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RIBOSOMAL GENE COPY NUMBER IN PERIPHERAL LEUKOCYTES OF WOMEN WITH NORMAL
AND COMPLICATED PREGNANCY
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Pregnancy requires the cells of the woman’s body to ensure increased ribosomal biogenesis in order to enhance the protein synthesis intensity. The number of ribosomes
depends on the copy number of ribosomal genes (rDNA) in the genome. The study aimed to test the hypothesis about the association of the rDNA copy number
in the woman’s genome with the course of normal and complicated pregnancy. The sample of 488 pregnant women (25-39 weeks) included the following groups:
1) normal pregnancy (control); 2) impaired uteroplacental blood flow and fetoplacental insufficiency; 3) congenital malformations; 4) isthmic-cervical insufficiency;
5) early placental maturation; 6) dichorionic diamniotic twins; 7) polyhydramnios; 8) macrosomia. The rDNA copy number was determined by the quantitative
hybridization method in the DNA extracted from peripheral leukocytes. The rDNA copy number varied between 226 and 800 (n = 488). DNA samples with the rDNA
copy number below 290 were lacking in groups 3-8. Groups 5-8 included no samples with the rDNA copy number exceeding 520; these in total differed from group 1
by low rDNA copy number values (the average values were 360-381 for groups 3-8 and 452 for group 1; p < 10-7). The rDNA copy number range of 290-520
in the woman'’s genome (the adaptive norm typical for long-lived individuals) is optimal in terms of successful completion of pregnancy in the presence of pregnancy
complications. The low rDNA copy number (200-290) in the genome is associated with the failure to complete embryogenesis when there are some fetal abnormalities/
features. A high rDNA content (over 600 copies) indicates the presence of genetic variants in the woman's genome that can interfere with the complicated pregnancy
course. Determining the rDNA copy number in the genome of married couples may be useful for planning and predicting the course of pregnancy.
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BapbMpoBaso oT 226 ao 800 (n = 488). B rpynnax 3-8 otcyTtctBoBaM o6pasupl AHK ¢ YK pAHK meree 290. Moynnbl 5-8 He cogeprkanv obpasiuos ¢ YK pHK
6onee 520 1 CyMMapHO OTAMHanMCh OT rpynbl 1 HU3kuUMK 3HadeHmaMn YK pdHK (cpegHve sHaderns 360-381 onga rpynn 3-8 w 452 konum ang rpynnsl 1;
p < 10-7). OnanagoH YK pAHK o1 290 fo 520 B reHoMe >XEeHLLIMHbI (aaanTvBHas HopMa, XapakTepHas ANs ONTOXUTENEN) SBNSETCS ONTUMasTbHBbIM C TOYKI 3PEHNS
YCMeLHOro 3aBepLUeHnst 6epeMeHHOCTI NP Hanmdnm ocnoxHeHuin. Hruakoe YK pHK (200-290) B reHoMe accoLmmMpoBaHO C HEBO3MOXHOCTBLIO peanuaauyn
aMbpuroreHesa npu HaM4mn natonormn/ocobeHHocT nnofa. bonbwoe conepxaqHne pAHK (6onee 600 konuin) ykasblBaeT Ha HAMHME B FEHOME >KEHLLVIHbI
rEHETVYECKNX BAPUAHTOB, KOTOPbIE MOTYT NPENSTCTBOBATL NMPOTEKAHWIO OCNOXHEHHOW 6epemeHHocTV. OnpefeneHne YK pAHK B reHoMe cynpy»xeckix nap
MOXET ObITb MONE3HbIM A1 MNAaHNPOBaHVS 1 MPOrHO3NPOBaHWS TeHeHNs 6GepeMeHHOCTY.

KnioyeBble cnosa: 6epeMeHHOCTb, Natonorns 6epeMeHHOCTH, PUOOCOMHbIE reHbl, pAHK
®duHaHcupoBaHue: paboTa BbINoiHeHa B pamkax [ocyapCTBEHHOMO 3a4aHuns: Mo Teme «MonekynspHble MExaHN3Mbl HaPYLLIEHWA MEXKKIIETOHbIX B3aVMOAENCTBI
NPV aTUNYeCKon NnaueHTaLmm, NpoamMdepaTViBHbIX 3ab0eBaHIsSX OpraHoB PEMPOAYKTVIBHOM CUCTEMbI 1 Oryxonesom pocTte» Ne 123030700104-3 FURG-2023-0049

Bknap aBTopos: E. C. EplioBa — akcnepumeHTanbHas paboTa, HanucaHne ctatbn; H. H. Beiiko, C. B. KocTiok — naes nccnefoBaHvis, HanmcaHve craTbu;
3. B. KocTiok — cbop bronornyeckoro martepuana, onvcanune natonorum; A. A. MNonetkmHa — c6op MaTepuana, akcnepumMeHTansHas pabota; T. M. PoxxHosa —
cratucTnyeckast obpabotka fanHblx; . Y. Mysaddapos — akcnepvmMeHTanbHas padota; H. B. HuaseBa — npoes nccnenosaHns, pefaktmpoBaHne ctaTby;
1. A. Knumenko — knaccudukaums matepvana, onvcaHme natonorm.

