (IFN-y), tumor necrosis factor alpha
(TNFa), interleukin-1 beta (IL-1f), as well as by different
ligands of toll-like receptors 3 (TLR3) and 4 (TLR4) (Water-
man et al., 2010; English, 2013). Activated MSCs secrete
a variety of cytokines and chemokines, such as fibroblast
growth factor 2 (FGF2), insulin-like growth factor 1 (IGF1),
transforming growth factor beta (TGFp), prostaglandin E2
(PGE2), granulocyte-macrophage colony-stimulating factor
(GM-CSF), interleukin 6 (IL-6) and interleukin 13 (IL-13),
and indoleamine 2,3-dioxygenase (IDO). Through the factors
secreted by them, MSCs affect many cells of the innate and
adaptive immunity, including macrophages, dendritic cells,
natural killer cells, T-helper and regulatory T-cells, as well as
B-cells, shifting the local balance toward the anti-inflammatory
signaling to promote tissue regeneration (Yin, Heit, 2021).

Due to their paracrine activity, MSCs inhibit oxidative stress
and exhibit anti-apoptotic properties (Brown et al., 2019).
In vitro studies have demonstrated that MSCs can migrate
toward specific cytokines and chemokines, such as stromal
cell-derived factor 1 (SDF-1), platelet-derived growth factor
AB (PDGF-AB), IGF1, TNFa, and epidermal growth fac-
tor (EGF), which are released into the extracellular space in
response to tissue injury or ischemia, and elicit anti-inflam-
matory responses. MSCs also release extracellular vesicles
containing various growth factors promoting angiogenesis
and cell proliferation, as well as microRNAs, tRNAs, and
lipids, which inhibit apoptosis, facilitate cell repair, maintain
the multipotency of stem cells, and contribute to angiogenesis
(Maacha et al., 2020).

Another regeneration mechanism involves direct mitochon-
drial transfer from MSCs to damaged tissue cells via tunneling
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nanotubes, thus enhancing the regenerative potential of target
cells and stimulating the antimicrobial activity of immune
cells (Islam et al., 2012; Li X. et al., 2014; Jackson et al.,
2016). MSCs are capable of differentiating into various types
of connective tissue cells such as osteoblasts, chondrocytes,
adipocytes, and myocytes. MSCs are found in the bone mar-
row, umbilical cord blood, placenta, adipose tissue, etc.; they
can repair damaged cells and tissues and accelerate their
regeneration (Spees et al., 2016). MSCs transplantation has
shown promising potential in preclinical and clinical studies
for treating numerous degenerative pathologies, including
Alzheimer’s disease (Wang et al., 2018), Parkinson’s disease
(Mendes Filho et al., 2018), and amyotrophic lateral sclerosis
(Gugliandolo et al., 2019). Along with transdifferentiation,
MSCs were shown to be able to fuse with recipient cells,
including brain, muscle, intestinal, and hepatic cells, thus
contributing to tissue repair in these organs (Fan et al., 2020).

The contribution of hematopoietic stem cells (HSCs) to
the body’s repair potential is no less significant than that of
mesenchymal stem cells. HSCs are involved in repair of tissue
damage, and primarily the damage related to activity of blood
cells. HSCs are capable of differentiating into all types of blood
and immune cells, thus ensuring their continuous turnover in
the body. There is evidence that HSCs can transdifferentiate
into somatic cells, including hepatocytes, cardiomyocytes,
as well as neural, epithelial, and endothelial cells, thereby
contributing to regeneration of respective tissues (Lee, Hong,
2020; Li L. et al., 2021; Yuan et al., 2023). Nevertheless,
there is also a viewpoint that the reparative potential of HSCs
in tissue systems other than lymphohematopoietic ones is
more likely to be associated with paracrine activity of HSCs
rather than true transdifferentiation. It is believed that the
developmental potential of HSCs, like for other adult stem
cells, is limited by the innate type of stem cells and tissue
(Miiller et al., 2016). Similar to MSCs, HSCs actively affect
cells at injury sites by secreting various molecules, including
cytokines, chemokines, and growth factors, thus modulating
pro- and anti-inflammatory responses and activating repair
mechanisms in target cells (Schwarting et al., 2008; Li N. et
al., 2010; Wright et al., 2011; Liao et al., 2018; Fast et al.,
2021; Biermann, Reya, 2022).
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It is known that the repair potential of hematopoietic stem
cells is primarily related to their allelic diversity, underpin-
ning normal hematopoiesis. This characteristic of HSCs is
lost throughout life, and hematopoiesis in the aging organism
acquires clonal features.

The classical model of hematopoiesis, positing that differen-
tiation of HSCs into mature blood cells is a strictly hierarchical
process, is evolving. The current understanding of hematopoi-
esis involves a concept of hematopoiesis as functioning of a
heterogeneous pool of HSCs and committed progenitor cells,
with numerous differentiation pathways and gradual transitions
between states (Jagannathan-Bogdan, Zon, 2013; Velten et al.,
2017; Watcham et al., 2019). Hematopoietic homeostasis is
ensured by an intricate network of interactions between the
mechanisms of transcriptional regulation, epigenetic modi-
fication, and metabolic adaptation, which are influenced by
external factors, as well as humoral and local signals from
the bone marrow microenvironment (Pinho, Frenette, 2019).
Aging is accompanied by quantitative and qualitative changes
in the hematopoietic system. The proliferative activity of he-
matopoietic stem cells decreases; immune activity is shifted
toward pro-inflammatory responses (Weiskopf et al., 2009;
Ainciburu et al., 2023). It is believed that the development
of clonal hematopoiesis is one of the factors contributing to
these phenotypic changes.

Normal hematopoiesis is maintained by numerous long- and
short-lived hematopoietic cell clones sequentially replacing
each other. The bone marrow is a tissue proliferating most
rapidly in the human body. The human body produces approxi-
mately one trillion mature blood cells daily (Doulatov et al.,
2012). Hematopoietic stem cells capable of differentiating into
all mature blood cell lineages are underlie the hematopoietic
system (Phillips, 1991; Bonnet, 2003). Clone is the progeny
derived from a single hematopoietic stem cell (Siminovitch
et al., 1963). The system is polyclonal upon steady-state he-
matopoiesis, meaning that numerous hematopoietic stem cells
are simultaneously involved in maintaining normal parameters
of peripheral blood cells (Drize et al., 1996; Goyal, Zandstra,
2015; Carrelha et al., 2018). Fewer than 1.3 million hemato-
poietic stem cells support the formation of mature peripheral
blood cells throughout human life (Watson et al., 2020; Peti-
nati, Drize, 2021). Clonal hematopoiesis is the disproportionate
expansion of the progeny of several HSCs harboring specific
mutations with respect to the remaining pool of clones. Clonal
hematopoiesis is generally considered a biological state of the
hematopoietic system rather than a disease per se.

The concept of clonal hematopoiesis has emerged after
typical somatic mutations in peripheral blood cells of large
patient cohorts had been detected (Genovese et al., 2014;
Jaiswal et al., 2014). Mutations in a similar set of genes have
been identified across all the studied groups; their prevalence
was age-dependent. Over 70 different genes carrying specific
mutations have been identified (Sleptsov et al., 2023). These
include epigenetic regulators (DNMT3A4, TET2, and ASXL]I),
DNA damage repair (DDR) genes (7P53, PPM1D, CHEK?2,
and ATM), signaling genes of cell growth (J4K2), and splicing
factors (SF3B1 and SRSF2). DNMT3A4, TET2, and ASXL1I were
found to be the most commonly mutated genes (80—90 % of

A clinical case of using the concept
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all the mutations detected) (Genovese et al., 2014; Jaiswal et
al., 2014; Heyde et al., 2021; Joo et al., 2023). It is currently
known that somatic mutations that have arisen and been fixed
in HSCs genes, primarily those involved in regulation of
epigenetic modifications and cell cycle control, are the key
drivers of clonal expansion.

Somatic mutations in the genes of clonal hematopoiesis
result from stochastic events; however, the accelerated pace
of their accumulation is largely associated with age-related
changes in HSCs, which are characterized by a decline in the
overall regenerative potential (Geiger et al., 2013). Somatic
mutations were found to be present in 10 % of individuals
over 65 years of age vs. only 1 % in those aged under 50. The
pace of mutation accumulation depends directly on the specific
gene. DNMT3A-mutant clones appear at an early age and are
characterized by a steady rate of emergence of new clones
(approximately 5 % per year). Clones harboring mutations
in splicing factor genes (SF3B1 and SRSF2) emerge at a later
age; the rate of emergence of new ones is ~50 % per year.
TET2-mutant clones are continuously formed and detected
throughout life (Fabre et al., 2022).

The formation of mutant HSCs occurs as a result of the ac-
cumulation of mutations, and the cell loses its regenerative po-
tential. As a result of this process, the mutated clone acquires a
selective proliferative advantage, leading to clonal expansion.
Clonal hematopoiesis develops, and the hematopoietic system
loses the ability to repair damage in the body. Elimination of
mutant HSCs clones that have accumulated somatic mutations
making the cell unviable is an additional mechanism promo-
ting clonal expansion. This defensive mechanism reduces the
pool of stem and progenitor cells, thus increasing the pace of
mutation accumulation through higher proliferative burden on
the remaining HSCs (Sleptsov et al., 2023).

Age-related telomere shortening, caused by the semi-
conservative mechanism of chromosomal DNA replica-
tion, increases the likelihood of DNA damage, thus also
contributing to mutation accumulation (D’Adda Di Fagagna
et al., 2003).

Expansion of mutant clones is not necessarily accompa-
nied by abnormal blood parameters or clinical signs. In other
words, the number of cells harboring somatic mutations in pe-
ripheral blood increases even before malignant transformation
is observed. This state is known as clonal hematopoiesis of
uncertain potential (CHUP) (Heuser et al., 2016; Shlush, 2018;
Steensma, 2018). The key criterion for CHUP is determining
the variant allele frequency (VAF) (i. e., the mutational burden,
which is proportional to the number of abnormal cells). In the
context of clonal hematopoiesis of uncertain potential, this
value is >2 % (Duncavage, Tandon, 2015).

There are external factors causing somatic mutagenesis: age,
genetic predisposition, pharmacotherapy, and environmental
exposure risks (Joo et al., 2023). Nevertheless, the proposed
variants fail to fully elucidate the molecular and cellular
mechanisms of the emergence of somatic mutations in HSCs,
which underlie the development of clonality in hematopoietic
progenitor cells.

Based on the previously identified mechanism of extracel-
lular DNA internalization by stem cells of different lineage, it is
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fair to hypothesize the following pathway for the accumulation
of unfavorable SNPs in HSCs.

In peripheral tissues, mutations continuously emerge and are
accumulated within cells (Shamal, 2017; Cagan et al., 2022).
After apoptotic or necrotic death, cells harboring mutations
release fragments containing genetic abnormalities into the
bloodstream (Anker et al., 1999; Jahr et al., 2001; Laktionov
etal., 2004). These fragments reach HSCs (apparently, as well
as other types of stem cells) and are internalized by them via
a natural mechanism due to the characteristic structure of the
glycocalyx of HSCs, which is positively charged (Dolgova et
al., 2014; Petrova et al., 2022; Ritter et al., 2022; Potter et al.,
2024). The extracellular fragments delivered into HSCs (and
potentially other stem cells) initiate terminal differentiation of
HSCs, which is characterized by the emergence of pangenomic
single-stranded DNA breaks (Vatolin et al., 1997; Potter et al.,
2024; Ruzanova et al., 2024). This event triggers activation
of the recombinational repair system of the cell and induces
the so-called recombinogenic situation (Likhacheva et al.,
2008). It is hypothesized that during the development of the
recombinogenic situation, extracellular DNA fragments can
be engaged in recombinational interactions with genomic
DNA and be integrated into the genome at homologous loci
by replacing native genomic sequences (Yakubov etal., 2007,
Garcia-Olmo et al., 2012). Since recombination under condi-
tions of pangenomic single-stranded breaks is highly precise
(Xu, 2015; Vriend, Krawczyk, 2017; Maizels, Davis, 2018;
Zilio, Ulrich, 2021), this insertion is functional and will not
disrupt the genomic sequence, except for inserting the muta-
tion. The mutations accumulated over time can result in the
development of clonal features in HSCs, with all subsequent
implications. This mechanism becomes more likely in the case
of activation of apoptosis or the appearance of foci of necrotic
destruction in any of the body’s tissues due to pathologies that
have arisen.

Therefore, analyzing the genes associated with clonal hema-
topoiesis has naturally become the primary focus of research
aiming to elucidate the consequences of targeted therapy. If
the proposed concept is valid, it will be possible to detect re-
spective alterations in biomarker genes associated with clonal
hematopoiesis in a direct experiment using treatment of HSCs
with a preparation based on fragmented DNA (hDNA¢#') as
well as the modern whole-genome sequencing techniques. In
the cases when clonal hematopoiesis of uncertain potential
(CHUP) develops, the commonly accepted genes from this
group, carrying driver mutations specific to this condition,
can be an adequate model for detecting allele substitutions in
the nucleotide sequences of these genes. If such changes are
detected, the analyzed group of genes can become a marker
platform indicative of ex vivo correction, which can then be ex-
trapolated to the entire genome. However, if none of the known
marker events (in the known genes) of clonal hematopoiesis are
revealed, the detected changes in SNP frequencies can actually
attest to alterations in the clonal composition of HSCs. In turn,
this would suggest potential correction of unfavorable alleles
in other genes and the emergence of clones carrying a different
set of SNP alleles responsible for the regenerative potential
of HSC:s. In the clinical context, replacing the mutant alleles
(related either to the clonal hematopoiesis genes or to other
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diverse genes involved in maintaining the regenerative pro-
perties of hematopoietic stem cells) with alternative favorable
alleles will indicate that the original regenerative potential of
HSCs has been restored.

This part of the study series reports the results of a pilot
study of a clinical case, demonstrating that therapy with blood
mononuclear cells enriched with CD34+ hematopoietic stem
cells, which had been treated with a double-stranded human
DNA preparation (hDNA#'), reduced the occurrence frequency
of a certain set of SNPs marking the common genes associ-
ated with CHUP.

Under the selected criteria, we detected changes in the oc-
currence frequencies of certain heterozygous germline mutant
alleles of the genes associated with clonal hematopoiesis:
ASXL1, DNMTI, RAD21, and SF3BI1(1-3). The nucleotide
substitution frequency for them was reduced to 18 % of the
normal distribution expected for pure heterozygous variants
(50 %). It attests to the significant deviation from the expected
frequency distribution for a single clonal cell lineage with
the set of SNPs characteristic of the heterozygous state and
the emergence of a mixture of clonal lineages harboring the
investigated SNPs in different proportions.

