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Abstract. Precocious puberty (PP, OMIM 176400, 615346) is an autosomal dominant disorder caused by the premature
reactivation of the hypothalamic-pituitary-gonadal axis. Genetic, epigenetic, and environmental factors play a decisive
role in determining the timing of puberty. In recent years, genetic variants in the KISS1, KISSTR, MKRN3, and DLK1 genes
have been identified as genetic causes of PP.The MKRN3 and DLK1 genes are imprinted, and therefore epigenetic modi-
fications, such as DNA methylation, which alter the expression of these genes, can also contribute to the development
of PP. The aim of this study is to determine the methylation index of the imprinting centers of the DLK7 and MKRN3
genes in girls with a clinical presentation of PP. The methylation index of the imprinting centers of the DLKT and MKRN3
genes was analyzed in a group of 45 girls (age 7.2+ 1.9 years) with a clinical presentation of PP and a normal karyotype
using targeted massive parallel sequencing after sodium bisulfite treatment of DNA. The control group consisted of
girls without PP (n = 15, age 7.9+ 1.6 years). No significant age differences were observed between the groups (p > 0.8).
Analysis of the methylation index of the imprinting centers of the DLKT and MKRN3 genes revealed no significant dif-
ferences between patients with PP and the control group. However, in the group of patients with isolated adrenarche,
an increased methylation index of the imprinting center of the MKRN3 gene was observed (72+7.84 vs 56.92+9.44 %,
p =0.005). In the group of patients with central PP, 3.8 % of patients showed a decreased methylation index of the im-
printing center of the DLK1 gene, and 11.5 % of probands had a decreased methylation index of the imprinting center
of the MKRN3 gene. Thus, this study demonstrates that not only genetic variants but also alterations in the methylation
index of the imprinting centers of the DLKT and MKRN3 genes can contribute to the development of PP.
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AHHoTauus. MpexaeBpemeHHoe nonosoe co3pesaHue (MMC, OMIM 176400, 615346) — 3aboneBaHune, KOTOPOE Bbl-
3BaHO MpeXAeBpeMeHHON peakTMBaLMen rmnotanamo-runodusapHo-roHagHol ocu. B onpeneneHnmn cpokos mnoso-
BOrO CO3peBaHVA BEAYLLYIO PONb UrpatloT reHeTuYecKmne, snnreHeTnYeckme 1 sKonornyeckne paktopbl. B nocnegHue
roAbl BapuaHTbl B reHax KISS1, KISSTR, MKRN3 n DLKT 6binu naeHTUGULMPOBaHbI Kak reHeTnyeckune npuyvHbl MMC.

© Sazhenova E.A,, Vasilyeva O.Yu., Fedotov D.A., Kankanam Pathiranage M.B., Lobanov A.D., Sambyalova A. Yu., Khramova E.E., Rychkova L.V.,
Vasilyev S.A,, Lebedev I.N., 2025

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0003-3875-3932
https://orcid.org/0000-0001-5797-0014
https://orcid.org/0000-0002-0295-3230
https://orcid.org/0009-0004-9026-0582
https://orcid.org/0009-0002-7865-5173
https://orcid.org/0000-0001-5790-6282
https://orcid.org/0000-0002-8042-6276
https://orcid.org/0000-0003-2910-0737
https://orcid.org/0000-0002-5301-070X
https://orcid.org/0000-0002-0482-8046
mailto:elena.sazhenova@medgenetics.ru
https://orcid.org/0000-0003-3875-3932
https://orcid.org/0000-0001-5797-0014
https://orcid.org/0000-0002-0295-3230
https://orcid.org/0009-0004-9026-0582
https://orcid.org/0009-0002-7865-5173
https://orcid.org/0000-0001-5790-6282
https://orcid.org/0000-0002-8042-6276
https://orcid.org/0000-0003-2910-0737
https://orcid.org/0000-0002-5301-070X
https://orcid.org/0000-0002-0482-8046
mailto:elena.sazhenova@medgenetics.ru