CobntopeHne 3aTU4ecKux CTaHaapToB: VccefoBaHne oaobpeHo aTndeckiM kommutetoMm PHVIMY nm. H. W, Tnporosa (npoTtokon Ne 228 ot 17 anpens 2023 1.).
Bce y4acTHULb! ccnefoBaHnst nognmcani Jo6poBosbHOE MHPOPMMPOBAHHOE Cornacue.
><] Ansa koppecnoHaeHuumn: Hatanbs BukTtoposHa Hussesa
ABPVKOCOBCKMIN Nepeynok, A. 2, k. 1, . Mocka, 119435, Poccust; niziaeva@gmail.com
Cratbsi nonyyeHa: 23.10.2025 CtaTtbsa NpuHATa K neyvatun: 28.11.2025 Ony6nmkoBaHa oHnaiiH: 12.12.2025
DOI: 10.24075/vrgmu.2025.075

ABTOpckue npaea: © 2025 npuHagnexar asTopam. Jlnuenauar: PHMY um. H. V. Muporosa. CtaTbst pa3mMellieHa B OTKPbITOM AOCTYNe 1 pacnpoCcTpaHAeTcs
Ha ycnosusix nuueHamm Creative Commons Attribution (CC BY) (https://creativecommons.org/licenses/by/4.0/).

m BULLETIN OF RSMU | 6, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.075



The study of the impact of maternal genetic features on the
reproductive function and embryogenesis processes are of
great importance for addressing the issue of increasing birth
rate. Pregnancy and delivery need the cells of the woman’s
body to effectively respond to stress and to be capable of
significantly enhancing protein synthesis in the body. Protein
synthesis is a central event of the eukaryotic cell functioning,
including in response to stress of any origin. This process
referred to as translation is implemented by specific molecular
machinery: ribosomes. A human ribosome consists of two
components: ribosomal RNA (rBNA) and 70-80 ribosomal
proteins [1]. The 28S, 5,8S, and 18S rRNA (rDNA) genes
in the human genome are represented by multiple copies. The
rDNA copies are arranged into tandem repeats sized 43 kbp
in five pairs of acrocentric chromosomes. Each single repeat
comprises a transcribed region sized 13.3 kbp (47S rRNA),
which contains the 28S, 5,8S, 18S rRNA genes, the transcribed
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spacers (5'ETS and 3’ETS), and a non-transcribed intergenic
spacer (IGS). Together with the 5S rBNA (the genes are located
on the first chromosome) these rBNA form ribosomes [2]. The
rRNA synthesis for ribosomes is the main function of ribosomal
repeats. The rDNA transcription is accomplished by RNA
polymerase | in the nucleolus, a specific cell structure in the
nucleus (Fig. 1A).

The human genome contains about 200-1000 copies of
tandem ribosomal repeats [3-5]. The number of rDNA copies
in the genomes of cells of various types within the same body
is constant; it does not change with age or under exposure
to stress. The rDNA copy number is also the same within
the same population of cells. In other words, the rDNA copy
number can be considered as a stable genetic trait that remains
unchanged throughout human life [3]. In recent years, there are
more and more reports suggesting the role of the rDNA copy
number in the genome in the human body functioning, as well
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Fig. 1. Ribosomal repeat copy number variation in the genomes of pregnant women. A. Ribosomal repeat scheme. The repeat fragment determined with the DNA probe
by hybridization is shown. B. Experimental data reflecting the rDNA repeat content in the studied groups. C. Distribution of DNA samples in the groups by the rDNA copy

number in the genome
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Table 1. Characteristics of the groups of women, for whom the rDNA copy number was determined. Descriptive statistics are provided

Ne Group N Mean + SD | | min-max Cl (95%) Median C..
1 Control (normal pregnancy) 207 452 + 113 226-800 436-467 450 0.25
5 :Iqwsiifiircei:nuct;roplacental blood flow and fetoplacental 107 436 + 115 237_704 413-457 432 0.26
3 Congenital malformations, ch. a. 66 436 + 88 290-702 414-459 434 0.2
4 Isthmic-cervical insufficiency 34 423 + 88 290-637 395-459 415 0.21
5 Early placental maturation 17 381 + 53 316-509 356-416 365 0.14
6 Dichorionic diamniotic twins 20 360 + 43 294-449 338-382 358 0.12
7 Polyhydramnios 23 379 £ 74 289-596 348-415 363 0.19
8 Macrosomia 14 375 + 57 287-494 332-415 374 0.15
D | Long-lived individuals (91-101 years) [3] 103 404 + 55 290-519 393-414 403 0.13

as the association of this trait with disorders and aging. It has
been shown that the rDNA copy number is associated with the
chronic inflammation level, kiney disease [6], body weigh [7],
as well as with the fact of having a monogenic (cystic fibrosis)
or polygenic (schizophrenia) disorder [3]. The low rDNA copy
number is associated with cognitive impairment in the elderly
[8], slower metabolism, and low human cells’ resistance to
stress [7, 9]. The rDNA content of blood cells in long-lived
individuals varies within a narrow range: from about 290 to 530
copies. People with the lower or higher rDNA copy number
values don't live to the age of 90 or older [10].

Approximately one-third of all rDNA copies, which are
referred to as active copies, are transcribed in the nucleolus.
These copies are not methylated, in contrast to the
transcriptionally inactive copies, in which the transcribed region
of rDNA is methylated. The number of active rDNA copies is
proportional to the total number of copies in the genome [11].
The data are provided that are consistent with the hypothesis
about the stabilizing selection occurring at the zygote and/or
early embryogenesis level and aimed at maintaining the number
of active rDNA copies between~94 and ~ 277 copies (beyond the
specified threshold values, the cellis not viable). The zygotic loss
rate has been determined for this trait (about 10%) [11, 12]. The
data obtained suggest that the loss of zygotes/embryos under
conditions of insufficient or excess active copies of ribosomal
genes in the genome can be one of the factors determining
reduced fertility in some married couples [13].

The impact of the rDNA copy number in the woman'’s
genome on the reproductive function and embryogenesis has
not yet been adequately studied. The literature provides only the
data of the authors, who have revealed a positive association
between the IVF success and the rDNA copy number in the
women'’s leukocytes [14]. It has been also shown that silent
miscarriage is associated with severe imbalance of the rDNA
content in the embryo’s genome and maternal genome. In
most cases, the genome of a non-developing embryo contains
significantly fewer rDNA copies, than the maternal genome and
genomes of other embryos, the development of which has not
been spontaneously interrupted [15].