Based on the data on allele frequencies of SNPs and the re-
spective sequencing depth obtained using the All-FIT platform
(Lohetal., 2020), we assessed the proportion of cells belong-
ing to different clonal lineages harboring a specific SNP set and
revealed statistically significant evidence for the emergence
of 12 % (confidence interval (CI) ranging from 5 to 16 %) of
cells carrying an alternative SNP set. Therefore, it is hypoth-
esized that the conducted therapy led to replacement of mutant
alleles with non-mutant ones. The regenerative potential of
HSCs, and possibly other types of stem cells such as MSCs,
was restored, which was related not only to correction in the
clonal hematopoiesis genes but also involved the restoration
of other mutant loci within a significant proportion of HSCs.
The genetic abnormalities in these loci had caused weakening
of regenerative potential. Prominent positive clinical improve-
ment in the patient’s condition was observed.

Materials and methods

The legal framework for conducting clinical trials. In study
conduct, the authors adhered to the principles of the Declara-
tion of Helsinki developed by the World Medical Associa-
tion. The clinical part of the study was regulated by relevant
treatment protocols; informed consent was obtained from the
patient (Supplementary Material 1)!.

The hDNAS®' preparation. The cells were treated using
fragmented human genomic DNA (hDNAE#' preparation,
technical specifications TU 20.42.15-001-58179831-2023,
Patent No. 2855434 dated February 2, 2026) obtained from
~100 healthy women in labor. The preparation had undergone
real-time PCR verification and several assays characterizing
its epidemiological purity in compliance with the regulatory
documents.

Patient. Medical history. Cancer patient K., 67 years old,
presenting with severe cardiovascular disorders. Medical re-
cord No. 2022/0025. The patient stayed in hospital (Clinical

' Supplementary Materials 1-4 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Oschep_Engl_30_4.zip
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Hospital “NeuroVita” JSC.) from July 13, 2022 until July 29,
2022 (a total of 16 inpatient days).

Diagnosis of the underlying medical condition: C17. A neu-
roendocrine tumor of the small intestine (T3NOMO). The
patient had undergone small bowel resection with ileostomy.
The histological report dated October 29, 2018 confirmed
a G2 neuroendocrine tumor with involvement of the small
intestine wall, with signs of lymphovascular and perineural
invasion, but without evidence of metastases. The bowel
resection margins were free of tumor infiltration. Comorbidi-
ties: ischemic heart disease, post-infarction cardiosclerosis,
obliterating atherosclerosis of coronary arteries.

October 29, 2018: 1 course of polychemotherapy according
to the XELOX scheme. Pharmacotherapy with Octreotide
Depot (until May, 2019).

October 26, 2021: disease progression, growth of foci in
the liver (possibly, metastases). Pharmacotherapy with So-
matuline.

November 11, 2021: chemoembolization of the segmental
branches of the right hepatic artery with irinotecan. Novem-
ber 19, 2021: Transluminal Balloon Coronary Angioplas-
ty (TBCA) with stenting of the right coronary artery (RCA),
left anterior descending artery (LAD), and the aorta (AO).

Hypertension grade 3, risk level 4. Cardiac rhythm and
conduction abnormalities: paroxysmal atrial fibrillation and
paroxysmal supraventricular tachycardia. January 31, 2022:
radiofrequency ablation of the slow pathway of the AV junc-
tion and the cavotricuspid isthmus. First-degree atrioven-
tricular block. Supraventricular extrasystoles. Chronic heart
failure (CHF), stage 2a, NYHA functional class 2, in the
subcompensation phase.

February 8, 2022: therapy with Somatuline 120 mg every
28 days. Stabilization.

Disease complications: disseminated intravascular coagula-
tion (DIC) (May 15, 2022). Systemic inflammatory response
syndrome (May 15, 2022), without pathogen identified.
Liver abscess (February 16, 2022). Right lower lobe pneu-
monia (May 16, 2022), resolving. Oral cavity candidiasis
(February 20, 2022). The patient was declared incurable by a
council of oncologists; hospice care for cancer patients was
recommended.

Since May 11, 2022, the patient was experiencing a per-
sistent fever (>38.0 °C). At his own discretion, the patient
received Amoxiclav and NSAIDs, without any effect. He was
experiencing febrile episodes (>38.0 °C) two or three times
daily, which persisted until he had been hospitalized. He was
admitted to the “NeuroVita” Clinic on July 13, 2022, having
signs of fever of unknown origin. Complaints upon admis-
sion: right upper quadrant abdominal pain, general weakness,
malaise, chest pain episodes, and arthralgia. The objective of
hospitalization was to elucidate the etiology of the fever of
unknown origin and to perform corrective therapy.

The patient had an advanced malignant neoplasm exhibiting
signs of resistance to treatment. He met the inclusion criteria
for the “Protocol of Personalized Adoptive Gene Therapy for
Treating Malignant Tumors” and was enrolled in the treatment
protocol based on the histologically confirmed diagnosis of
malignancy; evidence for disease progression despite stan-
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dard therapy or resistance to therapy; and age between 18
and 85 years.

The key phases of personalized adoptive gene therapy.
All the therapeutic procedures were carried out in compliance
with the protocol described in refs. (Bryukhovetskiy, Bo-
gachev, 2023; Bryukhovetskiy, Shurdov, 2024) and the Clinical
Treatment Protocol (Supplementary Material 1). At patient’s
discretion and with his voluntary consent, hematopoietic blood
and bone marrow cells were harvested under the program in
compliance with the aforementioned protocol. The initial step
involved mobilization and collection of CD34+ HSCs. Star-
ting June 22, 2022, the patient received eight subcutaneous
injections of granulocyte-colony stimulating factor (G-CSF)
at 10—12-h intervals during four days following the routine
hematopoietic stimulation protocol aiming to mobilize HSCs
into the peripheral blood. The treatment regimen was as fol-
lows: G-CSF (figrastim) injected on days 1 and 2 at a dose
of 4.4 ng/kg per day; on days 3 and 4, 8.8 ng/kg per day. On
the 5th day, leukapheresis was performed, and hematopoietic
stem cells from blood mononuclear cells were collected, fol-
lowed by trephine biopsy and bone marrow sampling. The
cellularity of the harvested material was sufficient for further
manipulations. The proportion of CD34+ HSCs in the frac-
tion of mononuclear cells (MNCs) was ~2 %. The autologous
MNCs concentrate was then purified to remove red blood
cells, platelets, and granulocytes using ficoll density gradient
centrifugation (BioloT Ltd., Russia). The purified MNCs con-
centrate (leukocyte concentrate) was cryopreserved according
to the standard cryopreservation procedure. Dimethyl sulfoxide
(Beijing Solarbio Science & Technology Co., Ltd, China) at
a final concentration of 610 % was added to the cell suspen-
sion. The mixture was gradually frozen to —80 °C at a rate of
1 °C/min and stored in liquid nitrogen vapor.

The clinical part of the therapy. Starting July 13, 2022:
immunosuppression with methylprednisolone (N2) was ini-
tiated; starting July 14, 2022: sirolimus (N4). On July 19,
2022, ex vivo gene therapy was performed via reinfusion
of autologous HSCs restored using the medicinal substance
hDNA¢'. The sample of cryopreserved MNCs enriched with
CD34+ HSCs was thawed. Immediately prior to reinfusion, the
genome of the HSCs was modified using a technology enabling
ex vivo correction of nucleotide sequences in chromosomal
DNA of poorly differentiated hematopoietic progenitor cells.
For this purpose, the collected leukocyte suspension enriched
with CD34+ HSCs was washed to remove the cryoprotectant,
resuspended in normal saline, and coincubated (60 min, 37 °C)
with fragmented deproteinized genomic DNA (hDNA¢#") ob-
tained from ~100 young healthy women in labor. The leukocyte
suspension was then washed to remove the hDNAE#'. With the
informed consent provided by patient K., an autologous cell-
based gene therapy preparation containing 3.6x10'% autologous
peripheral blood mononuclear cells in 100 mL of Sol. Poly-
glukini was administered intravenously via a central venous
catheter under aseptic conditions at the intensive care unit. The
transfusion was conducted after intramuscular premedication
with Sol. Suprastini (2.0 mL). The hemodynamic parameters
were monitored during the reinfusion (BP 170/70 mmHg,
HR 62 bpm, SpO, 97 %). Sol. Dexametasoni 4.0 was infused
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intravenously after the procedure to prevent hypersensitiv-
ity reactions. Hemodynamic monitoring was performed one
hour post-infusion (BP 115/60 mmHg, HR 67 bpm, SpO,
97-96 %). The patient underwent the procedure satisfactorily.
No complications occurred during the procedure. Copies of
the documents accompanying the “Protocol for Personalized
Adoptive Immunotherapy in the Treatment of Advanced Can-
cer and Other Malignant Neoplasms™ and the Patient Informed
Consent Form are provided in Supplementary Material 1.

Patient. Follow-up of October 28, 2022. The patient feels
satisfactorily and reports having hiked in the mountains and
swum in a mountain lake. Contrast-enhanced CT revealed
no findings indicative of cancer progression. Retroperitoneal
lymph nodes were enlarged by 1-2 mm. The patient’s overall
condition was interpreted as cancer stabilization.

Patient. Follow-up of April 10, 2023. On April 10,
2023, the patient was admitted to hospital for inpatient ex-
amination. His condition was satisfactory. Contrast-enhanced
CT/PET imaging of the thoracic, abdominal, and pelvic organs
revealed no evidence of disease progression. No abnormal tu-
mor markers were identified. Cardiac condition had improved.
Although having heart failure, ischemic heart disease, and
stents in coronary arteries, the patient had experienced no
chest pain over the past six months (whereas prior to therapy,
he was seeking emergency care 3—4 times per week). Gout
has resolved (the patient was having painful gout attacks over
the past five years); hemorrhoids have become compensated.
Patient’s hair color has recovered; hair has become thick and
silky. The patient’s facial complexion has normalized. He is
having a normal everyday life. The patient would feel abso-
lutely healthy if he had not undergone colostomy.

Whole-genome sequencing. Cell material was collected to
analyze alterations in hematopoietic stem cells after the therapy
(reinfusion of mononuclear cells enriched with autologous
HSCs restored using the hDNAE#' preparation). Control bone
marrow and peripheral blood samples were collected prior to
HSCs mobilization and MNCs harvesting. Bone marrow and
peripheral blood samples were also collected 4, 8, 12, and
27 months post-intervention. Whole-exome sequencing (WES)
of DNA extracted from the collected samples of MNCs was
performed. Furthermore, whole-exome sequencing was con-
ducted for the hDNAZ®" preparation used to reconstruct the
HSCs genome, whose fragments collectively represent the
complete human genome sequence.

Genomic DNA was extracted from all the collected biologi-
cal specimens; alterations in the genes associated with clonal
hematopoiesis were analyzed by next-generation sequencing
(NGS).

Targeted paired-end sequencing was conducted using an
MGISEQ-G400 sequencing platform (MGI, China) utilizing
multiplex panels MGIEasy Exome Capture V5 Probe Set,
Roche KAPA HyperExome, Nanodigmbio NEXome Plus
Panel v1.0, or Nanodigmbio NanOnco Plus Panel v3.0 (as
specified in the “Test kit” column in the tables provided in
Supplementary Material 2). The sequencing aimed to identify
germline mutations and clonal somatic mutations in the genes
associated with clonal hematopoiesis (AK7T1, ASXL1, ASXL?2,
BCOR, BCORLI, BRCC3*, CBL, CTCF, CUXI*, DNMT1,
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DNMT3A4, DNMT3b, ETNKI1*, GNAS, GNB1*,IDHI,IDH?2,
JAK2, KIT, KRAS, MPL, MTOR, MYDS88, NLRP3*, NRAS,
PPMI1D, PTEN, PTPN11,RAD21, RUNXI,SETBPI*,SF3Bl,
SOX2, SRSF2, TET2, TP53, U2AF1, UBAI*). The genes
marked with an asterisk are not included in the Nanodigmbio
NanOnco Plus Panel v3.0; in the table, the “ND” (no data)
index is given for them. The targeted coverage depth is x100
for exome panels (MGIEasy Exome Capture V5 Probe Set,
Roche KAPA HyperExome, and Nanodigmbio NEXome Plus
Panel v1.0) (Schema for Exome Probesets — Exome Capture
Probesets and Targeted Region, n. d.), and ~x1000 or higher
for the Nanodigmbio NanOnco Plus Panel v3.0 (NanOnco
Plus Panel v3.0, n. d.).

Two bioinformatics pipelines were employed for analyzing
the sequencing data: the first one was optimized for germline
mutation detection; the second one, for somatic mutation
detection.

The following software tools were used for the germline
pipeline: BWA-MEM?2 v2.2.1 for aligning to the human
reference genome (GRCh37); StreamMD v4.3.0 for marking
and removing PCR duplicates; Sambamba v1.0.1 for filter-
ing mapped variants; GATK Picard for quality control and
mapping metrics assessment; Google DeepVariant v1.6.1 for
nucleotide variant identification; BCFtools v1.20 for vari-
ant filtering; and Ensembl Variant Effect Predictor (VEP)
release 112 for variant annotation.

The software used for the somatic pipeline was as follows:
BWA-MEM2 v2.2.1 for aligning to the human reference ge-
nome (GRCh37); StreamMD v4.3.0 for marking and removing
PCR duplicates; Sambamba v1.0.1 for filtering mapped vari-
ants; GATK v4.4.0.0 for quality control and mapping metrics
assessment; GATK Mutect 2 for nucleotide variant identifica-
tion; FINGS v1.7.2 for variant filtering; and Ensembl Variant
Effect Predictor (VEP) release 112 for variant annotation.

The coding and non-coding genetic variants are listed in
individual tables in Supplementary Material 2. The coding
genetic variants include those residing within the protein-
coding region of the gene, including synonymous variants,
as well as the variants of donor and acceptor splice sites. The
variants residing outside the protein-coding regions of the
gene, excluding variants of donor and acceptor splice sites,
were classified as non-coding genetic variants.

The risk of pathogenicity was assessed in compliance with
the ACMG (SF v2.0)/Medical and Genetic Research Center
guidelines, including the following criteria: low population
frequency (variant frequency in 1,000 genomes and/or ExAC
CNM_015338.6<0.01); a damaging effect (nonsense, frame-
shift); information about the variant is contained in locus-
specific databases, etc.

The data on variant allele frequency (VAF) are reported in
Supplementary Material 2 and constitute the official report
on the analysis performed at the P.A. Herzen Moscow Cancer
Research Institute, a branch of the National Medical Research
Radiological Centre of the Ministry of Health of the Russian
Federation. The data are provided in tabulated values. The data
on variant allele frequencies in exons and adjacent regions
listed in the summarized table are visualized using a green
gradient scale.
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Analysis of the frequency of occurrence of SNPs using
the AII-FIT software (Loh et al., 2020). The analysis was
carried out using default program settings. The input data
were the SNPs identified at the previous stage, along with
sequencing depth data (Supplementary Material 2, Table 1).
The total number of SNPs was 15. Data without removal of
germline SNPs, LOH (Loss of Heterozygosity), or subclonal
SNPs were included in the analysis, since the clonality set of
HSCs was not supposed to contain malignant tissue variants.
Only the coding SNPs for which the VAF data were available
at both the initial (pre-treatment) and final (27 months post-
treatment) points were used for the computation using the
AlI-FIT software. Therefore, the sets of SNPs selected for
computation did not differ, and any differences in the results
were attributable exclusively to variations in frequencies, but
not the set of SNPs.