E.A. CaxxeHoBa, O.10. Bacunbesa, [.A. enoTos ...
J1.B. PbiukoBa, C.A. Bacunbes, U.H. Jlebenes

2025
293

NHpekc metnnnposaHua reHos DLKT n MKRN3
npu NpexxaeBpeMeHHOM MON0BOM CO3PeBaHNN

leHbl MKRN3 n DLKT ABRATCA MMNPUHTUPOBAHHBIMKY, B CBA3N C YeM SMMreHeTnyeckne moguoukaumum, Takme Kak
meTunmposaHune JHK, nsmeHstoLee sKkcnpeccunio AaHHbIX reHOB, Tak»Ke MOryT pacCMaTprBaTbCA B KauyecTBe Npuyun-
Hbl MMNC. Llenb HacToALWero nccnefoBaHna — onpegeneHne nHAeKca MeTUANPOBAHNA LIEHTPOB UMMPUHTUHIA FreHOB
DLKT n MKRN3 y neBouek c knuHuyeckon kaptuHomn MMC. AHann3 nHgekca MeTUIMPOBAHUA LEHTPOB UMNPUHTUHTA
reHos DLKT n MKRN3 nposoaunu B rpynne u3 45 geBouyek (Bo3pact 7.2+ 1.9 roga) ¢ knuHnyeckon kaptuHomn MrC n
HOPMaJsIbHbIM KaprOTUMOM METOAOM TapreTHOro MacCoOBOrO NapasieNlbHOro CeKBeHpoBaHua nocne obpaboTkm AHK
6ucynbdunTom HaTpmaA. KoHTponbHas rpynna coctosana u3 gesoyek 6e3 MMNC (n = 15, Bo3pacT 7.9+ 1.6 roga). Paznuunin
Nno BO3pacTy Mexay rpynnamu He BbifiBfieHO (p > 0.8). AHanm3 nHAeKca MeTUIMpoOBaHWA LIEHTPOB UMMPUHTMHIA FreHOB
DLKT n MKRN3 He noka3zan pasznuuun mexgy naumeHtamu ¢ MMC n KoHTponbHoW rpynnoii. [pynna nauneHToB C 130-
NMPOBaHHbIM apeHapXe UMesa NOBbILLEHHbIN NHAEKC METUAIMPOBAHNA LIeHTPa UMNPUHTUHTa reHa MKRN3 (72+7.84
npotue 56.92+9.44 %, p = 0.005). B rpynne naymeHToB ¢ LeHTpanbHbim MMNC 3.8 % nauneHTOB UMeNV NOHWMXEHHbIN
VNHAEKC MeTUANPOBAHNA LIeHTPa MMNPUHTUHIA reHa DLKT n 11.5 % - reHa MKRN3. Takum 06pa3om, NoKasaHo, UTo He
TOJNIbKO FeHeTuYecKne BapmaHTbl, HO 1 HapyLlleHne NHAeKCa METUANPOBAHNA LIeHTPOB MMMNPUHTUHIa reHos DLKT un
MKRN3 moryT 6biTb nprymHoii MNC.

KntoueBble cnoBa: npexaeBpeMeHHOe NosIoBoe CO3peBaHmne; roHafoTPONUH-PUIM3NHI-TopMoH (THPT); runotanamo-

runodusapHo-roHagHasa ocb (IMN); reHOMHbIN UMRPUHTUHT; DLKT; MKRN3

Introduction

Adolescence is one of the key stages of personality develop-
ment, characterized by complex changes in the neuroendocrine
system and other biological processes that lead to physical
and sexual maturation. The appearance of secondary sexual
characteristics before the age of 8 in girls and 9 in boys is
defined as precocious puberty (PP), with an incidence of ap-
proximately 3.7 cases per 10,000 individuals. Recently, the
prevalence of this condition has been increasing (Chebotareva
et al., 2022; Alghamdi, 2023). According to the International
Classification of Diseases (ICD-10), PP is categorized into
E22.8 (conditions of pituitary hyperfunction, central preco-
cious puberty) and E30.9 (unspecified disorder of puberty,
including isolated thelarche and isolated adrenarche).