It should be noted that the quantitative PCR method widely
used for analysis of genes is poorly applicable to the analysis
of multicopy ribosomal repeats due to a number of reasons
discussed in detail earlier [16]. The tandem nature of repeats,
large number of self-complementary regions, various copy
methylation levels, increased oxidative modification of multiple
Gn-rich rDNA regions result in the fact that rDNA represents a
very bad matrix for Tag polymerase. We observed a nonlinear
relationship between the amplification reaction effectiveness
and the rDNA concentration and oxidation, in contrast to
other genome sequences. The non-radioactive quantitative

hybridization (NQH) method, that does not depend on the DNA
methylation, oxidation, and fragmentation levels since it does
not involve PCR, has been developed specifically for rDNA
quantification. The alkali-denatured DNA fragments immobilized
on the filter are through hybridization with a long biotin-labeled
DNA probe. Several calibration DNA samples with the known
ribosomal repeat content are used as standards. The results
obtained using NQH when studying rDNA in the sample of
healthy donors were fully confirmed by later studies by the
authors, who used a new long DNA fragment analysis method
not involving the amplification reaction (Oxford Nanopore
sequencing [17]).

The study aimed to assess the association of the ribosomal
gene copy number in the maternal genome with the risk of
various pregnancy complications. For that we determined
the rDNA copy number by NQH in the leukocyte genomes
of women with normal pregnancy and pregnancy with the
complications/specific features caused by various factors.

METHODS

Blood samples of women with normal pregnancy and
complicated pregnancy were obtained through collaboration
with the department of obstetrics and gynecology at the Pediatric
Faculty, Pirogov Russian National Research Medical University.

The venous blood samples for analysis of the rDNA copy
number in leukocytes were collected from 488 pregnant women
aged 18-45 years (average age 32 + 5 years, gestational
age 25-39 weeks) living in Moscow (RF) in the same social
environment. Furthermore, the previously published data on the
rDNA content in the genomes of long-lived individuals (n = 103,
females 84%) aged 91-101 years were taken for comparison
[3]. Groups 1-8 were formed (Table 1).

Inclusion criteria: group 1 (control group) — women with the
normal course of pregnancy without any disorder identified, who
gave birth to healthy children showing no signs of hypoxia and
hypotrophy; groups 2-8 — women with the abnormal course
of pregnancy diagnosed with the disorders specified in Table 1.

Exclusion criteria; patients having chronic (diabetes,
autoimmune diseases, cardiovascular diseases, cancer) and
hereditary disorders; acute infection at the time of blood collection;
smoking, drinking alcohol, taking drugs or medications; history of
unsuccessful pregnancies.

Special tests

DNA was isolated from 1 mL of blood by phenol extraction. Red
blood cells were lysed (0.25% ammonium chloride), leukocytes
were precipitated by centrifugation at 400 g for 10 min, the
sediment was added 1 mL of the lysis buffer (1% sodium lauroyl
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sarcosinate, 0.02 M EDTA, pH 7) and treated with RNAse A
at a concentration of 0.075 mg/mL (Sigma; USA) for 45 min
(87 °C). Then the mixture was treated with proteinase K, 0.2 mg/mL
(Promega; USA) for 24 h at 37 °C. After two cycles of extraction
with the saturated phenol solution, DNA was precipitated
by adding two volumes of ethanol in the presence of 2 M
ammonium acetate. Then the sediment was twice washed with
the 75% ethanol, dried and dissolved in water.

The phase of determining DNA concentration in the sample
is critical for analysis. The concentration was determined by two
methods: spectrophotometry (the absorption spectrum was
acquired using the Shimadzu UV-160A system) and fluorometry. The
PicoGreen fluorescent dye was used (Sigma; USA). Fluorescence
was recorded using the LS-55 system (Perkin Elmer; USA).

The ribosomal repeat copy number in the DNA extracted
from blood was determined by the non-radioactive quantitative
dot-blot hybridization with the biotinylated DNA probes that had
been described in detail earlier [16]. Equal quantities (20 ng) of
the DNA samples denatured with the 0.1M NaOH, the set of
calibration DNA samples with the known rDNA content, and
the negative control for non-specific binding were in several
repetitions applied onto nitrocellulose filters and then, after
thermal immobilization, incubated with the biotinylated DNA
probe (Fig 1A). The p(5’'ETS-18S) probe represented a rDNA
fragment comprising the ribosomal repeat fragment (positions —
515 to 5321 relative to the transcription starting point) cloned
into the pBR322 plasmid (HSU 13369; GenBank accession
No.U13369). The fragment comprises a small fragment of
the non-transcribed spacer, the external transcribed spacer
(5’ETS), and a part of the 18S rRNA gene. The probe was
biotinylated using the Biotin NT Labeling Kit (Jena Bioscience
GmbH, Jena, Germany) for nick translation.

After completing hydridization, the signal was visualized
using the streptavidin-alkaline phosphatase conjugate (Merck)
and the colorimetric substrate. To quantify rDNA based on
the spot signal intensity, the Imager 6 software tool was used
allowing one to calculate integral intensity of the signal from
each spot. Signals from all the spots corresponding to the same
sample were summed up, and the mean and standard error were
calculated for each sample. The abundance of ribosomal repeat
copies was calculated using a calibration curve showing the
signal as a function of the rDNA copy number in the control DNA
samples, which were applied onto the filter in the same amount
as the test DNA samples. The analysis relative error was 5 + 3%.