Statistical analysis was conducted using the Statistica 8
software (StatSoft, Tulsa, USA). Statistical significance was
assessed using the Mann—Whitney U test; the differences were
considered statistically significant at Pv < 0.05.

Results

The summarized whole-genome sequencing data.
Choosing the genome sequencing platform to analyze
changes in the frequency of occurrence of SNPs

Patient K. with a neuroendocrine tumor of the small intestine in
the terminal stage of progression (stage I'V, metastatic spread to
the liver, lymph nodes, and the left kidney) underwent therapy
with autologous MNCs enriched with HSCs treated with the
hDNA¢#" preparation. Patient K. presenting with signs of fever
of unknown origin was admitted to the “NeuroVita” clinic.
The patient was declared incurable by a council of oncolo-
gists; hospice care for cancer patients was recommended. The
objective of hospitalization was refining the etiology of fever
of unknown origin and performing corrective therapy. The
patient had an advanced malignant neoplasm exhibiting signs
of resistance to treatment. During the corrective therapy, he
was found to meet the inclusion criteria for the “Protocol of
Personalized Adoptive Gene Therapy for Treating Advanced
Cancer and other Malignant Tumors” and was enrolled in the
treatment program.

After the therapy, patient K. experienced a rapid and steady
improvement of his condition. Remission of the underlying
disease has been observed for four years to date. It was as-
sumed that the favorable changes in clinical manifestations of
the underlying disease and comorbidities in patient K. were
related to the therapeutic effect on hematopoietic stem cells
present within MNCs. We have put forward a hypothesis that
this impact had resulted in genetic correction of the mutant
loci in hematopoietic progenitor cells (Ruzanova et al., 2024,
2025), restoring the regenerative repair potential of HSCs,
which was the reason behind the prominent clinical effect.

It is known that MNCs therapy, whether administered as
monotherapy or in combination with physical (e. g., ultraviolet
irradiation) (Andreu et al., 1994; Greinix et al., 2000) or hu-
moral interventions (e. g., interleukin-2) (Dummer et al., 1993;
Mendelenko et al., 1997; Pal’tsev et al., 2000), or through
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using MNCs conditioned medium (Beer et al., 2016), elicits
an anti-inflammatory response at multiple levels. This effect
is attributed to factors released during MNCs apoptosis and
to activation of anti-inflammatory properties in macrophages
residing in various tissues (Beer et al., 2016). Furthermore,
MNC:s transfusion stimulates angiogenesis, which is currently
extensively studied in the context of tissue tropism impair-
ment in patients with type 1 diabetes mellitus, cardiovascular
diseases (including ischemic myocardial infarction), and
stroke. This effect is believed to be related to activation of
endothelial progenitor cells present within the leukocyte con-
centrate (Zhang, Huang, 2012; Vahidy et al., 2016; Gurusamy
et al., 2018; Yunir et al., 2021). However, we have failed to
find any additional cases of long-lasting and diverse clinical
effects of MNCs therapy aside the one observed for patient K.
in the academic literature available through PubMed. As pre-
viously noted, we attribute the restoration of the regenerative
potential of HSCs to correction of somatic mutations fixed in
the HSCs genome. The recovered ability of HSCs to effectively
repair various types of injury in different tissues and organs
is additive and synergistic with respect to the regenerative
potential reported for the mononuclear cell fraction, where
this tissue regeneration effect may also be related to activated
(but not reconstructed) HSCs, explaining the limited scope of
the observable regenerative effects of MNCs therapy per se.

The fundamental elements of adoptive cell therapy (gene
therapy) involve the following manipulations. As mentioned
previously, the initial step includes mobilization of hemato-
poietic progenitor cells using granulocyte colony-stimulating
factor. The therapeutic procedure entails treating MNCs with
the hDNA#' preparation, exhaustive elimination of extraneous
extracellular DNA from the cells, followed by reinfusion of
the treated mononuclear cells into the patient’s bloodstream.
The reinfused mononuclear cell fraction largely remains in
its original state, except for the fact that HSCs present in the
leukocyte concentrate have internalized extracellular dsSDNA
fragments, and processes within the cells leading to genetic
reconstruction have been initiated.

The DNA fragments in the hDNA#' preparation collectively
constitute a complete human genome, encompassing a broad
allelic representation of healthy variants across all the genomic
sequences. Following treatment, these dsDNA fragments of the
hDNA# preparation are naturally internalized by HSCs, there-
by inducing the development of a recombinogenic situation
(Likhacheva et al., 2008; Ruzanova et al., 2024). According to
the concept of natural genome reconstruction, an exchange of
homologous sequences between extrachromosomal fragments
and the genomic DNA takes place via the mechanism known as
single-strand assimilation (ss assimilation) (Leung et al., 1997,
Langston, Symington, 2005; Symington, 2014; Yakubov et al.,
2024). This exchange results in substitution of mutant alleles
in the genome with alleles derived from the fragments. If the
alleles within these fragments are normal, healthy variants,
corrective restoration of the mutant loci will take place. These
considerations suggest that the prominent clinical effect of the
therapy was primarily attributable to the genetic correction of
HSCs rather than to activation of undefined factors within the
integral population of mononuclear blood cells.
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In this study, we have put forward a hypothesis that as a
result of stochastic genome reconstruction, hematopoietic stem
cells have restored the regenerative potential lost throughout
their life and because of the developed pathology, eventually
expanding this potential to the entire body.

We conducted whole-exome sequencing (WES) of DNA
extracted from the patient’s MNCs to test the hypothesis that
treatment with HSCs within MNCs will be accompanied by
SNP correction and the emergence of HSCs clones with non-
mutant alleles, ultimately restoring the regenerative potential
of HSCs and contributing to the observed clinical effects.
Only the results of sequencing blood-derived MNCs samples
were analyzed. Control samples were collected prior to the
therapeutic intervention. MNCs samples were collected again
4, 8, 12, and 27 months post-treatment. DNA was extracted
from these samples, and WES was conducted. Multiplex
panels (MGIEasy Exome Capture V5 Probe Set, Roche KAPA
HyperExome, and Nanodigmbio NEXome Plus Panel v1.0),
targeting the entire exome with ~100x coverage (Schema for
Exome Probesets — Exome Capture Probesets and Targeted
Region, n. d.), were used at the initial time point and 4, 8,
and 12 months post-treatment. A targeted panel with ~1,000%
coverage (Nanodigmbio NanOnco Plus Panel v3.0) (NanOnco
Plus Panel v3.0, n. d.), which included the genes harboring
mutant alleles detected at the initial point, was employed to
verify the identified mutations and more accurately quantify
their proportions at the final stage of follow-up 27 months
post-therapy. Non-coding regions adjacent to the exons were
additionally sequenced. Furthermore, whole-exome sequenc-
ing of hDNA# preparation, Roche KAPA HyperExome, which
is used for reconstructing the HSCs genome whose fragments
constitute the complete human genome, was also performed
(Supplementary Material 2, Fig. 1). The utilization of multiple
multiplex panels was a technical solution; their specificity
for the selected coverage sufficiently aligned with the criteria
required for SNP analysis (target, off-target, and duplications),
making this approach adequate for assessing SNP frequencies
(Schema for Exome Probesets — Exome Capture Probesets and
Targeted Region, n. d.; Belova et al., 2025).

A set of genes associated with clonal hematopoiesis of un-
certain potential (CHUP) was selected for analyzing genomic
alterations after the treatment. This genetic platform was
chosen because changes affecting the specified genes consti-
tute the molecular foundations for the mechanism of clonal
expansion of mutated HSCs clone. The resulting dominance
of such clones is a key factor in the development of clonal
hematopoiesis of uncertain potential compromising the body’s
defense function.

It was hypothesized that dominant clones had been formed
in the hematopoietic system of patient K., which could have
been a confounding factor for the underlying pathology.

It was assumed that the assessment of SNP frequency
reduction within the selected gene group could had been one
of the criteria attesting to the potential changes in the HSCs
genome after treatment. The advantages of this approach are
related to the ease of detecting changes in the exome by next-
generation sequencing (NGS), the relative cost-effectiveness
of the technique, and the availability of bioinformatics tools
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enabling targeted analysis of this specific gene set. If genetic
alterations are found in the analyzed genes, it would suggest
that there are high chances that similar events have occurred
across the entire genome. Importantly, restoration of the re-
generative potential of HSCs is more likely to be related to
the recovery of other mutated loci (in which the mutations had
initially weakened the regenerative potential) rather than solely
to correction of mutations within the genes associated with
clonal hematopoiesis. The detection of these genetic changes
will be a marker of enhanced regenerative potential of the
hematopoietic system and simultaneously, a marker of ex vivo
correction per se. Furthermore, it is hypothesized that similar
processes can occur for other types of stem cells (MSCs and
endothelial progenitor cells) that are present in the leukocyte
concentrate and internalize extracellular fragments (Dolgova et
al., 2014), which will also be a factor significantly enhancing
the overall regenerative potential of the body.

Whole-exome sequencing revealed no known driver SNPs
included in the established list of genes associated with clonal
hematopoiesis and responsible for its development (Genovese
etal.,2014; Jaiswal et al., 2014; Heyde et al., 2021; Joo et al.,
2023). It means that the patient had no systemic changes in
hematopoiesis that would be detectable by genomic analysis.
According to the available literature, no dominant clones of
HSCs with disrupted mechanisms responsible for their rege-
nerative potential had been formed. In other words, the clonal
hematopoiesis in its classical form was not detected in this
patient. Simultaneously, this fact suggests that the prominent
positive changes in the patient’s condition observed after treat-
ment are associated with genetic alterations in other mutant
alleles of the HSCs genes directly involved in the aforemen-
tioned regenerative mechanisms.

Nevertheless, the analysis identified SNPs associated with
the common clonal hematopoiesis genes, but these genes do
not correspond to driver alleles and appear to have a germline
origin (100 % occurrence frequency for a homozygote; ~50 %
occurrence frequency for a heterozygote) (Supplementary
Material 2, Table 1).

Primary analysis demonstrated that the frequency of some
of the detected germline SNPs at the final follow-up point
was significantly lower compared that at the initial point. This
could mean that during the interaction between extracellular
DNA fragments and hematopoietic stem cells, some SNPs
affecting the regenerative potential of HSCs in the genome
were replaced with an alternative allele; the hDNAS prepara-
tion was the only possible source. In other words, a somatic
correction occurred. Due to correction of mutant SNPs, a new
clonal HSCs lineage could have emerged, differing from the
pre-treatment one.

An important implication of this observation is that alleles
of the HSCs genes harboring germline SNPs were affected.
The presence of germline SNPs suggests that all the cells in
the body have only this genotype, and there are no other he-
matopoietic stem cell populations harboring alternative alleles.
This fact efficiently eliminates the questions related to the
potential activation of HSCs that had existed in the quiescent
state since the embryonical development, which could be
triggered by the treatment. In other words, if new SNPs have
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appeared or existing ones have disappeared, these changes
could only have occurred during the postgerminal period and
resulted from somatic processes.

We needed to find approaches that would demonstrate the
validity of these changes; assessment of the variant allele
frequencies of the identified SNPs could be the main one.

Analysis of the frequency of occurrence of SNPs

Two approaches were selected to assess the frequencies of
SNP occurrence: (1) comparative analysis of changes in SNP
frequencies in selected genes at the initial and final follow-up
points (27 months), and (2) the All-FIT algorithm (Loh et al.,
2020) (Supplementary Material 2, Table 2).

Analysis of changes in the frequencies of SNP occurrence
in selected genes at the initial and final follow-up points
(27 months). A specific approach was used in this part of the
study to prove that replacement of SNPs with alternative al-
leles had occurred. This approach consisted in the analysis of
changes in allele frequencies within the exons of heterozygous
genes. The results were initially normalized to the existing li-
terature data, which incorporated findings obtained in different
laboratories, at different time points, and employing different
NGS platforms. The average error in estimating the distribution
of allele frequencies within exons and adjacent non-coding
regions of heterozygous genes was determined at the second
stage, based solely on the findings of the present study (the
“internal” experimental error). These analyses employed
four different NGS platforms (Supplementary Material 2,
Table 3).

Six genes (ASXLI, RAD21, DNMTI, SF3BI-1, SF3BI-2,
and SF3B1-3) were selected for the comparative analysis; the
frequency of SNP occurrence in these genes was ~40-60 %,
suggesting that these alleles were heterozygous. The occur-
rence frequencies of homozygous SNPs were close to 100 % at
all the analysis points. The comparison revealed a statistically
significant reduction in the frequency of SNPs in three of the
selected genes (ASXL1, DNMTI, and SF3BI-2) at the final
follow-up point according to the selected criterion (Fig. 1).
The logic and the main steps of the analysis are outlined in

A clinical case of using the concept
of natural genome reconstruction

Supplementary Material 3. It means that the observed reduction
in SNP frequency is probably associated with genetic correc-
tion of SNP that had resulted from homologous exchange of
mutant genomic sequence with a non-mutant allele present in
extracellular DNA fragments within the hDNAZ®' preparation.

The AII-FIT (allele-frequency-based imputation of tu-
mor purity) algorithm. The second approach employed the
AlI-FIT bioinformatics platform. According to the algorithm
proposed by the authors, this method allows one to determine
the proportion (the “purity” according to ref. (Loh et al., 2020))
of cancer cells and accompanying somatic tissue (cells) in
the resected tumor sample with a respective confidence in-
terval (CI) using the weighted least squares method through
iterative steps based on variant allele frequencies (VAF) of
SNPs detected in target clinical high-throughput sequencing
data and the sequencing depth for each selected allele. The
simulated and clinical data were used to demonstrate the ac-
curacy and improved performance of the All-FIT approach
compared to other leading computational methods. The pro-
gram was validated for specific clinical samples and showed
high predictive effectiveness (Loh et al., 2020).

Following the core concept of the platform, the proposed
algorithm can be used to determine the ratio between the
proportion of cells harboring different SNP sets by analyzing
changes in variant allele frequencies of a limited number of
SNPs available for analysis as well as the sequencing depth,
which shows the reliability of frequency estimates. The
reduced frequency of the analyzed alleles compared to the
marker (anchor) frequencies ascertained by the algorithm
would attest to a decline in the number of cells carrying the
generalized set of selected SNPs, being fully consistent with
the objectives of our study.

The study analyzed the frequencies of SNPs in the genes
associated with clonal hematopoiesis based on the initial
hypothesis regarding the presence of CHUP. The findings
demonstrated that the patient had no clonal hematopoi-
esis. However, the limited number of SNPs available for
VAF analysis (together with sequencing depth data), re-
lated only to the genes of this group, allows one to conduct
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Fig. 1. The frequency of SNPs of the analyzed genes at the final follow-up point 27 months post-intervention.