The timing of the onset of puberty is significantly influenced
by the child’s gender, race, genetic predisposition, environ-
mental factors, diet, and socioeconomic status (Sazhenova
et al., 2023). For example, obesity and exogenous hormone
intake can have adverse effects (Peterkova et al., 2021; Mi-
cangeli et al., 2023). However, over the past decade, several
genes have been identified that are part of a complex network
of inhibitory, activating, and regulatory neuroendocrine fac-
tors critical for controlling the onset of puberty. These include
KISS1 (1g32.1) and its receptor KISS1R (GPR54, 19p13.3), as
well as two imprinted genes that are normally expressed only
from the paternal allele: DLK1 (14q32) and MKRN3 (15q11.2)
(Roberts, Kaiser, 2020; Faienza et al., 2022). The primary
mechanism of monoallelic expression of imprinted genes is
allele-specific DNA methylation, which establishes differential
methylation patterns on the two parental chromosomes.

DLK1 (OMIM 176290) encodes an EGF-like membrane-
bound protein that belongs to the epidermal growth factor fam-
ily, participates in the Notch signaling pathway, and regulates
preadipocyte differentiation. It is expressed in neuroendocrine
tissues, particularly in the adrenal cortex (Gomes et al., 2019;
Macedo, Kaiser, 2019). The MKRN3 gene (OMIM 603856)
belongs to the makorin family and plays a role in regulating
the onset of puberty by inhibiting the release of GnRH from the
hypothalamus, thereby delaying the oncet of puberty (Abreu
et al., 2020). The MKRN3 gene encodes a protein containing
a zinc finger RING domain, which is characteristic of most
E3 ubiquitin ligases involved in intracellular protein degrada-

tion via the ubiquitin-proteasome pathway. The MKRN3 gene
may interact with proteins associated with puberty, insulin
signaling, RNA metabolism, and intercellular adhesion (Li C.
etal., 2021).

The DLK1 and MKRN3 genes, like most imprinted genes,
are regulated by imprinting centers. The DLK1 gene has two
imprinting centers: the germline MEG3/DLK1:IG-DMR and
the secondary MEG3:TSS-DMR, which is established after
fertilization. MKRN3 is regulated by the germline imprint-
ing center SNURF:TSS-DMR and is directly controlled by
the somatic MKRN3:TSS-DMR. These imprinting centers
are methylated exclusively on the paternal allele in somatic
tissues, such as leukocytes and skin fibroblasts (Okae et al.,
2014).

Imprinted genes are known to play a crucial role in the
development of both the brain and the placenta, the organ
responsible for nourishing the embryo. Disruptions in the
hypothalamic-pituitary system, which regulates the endocrine
activity of the brain during embryonic development, can
adversely affect the formation of the fetal endocrine system
(Tucci et al., 2019). The fetal pituitary gland produces hor-
mones such as somatotropic, follicle-stimulating, luteinizing,
and thyroid-stimulating hormones, which are essential for
fetal growth and the regulation of puberty. Dysfunction in the
production of these hormones can lead to intrauterine growth
restriction or PP after birth (Canton et al., 2021). It is possible
that some cases of PP are associated with disruptions in the
imprinted state of the DLK1 and MKRN3 genes.

The aim of this study is to determine the methylation in-
dex of the imprinted regions of the DLK1 and MKRN3 gene
imprinting centers in girls with a clinical presentation of PP.

Material and methods

The molecular genetic analysis included 45 girls with PPand a
normal karyotype, aged 7.2 + 1.9 years. This group was divid-
ed into two subgroups: girls with hyperpituitary function (PP
of central origin, ICD-10: E22.8, n =26, age 7.6 + 1.4 years)
and those with unspecified PP (ICD-10: E30.1, n = 19, age
6.9 £ 0.8 years). The latter subgroup was further divided into
girls with isolated thelarche (n = 11, age 7.4 + 1.2 years)
and isolated adrenarche (n = 8§, age 6.8 + 1.4 years). The
control group consisted of girls without PP (n = 15, age
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7.9 £ 1.6 years). No significant age differences were observed
between the groups (p > 0.8). The patient cohort was recruited
from the Scientific Center of Family Health and Human Re-
production Problems, Irkutsk. The study was conducted in
accordance with the principles of the World Medical Associa-
tion’s Helsinki Declaration. The study protocol was approved
by the bioethics committee of the Scientific Center of Family
Health and Human Reproduction Problems, Irkutsk (Protocol
No. 1.1, dated January 12, 2023). Informed consent for par-
ticipation in the study and DNA analysis was obtained from
the parents or legal guardians of all participants.