Statistical processing

The descriptive statistics for quantitative variables are provided
in Table 1 in the format of the mean and standard deviation (+SD),
the median and range of variation (), confidence interval values
(Cl 95%) and variation coefficient (Cvar: standard deviation
divided by the mean). Two groups were compared using the
nonparametric Mann-Whitney test (o). The Kruskal-Wallis test
(H, p) was used to compare several groups. Distributions of the
measured parameter in the groups were compared using the
Kolmogorov-Smirnov test (D, a). The critical significance level
was specified as 0.05. When applying Bonferroni correction
for multiple comparisons, the differences were considered
significant at p < 0.0062. The StatPlus2007 (http://www.
analystsoft.com/) software was used for calculation.

RESULTS

A total of 488 DNA samples isolated from blood leukocytes
of pregnant women aged 18-45 years were analyzed. The
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rDNA copy number was determined by the non-radioactive
quantitative hybridization method that had been specially
developed for the analysis of tandem ribosomal repeats in
the human genome [16]. A biotinylated DNA probe that was
homologous to the 5836-nuclectide ribosomal repeat fragment
was used for hybridization (Fig. 1A). The rDNA quantity was
presented as the repeat copy number per diploid genome.

The quantitative data for the entire sample divided into
eight groups are presented in Fig. 1B. Table 1 provides
characteristics of the groups and descriptive statistics. Fig. 1C
presents distributions of DNA samples in the groups by the
rDNA copy number in the genomes. In the studied sample of 88
DNA samples, the rDNA content varies between 226 and 800
copies per diploid genome. The rDNA content in a population of
generally healthy people without any obvious genetic pathology
aged up to 70 years varies within the same range [3].

By comparison, Fig. 1C presents the DNA sample distribution
by the rDNA copy number in the group of long-lived individuals
(the data had been published earlier [3]). The rDNA copy number
in the genomes of long-lived individuals varies within the narrow
range: between ~ 290 and~ 520 copies. This range represents
some adaptive norm for the population. People with the higher
rDNA copy number (over 550) and low copy number (below 280)
do not live to the age of 90 years or more. In the younger sample
(8-75 years), DNA samples with the rDNA copy number outside
the range of long-lived individuals constitutes about one third [3].

Comparison of the eight studied groups of pregnant women
based on the rDNA copy number in the blood leukocyte
genome using the nonparametric Kruskal-Wallis test revealed
significant intergroup differences (H = 30.2; p < 10-4, n = 8).
Then we used the nonparametric Mann-Whitney test to compare
group 1 (women with the normal course of pregnancy, without
any abnormality detected, who gave birth to children showing
no signs of hypoxia and hypotrophy) with the groups 2-8. The
data of comparing distributions (Kolmogorov—Smirnov test) and
rDNA quantities in the groups (Mann-Whitney test) are provided
in Table 2.

Considering Bonferroni correction, group 2 (impaired
uteroplacental blood flow and fetoplacental insufficiency) and
group 1 (control) showed no significant differences in the rDNA
copy number (p > 0.006) and no differences in the distribution
of this parameter (D = 0.12, a = 0.29). However, the analysis
of distributions (Fig. 1C) showed that group 2 comprised twice
more low-copy rDNA variants (8%), than group 1 (4%).

Group 3 (congenital malformations and chromosomal
abnormalities) and group 4 (isthmic-cervical insufficiency) also
showed no differences from group 1 in the rDNA copy content
(o > 0.006) and the DNA sample distribution by the parameter
values in the groups. However, in these groups there are no
DNA samples with the low rDNA copy number (below 290), in
contrast to groups 1 and 2.

The analysis using the Kruskal-Wallis test has shown that
groups 1-4 do not differ from each other in the rDNA copy
number (H=2.9,p=0.41,n = 4).

Groups 5 (early placental maturation), 6 (dichorionic diamniotic
twins), 7 (polyhydramnios), and 8 (macrosomia) do not differ from
each other in the rDNA copy number (H=1.27; p =0.74,n = 4).
Each of the groups 5-8 is significantly different from the control
group 1 in the rDNA copy number and/or trait distribution. The
groups comprise lower quantities of rDNA copies in the DNA
compared to the control (Table 2). These groups comprise
no DNA samples with the low rDNA copy number values and
no samples with the large (over 600 copies) rDNA quantities.
In group 1 with the normal pregnancy, the number of such
samples is 12 and 18%, respectively.
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Table 2. Pairwise comparison of the control group 1 (normal pregnancy without any abnormalities) and the sample D (adaptive norm, long-lived individuals) with other
groups of pregnant women based on the rDNA copy number in the DNA and the distribution of this parameter

Groups compared Kolmogorov-Smirnov test U-test

X1 X2 D a P

1 2 0.12 0.29 0.2

1 3 0.14 0.24 0.34

1 4 0.19 0.23 0.25

1 5 0.4 0.008 0.005*
1 6 0.5 0.0001* 0.0001 *
1 7 0.42 0.001* 0.002*
1 8 0.45 0.006* 0.008
1 2(5-8) 0.45 3-10-9 10-8
D 1 -0.29 0.00002* 0.0002*
D 2 -0.26 0.001* 0.12
D 3 -0.23 0.02 0.02
D 4 -0.21 0.21 0.34
D 5 0.2 0.5 0.09
D 6 0.34 0.04 0.002*
D 7 0.25 0.2 0.02
D 8 0.29 0.33 0.08

Note: * — significant differences (p < 0.0062)

In terms of the the rDNA content in the genome and
distribution of this parameter, groups 5-8 are most close to the
adaptive norm of the rDNA copy number in the group of long-lived
individuals (Fig. 1; Tables 1 and 2). The relatively low parameter
values, low variation coefficients (0.12-0.19) compared to group 1
(C,, = 0.25) and the lack of low-copy (less than 290 copies per
genome) rDNA variants are typical for these groups.