A, The diagrams illustrating the overlapping of the total percentage error values for the SNP allele frequencies of three heterozygous genes at the initial
and final follow-up points. B, Changes in the frequencies of SNPs in the selected heterozygous genes at the initial and final follow-up points; frequencies
at the initial point fluctuate around 50 % (three SNP alleles). The median allele frequencies are compared with allowance for the total percentage error
of the values obtained using different multiplex panels. * Statistically significant differences ( Pv < 0.05) as determined using the Mann-Whitney U test.
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All-FIT analysis, which will reliably reveal any significant
change in the occurrence frequency of controlled SNPs if it
is detected.

HSCs within peripheral blood mononuclear cells were
treated with the hDNAZ®" preparation containing a pool of
~100 different DNA samples encompassing all the sequences
in the human genome (100 x). According to the concept of
natural genome reconstruction and the results of its experimen-
tal validation, DNA fragments internalized by HSCs undergo
stochastic and homologous recombination with the accessible
homology regions of genomic DNA. An assumption was made
that a detected reduction in frequency of identified SNPs will
imply that some SNPs, including those outside the analyzed
SNP set, had been replaced with alternative alleles via the
aforementioned homologous recombination. This genetic
correction has altered the ratio between VAFs of the analyzed
SNPs, which can potentially be detected by computations using
the All-FIT algorithm. Extracellular dsSDNA fragments inter-
nalized by HSCs within the MNCs are the best-substantiated
source of this correction. Figure 2 shows the results of the
comparison.

The analysis revealed that the purity (the proportion of
cells carrying the initial SNP set) at the initial point was 0.99
(CI, 92-99 %), which actually means that there is a single
“clone”. After 27-month follow-up, the purity decreased to
0.88 (CI, 84-95 %). It means that ~12 % of cells having a
different set of SNP alleles (CI, 5-16 %) have emerged. A ho-
mozygous SNP-free clonal cell lineage appears in the pool of
heterozygous cells with analyzed SNPs. The most plausible
explanation to these values is that some SNP alleles have
been replaced with alternative alleles present in the hDNA#
preparation, which have become fixed in some HSCs lineages
and are characterized by an enhanced regenerative potential.

The data obtained using the two independent approaches re-
inforce the conclusion that the proposed mechanism of interac-
tion between extracellular dsDNA fragments and chromosomal
DNA does actually exist. In other words, the hypothesized
concept of natural genome reconstruction is viable.

The hypothetical scenario of events taking place during
reinfusion of reconstructed HSCs to patient K. is provided in
Supplementary Material 4.

Discussion

Overall, our findings are consistent with the proposed concept
of genome reconstruction via a natural mechanism (Ruzanova
et al., 2024, 2025; Yakubov et al., 2024). The key questions
of the entire study address the feasibility of non-homologous
integration into the genome and the accuracy of homologous
integration. The clinical applicability of the concept depends
on the answer to this question.

Undoubtedly, certain events take place within the nucleus,
leading to potential recombinational repair interactions
between the extrachromosomal fragments of extracellular
dsDNA and chromosomal DNA. It is supported by the data
reported below.

We have previously demonstrated that telomeric DNA
content increases upon internalization of dsDNA fragments
by HSCs, which can be associated with both true integration
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of telomeric repeats into the genome and with alternative
lengthening of telomeres (Ruzanova et al., 2025). Furthermore,
circular DNA is formed, consisting of extrachromosomal
extracellular fragments looping into circles and giving rise to
multiple associates with chromosomal DNA strands, which
persist until the metaphase and can be detected by FISH or by
direct analysis of the distribution of fluorescent-labeled DNA
probes (Ruzanova et al., 2025).

The results of this study suggest that mutant alleles of the
genes of hematopoietic stem cells (HSCs) are apparently
restored, which is interpreted as projection of the core idea of
the concept: stochastic substitution of various chromosomal
DNA segments with homologous sequences derived from
extrachromosomal fragments internalized by HSCs. An im-
portant factor in this context is that according to the findings
of whole-genome sequencing conducted in (Oshikhmina et
al., 2026), there is no evidence for non-homologous probe
integration, indicating that homologous allele replacement is
more likely to occur.

Vital tests demonstrate that syngeneic reinfusion of mouse
and rat HSCs treated with heterologous human DNA (hDNA#")
causes neither immediate nor long-term (one year) pathologi-
cal sequelae. They also suggest that there is no illegitimate
integration of foreign extrachromosomal DNA into active
genomic loci; therefore, there are no genetic abnormalities
manifesting themselves as an immediate functional response
(Ruzanova et al., 2025).

The most important result of our study is the reported
clinical case involving patient K. Long-lasting stabilization
of cancer progression was achieved, accompanied by positive
clinical manifestations. Along with stabilization of disease
progression, there were explicit favorable effects on the
cardiovascular system. The phenomenon of new hair growth
demonstrates that stem cells migrated to hair follicles and were
fixed in them. However, the key aspect of this clinical case is
that genetic alterations in the mutant heterozygous germline
alleles have been detected. In other words, our study revealed
the phenomenon of somatic correction in hematopoietic stem
cells, which occurred naturally through internalization of
extracellular dsDNA fragments by hematopoietic progeni-
tor cells.

The primary critical question concerning the entire technol-
ogy, including the reported clinical case, is whether extracel-
lular DNA fragments that had originally been internalized by
HSCs can be preserved in their progeny for a long time (up to 4,
9, 12, and 27 months) and whether this DNA (SNPs) can be de-
tected in leukocyte concentrate cells by whole-exome sequenc-
ing after time passes. We believe that this outcome (namely,
long-term preservation of extrachromosomal extracellular
DNA in the progeny of hematopoietic cells), which may give
rise to the corresponding artifact, is highly unlikely. Our fin-
dings demonstrate that activated HSCs treated with dsSDNA
preparation continuously proliferate, at least during 15-day
follow-up (Ruzanova et al., 2024). After eight months, blood
cells potentially containing extracellular fragments inherited
from the maternal HSCs, which is capable of internalizing up
to 1 % of the haploid genome (Dolgova et al., 2013, 2016;
Potter et al., 2024), will either be eliminated based on their
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Fig. 2. Presentation of the results of All-FIT analysis for the detected clonal hematopoiesis gene variants (Loh et al., 2020). An analysis
focused on the allele frequencies of SNPs within the exons of the clonal hematopoiesis genes evaluated at two time points: at the
initial (point 1) and the final follow-up points (2) (27 months post-therapy).

A, The contribution of each variant to the sum of probabilities. B, The sum of probabilities across all the variants and the 2o curve (the brown dashed
line). The points of intersection between the 2o curve and the tangent to the log of the sum of probabilities at its minimum (the gray dashed line)
define the confidence interval (Cl) around the calculated purity parameter p. C, The distribution of observed allele frequencies. The dashed lines are the
expected allele frequencies in the included mutation models for the hypothesized p. D, The distribution of the proportion of clones (cancer cell fraction,
CCF) for the hypothesized p. E-H, The results after unfiltered heterozygous germline variants had been excluded from analysis. I-L, The results after
excluding the subclonal somatic variants. The legends to the figures show the mutated genes and the VAF of each detected variant.
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lifespan or will constitute an extremely small proportion of the
blood cell population, so that their detection will be infeasible
from a quantitative perspective. Furthermore, our unpublished
data indicates that extracellular DNA material is no longer
detectable within cells ~22 days post-treatment. Therefore,
the results of whole-exome sequencing of mononuclear cell
samples derived from patient K. 4, 8, 12, and 27 months after
the therapy reflect the real situation with genomic alterations
and the emergence of genetically reconstructed renewed he-
matopoietic stem cell clones.

An interesting observation was that homozygous germline
alleles of the genes have not been corrected, suggesting they
are under selective pressure. Heterozygous alleles not being
under selective pressure have undergone correction; the rege-
nerative potential of the therapy has statistically significantly
increased. The emergence of extracellular DNA fragments
within the intracellular space of HSCs is accompanied by ho-
mologous correction and simultaneously initiates cell division
(Potter et al., 2024; Ruzanova et al., 2024). The progenitor
cells divide both symmetrically and asymmetrically (Potter
et al., 2024; Ruzanova et al., 2024). Their progeny, resulting
from both symmetric and asymmetric division, circulate in
peripheral blood. It is fair to hypothesize that the genes re-
sponsible for tissue regeneration have undergone correction,
thus restoring the original regenerative potential of the HSCs,
and that these cells, which have acquired a new status, have
caused the extensive systemic regeneration in patient K.

Conclusions

Overall, the technology of natural genome reconstruction using
the therapeutic hDNA#' (Patent No. 2855434 dated February 2,
2026) can be employed for treating patients with diseases of
civilization and elderly patients without evident pathologies.
Nonetheless, serious experimental studies of all subtleties of
the molecular and cellular processes triggered upon interaction
between a stem cell (and HSC in particular) and extracellular
DNA fragments need to be conducted.
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Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos
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Abstract. The impact of psychosocial chronic stress on mammalian oocyte maturation, fertilization and early stages of
embryonic development remains poorly understood. This study addresses the effects of chronic psychosocial stress on
the reproductive outcome in female mice, i.e. the development of in vitro- and in vivo-derived embryos. The model of
chronic stress used in the study comprised a 21-day protocol consisting of a period of social isolation followed by the
overcrowding. Two experiments were conducted, varying in the type of fertilization. In experiment 1, female mice were
stressed at the folliculogenesis stages; then oocyte maturation and in vitro fertilization were performed, and the early
development of the in vitro-derived embryos was studied. Experiment 2 differed in that fertilization was performed in vivo,
and the resulting in vivo-derived embryos were cultured in vitro since the two-cell stage. To assess preimplantation embryo
development, blastocysts were fixed, stained with the TUNEL/DAPI method and analyzed using fluorescence microscopy,
i.e. the number of interphase nuclei and the apoptosis index were estimated. The results of Experiment 1 showed that
chronic stress did not affect oocyte maturation or their fertilization capacity. However, embryos from the stress group
contained fewer interphase nuclei (p < 0.001), which points to a lower cleavage rate. Meanwhile, the apoptosis rate in these
blastocysts was comparable to controls. Experiment 2 showed that chronic stress caused a decrease in the proportion
of embryos that achieved the blastocyst stage during the culture period and an increase in the proportion of morulae
(p <0.01), as well as a decrease in the number of interphase nuclei in blastocysts (p < 0.001). Experiments demonstrated
that the chronic psychosocial stress exerts a moderate but significant effect on early embryonic development, primarily
via the reduced proliferative activity of embryonic cells. These results obtained in mice have a translational value for
reproductive medicine and highlight the importance of maternal stress when analyzing ART outcomes.
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3(1)(1)QKTBI XPOHMNYECKOTI'O IICNXOCOLIMAa/JIbHOI'O CTpeCCa Ha pa3BUTHUE
OOLIMTOB U ITPpEVMIIVIAHTAIIVMIOHHBIX 3M6pI/IOHOB MBbIILIei
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AHHoTaLmA. DGPeKTbl XPOHNYECKOrO NCMXOCOLIMANbHOIO CTPecca Ha Co3peBaHune OOLMTOB, OMIOLOTBOPEHNE 1 paHHUe
3Tanbl Pa3BUTUA SMOPUOHOB MJIEKOMUTAIOLWMX OCTalOTCA HeAOCTaTOYHO M3yuyeHHbIMU. HacToAllee wnccnefoBaHue
HanpaBfeHO Ha M3yyeHue BAUAHWA XPOHUYECKOro MCUXOCOLManbHOro CTpecca Ha PenpoayKTUBHbIE MOKasaTenu
CaMOK MbILLe 1 pa3BUTUE SMOPMOHOB, NMOYUYEHHbIX MOCe OMIOJOTBOPEHWSA in Vitro 1 in vivo. XpOHUYECKNIn cTpecc
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Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos

MOAeNMpoBanu C NOMOLbO 21-4HEBHOrO NPOTOKONA, BKJ/IOYABLIEro Nepuof CcouunanbHOM M30MAUMK, 38 KOTOPbIM
CnepfoBaso copepkaHue B YCIOBUAX BbICOKOW CKy4yeHHOCTW. [poBefAeHbl ABa dKCNepruMeHTa C BO3AeNCTBNeM cTpecca
Ha cTapgnun GONNMKynoreHesa, pasnMYaBLIMXCA CNOCOGOM OMIOAOTBOPEHMA. B aKkcnepumeHTe 1y camoK Mbilleii nocne
BO3[ENCTBUA CTpecca OblivM M3BNEeYeHbl OOUMTbI, MPOBEAEHO AO3PeBaHWe OOUUTOB in Vitro, 3KCTpakopnopanbHoe
OMNNoJOTBOPEHME U UCCNEefOBaHO paHHee PasBUTME MOJYYEHHbIX SMOPUMOHOB. JKCMEPUMEHT 2 OTIMYaNCA Tem, YTo
onnogoTeopeHne Obino in vivo, NoslyYeHHble SMOPUOHBI KyNbTUBMPOBANM in Vitro ¢ ABYXKNETOUHOW cTagun. [Ansa oueHKn
NpPenMNIaHTaLMoOHHOTO Pa3BUTUA SMOPHOHOB BnacTouncTbl duKcMpoBanu, okpawwmsany metogom TUNEL/DAPI v aHa-
NN3MPOBaNN C NOMOLLbIO GIyOPeCLIEHTHOM MUKPOCKOMNMM, MOACUMTBIBAA YMCIO NHTepdasHbIX Afep 1 MHAEKC anonTosa.
KcneprMeHT 1 NoKasasn, YTo XPOHUYECKMIA CTPECC He OKa3blBaeT BIMAHMA Ha AO3PEBaHVe OOLMTOB 1 MX CMOCOBHOCTb K
onnogotsopeHnto. OgHAKO SMOPUOHbBI 13 FPYMMbl «CTPECC» COAEPMKanu MeHbluee Yncno nHtepdasHoix agep (p < 0.001),
YTO yKa3blBaeT Ha 3aMefJIEHHY CKOPOCTb ApobneHunsA. Mexay Tem ypoBeHb anonTo3a B 3TUX Grnactoumctax 6bin
COMOCTaBUM C TaKOBbIM B KOHTPOJbHON rpynmne. B skcnepumeHTe 2 XpOHNYECKUNIA CTPECC Bbi3Ban CHUMXEHMEe NPOLIEHTHOM
L,0MN SMOPVOHOB, AOCTUTLLNX CTaAMM BNacToLUCTbl B TeUeHne neprofa KybTUBUPOBAHUA, U YBEIMYEHUE JOSIN MOPYN
(p < 0.01), a TaKXKe CHIKEHWE YnCna NHTepda3HbIX Aaep B 6nactouncTax (p < 0.001). DKCNeprMEHTbI MoKasanu, YTo
XPOHUYECKUI NMCUXOCOLMANbHBIN CTPECC OKasblBaeT yMepeHHOe, HO 3HauMMOe BAUAHWE Ha paHHee 3MOpPKOHaNbHOe
pa3BuTKE, FMaBHbIM O6PA30OM 3a CUYET CHUKEHNA NPONUdEPaTVBHON aKTUBHOCTU KNETOK. ITU pe3ynbTaTbl, NofyYeHHble
Ha MbIWAX, MMeIOT TPAHCIALMOHHOE 3HaueHne ANA PenpofyKTUBHOW MeAULVHbI 1 NOJYEPKMBAIOT BaXXHOCTb y4yeTa
MaTepUHCKOro cTpecca npuv aHanmse ncxonos BPT.