Description of patient subgroups:

* Girls with the isosexual gonadotropin-dependent form
of PP, under 8 years old, exhibiting accelerated physical
development (height SDS +1 or more), with their sexual
development corresponding to Tanner stages 2—4, levels of
pituitary gonadotropic hormones corresponding to pubertal
values, and a positive buserelin test. Additionally, they
have enlarged mammary glands and uterus, as confirmed
by ultrasound, and their biological age does not match their
chronological (passport) age.

* Girls with isolated enlargement of the mammary glands
(thelarche), under 8 years old, with either accelerated or
normal physical development (height SDS +1 or more),
advanced sexual development corresponding to Tanner
stage 2, levels of pituitary gonadotropic hormones cor-
responding to prepubertal values, and a negative buserelin
test. Additionally, they exhibit enlarged mammary glands
and uterus, which is confirmed by ultrasound.

* Girls with isolated adrenarche, under 8 years old, with either
accelerated or normal physical development (height SDS
+1 or more), advanced sexual development corresponding
to Tanner stage 2-3, levels of pituitary gonadotropic hor-
mones corresponding to prepubertal values, and a negative
buserelin test. Additionally, they exhibit enlarged mammary
glands and uterus, which is confirmed by ultrasound.

All probands underwent standard cytogenetic analysis,
which showed a normal karyotype in all cases. Karyotyping
was performed using a research-grade microscope Axiolmager
(Carl Zeiss, Germany).

Genomic DNA was isolated from venous blood by phenol-
chloroform extraction. Bisulfite modification of DNA was
performed using the EZ DNA Methylation-Direct Kit (Zymo
Research, USA) according to the manufacturer’s protocol.
During bisulfite conversion, unmethylated cytosine is modi-
fied to uracil, which is replaced by thymine during further
PCR, and methylated cytosine is not modified. Methylation
index analysis was performed using targeted bisulfite massive
parallel sequencing.

To create libraries, specially designed oligonucleotide
primers were used that allow amplification of target genome
regions from bisulfite-converted DNA. Primers were selected
for imprinted regions containing CpG dinucleotides of the
MEG3/DLK1:IG-DMR and MKRN3:TSS-DMR imprinting
centers, which control the expression of the DLK1 and MKRN3
genes, respectively. The UCSC genome browser (University
of California, Santa Cruz), which contains information on ge-
nome sequences (GRCh38), was used to obtain the nucleotide
sequence. The obtained nucleotide sequence was then used to
select primers using the MethPrimer bioinformatics program
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(Li L.C., Dahiya, 2002). Vector NTI Advance 11.5 was used
to test the thermodynamic properties of the primers.

The imprinted DLK1 gene is located on chromosome 14, at
locus 14q32.2. Expression of this gene is regulated by the im-
printing center MEG3/DLK1:1G-DMR, position 100,809,090—
100,811,721 (GRCh38). This genomic region contains 52 CpG
dinucleotides, changes in the methylation index of which can
affect the expression of this gene. Expression of the imprinted
MKRNS3 gene, located on chromosome 15, atlocus 15q11.2, is
regulated by the imprinting center MKRN3:TSS-DMR, posi-
tion 23,561,939-23,567,348 (GRCh38). This genomic region
contains 26 CpG dinucleotides, changes in the methylation in-
dex of which affect the expression of this gene (see the Table).