DISCUSSION

Human ribosomal repeats located in the r-regions of five pairs of
acrocentric chromosomes are characterized by the pronounced
quantitative polymorphism. In the sample we have studied,
the range of rDNA variation is 595 copies, which confirms the
earlier reported data on the ribosomal repeat variability [3, 5, 11].
In humans, the rDNA copy number is a stable genetic trait that
is similar in all cells of the body and is not changed during life
and under exposure to stress factors [3]. The fact of getting
pregnant is also not likely to change the overall rDNA copy
number in the genome of the woman'’s leukocytes.

We studied the rDNA copy number variation in the group of
women with the normal course of pregnancy (group 1; Table 1)
compared to the women, whose pregnancy was accompanied
by various complications. The entire sample was divided into
two parts after assessing the rDNA copy number in the genome.

Impaired uteroplacental blood flow and fetoplacental
insufficiency (group 2), congenital malformations and
chromosomal abnormalities (group 3), isthmic-cervical
insufficiency (group 4) — these complications are not associated
with alteration of the rDNA copy number in the women’s genomes
compared to the genomes of women with normal pregnancy
without any complications (group 1). However, one nuance that
had no effect on the overall analysis was reported for groups 3
and 4. In these groups, there were no DNA samples with the very
low (below 290 copies) rDNA content. In groups 1 and 2, such
samples accounted for 4 and 8%.

Groups 5-8, which include women with early placental
maturation, dichorionic diamniotic twins, polyhydramnios
and macrosomia, also comprise no low-copy rDNA variants,

in contrast to the control group and group 2 (Fig. 1C). This
can indicate that the maternal genome must contain more
than 290 rDNA copies to ensure realization of embryogenesis
complicated by the factors specified for groups 3-8. The
woman’s body with the lower rDNA copy number is likely to be
unable to ensure acceptable ribosomal biogenesis to respond
to the complicated pregnancy-induced stress.

This is confirmed by the data on the association of the rDNA
copy number with the IVF procedure effectiveness. Women
with the low rDNA copy number in their genomes (average
number 305 + 57) failed to get pregnant after several attempts,
while women with the higher rDNA copy number (499 + 62)
successfully got pregnant on the first try [14].

We believe that the lack of low-copy rDNA variants in the
genomes of women in groups 3-8 is associated with selection
during early embryogenesis. The fact of an abnormality/specific
feature in the embryo probably requires the maternal genome
to ensure enhanced ribosomal biogenesis to realize the embryo
development. Low rDNA quantity in the maternal genome can
be associated with the arrest of the development of the embryo
having the abnormality/specific feature at early stage. That is
why in groups 3-8 at the 25-39" week of gestation no low-
copy variants are found. Furthermore, low rDNA copy number
in a mother can be inherited by the embryo, especially when
the number of copies in the paternal genome is also low. It
has been shown that embryos with the low rDNA copy number
significantly more often fail to develop (silent miscarriage)
compared to the embryos with the normal rDNA copy number
[15]. The negative role of the low rDNA copy number in the
paternal genome has been demonstrated earlier [18]. The
authors have found that the total rDNA copy number in sperm
is correlated to the rDNA methylation level and, therefore, to
the number of transcriptionally active rDNA copies that ensure
the required ribosomal biogenesis level. Sperm of males with
idiopathic infertility contained the significantly lower total rDNA
copy number and, therefore, the lower number of active copies,
than sperm of males with normal fertility.

It is interesting to note that low rDNA copy number in
associated with not only insufficient ribosomal biogenesis. The
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functions of ribosomal repeats being parts of the nucleoli are
not limited to production of subunits for ribosomes [19, 20].
The nucleolus is a center, where the synthesis of ribosomes,
cell cycle progress, and the cells’ response to various types
of stress are coordinated. The research has shown that
the epigenetic status of ribosomal genes and the nucleolar
structure integrity can modulate cellular homeostasis [21-23].
The discovery of structural and functional links between the
nucleolus and other genome of the cell made it possible to
hypothesize that the nucleolus plays a key role in the nuclear
architecture organization. The low rDNA copy number
destabilizes heterochromatin and increases the likelihood of
chromosomal rearrangements [24]. The ribosomal repeat copy
number variation alters the cells’ response to DNA damage.
Cells with the low rDNA content are more susceptible to various
stress factors [25].

The fact seems paradoxical that the average rDNA content
in the group with abnormal pregnancy/specific features of
pregnancy is lower compared to the control group, despite the
lack of low-copy rDNA variants (Fig. 1B, C; Table 1). In these
groups the lack of low-copy DNA samples is accompanied by
the reduced number of high-copy samples. The variation interval
and variation coefficient of these groups are considerably lower
compared to group 1 (normal pregnancy). It would seem that a
large number of rDNA copies in the genome should provide a
greater number of ribosomes and a better response to stress
associated with abnormalities. To answer this question we
brought the earlier published data on the rDNA copy number
variation associated with genetic abnormalities in the group of
long-lived individuals [3]. According to these data, the larger
number of rDNA copies in the human genome is associated
with genetic abnormalities. During embryogenesis the embryo’s
genome requires the more intense protein synthesis to respond
to the abnormality-induced stress. When the rDNA quantity is
insufficient to maintain the ribosomal biogenesis level that
is appropriate for genome realization, the embryogenesis
failure occurs. The high rDNA copy number have been found
in the genomes of patients with monogenic (cystic fibrosis)
and polygenic (hereditary forms of schizophrenia) disorders
[3], as well as in the genomes of people with renal failure and
chronic inflammation [6]. Thus, the high rDNA copy number in
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CONCLUSIONS

The rDNA copy number ranging from ~ 300 to 500 in the
woman’s genome (the adaptive norm typical for long-lived
individuals) is likely to be optimal in terms of successful
completion of pregnancy, even when complications occur. The
low rDNA copy number in the woman’s genome is associated
with the impossibility of embryogenesis realization when
there are fetal abnormalities/specific features. The high rDNA
content suggests that the woman’s genome contains genetic
variants that can impede the complicated pregnancy course.
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of pregnancy. This approach should be further tested for
possible introduction into clinical practice.

copy number variation associates with hematological profiles
and renal function in the UK Biobank. Cell Genomics. 2024; 4:
100562. PubMed PMID: 38749448; PMCID: PMC11228893.
Available from: https://doi.org/10.1016/j.xgen.2024.100562.