KnioueBble crioBa: XpOHMYECKMI NCMXOCOLMANbHBIN CTPECC; 0OLMTbl; SMOPUOHbI; OMIOAOTBOPEHNME in Vitro; paHHee
ambpuoHanbHoe pa3suTre; TUNEL-aHanu3; anonTtos; BcnomoraTtesbHble penpoayKTBHble TexHonorum (BPT)

Introduction

Chronic psychosocial stress has become an essential feature of
life in a modern urban agglomeration. Urbanization is associ-
ated with a complex of predominantly psychological stressors,
including social overload (crowding, excess of superficial
contacts) combined with a deficit of meaningful connections,
professional loads, and uncertainty. These stressors adversely
affect the psychoemotional state and reproductive function
(Ochnik et al., 2024; Orquiza, 2024).

Chronic stress activates the hypothalamic-pituitary-adrenal
(HPA) axis, resulting in an increase in glucocorticoid synthesis
(James et al., 2023). This affects the reproductive function
through direct and indirect mechanisms (Zhai et al., 2020;
Bhaumik et al., 2023; Jeon et al., 2023).

The direct effects are mediated by glucocorticoid receptors
present in ovarian cells (granulosa, theca cells) and in the early
embryo (Bhaumik et al., 2023; Jeon et al., 2023). In the ovary,
this leads to the suppression of proliferation and induction of
apoptosis of granulosa cells, disruption of steroidogenesis, and
deterioration of oocyte quality (Prasad et al., 2016; Bhaumik
et al., 2023). At the preimplantation stage of embryo devel-
opment, elevated maternal corticosterone levels can directly
suppress embryonic cell division, reduce the number of cells in
the blastocyst, and lead to delayed hatching (Liu et al., 2012;
Zhai et al., 2020).

An indirect mechanism of stress influence on reproduction is
the suppression of the hypothalamic-pituitary-gonadal (HPG)
axis. High glucocorticoid levels inhibit gonadotropin-releasing
hormone (GnRH) secretion in the hypothalamus, which leads
to a decrease in the production of gonadotropins, i. e. lutei-
nizing (LH) and follicle-stimulating (FSH) hormones (Zhou
et al., 2019). A lack of these hormones disrupts key ovarian
processes: folliculogenesis, ovulation, and steroid synthesis
(Zhai et al., 2020).

Such complex dysregulation causes risks for reproductive
health and can contribute to the development of infertility,
the prevalence of which reaches 12.6—17.5 % among couples
of reproductive age (Cox et al., 2022). Assisted reproductive
technologies (ARTSs) are increasingly used to treat infertility
in clinical practice (Abdullah et al., 2023). However, data
are accumulating that chronic stress is a significant factor
capable of influencing the effectiveness of ART (Zhou et al.,
2019; Levinson et al., 2022). Most research in this area is
focused on studying systemic hormonal changes (Valsama-
kis et al., 2019), while the effect of stress factors on oocyte
maturation and early embryo development in the context of
ART application remains poorly studied. The significance
of such studies nowadays is high as the number of women
resorting to ART procedures increases (Chambers et al.,
2021).

Experiments on laboratory animals confirm that stressors of
various natures disrupt the HPG axis, changing the hormonal
profile in female mice; such changes negatively affect the fe-
male reproductive system (Zhai et al., 2020). However, there
are only few studies that address the effects of psychosocial
stress on female reproductive function and on the outcome of
ARTs (Levinson et al., 2022).

In the present study, we used the model of chronic psy-
chosocial stress previously adapted by us for female mice
(Lebedeva et al., 2024; Igonina et al., 2024a, b). The main
focus of the work was the study of oocyte maturation in vitro
and in vivo, measured as the effectiveness of IVF, and the
subsequent embryo development under chronic psychosocial
stress. The novelty of the approach includes modeling chronic
psychosocial stress in female mice combining with subsequent
assessment of its impact on the key stages of ART protocols,
from oocyte maturation to embryo culture, which ensures the
high translational value of this work.

558 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 4



T.H. VironnHa, N.[. Yekawwos
AJ1. NleBuHcoH, C.A. AMCTMCNaBCKnn

The aim of this study is to elucidate the effect of chronic
psychosocial stress on the reproductive function in female
mice and on early development of in vitro-derived and in vivo-
derived embryos.

Materials and methods

Experimental animals. Studies were conducted on sexually
mature females (n = 27) and fertile males (n = 25) of the
CD1 mouse strain aged 2.5 months, raised in the specific
pathogen free (SPF) vivarium of the Institute of Cytology and
Genetics SB RAS (ICG SB RAS). Animals were housed in
individually ventilated OptiMice cages (Animal Care, United
States) measuring 34.3 x 29.2 x 15.5 cm (length x width x
height) at a temperature of 22—24 °C and relative humidity of
40-50 %. Sterile fractionated birch chips for laboratory animals
(TU 16.10.23-001-0084157135-2019) were used as bedding.
All animals had free access to standardized autoclaved Delta
Feeds chew for laboratory mice and rats (BioPro, Russia) and
purified water “Severyanka” (Ekoproekt, Russia) enriched with
mineral supplements. A light regime of 12 h light/12 h dark
(lights on at 3:00 am) was maintained throughout the entire
experiment period.

Chronic psychosocial stress modeling. Animals of the
experimental group were kept under conditions of social
isolation (one female per cage) for 11 days; then they
were transferred to crowding conditions (social overload):
11 females per cage for the next 10 days. The total duration
of the stress protocol was 21 days. Animals in the control
group were kept under standard vivarium conditions: groups
of 5 females per cage. This stress model was verified by
evaluation of corticosterone levels in the blood serum.

/&ice, hCG

—>
Control =
@9 Oocytes In vitro
A~ collection maturation
AR w 13h
Stress
PP Experiment 2
/}/_—a{\ ® 9 'Y
3 X —> ) > €
Mating with Embryos
fertile male collection

Fig. 1. Experimental design.
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Experimental design. Female mice were randomly dis-
tributed between two groups: control group — no stress; stress
group — chronic psychosocial stress according to the protocol
described above.

To evaluate the effect of chronic psychosocial stress on
reproductive function and early embryonic development,
two sequential experiments were conducted, differing in the
method of fertilization (Fig. 1). All the females used in the
experiments were hormonally stimulated for superovulation
(protocol presented below).

Experiment 1. Effect of stress on oocyte maturation,
in vitro fertilization, and early embryo development.
Females from both groups (control, n = 6; stress, n = 6)
were euthanized four hours after hCG administration by
plunging to carbon dioxide (CO,). Blood and ovaries were
collected. Immature oocytes at the germinal vesicle (GV) stage
were separated from ovarian tissue. Oocytes were matured
in vitro, then fertilized using IVF, and the resulting embryos
were cultured in a CO, incubator for 96 hours. The in vitro-
derived embryos were then fixed in 4 % formalin dissolved
in phosphate-buffered saline, stained with TUNEL/DAPI, and
analyzed using fluorescence microscopy.

Experiment 2. Effect of stress on the development of
in vivo fertilized embryos. Females from both groups (control,
n = &; stress, n = 7) were mated with fertile males. The animals
were euthanized 48 hours after pairing using carbon dioxide,
and blood was collected. Embryos were collected from the
oviducts at the stage of 2—4-cells. The collected embryos
were cultured in vitro in a CO, incubator for 68 hours. After
culturing, the embryos were fixed, stained with TUNEL/DAPI,
and analyzed using fluorescence microscopy.

In vitro culture
of embryos
68 h

eCG - equine chorionic gonadotropin, hCG — human chorionic gonadotropin.
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Corticosterone assay in blood serum. Blood (0.5 ml)
was collected into tubes immediately after decapitation of
the animals. Samples were incubated for 25 min at room
temperature for clot formation and centrifuged (1,000g,
10 min; Hermle Z 326, Germany). The resulting serum was
stored at —80 °C. Serum corticosterone concentration was
determined by enzyme-linked immunosorbent assay using the
Corticosterone rat/mouse—IFA kit (Chema, Russia) according
to manufacturer’s recommendations. Optical density was
measured at 450 nm on a plate spectrophotometer (Thermo
Fisher Scientific, United States) 15 min after stopping the
reaction. The concentration was calculated using a calibration
curve.

Hormonal stimulation of ovaries. For superovulation,
mice were injected intraperitoneally with 7.5 IU of equine
chorionic gonadotropin (eCG, folligon, Intervet, Netherlands),
and after 46 hours, 7.5 IU of human chorionic gonadotropin
(hCG, chorulon, Intervet, Netherlands) in accordance with the
standard superovulation protocol accepted for mice (Shindo
et al., 2022).

Immature oocyte collection and in vitro maturation.
Euthanasia was performed 4 hours after hCG injection. Ovaries
were removed from the surrounding tissues and placed into
pre-warmed FertiCult Flushing medium (FertiPro, Belgium).
Immature oocytes at the germinal vesicle (GV) stage were
carefully separated from ovarian tissue using a thin needle
and tweezers. Oocytes were transferred onto Petri dishes
(Corning Incorporated, United States), placed into 50 pL
drops of HTF medium pre-equilibrated in a CO, incubator,
and covered with sterile mineral oil. The culturing was car-
ried out in a CO, incubator (New Brunswick™ Galaxy 48R,
Eppendorf, Germany) at 37 °C, 5 % CO,, and 90 % humidity
for 13—14 hours. Oocyte maturity was assessed by the pre-
sence of the first polar body; matured oocytes were then used
for IVF.

Collection of epididymal sperm. Epididymides were taken
from euthanized males. The tissue was placed in 100 pL of pre-
warmed HTF medium onto Petri dishes (Corning Incorporated,
United States) and cut to allow sperm cells to flow out. The
dishes with sperm cells were incubated for 30 minutes at
37°Cand 5 % CO, aiming at spermatozoa capacitation. Then
10 pL of the suspension was transferred to 60 puL of fresh HTF
medium and incubated for another 30 minutes. The resulting
material was used for IVF.

In vitro fertilization. Mature oocytes were incubated
for 30 minutes in 60 pL drops of pre-equilibrated HTF
medium under mineral oil (FertiPro, Belgium). Then 10 pL
of epididymal sperm suspension was added, and the dishes
with medium drops containing oocytes and sperm cells were
placed in a CO, incubator for 4 hours. After incubation,
oocytes were washed and transferred to KSOM AA medium
for further culturing. Successful fertilization was confirmed
by the presence of two pronuclei in the oocytes.

Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos

Collection of in vivo-derived embryos. Inmediately after
hCG injection, females were mated with fertile males. Mating
success was determined after 18 hours by the presence of a
copulatory plug and/or spermatozoa in vaginal smears. The
fertilized mice were euthanized 48 hours after hCG injection.
Then the oviducts and uterus were removed and flushed with
FertiCult Flushing medium solution (FertiPro, Belgium) to
obtain embryos. Embryos at the 2—4 blastomere stage were
collected for in vitro cultivation.

In vitro embryo culture. Embryos were cultured in
KSOM AA medium in 20 pL drops under mineral oil in a
CO, incubator (New Brunswick™ Galaxy 48R, Eppendorf,
Germany) at 37 °C, 5 % CO,, and 90 % humidity.

The embryo quality and the rate of embryo development
were assessed daily using light microscopy (Leica S80 APO
stereomicroscope, Germany). For embryos at cleavage stages,
the number, shape, and size of blastomere, as well as their gen-
eral morphology, were analyzed. For blastocysts, blastocoel
size, inner cell mass (ICM) compactness, and trophectoderm
(TE) cell density were assessed. An embryo was considered
normally developing if it corresponded to the expected stage
after the culture period and had no signs of damage (vacuol-
ization, cytoplasm granulation), the degree of fragmentation
did not exceed 20 %, blastocysts had a compact ICM, and the
blastocoel was surrounded by TE cells. If there was no cell
number increase in a particular embryo or the transition to
the next developmental stage within 24 hours of observation
not happened within 24 hours of in vitro culturing, embryos
were classified as non-developing. In addition to the qualita-
tive assessments (developing/non-developing), the percent-
age of embryos that reached each specific stage was used in
the subsequent statistical analysis of in vitro development
dynamics.

DAPI and TUNEL staining of blastocysts followed by
fluorescence microscopy. Embryos were fixed and stained
using the TUNEL FITC kit (Vazyme, China) according to the
manufacturer’s protocol. After three washes with phosphate-
buffered saline, samples were treated with proteinase K
(5 min), incubated in equilibration buffer (15 min), and then
in TUNEL solution (1 hour, 37 °C). Thereafter, the embryos
were washed, stained with DAPI (5 min), and mounted on
slides. Microscopic evaluation was performed with a Zeiss
Axio Imager 2 microscope (Germany) using DAPI-FITC
filters. Nuclei and apoptotic cells were counted using ImageJ
software. The apoptosis index was calculated as the ratio of
apoptotic cells to the total number of cells.

We analyzed 124 randomly selected embryos obtained
in vitro by IVF (65 in the control group and 59 in the stress
group) and 274 embryos obtained in vivo after natural mating
(166 in the control group and 108 in the stress group).

Preparation of culture media. Human tubal fluid (HTF)
medium (Quinn et al., 1985) was prepared for IVF. A modi-
fication of this medium (HTFm) was used for oocyte matu-
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ration. Embryos were cultured in KSOM AA according to
(Chatot et al., 1989). All media were prepared independently
from individual components (Table S1)! in purified water,
sterilized by filtration through a 0.22-um membrane, and
equilibrated in a CO, incubator under a layer of mineral oil
at 37 °C for >4 h.

Statistical analysis. Data were analyzed using STATISTICA
v. 8.0 software package (StatSoft Inc). Normality of distribution
was checked by the Shapiro—Wilk test. Parameters with normal
distribution of data (corticosterone level, percentage of mature
and fertilized oocytes) were compared using Student’s #-test.
The dynamics of embryo development were assessed by
two-way repeated measures ANOVA. Data are presented as
M + SEM. Parameters with non-normal distribution (number
of interphase nuclei, apoptosis index) were analyzed using the
Mann—Whitney U-test and presented as median with 25 %
and 75 % quartiles. Data on embryo development stages were
compared using the y? (chi-square) test. The significance level
was p < 0.05.