Amplification of target fragments was carried out using the
HS-Taq PCR kit (2x) (Biolabmix, Russia) according to the
manufacturer’s protocol with the following PCR conditions:
95 °C for 5 min; 36 cycles: 95 °C for 20 s, 66 °C for 30 s,
72 °C for 40 s. The concentration of the target fragments was
determined using a Qubit 4.0 fluorimeter (Thermo Fisher
Scientific, USA). The reaction products were purified using
Sephadex G50 solution (Sigma, USA). Targeted bisulfite mas-
sive parallel sequencing was performed on a MiSeq device
(Illumina, USA) using a Micro kit (2x150).

The quality of the reads was evaluated using FastQC
v0.11.8, after which the remaining adapter sequences and
low-quality reads were trimmed using Trim-Galore. The reads
were then mapped to bisulfite-converted target sequences
using the bwa-meth tool (v0.2.2) with default parameters.
Methylation data in the context of CpG were extracted from
the resulting BAM files using the MethylDackel tool. The
results were presented as the methylation index, which is
the ratio of the number of cytosines to the total number of
cytosines and thymines in a specific CpG site. In addition, the
average methylation index was calculated along all target sites.

A limitation of the targeted bisulfite massive parallel
sequencing used in this study is the impossibility of differen-
tiating hypomethylation of the identified imprinting centers
from uniparental disomy of chromosomes 14 and 15, as well
as from microdeletions in these regions. Therefore, in case
of detection of a decrease in the methylation index in the
imprinting centers of the DLK1 and MKRN3 genes, real-time
PCR was performed for the intergenic locus 14q32.3 and the
NIPAI gene (15q11.2), respectively, to exclude deletion vari-
ants in these regions.

Statistical analysis was performed using the Statistica 10.0
software package (StatSoft, USA). The Mann—Whitney rank
test was used to compare the methylation index between
groups of samples. The differences were considered statisti-
cally significant at p < 0.05.

The study was conducted using the equipment of the cen-
ter for collective use “Medical Genomics” of the Tomsk Na-
tional Research Medical Center of the Russian Academy of
Sciences.

Results

Analysis of the methylation index of 52 CpG dinucleo-
tides of the imprinting center of the DLK1 gene (MEG3/
DLK1:1G-DMR) in the control group showed that three
loci (DLK1 3 520, DLK1 4 422, and DLK1 5 509) are
hypermethylated, which is atypical for imprinted genes
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Sequences of the oligonucleotide primers used for analysis of the imprinting centers of the DLKT and MKRN3 gene

Primer Primer sequence, 5'- 3’ Position in genome Length Number of CpG

name (GRCh38) of product, bp dinucleotides
MEG3/DLK1:1G-DMR

D1R1 GTTGTTTTGATTTGTTAGGTT chr100809428-100810087 659 1

D1F1 ACCTTATCCCACATAAAATA

D1F2 ATTTTTGATTTGTAGTTGGG chr100809940-100810497 557 13

D1R2 CCTATCTTACTCTTCTTAAAAAAC

D1F3 GATAAGGTAGGATAAGAAAAGTA chr100810080-100810720 640 14

D1R3 CCAAAATTCAATAACTCAAACTC

D1F4 AGGTTTGAGTTTGAGTTATT chr100810692-100811466 655 22

D1R4 ACAATTTAACAACAACTTTCCTC

D1F5 GTAGTTTTTAGTAGTGTAGT chr100811196-100811815 619 13

D1R5 CTACACCTTTTAATCCAAAAA

Total 2,387 bp 52%

MKRN3:TSS-DMR

M3F1 TAGATGGGATAAAAGAAGGTAAT chr23561945-23562513 568 22

M3R1 CCTCAAAAACTAAAACCTAA

M3F2 TTTTTTTGTGTTAGGAGATGAGA chr23562966-23563522 556 2

M3R2 CTTTCTCCTTTTCATAATTACCA

M3F3 TTAGAAAAGAAGGTATAGTTGAG chr23562528-23563130 602 2

M3R3 ACCCCATAAAATTCTTAAAC

Total 1,577 bp 25%

*Taking into account the overlap of the analyzed regions.