7. Law PP, Mikheeva LA, Rodriguez-Algarra F, Asenius F, Gregori M,
Seaborne RAE, et al. Ribosomal DNA copy number is associated
with body mass in humans and other mammals. Nat Commun.
2024; 15 (1): 5006. PubMed PMID: 38866738; PMCID:
PMC11169392. DOI: 10.1038/s41467-024-49397-5.

8. Veiko NN, Ershova ES, Veiko RV, Umriukhin PE, Kurmyshev MV,
Kostyuk GP, et al. Mild cognitive impairment is associated with low
copy number of ribosomal genes in the genomes of elderly people.
Front Genet. 2022; 13: 967448. PubMed PMID: 36199570;
PMCID: PMC9527325. DOI: 10.3389/fgene.2022.967448.

9. Vejko NN, Terekhov SM, SHubaeva NO, Smirnova TD, lvanova SM,
Egolina NA, i dr. «<Rannij» i «pozdnij» otvet kul'tiviruemyh fibroblastov
kozhi zdorovyh donorov i bol'nyh revmatoidnym artritom na
okislitel'nyj stress. Vzaimosvyaz' mezhdu intensivnost'yu
gibeli kletok i kolichestvom aktivnyh kopij ribosomnyh genov.
Molekulyarnaya biologiya. 2005; 39 (2): 264-75. Russian.

70. Ershova ES, Umriukhin PE, Zinchenko RA, Vasiieva TP, Kostyuk SE,

107




11.

12.

13.

14.

15.

16.

ORIGINAL RESEARCH | GYNECOLOGY

Shabalin NY, et al. Variation in the Content of Three Tandem
Repeats of the Human Genome (Ribosomal, Satellite Ill, and
Telomere) in Peripheral Blood Leukocyte DNA of People of
Different Ages (5-101 Years). J Aging Res. 2025; 2025: 8847073.
PubMed PMID: 40979377; PMCID: PMC12446595. DOI:
10.1155/jare/8847073.

Geisen ABC, Santana Acevedo N, Oshima J, Dittrich M,
Potabattula R, Haaf T. rDNA Copy Number Variation and
Methylation During Normal and Premature Aging. Aging Cell.
2025; 24 (5): e14497. PubMed PMID: 39853912; PMCID:
PMC12073889. DOI: 10.1111/acel.14497.

Porohovnik LN, Viktorov VWV, Egolina NA, i dr. Polimorfizm razmerov
klasterov aktivnyh ribosomnyh genov u cheloveka i modelirovanie
uslovij ego stabil'nosti v ryadu pokolenij. Genetika. 2011; 47
(12): 1666. Russian.

Porohovnik LN, Egolina NA, Kosyakova NV, i dr. Zigoticheskij i
embrional'nyj otbor po genomnoj doze aktivnyh ribosomnyh
genov kak odin iz vozmozhnyh faktorov snizhennoj plodovitosti
supruzheskih par. Medicinskaya genetika. 2012; 11: 6 (120): 31—
34. Russian.

Veiko NN, Ershova ES, Porokhovnik LN, Klimenko MP, Klimenko PA,
Umriukhin PE, et al. Ribosomal, Telomere, and Mitochondrial
Repeat Copy Number Variations in Female Genomes during
Ovarian Stimulation and the Prediction of In Vitro Fertilization
Outcome: A Pilot Study. Front Biosci (Schol Ed). 2023; 15 (3): 9.
PubMed PMID: 37806951. DOI: 10.31083/j.fbs1503009.

Vejko NN, Ershova ES, Kostyuk SV, Porohovnik LN, Kostyuk EV,
Klimenko MP, i dr. Variaciya chisla kopij ribosomnogo povtora
v kletkah materi i ploda pri normal'noj i nerazvivayushchejsya
beremennosti. Voprosy ginekologii, akusherstva i perinatologii.
2024; 23 (5): 25-31. DOI: 10.20953/1726-1678-2024-5-25-31.
Russian.

Chestkov IV, Jestkova EM, Ershova ES, Golimbet VE, Lezheiko TV,
Kolesina NY, et al. Abundance of ribosomal RNA gene copies in the

Jutepatypa

1.

Khatter H, Myasnikov AG, Natchiar SK, Klaholz BP. Structure
of the human 80S ribosome. Nature. 2015; 520 (7549): 640-5.
PubMed PMID: 25901680. DOI: 10.1038/nature14427.

McStay B, Grummt |. The epigenetics of rRNA genes: from molecular to
chromosome biology. Annu Rev Cell Dev Biol. 2008; 24: 131-57. PubMed
PMID: 616426. DOI: 10.1146/annurev.cellbio.24.110707.175259.
Veiko NN, Ershova ES, Kondratyeva El, Porokhovnik LN,
Zinchenko RA, Melyanovskaya YL et al. Copy Number Variations
of Human Ribosomal Genes in Health and Disease: Role and
Causes. Front Biosci (Landmark Ed). 2025; 30 (2): 25765.
PubMed PMID: 40018927. DOI: 10.31083/FBL25765.