Results

Verification of the stress model

The level of corticosterone in the blood serum in females sub-
jected to chronic psychosocial stress was significantly higher
(p <0.05, Student’s #-test) than in the control group (Fig. 2).
This result verifies the stress model used.

Effect of stress on oocyte maturation,

in vitro fertilization, and early embryo development

From females of the control group (» = 6) and the group sub-
jected to chronic stress (n = 6), 184 and 140 immature oocytes
at the germinal vesicle stage (GV) were obtained, respectively.
After in vitro culture for 13—14 hours, 155 (84.2 %) oocytes in
the control group and 105 (75.0 %) in the stress group matured
to the MII stage. Their subsequent fertilization by IVF resulted
in zygote formation in 80.4 % (119/155) in the control group
and 84.6 % (88/105) in the stress group. Student’s ¢-test of the
obtained data revealed no significant differences between the
groups either in the percentage of oocyte maturation (p > 0.05)
or in fertilization efficiency (p > 0.05) (Fig. 3a).

Embryo development in vitro proceeded similarly in the
control and stress groups at all stages of culturing (Fig. 3b;
Table 1). Two-way repeated measures ANOVA revealed no sig-
nificant effect of chronic psychosocial stress: there was neither
a main effect of the “Stress” factor (F(1,10) = 1.2, p > 0.05)
nor its interaction with the duration of culturing (F(3,30) <1,
p>0.05). Instead, a significant effect of the “Duration of cul-
turing” factor was revealed (F(3,30) = 7.8, p < 0.01), reflect-
ing the general dynamics of embryonic development in vitro.

Embryos obtained by IVF from the stressed females, after
96 hours of in vitro culture, were characterized by a signifi-
cantly lower number of interphase nuclei compared with the

' Supplementary Table S1 and Figure S1 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_lgonina_Engl_30_4.pdf
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Fig. 2. Blood serum corticosterone concentration in control and
chronically stressed animals.

Data are presented as M = SEM. Number of animals/samples: n = 15 (con-
trol group); n = 16 (stress group). * p < 0.05 compared with the control
group (Student’s t-test).
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Fig. 3. Effect of chronic psychosocial stress on oocyte maturation,
their fertilization potential, and in vitro embryo development.

a - left: oocytes that reached MIl stage (number of mature oocytes in the
control group: n = 155, in the stress group: n = 105); right: percentage of
zygotes formed after IVF (number of zygotes in the control group: n=119,
in the stress group: n = 88); b — embryo development at different intervals
of culturing (initial number of embryos placed in culture in the control
group: n =119, in the stress group: n = 88). Data are presented as M £ SEM
(average per female).
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Table 1. Stages of development of in vitro fertilized embryos
after 96 hours of culture

Group Morulae Blastocysts Developmental arrest
% (n)

Control 43.1 (28) 50.8 (33) 6.2 (4)

Stress 39.0 (23) 44.1 (26) 16.9 (10)

control group (p < 0.001, Mann—Whitney U-test; Fig. 4a).
The proportions of apoptotic nuclei did not differ significantly
(Fig. 4b).

Effect of stress on the development

of in vivo fertilized embryos

From the control group females (n = 8) and the females sub-
jected to chronic stress (n = 7), 139 and 115 embryos were
obtained, respectively. In the control group, 127 (91.4 %)
embryos were at the 2-cell stage, and 12 (8.6 %) were at the
3—4-cell stage; in the stress group, 96 (83.5 %) and 19 (16.5 %)
embryos were at the 2-cell and 3—4-cell stages, respectively.
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Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos

Chronic psychosocial stress did not affect the fertility of
female mice, as there was no difference between the control
(17.4 + 2.3) and stressed (16.4 = 1.8) females (p > 0.05, Stu-
dent’s t-test) in the average number of embryos per female on
day 2 of in vivo development.

The rates of the subsequent in vitro embryo development
were comparable in the control and stress groups throughout
the entire culture period (Fig. S2). Repeated measures ANOVA
revealed no statistically significant effect of the “Stress” factor
(F(1,13) = 1.20; p > 0.05), the “Duration of culturing” factor
(F(2,26)=2.06; p>0.05), or interaction between these factors
(F(2,26) =2.82; p>0.05).

At the late stage of in vitro culturing (68 h), shifts in the
distribution of embryo development stages were revealed in
the group subjected to chronic stress: the proportion of blas-
tocysts was lower, and the proportion of morulae was higher
compared with the control group (p < 0.01; Table 2).

Subsequent analysis of embryos cultured in vitro for 68 h
revealed a significant decrease in the number of interphase
nuclei in the stress group compared with the control group
(» <0.001, Mann—Whitney U-test; Fig. 5a). This result points

Fig. 4. Effect of chronic psychosocial stress on the number of interphase nuclei (a) and the percentage of apoptotic
nuclei (c) in mouse embryos fertilized in vitro. Representative images of control (b) and stress (d) group embryos after
DAPI (blue, nuclei) and TUNEL (green, apoptotic cells, indicated by arrows) staining.

Scale bar 50 um. Data are presented as median with 25 % and 75 % quartiles. *** p < 0.001 (Mann-Whitney U-test). Number of embryos
studied: n =65 in the control group, n =59 in the stress group.
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Fig. 5. Effect of chronic psychosocial stress on (a) the number of interphase nuclei and (c) the percentage of apoptotic
nuclei in in vivo fertilized mouse embryos after 68 hours of in vitro culture. Representative images of (b) control and (d)
stress group embryos after DAPI (blue, nuclei) and TUNEL (green, apoptotic cells, indicated by arrows) staining.

Scale bar 50 um. Data are presented as median with 25 % and 75 % quartiles. *** p < 0.001 (Mann-Whitney U-test). Numbers of embryos
studied: n = 166 in the control group, n = 108 in the stress group.

Table 2. Stages of development of in vivo fertilized embryos
after 68 hours of in vitro culture

Group Morulae Blastocysts Developmental arrest
% (n)

Control 1.7 (3) 94.2 (162) 4.1(7)

Stress 8.8 (10)** 82.5 (94)** 8.8(10)

** p < 0.01 compared with the control group (y? test).

to a decrease in the proliferative activity of embryonic cells
under the influence of stress. However, the proportion of apop-
totic cells in the embryos did not differ significantly between
the groups (p > 0.05, Mann—Whitney U-test), demonstrating
the absence of a pronounced effect of stress on the rates of
programmed cell death at this stage of development (Fig. 5b).

Discussion

Hans Selye was one of the first to define stress from a biologi-
cal point of view as a nonspecific reaction of the body to a
threat to homeostasis (Selye, 1950). Stressors, perceived as a

MONEKYNAPHAA N KNIETOYHAA BUOJIOTA / MOLECULAR AND CELL BIOLOGY

real or potential danger, trigger a cascade of neuroendocrine
reactions, the activation of the HPA axis in particular (James
etal., 2023). Depending on the duration of exposure, stressors
can cause acute or chronic stress (Godoy et al., 2018). In ad-
dition, stressors are classified by their nature: physiological,
which are associated with a threat to physical well-being, and
psychological, which are associated with psychoemotional
and psychosocial effects (Godoy et al., 2018). Chronic stress
is known to lead to various pathologies (Kalisch et al., 2024).

Studies of the effect of chronic psychoemotional stress on
the reproductive system often employ models involving mice,
such as “chronic unpredictable stress” and “restriction” (Gao Y.
etal., 2016; Levinson et al., 2022). These stressors have both
psychological and physical effects, and can cause undesirable
consequences, including weight loss, adversely affecting the
general condition of the animals (Gao Y. et al., 2016; Furman
et al., 2022). In some studies, presenting a predator, e. g. a
hungry cat, to a mouse, is used as a model of psychoemotional
stress, which creates excessive psychogenic impact associated
with a potential threat to life (Liu et al., 2012). Meanwhile, the
stressful effects that a person faces in a modern megalopolis are
not associated with an immediate threat to life and are mostly
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psychosocial in nature, while physical stressors are nowadays
less relevant (Orquiza, 2024).

In a modern urban environment, a person may simulta-
neously experience a deficit of meaningful social connections
and an abundance of superficial or unwanted contacts asso-
ciated with high population density and limited privacy (Ham-
moud etal., 2021; Zhang Z. et al., 2023). This combination of
factors enhances the experience of loneliness and social stress,
which is confirmed by data on the link between urban crowding
and increased physiological stress responses (Lederbogen et
al., 2011). Alternating periods of social isolation and forced
involvement in intensive social interaction can exacerbate the
psychoemotional load and may have a negative impact on the
psychophysiological state of a person (Hawkley, Cacioppo,
2010; Lederbogen et al., 2011). Animal studies show that
increasing population density and associated crowding exert a
pronounced effect on reproductive processes (Suvorov, 2021).

In studies performed on laboratory animals, the effects of
social isolation and crowding are addressed so far not in com-
bination, but separately (Gavrilov et al., 2022). In the present
study, we used a model based on the alternation of periods of
isolation and subsequent overcrowding. A model of this sort
was initially offered for rats (Gadek-Michalska et al., 2019)
and later adapted for female mice in our studies (Lebedeva et
al., 2024; Igonina et al., 2024a, b). Unlike traditional stress
models, this model seems to be more relevant to the social
conditions faced by women in a modern megalopolis (Ochnik
et al., 2024; Orquiza, 2024).

Our results showed that alternating periods of isolation and
overcrowding are accompanied by an increase in corticoste-
rone levels in the blood of female mice, which confirms the
effectiveness of this model for inducing stress. The results of
the present study showed that psychosocial stress did not dis-
rupt oocyte maturation in vitro or affect the oocyte ability to be
fertilized. We had demonstrated previously that under in vivo
conditions, chronic psychosocial stress led to a decrease in
oocyte quality and maturity, accumulation of reactive oxygen
species (ROS) in such oocytes, and enhanced apoptosis in cu-
mulus cells (Lebedeva et al., 2024; Igonina et al., 2024b). The
pronounced effect of stress on oocyte maturation in vivo versus
its absence in vitro is probably explained by the fact that culture
media lack the physiological microenvironment necessary for
the transmission of the stress signal. This microenvironment,
including follicle cells, paracrine and endocrine signals, is
known to be necessary for normal oocyte maturation process
in vivo (Gilchrist et al., 2004; Yeo et al., 2009). We assume
that stress primarily disrupts these communication pathways
(Huang, Zeng, 2021; Igonina et al., 2024a). As the direct effect
of stress on the oocyte appears to be less significant than its in-
direct effects through follicular cells and hormonal background
(Prasad etal., 2016), oocytes can maintain competence in vitro
conditions, where systemic influence is minimized, even after
exposure of the female to stress.

Effects of chronic psychosocial stress on the development
of mouse oocytes and preimplantation embryos

Animal studies employing various stress models show that
chronic stress causes similar disturbances in folliculogenesis,
leading to oocyte maturation impairment. Housing animals
under crowded conditions led to high levels of corticosterone
and angiotensin II, disrupted hormonal balance, induction of
granulosa cell apoptosis, and reduced ovarian reserve (Kim,
You, 2022). Stress associated with immobilization caused
disruption of meiosis and oocyte death, leading to a decrease
in ovarian reserve (Jiang et al., 2023) and an increase in the
number of abnormal oocytes (Tsuji et al., 2021). In addi-
tion, this type of stress led to disruption of meiotic spindle
morphology in oocytes (Sun et al., 2018) and reduced their
developmental potential both in vitro and in vivo (Zhang S.Y.
etal., 2011; Wu X F. et al., 2015; Zhao et al., 2020). Chronic
unpredictable stress had a similar effect, causing a decrease
in ovarian reserve (Gao L. et al., 2020), deterioration of qual-
ity, and decrease in the number of oocytes (Wu L.M. et al.,
2012a, b). In some cases, it led to the state of anovulation
(Kala, Nivsarkar, 2016), disrupted granulosa cell proliferation,
and accelerated their aging (Sun et al., 2021; Ma et al., 2024).

The primary systemic pathway mediating the effects of
chronic stress is activation of the HPA axis and a sustained
increase in circulating glucocorticoid levels (James et al.,
2023). Until recently, the literature addressing the question
whether or not glucocorticoids directly affect oocytes was area
of controversy (Bhaumik et al., 2023); however, it has been
shown not long ago that mouse oocytes lack glucocorticoid
receptors (GR) (Cincotta et al., 2024). Nevertheless, it is well
documented that oocyte maturation is sensitive to elevated
glucocorticoid levels via indirect effects mediated by follicular
somatic cells, i. e. granulosa and cumulus cells, which express
GR (Bhaumik et al., 2023; Cincotta et al., 2024). Glucocor-
ticoid action is realized predominantly through the classical
genomic pathway involving binding to the cytoplasmic GR,
its translocation to the nucleus, and subsequent regulation
of transcription, as well as through rapid non-genomic and
isoform-specific mechanisms, resulting in a complex and
tissue-specific cellular response (Bhaumik et al., 2023).

In addition, activation of the HPA axis suppresses the HPG
axis, including effects at the levels of the hypothalamus and
pituitary gland (Bhaumik et al., 2023). It leads to reduced
synthesis of sex steroids and disruption of the hormonal
milieu required for normal folliculogenesis (Kalantaridou
et al., 2004; Whirledge, Cidlowski, 2013). It is worth noting
that hormonal stimulation of superovulation was used in the
present study, which may compensate for this deficiency and,
thereby, attenuate this pathway of stress influence. However,
as demonstrated by our data and by results of some other
studies, stress continues to exert a negative impact on oocytes
through additional mechanisms, primarily via direct disruption
of the local ovarian microenvironment, manifesting itself as
the induction of granulosa cell apoptosis and alterations in the
secretion of paracrine factors (Prasad et al., 2016; Lebedeva et
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al., 2024; Igonina et al., 2024a). A key element of this process
is the action of glucocorticoids on follicular somatic cells
(Bhaumik et al., 2023; Cincotta et al., 2024).

Thus, glucocorticoid signaling alters the metabolism of
follicular somatic cells, the secretion of local regulatory fac-
tors, and the redox status, which in turn induces changes of
the oocyte cytoplasm, including the accumulation of maternal
mRNA, protein, and epigenetic enzymes (Wu X.F. etal., 2015;
Joseph, Whirledge, 2017; Sun et al., 2018). The stress-induced
deficit in metabolic and hormonal support from the follicular
epithelium brings about suboptimal conditions for the final
stages of oocyte maturation.

It should be noted that, in addition to indirect effects me-
diated by somatic cells, direct sensitivity of oocytes to certain
stress-induced signals and hormones, such as corticotropin-
releasing factor, has been demonstrated (Zaidan et al., 2013).
However, the role of this pathway appears to be substantially
smaller than the complex effects mediated through alterations
of the follicular microenvironment.