(Fig. 1a). When superimposing the methylation index of the
control group and the group of probands with PP for these
CpG dinucleotides, it is also evident that these loci have an
increased methylation index and do not differ from the control
group (Fig. 1a). Therefore, these loci were not included in
the present study. In contrast to the DLK1 imprinting center,
only one of the 25 CpG dinucleotides (MKRN3 3 296) of
the MKRN3 gene imprinting center (MKRN3:TSS-DMR) in
the control group was atypically hypermethylated (Fig. 1b).
When comparing the methylation of the control group and
probands with PP, an increased methylation index was also
observed for this locus (Fig. 1b). Therefore, this locus was
also not included in further analysis.

The average methylation index of the DLK1 imprinting
center in probands with PP was not significantly different
from the control group (51.46 = 9.59 % vs 58.44 £ 7.15 %,
respectively, p = 0.058). Although a slight decrease in this
index was noted, it was not statistically significant (Fig. 1a).
Girls with PP were then divided into three subgroups based
on their symptoms: central PP, isolated thelarche, and
isolated adrenarche. Pairwise comparisons between these
subgroups also failed to reveal significant differences in the
methylation level of this gene (Fig. 2a): 58.44+7.15 % in the
control group, 53.32 £ 8.56 % in the group with central PP,
57.40 +9.31 %, with isolated thelarche, and 59.74 + 2.05 %,
with isolated adrenarche (p > 0.05). Comparison of the meth-

ylation index of each patient with PP and the control group
revealed that only one patient with central PP showed a sig-
nificant decrease in methylation (31.16 % vs 58.44 £ 7.15 %,
p <0.01). Consequently, in the PP group, there is a decrease
in methylation levels in the imprinting control region of the
DLK1 gene in 2.22 % (1/45) of patients, and in girls with
central PP, this decrease occurs in 3.84 % (1/26) of cases.

Analysis of the methylation index of the imprinting center
of the MKRN3 gene showed no significant differences between
patients with PP and the control group (53.71 = 10.30 % vs
56.92+9.26 %, p=0.71). However, when the group with PP
was divided into three subgroups (central PP, isolated thelar-
che, and isolated adrenarche), there was a significant increase
in the methylation index in the adrenarche group compared
to the control (72.00 + 7.84 % vs 56.92 + 9.44 %, p < 0.005)
(Fig. 2b). Comparison of the methylation level of each pa-
tient with the control group revealed that three patients with
central PP had reduced levels (34.09, 29.01, and 32.08 %,
compared to 56.92 £ 9.44 % in the control, p < 0.01). There-
fore, 6.66 % of patients (3/45) in the PP group and 11.53 % of
patients in the central PP group (3/26) had reduced methylation
levels of the MKRN3 imprinting center.

The decrease in the methylation index of the imprinting
centers of the DLK1 and MKRN3 genes may indicate both
uniparental disomy of chromosomes 14 and 15 of maternal
origin and deletions of these regions on chromosomes of pa-
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Fig. 1. Methylation index of CpG dinucleotides of the imprinting centers of the DLK1 (a) and MKRN3 (b) genes.
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Fig. 2. Pairwise comparison of the mean methylation index of the DLKT and MKRN3 imprinted genes between the groups.
ternal origin. Deletion variants that included the imprinting Thus, in the present study, the analysis of the methylation

centers of the DLK1 and MKRN3 genes were excluded by real-  index of the imprinting centers of the DLK1 and MKRN3 genes
time PCR. Uniparental disomy for chromosomes 14 and 15  between patients with PP and the control group showed no
was not excluded. At the same time, uniparental disomy of  significant differences between the two groups. However, the
chromosomes 14 and 15 is a very rare event (1:50,000 people  group of patients with isolated adrenarche had a significantly
for chromosome 15) (Butler, 2020). increased methylation index of the MKRN3 imprinting center
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(72.00 £ 7.84 % vs 56.92 + 9.44 %, p < 0.005). In the group
of patients with central PP, 3.8 % of patients had a decreased
methylation index of the DLK1 gene, and 11.5 %, that of the
MKRN3 gene. The presence of epimutations simultaneously in
two loci was not detected in any proband.