Razzaqg A, Bejaoui Y, Alam T, Saad M, El Hajj N. Ribosomal
DNA Copy Number Variation is Coupled with DNA Methylation
Changes at the 45S rDNA Locus. Epigenetics. 2023; 18 (1):
2229208. PubMed PMID: 37368968. PMCID: PMC10305490.
DOI: 10.1080/15592294.2023.2229203.

Hori Y, Shimamoto A, Kobayashi T. The human ribosomal DNA
array is composed of highly homogenized tandem clusters.
Genome Res. 2021; 31 (11): 1971-82. PubMed PMID: 34407983;
PMCID: PMC8559705. DOI: 10.1101/gr.275838.121.
Rodriguez-Algarra F, Evans DM, Rakyan VK. Ribosomal DNA
copy number variation associates with hematological profiles
and renal function in the UK Biobank. Cell Genomics. 2024; 4:
100562. PubMed PMID: 38749448; PMCID: PMC11228893.
Available from: https://doi.org/10.1016/j.xgen.2024.100562.

Law PP, Mikheeva LA, Rodriguez-Algarra F, Asenius F, Gregori M,
Seaborne RAE, et al. Ribosomal DNA copy number is associated
with body mass in humans and other mammals. Nat Commun.
2024; 15 (1): 5006. PubMed PMID: 38866738; PMCID:
PMC11169392. DOI: 10.1038/s41467-024-49397-5.

Veiko NN, Ershova ES, Veiko RV, Umriukhin PE, Kurmyshev MV,
Kostyuk GP, et al. Mild cognitive impairment is associated with low
copy number of ribosomal genes in the genomes of elderly people.
Front Genet. 2022; 13: 967448. PubMed PMID: 36199570;

18.

19.

20.

21.

22.

23.

24.

25.

10.

11.

13.

14.

genomes of schizophrenia patients. Schizophr Res. 2018; 197: 305—
14. PubMed PMID: 29336872. DOI: 10.1016/}.schres.2018.01.001.
Hori Y, Shimamoto A, Kobayashi T. The human ribosomal DNA array
is composed of highly homogenized tandem clusters. Genome
Res. 2021; 31 (11): 1971-82. DOI: 10.1101/gr.275838.121. PMID:
34407983; PMCID: PMC8559705.

Michler A, Kiefdling S, Durackova J, Hahn T, Schorsch M, Haaf T.
Sperm rDNA Copy Number and Methylation Are Associated
with Male-Factor Infertility. Int J Mol Sci. 2025; 26 (21): 10657. DOI:
10.3390/jms262110657. PMID: 41226693; PMCID: PMC12609593.
Boisvert FM, van Koningsbruggen S, Navascués J, Lamond Al.
The multifunctional nucleolus. Nat Rev Mol Cell Biol. 2007; 8 (7):
574-85. DOI: 10.1038/nrm2184.

Pederson T, Tsai RY. In search of nonribosomal nucleolar protein
function and regulation. J Cell Biol. 2009; 184 (6): 771-6. DOI:
10.1083/jcb.200812014.

Pestov DG, Strezoska Z, Lau LF. Evidence of p53-dependent
cross-talk between ribosome biogenesis and the cell cycle: effects
of nucleolar protein Bop1 on G(1)/S transition. Mol Cell Biol. 2001;
21 (13): 4246-55. DOI: 10.1128/MCB.21.13.4246-4255.2001.
Bursac S, Brdovcak MC, Donati G, Volarevic S. Activation
of the tumor suppressor p53 upon impairment of ribosome
biogenesis. Biochim Biophys Acta. 2014; 1842 (6): 817-30. DOI:
10.1016/j.bbadis.2013.08.014.

Boulon S, Westman BJ, Hutten S, Boisvert FM, Lamond Al. The
nucleolus under stress. Mol Cell. 2010; 40 (2): 216-27. DOI:
10.1016/j.molcel.2010.09.024.

Chubb JR, Boyle S, Perry P, Bickmore WA. Chromatin motion is
constrained by association with nuclear compartments in human cells.
Curr Biol. 2002; 12 (6): 439-45. DOI: 10.1016/s0960-9822(02)00695-4.
Kobayashi T. Regulation of ribosomal RNA gene copy number
and its role in modulating genome integrity and evolutionary
adaptability in yeast. Cell Mol Life Sci. 2011; 68 (8): 1395-403.
DOI: 10.1007/s00018-010-0613-2.

PMCID: PMC9527325. DOI: 10.3389/fgene.2022.967448.
Beiiko H. H., Tepexos C. M., LLly6aesa H. O., CmupHosa T. [.,
ViBaHoBa C. M., EronuHa H. A. n gp. «PaHHW1IA» 1 «No3aHuin» OTBET
KyNbTUBMPYEMbIX (hrbpobnacTtoB KOXK 300POBbIX [LOHOPOB
1N 60MbHBIX PEBMATOVAHBIM apTPUTOM Ha OKUCIUTENbHbIV
cTpecc. BsanMocBsA3b Mexay WHTEHCUBHOCTbIO rubenu
K/IETOK W KOMIMYECTBOM aKTUBHbIX KOMUA PUOOCOMHbBIX MEHOB.
MonekynsipHast 6uonorus. 2005; 39 (2): 264-75.

Ershova ES, Umriukhin PE, Zinchenko RA, Vasiieva TP, Kostyuk SE,
Shabalin NY, et al. Variation in the Content of Three Tandem
Repeats of the Human Genome (Ribosomal, Satellite Ill, and
Telomere) in Peripheral Blood Leukocyte DNA of People of
Different Ages (56-101 Years). J Aging Res. 2025; 2025: 8847073.
PubMed PMID: 40979377; PMCID: PMC12446595. DOI:
10.1155/jare/8847073.