The results of the present study show that embryos obtained
from stressed females are characterized by a reduced number
of cells in blastocysts regardless of the fertilization method,
and, in the case of in vivo fertilization, also by a delay in
reaching the blastocyst stage. The time needed to achieve the
blastocyst stage and the number of cells in the blastocyst are
key indicators of preimplantation development in mammals
(Ajduk, Zernicka-Goetz, 2012). A reduction in cell number,
in particular, may point to a slowdown in cleavage rates and,
more generally, it may be indicative of a low rate of early
embryonic development (Nishizono et al., 2017).

A crucial aspect of our findings is that the reduction in
blastocyst cell number was observed regardless of whether
embryos were obtained via natural in vivo fertilization or by
in vitro fertilization of oocytes retrieved from a stress-altered
microenvironment but matured in vitro under controlled condi-
tions. Our data support the previously proposed hypothesis that
stress-induced changes in the oocyte transcriptome are mani-
fested in embryos derived from these oocytes (Roth, 2018).
It appears likely that stress exposure during the early stages
of folliculogenesis leads to persistent functional alterations
in oocytes, which are attributable, in particular, to epigenetic
reprogramming.

Indeed, the earliest preimplantation stages of mammalian
embryonic development critically depend on the pool of mate-
rnal mRNAs and proteins accumulated in oocytes, the synthe-
sis of which is completed prior to fertilization (Wang et al.,
2019; Kojima et al., 2025). These maternal transcripts provide
the molecular basis for zygotic genome activation and support
rapid cleavage cycles during the early stages of embryonic
development, until the embryo’s own transcriptome begins to
govern developmental processes (Wang et al., 2019; Kojima et
al., 2025). Stress-induced alterations in the abundance, com-
position, or functional activity of these molecules can disrupt
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this delicate balance, thereby adversely affecting reproductive
success and subsequent stages of embryo development (Roth,
2018). This mechanism may explain the phenomenon observed
in our study as well as in others: a reduction in blastocyst cell
number and delayed development in embryos from stressed
females with the absence of apparent morphological defects
in the oocytes (Liu et al., 2012; Casillas et al., 2021).

The hypothesis that the pre-fertilization influence over
the oocyte can program embryonic development appears to
be broadly applicable, as it is supported by studies not only
in mammals (Roth, 2018) but also in fish (Li et al., 2012).
In fish, exposure of oocytes to cortisol prior to fertilization
results in persistent changes in the embryonic transcriptome
and modulates embryonic growth (Li et al., 2012). Impor-
tantly, in mammals, unlike in fish, this mechanism appears
to be indirect. Since mouse oocytes do not express classical
glucocorticoid receptors (Cincotta et al., 2024), the stress
signal mainly disrupts the function of follicular somatic cells,
which in turn creates conditions for latent reprogramming of
the developing gamete.

Thus, our results demonstrate that chronic psychosocial
stress, mediated by activation of the HPA axis and disruption
of the ovarian microenvironment, induces functional repro-
gramming of oocytes. This reprogramming does not affect
oocyte morphology but predetermines reduced embryo quality
and delayed embryonic development. The identified mecha-
nism provides a biological rationale for clinically observed
associations between stress and reduced efficacy of assisted
reproductive technologies (ART) (Koumparou et al., 2021;
Abdoli et al., 2025; Lu et al., 2025). In contrast to the existing
inconsistencies in epidemiological data, which may be related
to difficulties in the objective assessment of stress (Zanet-
toullis et al., 2024; Hu et al., 2025), our study indicates that
exposure to chronic stress can generate latent oocyte defects
with potential consequences for the successful application of
reproductive technologies.

Conclusion

Our study supports the hypothesis of the negative impact of
chronic psychosocial stress on reproductive function and pro-
vides an experimental basis for the interpretation of clinical
observations. The model adequately reproduces key aspects
of stress exposure experienced by residents of modern me-
galopolises. Investigation of the effects of psychoemotional
stress on the ovary (Igonina et al., 2024a) and the consequences
of these alterations for oocyte development and early embryo-
genesis opens avenues for the development of novel strategies
to mitigate these changes (Wu L.M. et al., 2012b; Igonina
et al., 2024b). Integration of such approaches into clinical
practice may enable the development of personalized in-
fertility treatment strategies aimed at reducing the negative
impact of chronic stress and improving the outcomes of ART
programs.
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Issues of interspecific hybridization between
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Abstract. Interspecific hybridization plays a crucial role in tomato (Solanum lycopersicum L.) breeding for introducing
beneficial traits from wild relatives, such as resistance to biotic and abiotic stress. Sticky nightshade (Solanum
sisymbriifolium Lam.) is a promising source for the introgression of desirable traits. Reports on hybridization between
S. lycopersicum and S. sisymbriifolium remain contradictory, differently describing the progeny as doubled haploids or
interspecific hybrids. In the present study, we clarify the nature of the progeny derived from hybridization between
S. lycopersicum and S. sisymbriifolium by analyzing the early stages of ovule development and characterizing the
morphological and cytogenetic features of the resulting plants. Interspecific hybridization between S. lycopersicum and
S. sisymbriifolium encounters postzygotic reproductive barriers. Only a small proportion of developing ovules in male-
sterile tomato lines, whether self-pollinated or pollinated with S. sisymbriifolium followed the normal developmental
pathway. In most cases, either ovule development was arrested, or parthenocarpic seed-like bodies formed instead of
normal seeds. Embryo rescue enabled the recovery of 12 plants resulting from interspecific hybridization of S. lycopersicum
and S. sisymbriifolium. Morphologically, the plants closely resembled the S. lycopersicum parent, although they displayed
several traits distinctive from those of the parental tomato lines. Notably, yellow-orange mature fruits developed
in progeny from the cross of green-fruited S. lycopersicum and red-fruited S. sisymbriifolium. Analysis of chromosome
numbers in root meristems revealed mixoploidy (2n = 16-26), and meiotic analysis during microsporogenesis showed
multiple aberrations in meiosis. Thus, comprehensive embryological, morphological, and cytogenetic analyses provide
evidence for the hybrid origin of the obtained plants. This confirms the possibility of overcoming postzygotic barriers
between these species and opens avenues for the utilization of S. sisymbriifolium in tomato breeding programs.

Key words: tomato; sticky nightshade; Solanum lycopersicum; Solanum sisymbriifolium; interspecific hybridization; embryo
rescue; microsporogenesis; embryology; mixoploidy
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AHHOTauuA. MexBnaoBasa rnbpugmsauma urpaeT 6onblyld ponb B cenekumm tomata (Solanum lycopersicum L.),
nosBosnAeT oborawiaTb reHopOHA HOBbIMU NMPU3HAKaMM 11 CO3[aBaTb COPTa M MMOPYAbI C YCTONUMBOCTBIO K GUOTUYECKUM
1 abnoTtnyecknm daktopam. MepcrneKTUBHLIM UCTOYHUKOM /151 MIHTPOIPECCUN LIEHHbIX NMPY3HAKOB MOXET ObITb MacsieH
rYyNABHUKONUCTHBIN (Solanum sisymbriifolium Lam.). CBegeHnA o pesynbtatax rmbpugmsauun mexpy S. lycopersicum
n S. sisymbriifolium NpoTVBOpPEUNBbI: OAHU UCCEAOBaTeNN OMUCHIBAIOT MOJyYeHHble PACTEHWA KaK YABOEHHble
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raniaouabl, Apyrve — Kak TUMMYHble MEXBUAOBbIE rMbpuabl. B HacToAWen paboTe Mbl YTOUHUAN MPUPOAY NOTOMCTBA
oT rnbpuansaumm S. lycopersicum wn S. sisymbriifolium nyTem aHanv3a HayanbHbIX CTafuii Pa3BUTUA CEMA3AYATKOB U
onucaHna MopPONOrMYecknx N LUUTOreHeTUYeCKNX OCOBEHHOCTEN MOMYYEeHHbIX PacTeHUit. MonyyeHre MeXBUAOBbIX
rméprpos mexay S. lycopersicum u S. sisymbriifolium conps»eHo ¢ NOCT3UroTNYeCKMI 6apbepamim HECKPELLMBAEMOCTU.
CpaBHUTENbHbIN aHanNU3 pPa3BMBaOLLMXCA CEMA3AYaTKOB OT CaMOOMbINEHNA JIMHWI TOMaTa ¢ GYHKLMOHASIbHOWM MYCKOW
CTEPUIIBHOCTbIO 1 OT UX OMbleHus S. sisymbriifolium BbiABUN, YTO NMLLB YaCTb CEMA3AYaTKOB Pa3BMBAETCA MO TUMUYHOMY
nyT1, B TO Bpema Kak OONbLUMHCTBO NIMOGO OCTaHaBNMBAETCA B PasBUTUM, NM60 dopmMupyeT mapTeHOoKaprnuyeckue
CTPYKTYpPbI C NICEBAOIMOPUOHANBHON TKaHblo. C MCMOMIb30BaHMEM SMOPUOKYLTYPbI HaMu 6bifo NonyyeHo 12 pacTeHuia
oT rnbpuausauun S. lycopersicum w S. sisymbriifolium. Mo mopdonornyeckm npusHakam Bce pacteHus 6binv 6ar3Km
S. lycopersicum, ogHaKo OTMeYeHO NoAB/eHVe MPU3HAKOB, He XapaKTePHbIX ANA POAUTENIbCKUX IMHUI TOMaTa, Hanpumep
KENTO-OpaHXeBOWM OKPacKWU 3peribiX MIOJOB Y PacTEHWU, MOJSyYEHHbIX MPU CKPeWVBaHUM JIMHUN 3€NeHOMIOAHbIX
TOMaTOB C KPaCHOMIOAHbIM NacNeHOM TyNABHUKOMUCTHbIM. [lpn aHanM3e umcna XpPOMOCOM B MepuCTeMax KOPHsA
Habnogany Mukconaonauo (2n = 16-26), a NPU MUKPOCNOPOreHe3e PerncTpMpoBann MHOXECTBEHHbIE HapyLUeHWs
Melio3a. TakuM 06pa3oM, KOMMMEKCHbBIN 3MOPUONIOrMYecKnii, MOPQPONOrMYECKMA U LUTOreHEeTUYECKUIA aHanm3
npefocTaBnAeT JoKasaTeNbCTBa rMOPMAHOIO MPONCXOXKAEHNA MONYUYEHHbIX PAaCTEHWI, YTO NMOATBEPXKAAET BOSMOXKHOCTb
NpPeoaoneHNa MOCT3MroThYeckMX GapbepoB MexAy AaHHbIMM BUAAMU W OTKPbIBAaeT MNyTb K WCMONb30BaHUIO
S. sisymbriifolium B cenekunm Tomarta.

KnioueBble cfioBa: TOMaT; MacieH rynsaBHUKONUCTHBIN; Solanum lycopersicum; Solanum sisymbriifolium; mexsugosas
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Introduction

Tomato (Solanum lycopersicum L.) is one of the world’s most
economically important vegetable crops. However, its pro-
ductivity is significantly limited by its susceptibility to biotic
and abiotic stresses (Sadashiva et al., 2017). Thus, breeding
strategies that develop genotypes with genetic resistance are
crucial (Abbas et al., 2024). One of the key approaches to
solving this problem is interspecific hybridization, which
enables the introduction of valuable alleles from related wild
species into the cultivated tomato genome (Ajaharuddin et
al., 2024).

The introgression of disease resistance genes from other
species into tomatoes has been employed for long and is quite
successful (Rubio et al., 2016; Yerasu et al., 2023). Currently,
most of the sources of resistance used in tomato breeding are
wild species of the Lycopersicon section. Species from other
sections of the Solanum genus are in lesser use (Foolad, 2007),
as their gene pool availability is restricted by incompatibility
barriers (Abbas et al., 2024).

Sticky nightshade (Solanum sisymbriifolium Lam.), a distant
relative of the tomato, is regarded by some researchers as a
promising source of disease resistance. It has been found to
be resistant to bacterial wilt (Collonnier et al., 2003) and ver-
ticillium wilt (Piosik et al., 2019). According to W.G. Flier et
al. (2003), S. sisymbriifolium exhibits hypersensitivity when
inoculated with several European isolates of Phytophthora
infestans, a potato pathogen. In field tests in central Russia,
S. sisymbriifolium demonstrated high resistance to tomato late
blight, according to our observations. Additionally, researchers
have reported resistance to carmine spider mites (Piosik et al.,
2019) and nematodes (Hajihassani et al., 2020). S. sisymbriifo-
lium has a high adaptive potential and is currently widespread
in many countries (Biswas et al., 2023).

Hybridization between distantly related species, such as
tomato and sticky nightshade, encounters serious post-zygotic
barriers. However, it has been demonstrated that sticky night-

shade pollen tubes successfully grow within tomato pistils and
germinate in ovules (Bal, Abak, 2003; Piosik et al., 2019).
Interspecific hybridization between S. lycopersicum and
S. sisymbriifolium has been attempted by several research
teams. However, the results were inconsistent: D. Chambon-
net (1996) and U. Bal and K. Abak (2003) obtained plants
phenotypically similar to tomatoes and considered them to be
doubled haploids. In contrast, L. Piosik et al. (2019) produced
interspecific hybrids that resembled nightshades. Thus, the
nature of plants obtained through interspecific hybridization,
as well as their morphological and cytological characteristics,
remains obscure.

The goal of this study was to produce plants resulting from
the cross between S. lycopersicum and S. sisymbriifolium and
to perform a comprehensive analysis of their characteristics
using comparative embryology, cytogenetics, and morphologi-
cal trait analysis.

Materials and methods
Plant material and hybridization. The tomato samples used
for hybridization were obtained from the Timofeev Breeding
Station, Moscow. These samples include beef tomato lines
Roz Son and Roz st9 and cherry tomato lines st8, st6, sto(lik),
and st4. Lines Roz Son, st8, st6, st6(lik), and st4 are genera-
tions 6-—8 of inbred lines. Roz st9 is the third generation, ho-
mozygous for six resistance genes against fusarium wilt, late
blight, bronze leaf of tomato, verticillium wilt, nematodes,
and tomato mosaic virus. All lines exhibit functional male
sterility, self-compatibility, and indeterminate growth. Fruits
of Roz Son and Roz st9 are pink; st8, green; and st6(lik), sto,
and st4, red. The sticky nightshade sample Sn was also ob-
tained from the Timofeev Breeding Station. These plants are
characterized by self-incompatibility, determinate growth, and
intensely red fruits measuring 2-3 cm in diameter.
Hybridization of tomato and sticky nightshade was con-
ducted from 9 to 11 a.m. The crosses were reciprocal. For
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the control, the tomato parental lines were self-pollinated.
Pollination was performed on emasculated buds: for the to-
mato, at the lemon-yellow bud stage; for the nightshade, at the
white bud stage, one or two days before the flowers opened.
Immediately after emasculation, pollination was performed
with freshly collected pollen, and the stigma was isolated with
cotton wool. A total of 1,165 tomato flowers were pollinated
with sticky nightshade, not counting the flowers used for
histological analysis. The numbers of pollinations performed
by cross combination were: Roz Son — 156, Roz st9 — 298,
st8 — 185, sto(lik) — 190, st6 — 132, and st4 — 204. At least five
plants of each tomato sample and six plants of nightshade were
involved in the hybridization.