Discussion

In recent years, there has been an increasing understanding of
how epigenetic factors influence the timing of puberty. The
current study found a statistically significant reduction in the
methylation level of the imprinting centers for the DLK1 and
MKRN3 genes among a group of girls with central PP. This
reduction was observed in 3.84 % of patients for DLK1, and
11.53 %, for MKRN3. It is worth noting that a decrease in
methylation level (hypomethylation) at the DLK1 imprinting
site has also been reported in 8.8 % of individuals with Temple
syndrome (Narusawa et al., 2024), a disorder characterized
by pre- and postnatal growth retardation, hypotonia, feeding
difficulties, delayed motor development, joint laxity, trunk
obesity, and facial dysmorphisms (e. g., broad forehead, short
nose, micrognathia). In some cases, an early onset of puberty
has also been reported (Kagami et al., 2019).

The core clinical features of Temple syndrome are similar
to those of Russell-Silver (OMIM 180860) and Prader—Willi
(OMIM 176270) syndromes (Kagami et al., 2015; Abi Habib
et al., 2019). In the present study, a decrease in the methyla-
tion index of the DLK1 gene imprinting center was found
in one proband with PP, who also had obesity, pericallosal
lipoma, and hypogenesis of the corpus callosum. In addition
to PP and obesity, the clinical picture of the patient did not
correspond to the phenotype of Temple syndrome. According
to the literature, Canton et al. (2020) showed a decrease in
the methylation index of the DLK1 imprinting center in 2.5 %
(3/120) of patients with PP, prenatal and postnatal growth
retardation, hypotonia, and feeding difficulties. Further study
of these cases revealed the presence of uniparental disomy of
chromosome 14 of maternal origin in two of them.

Hypomethylation of the imprinting center of the MKRN3
gene may be associated with dysfunction of other genes that
are normally imprinted and expressed only from the paternal
chromosome. These genes include MAGEL2, NECDIN,
NPAP1/C150rf2, SNURF-SNRPN, MKRN3-AS/ZNF127-
AS, UBE3A-AS, IPW, SNORD116, SNORD115, SNORD64,
SNORD107, SNORD108, SNORD109A, and SNORD109B.

Uniparental disomy of the maternal chromosome 15 or dele-
tion of the paternal copy of these genes can cause Prader—Willi
syndrome. The clinical picture of this syndrome includes mus-
cular hypotonia, obesity, hyperphagia, short stature, hypogo-
nadism, and mental retardation of varying severity. Rarely, this
syndrome can be accompanied by PP (Nicoara et al., 2023).
Patients with hypomethylation of the imprinting center of the
MKRNS3 gene, as identified in this study, had central PP, but
without the clinical features of Prader—Willi syndrome. Dele-
tion of the 15q11-q13 region was excluded in these patients.
If they had uniparental disomy of this region from the mother,
it would certainly lead to the clinical picture of Prader—Willi
syndrome. Therefore, it seems that these patients likely only
had hypomethylation of the MKRN3 imprinting center.

An increase in the methylation index of the imprinting cen-
ter of the MKRN3 gene has also been shown in the group of
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probands with isolated adrenarche. Premature adrenarche in
children is not caused by premature activation of the hypotha-
lamic-pituitary-gonadal axis, but it is associated with excessive
activation of the reticular zone of the adrenal glands, which is
the source of dehydroepiandrosterone (DHEA). DHEA is con-
verted into testosterone and dihydrotestosterone in peripheral
tissues. During intrauterine development, the adrenal glands
start to produce DHEA, which is used to produce placental
estriol. A timely increase in androgen levels is necessary for
puberty, promoting growth and strengthening of bone tissue,
as well as stimulating the process of red blood cell produc-
tion. Moderate levels of DHEA activate the development of
the prefrontal cortex in the brain, providing neuroprotective
and neurotrophic effects, and regulate the function of GABA
receptors, which are the main inhibitory neurotransmitters in
the central nervous system.