Geisen ABC, Santana Acevedo N, Oshima J, Dittrich M,
Potabattula R, Haaf T. rDNA Copy Number Variation and
Methylation During Normal and Premature Aging. Aging Cell.
2025; 24 (5): e14497. PubMed PMID: 39853912; PMCID:
PMC12073889. DOI: 10.1111/acel.14497.

MopoxosHuk J1. H., Buktopos B. B., EronnHa H. A. n agp.
[MonmMopnam pasmepoB KAacTepoB aKTUBHbIX PUOOCOMHBIX
FEHOB Y YenoBekKa 1 MOAeNMpPOBaHIne YCIOBUIA ero CTabubHOCTY
B psiQy nokoneHun. leHetnka. 2011; 47 (12): 1666.

MopoxosBHuk J1. H., EronmHa H. A., Kocsakosa H. B. wn gp.
3UroTn4eckuin 1 amMopuoHanbHbI OTOOP MO rEeHOMHOW n03e
AKTUBHBIX PUOOCOMHBIX MEHOB Kak OAVH 13 BO3MOXHbIX (haKTOPOB
CHKEHHOW MNOAOBUTOCTU CYMpY»eckux nap. MeguumHckas
reHetvka. 2012; 11: 6 (120): 31-34. EDN QYNYKR.

Veiko NN, Ershova ES, Porokhovnik LN, Klimenko MP, Klimenko PA,
Umriukhin PE, et al. Ribosomal, Telomere, and Mitochondrial
Repeat Copy Number Variations in Female Genomes during
Ovarian Stimulation and the Prediction of In Vitro Fertilization
Outcome: A Pilot Study. Front Biosci (Schol Ed). 2023; 15 (3): 9.

BULLETIN OF RSMU | 6, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/BRSMU.2025.075



OPUIMHAJIbHOE NCCJIEQOBAHWNE | TMHEKOJIOI A

15.

16.

17.

18.

19.

BECTHVK PIMY | 6, 2025 | VESTNIK.RSMU.PRESS | DOI: 10.24075/VRGMU.2025.075

PubMed PMID: 37806951. DOI: 10.31083/j.fbs1503009.

Benko H. H., Epwosa E. C., Koctiok C. B., MNopoxoBHuk J1. H.,
KocTtiok 3. B., Knumerko M. . n gp. Bapunauuns yvucna konui
prMBOCOMHOrO MOBTOpa B KAETKax Martepu v nnoja npwu
HOpManbHOM 1 HepasBuMBatoLLenca 6epemeHHOCTU. Bonpocs!
TMHEKOSOrWK, akyLlepcTea 1 nepuHaronorum. 2024; 23 (5): 25—
31. DOI: 10.20953/1726-1678-2024-5-25-31.

Chestkov IV, Jestkova EM, Ershova ES, Golimbet VE, Lezheiko TV,
Kolesina NY, et al. Abundance of ribosomal RNA gene copies in the
genomes of schizophrenia patients. Schizophr Res. 2018; 197: 305—
14. PubMed PMID: 29336872. DOI: 10.1016/j.schres.2018.01.001.
Hori Y, Shimamoto A, Kobayashi T. The human ribosomal DNA array
is composed of highly homogenized tandem clusters. Genome
Res. 2021; 31 (11): 1971-82. DOI: 10.1101/gr.275838.121. PMID:
34407983; PMCID: PMC8559705.

Michler A, Kiefdling S, Durackova J, Hahn T, Schorsch M, Haaf T.
Sperm rDNA Copy Number and Methylation Are Associated
with Male-Factor Infertility. Int J Mol Sci. 2025; 26 (21): 10657.
DOI: 10.3390/ijms262110657. PMID: 41226693; PMCID:
PMC12609593.

Boisvert FM, van Koningsbruggen S, Navascués J, Lamond Al.
The multifunctional nucleolus. Nat Rev Mol Cell Biol. 2007; 8 (7):

20.

21.

22.

23.

24.

25.

574-85. DOI: 10.1038/nrm2184.

Pederson T, Tsai RY. In search of nonribosomal nucleolar protein
function and regulation. J Cell Biol. 2009; 184 (6): 771-6. DOI:
10.1083/jcb.200812014.

Pestov DG, Strezoska Z, Lau LF. Evidence of p53-dependent
cross-talk between ribosome biogenesis and the cell cycle: effects
of nucleolar protein Bop1 on G(1)/S transition. Mol Cell Biol. 2001;
21 (13): 4246-55. DOI: 10.1128/MCB.21.13.4246-4255.2001.
Bursac S, Brdovcak MC, Donati G, Volarevic S. Activation
of the tumor suppressor p53 upon impairment of ribosome
biogenesis. Biochim Biophys Acta. 2014; 1842 (6): 817-30. DOI:
10.1016/j.bbadis.2013.08.014.

Boulon S, Westman BJ, Hutten S, Boisvert FM, Lamond Al. The
nucleolus under stress. Mol Cell. 2010; 40 (2): 216-27. DOI:
10.1016/j.molcel.2010.09.024.

Chubb JR, Boyle S, Perry P, Bickmore WA. Chromatin motion is
constrained by association with nuclear compartments in human cells.
Curr Biol. 2002; 12 (6): 439-45. DOI: 10.1016/s0960-9822(02)00695-4.
Kobayashi T. Regulation of ribosomal RNA gene copy number
and its role in modulating genome integrity and evolutionary
adaptability in yeast. Cell Mol Life Sci. 2011; 68 (8): 1395-403.
DOI: 10.1007/s00018-010-0613-2.