Histology. Tomato flowers and developing fruits were fixed
in a formaldehyde—alcohol-acetic acid (FAA) solution (Ru-
zin, 1999). At subsequent steps, a minimum of two samples
(flower or developing fruit) were gathered from each plant
line up to 15 days after pollination (DAP). They were ana-
lyzed either whole or after longitudinal dissection. Individual
ovules (at least 10 from each plant line) or ovules attached to
the placenta were isolated from samples taken after 15 DAP
and used for further study. Samples were dehydrated through
a graded ethanol series, cleared in xylene, and embedded in
paraffin. Serial sections 10—15 pm thick were obtained with
a Microm HM355S rotary microtome (Thermo Fisher Scien-
tific). Sections were stained with 0.1 % Alcian Blue in 3 %
acetic acid and 1 % aqueous Safranin (Barykina et al., 2004) or
stained with PAS reaction followed by Ehrlich’s hematoxylin
staining (Ruzin, 1999). Staining was carried out manually
or using a Varistain Gemini ES automated stainer (Thermo
Fisher Scientific). Slides were examined under an AxioPlan 2
light microscope (Carl Zeiss) equipped with a differential
interference contrast (DIC) module, or with a BX61VS slide
scanner (Olympus). Image processing was performed using
Adobe Photoshop and ImageJ software.

Embryo rescue. Fruits were selected for cultivation on
nutrient media on 16 to 36 days after pollination. Fruit set was
counted as the fruits were harvested. The fruits were sterilized
in a 2 % sodium hypochlorite solution and then washed three
times in sterile distilled water. Enlarged ovules were isolated
and transferred to a nutrient medium. We used for ovule cul-
ture the nutrient media described by D.J. Harberd (1969) and
L. Piosik et al. (2019). If the ovule integument had no ruptures
and the embryos did not germinate on the solidified nutrient
medium, the embryoids were removed from the enlarged
ovules after three weeks and cultivated on a medium with the
same composition. To regenerate shoots from callus tissue, a
solidified Murashige—Skoog (MS) medium containing 30 g/L
sucrose, 5 mg/L BAP, and 0.01 mg/L IAA was used. If the
ovules germinated or formed organogenic callus with shoots,
they were transferred to an MS medium with agar, containing
20 g/L sucrose and 0.01 mg/L each of BAP and IAA. In cases
of difficulty in shoot rooting, a MS nutrient medium contain-
ing 20 g/L sucrose, 2 mg/L NAA, and 8 g/L agar was used.

2026
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Phenotyping of the obtained plants. The st8%Sn (No. 1,
2, and 3) and st6xSn plants (No. 1, 2, 3, 4, 5, and 6), as well
as the parental lines st6, st8, and sticky nightshade Sn, were
examined with regard to the morphological characteristics of
their shoots, flowers and fruits, in accordance with the DUS
testing guidelines of the State Commission of the Russian
Federation for Selection Achievements Test and Protection
(https://gossortrf.ru/publication/#publication-methodics).

Cytological studies of the chromosome numbers of the
obtained plants in mitotic and meiotic cells. Cytological
preparations were made from anther and root meristematic
cells using the SteamDrop method (Kirov et al., 2014). The
prepared slides were examined under an AXIOSKOP 40 mi-
croscope (Carl Zeiss) at 1000x magnification using immersion
oil. At least 10 cells per sample were examined.

Statistical analysis. Chi-square analysis was used to
compare fruit set following the pollination of tomato lines
by S. sisymbriifolium. Pearson’s chi-square test was used to
assess the significance of differences between genotypes at
a significance level of p = 0.05. For pairwise comparisons
between genotypes, the Bonferroni correction was applied
to adjust the critical significance level. Data analysis and
graphical visualization of the results were performed using
the Microsoft Excel and R Studio (version 2025.09.2+418)
software packages.

Results

Typical pattern of embryogenesis following

self-pollination in S. lycopersicum line Roz st9

In order to compare the early stages of embryogenesis, S. /yco-
persicum line Roz st9 was chosen as a control line. Only mature
unitegmic tenuinucellate ovules with completely developed
embryo sacs typical of tomatoes were observed in the ovary
of control plants one day before anthesis (Fig. 1A). The ovules
exhibited a multicellular endosperm and a linear proembryo
by day 5 after self-pollination (Fig. 1B). Simultaneously, the
integumentary tapetum (IT), also referred to as endothelium,
originated from the inner epidermis of the integument, begin-
ning its development on the chalazal pole. The parenchyma
cells of the integument adjacent to the IT developed thickened
cell walls, and their contents began to degenerate, forming a
“death zone” (DZ).

Further seed development was accompanied by an increase
in size due to both the proliferation of cells at the periphery of
the developing seed coat and the continuous expansion of the
embryo and endosperm (Fig. 1C—E). The embryo reached the
early globular stage by 10-15 DAP (Fig. 1C). The accumula-
tion of storage sugars began in the endosperm cells, which
were tightly attached to the embryo. The outer part of the
endosperm was fully covered by a single-layered IT. Spherical
embryos with a well-developed suspensor at the late globular
stage (Fig. 1D) and embryos at the heart stage (Fig. 1E) were
observed in developing seeds at 24 DAP. The endosperm cells
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Fig. 1. Typical seed development following self-pollination in S. lycopersicum line Roz st9 (A-F) and observed aberrations
leading to the formation of seed-like bodies (G—K). A — structure of the embryo sac and surrounding tissues one day
before anthesis (0 DAP); B — endosperm and proembryo in the developing seed, 5 DAP; C - early globular embryo,
15 DAP; D - late globular embryo, 24 DAP; E - developing embryo at the heart stage, 24 DAP; F — endosperm contact
zone with surrounding tissues of the developing seed coat, 24 DAP; G - cells of the inner epidermis of the integument
grow into the collapsed embryo sac, 5 DAP; H — development of the death zone around the endothelium, 10 DAP;
| - pseudoembryonic tissue development, 15 DAP; J - seed-like body filled with pseudoembryonic tissue, 24 DAP;
K - pseudoembryo surrounded by pseudoembryonic tissue, 24 DAP.

DZ - death zone; End - endosperm; GE - globular embryo; HE - heart-shaped embryo; IEp - inner epidermis of the integument;
IntT - integumentary tapetum; PE — proembryo; PEnL - peripheral endosperm cell layer; PN - polar nuclei; PsE — pseudoembryo; S -
synergid; PEmT - pseudoembryonic tissue; PIntT — proliferating integumentary tapetum; REs — remnants of the degenerated embryo
sac. Asterisks indicate the region of endosperm cells being degraded by the embryo. Scale bars: A, F - 10 um, B - 50 um, G, K- 100 pm,

C-E-200 pm.

adjacent to the IT differed from neighboring cells in having
smaller sizes, flattening along the IT, and noticeable vacuoliza-
tion; thus, they can be considered a separate peripheral layer
of endosperm cells (Fig. 1F). The embryos were surrounded
by a well-developed endosperm cavity, whereas a number of
endosperm cells underwent degradation due to nutrient uptake
by the embryo (Fig. 1D, E). At 28 DAP, embryos at the torpedo
stage were detected in developing seeds.

Deviations from the typical embryogenic pattern

after self-pollination in S. lycopersicum line Roz st9

Embryo sac degeneration was the most common deviation in
ovule development after self-pollination of tomato lines. Such
ovules were characterized by the destruction and shrinkage
of the embryo sac by 5 DAP (Fig. 1G). Ovule development
ceased when the inner epidermis cells of the integument no-

ticeably elongated and filled the space left by the collapsed
embryo sac.

In some cases, the cells of the inner epidermis of the in-
tegument did not elongate following embryo sac collapse at
5—10 DAP but instead differentiated into IT and started to pro-
liferate, and this process was accompanied by the formation of
DZ around them (Fig. 1H). Such ovules continued to grow and
produce seed-like bodies, which were smaller than ordinary
seeds. The proliferating IT formed a pseudoembryonic tissue,
distinguished by the formation of cells clusters, thicker cell
walls at the cluster borders, lack of storage sugars during the
subsequent ovule development, intense staining characteristic
of IT (Fig. 11, J), and direct contact with the DZ. One sample
collected at 24 DAP contained a body resembling an embryo
at the late globular stage at the micropylar side surrounded by
pseudoembryonic tissue (Fig. 1K). Since its nature is still un-
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Fig. 2. Development of seeds and seed-like bodies after pollination of S. lycopersicum with S. sisymbriifolium pollen.
A - germinated pollen grains on the receptive surface of the stigma, 3 DAP; B — early endosperm cell divisions, 3 DAP;
C - ovule with degenerated synergid, 3 DAP; D — cells of the inner epidermis of the integument grow into the collapsed
embryo sac, 3 DAP; E - proembryo surrounded by cellular endosperm (nuclei out of focus), 15 DAP; F — embryo at the tor-
pedo-shaped stage, 15 DAP; G — endosperm contact zone with surrounding tissues of the developing seed coat, 15 DAP;
H — cells of the inner epidermis of the integument grow into the collapsed embryo sac with the presence of the proem-
bryo, 15 DAP; | - seed-like body with pseudoembryonic tissue surrounded by DZ, 15 DAP; J - seed-like body with prolif-
erated pseudoembryonic tissue and developed DZ, 15 DAP; K — pseudoembryo at the globular stage of development,
28 DAP; L - large pseudoembryo at the globular stage of development, 30 DAP; M - cell cluster in the pseudoembryonic
tissue, 28 DAP; N — contact zone between pseudoembryonic tissue and DZ, 30 DAP; O - degenerating pseudoembryonic
tissue and pseudoembryo, 29 DAP; P — degenerating pseudoembryo with intact pseudoembryonic tissue, 30 DAP.

Cot - cotyledons; dPsE - degenerating pseudoembryo; dPEmT - degenerating pseudoembryonic tissue; DS — degenerated synergid;
DZ - death zone; End - endosperm; EndC - endosperm cells; IEp - inner epidermis of the integument; IntT - integumentary tapetum;
PEMT - pseudoembryonic tissue; PsE — pseudoembryo; REs — remnants of the degenerated embryo sac; S - synergid; Sus — suspensor.
White arrows indicate the boundaries of the cell cluster within the pseudoembryonic tissue. Black triangles indicate elongated cells of

the pseudoembryonic tissue at the embryo boundary. Scale bars: M, N - 25 pm, C, D - 30 pm, A, E, H, |, K, O,P - 50 um, B, G, J, L - 100 pm,
F -200 pm.

known, we hereafter refer to such bodies as “pseudoembryos”.  Pattern of embryogenesis in crosses between

It was characterized by a large, broad suspensor that contacted ~ S. lycopersicum and S. sisymbriifolium

the DZ and by the absence of visible cellular differentiation, ~Germinating pollen grains were observed in all analyzed cross
including protoderm cells. The cells of the pseudoembryonic  combinations after hybridization between S. lycopersicum and
tissue were closely attached to the pseudoembryo. S. sisymbriifolium (Fig. 2A). Only mature ovules with fully
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developed embryo sacs were observed in all examined ovaries
at 1 DAP. Although no growth of pollen tubes into the ovules
was observed, at 3 DAP ovules with one or two degenerated
synergids were found, and initial divisions of endosperm cells
were detected (Fig. 2B, C). The onset of IT differentiation
was also noted. In some ovules, the embryo sac degenerated
and cells of the inner epidermis of the integument elongated
(Fig. 2D). Such ovules were arrested in their development
and were present in samples at all subsequent developmental
stages.

Samples collected at 10—-15 DAP revealed significant
variation in the observed stages of embryogenesis depending
on the line examined. Seeds following the typical course of
embryogenesis for tomatoes were observed in the Roz st9
and Roz Son lines. In developing seeds of the Roz st9 line,
a linear proembryo was present together with an endosperm
consisting of a small number of cells, which was surrounded
by IT and a forming DZ (Fig. 2E). In contrast, in the Roz Son
line at 15 DAP, embryos at the torpedo stage surrounded by
an endosperm cavity (Fig. 2F), a well-developed endosperm
with a differentiated layer of peripheral cells surrounded by IT,
and a well-developed DZ were detected (Fig. 2G). In control
plants, the corresponding stages of seed development in the
Roz st9 and Roz Son lines were observed at 5 and 28 DAP,
respectively. In ovary samples of the st6 line at 15 DAP, ovules
without discernible changes or with a degenerated synergid
were observed.

In all lines examined, most ovules at 15 DAP were arrested
in development: their embryo sac degenerated to be replaced
by elongated cells of the inner epidermis of the integument.
It was noted in some ovules of the Roz st9 line that although
the cells of the inner epidermis of the integument began to
elongate, cells not belonging to the integument were present
on the micropylar side, and the DZ began to differentiate
(Fig. 2H). Some seed-like bodies in the Roz st9 line (at an
earlier developmental stage) and in the Roz Son line (at a later
developmental stage) were occupied by pseudoembryonic
tissue, as in the control plants (Fig. 21, J).

In all lines, only two types of seed-like bodies were found
in the examined samples at 20-30 DAP: those filled with
pseudoembryonic tissue and those containing pseudoembry-
onic tissue together with an embryo on the micropylar side
(Fig. 2K, L). No seeds following the developmental pathway
typical of tomato were detected. The pseudoembryonic tis-
sues in both types of seed-like bodies shared some features
(Fig. 2M, N): formation of clusters of cells with thicker cell
walls at the boundaries of the clusters, absence of storage sub-
stances, and direct contact with the DZ without any specialized
cells. Some pseudoembryonic tissue cells, most often at the
periphery, had granular cytoplasm. They were highly stained
with Safranin (Fig. 2L, N).

The drop-shaped pseudoembryo was always located on the
micropylar side, and its narrow part, resembling a suspen-
sor, contacted the DZ (Fig. 2K, L). In some pseudoembryos,
the suspensor was linear and looked as a single file of cells,
whereas in larger pseudoembryos it consisted of several files of

Issues of interspecific hybridization between
Solanum lycopersicum L. and Solanum sisymbriifolium Lam.

cells that widened acropetally, making it impossible to draw a
precise boundary between the pseudoembryo and the suspensor
(Fig. 2K, L). The outermost cells were relatively flattened only
in the largest pseudoembryos (Fig. 2L), whereas in most cases
no visible cellular differentiation, including protoderm cells,
was observed (Fig. 2K). Some pseudoembryos were covered
by a cuticle (Fig. 2K). The adjacent pseudoembryonic tissue
cells were always closely appressed to the pseudoembryo.
They showed no signs of degradation. In some seed-like bo-
dies, degeneration of both the pseudoembryo and the pseudo-
embryonic tissue (Fig. 20) or only of the pseudoembryo itself
(Fig. 2P) was observed.

Fruit set in the hybridization of S. lycopersicum

and S. sisymbriifolium,