Hypermethylation of the MKRN3 imprinting center leads
to increased expression of the gene, resulting in an increased
amount of protein produced. MKRN3 then ubiquitinates various
factors to suppress the production of gonadotropin-releasing
hormone 1 (GNRH1). Ubiquitination of the transcriptional
repressor MBD?3 inhibits its binding to both the GNRH1 pro-
moter and DNA TET2 demethylase, resulting in epigenetic
silencing of GNRH1 transcription. Additionally, MKRN3 me-
diates the ubiquitination of poly(A)-binding proteins, such as
PABPCI1, PABPC3, and PABPC4. This reduces their binding
to the poly(A) tail of target mRNA, including GNRH1 mRNA.
This affects the stability and translation of these mRNAs (Li C.
etal., 2020; Fanis et al., 2022). The MKRN3 expression is also
found in the adrenal glands, although its role in activating
adrenarche remains unknown.

Genome-wide, exome-wide, and methylome-wide asso-
ciation studies on the pathogenetic heterogeneity of PP have
shown that genetic variants in the KISS1R, KISS1, MKRN3,
and DLK1 genes occur in approximately 10 % of sporadic
cases and 27 % of familial cases. Copy number variations
(7q11.23 deletions, Xp22.33 deletions, 1p31.3 duplications)
are found in 4 % of patients. Epigenetic abnormalities at the
imprinting centers of the DLK1 and MKRN3 genes are rare,
as reported by Canton et al. (2020). Whole exome sequenc-
ing has also identified rare, de novo variants that cause loss
of gene function in the dominant state. These include the
TNRC6B (22q13.1), AREL1 (14q24.3), PROKR2 (20p12.3),
and LIN28B (6q16.3) genes, although their roles in the disease
process are not fully understood (Shim et al., 2022).

Methylome analysis of this pathology has shown the pres-
ence of hypomethylation in the promoter region of the ZFP57
gene (6p22.1) (Bessa et al., 2018). ZFP57 contains a KRAB
domain, which is a transcriptional repressor, and different
genetic variants of this gene have been linked to multi-locus
imprinting disturbance (MLID), such as transient neonatal
diabetes mellitus (OMIM 601410). This condition is accom-
panied by hypomethylation of several other imprinted genes,
including PLAGL1, GRB10, and PEG3 (Monteagudo-Sanchez
et al., 2020; Mackay et al., 2024). The expression of the
ZFP57 gene in the hypothalamus of female rhesus macaques
has been shown to increase during peripubertal development.
This indicates an enhanced repression of downstream target
genes of ZFP57 (Bessa et al., 2018). The increased expression
of ZFP57 has been observed in the hypothalamus of mature
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female monkeys. This indicates that this gene may play a role
in suppressing the activity of transcription repressors involved
in puberty, such as the Polycomb complex (Lomniczi et al.,
2015).

Thus, it has been shown that not only genetic variations, but
also a disruption of the methylation pattern of the imprinting
regions of the DLK1 and MKRN3 genes, can be a cause of PP.

Conclusion

Puberty is a multifactorial process with a triggering role of
genetic and epigenetic factors. In this study, no significant
changes in methylation of the imprinting centers of the DLK1
and MKRN3 genes were shown between patients with the clini-
cal picture of PP compared to the control group. Despite this,
it was found that a group of patients with isolated adrenarche
had an increased methylation index of the imprinting center
of the MKRN3 gene. Among the girls with central PP, 3.8 %
had a decreased methylation index for the imprinting centers
of the DLK1 and 11.5 % of the MKRN3 genes, and the total
contribution from methylation disorders in these genes was
15.3 %. No probands had epimutations in both of these loci
at the same time.

Therefore, it was demonstrated that not only genetic, but
also epigenetic changes may be responsible for PP through
methylation disorders in the imprinting regions of the DLK1
and MKRN3 genes. However, there are some limitations to the
conclusions drawn, and there may be other epigenetic factors
that can also influence the formation of PP, such as epimutations
in other imprinted genes or mutations in the imprinting centers
that control the expression of imprinted genes. Nevertheless,
this study shows the epigenetic role of the imprinted genes
DLK1 and MKRN3 in the development of PP.
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