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Abstract. Precocious puberty (PP, E30.1, E22.8, E30.9 according to ICD 10, MIM 176400, 615346) in children is a disorder
in which secondary sexual characteristics appear earlier than the age norm. The timing of puberty is regulated by a com-
plex interaction of genetic and epigenetic factors, as well as environmental and nutritional factors. This study aimed to
search for pathogenic, likely pathogenic variants or variants of uncertain significance (VUS) in the KISS1, GPR54, DLK1,
and MKRN3 genes in patients with the clinical picture of PP and normal karyotype by massive parallel sequencing.
All identified genetic variants were confirmed by Sanger sequencing. The pathogenicity of identified genetic variants
and the functional significance of the protein synthesized by them were analyzed according to recommendations for
interpretation of NGS analysis results using online algorithms for pathogenicity prediction (Variant Effect Predictor,
Franklin, Varsome, and PolyPhen2). Clinically significant genetic variants were detected in the heterozygous state in the
KISSTR, DLK1,and MKRN3 genes in 5 of 52 probands (9.6 %) with PP, including 3 of 33 (9.1 %) in the group with central
PP and 2 of 19 (10.5 %) in the group with gonadotropin-independent PP. Two children with gonadotropin-independent
PP had VUS in the KISSTR gene (c.191T>C, p.lle64Thr and ¢.233A>G, p.Asn78Ser), one of which was inherited from the
father and the second, from the mother. The remaining patients with central PP had likely pathogenic genetic variants:
DLK1:c.373delC(p.GIn125fs) de novo and DLK1:c.480delT(p.Gly161Alafs*49) of paternal origin. The third proband had a
VUS variant in the MKRN3 gene (c.1487A>G, p.His496Arg), inherited from the father. All identified genetic variants were
described for the first time in PP. Thus, in the present study, genetic variants in the KISSTR, DLK1, and MKRN3 genes in
girls with PP were characterized.
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AHHoTauua. MpexgespemeHHoe nonosoe cospesaHue (MMNC, E30.1, E22.8, E30.9 no MKB 10, MIM 176400, 615346) y fe-
Tell — 3aboneBaHue, NPV KOTOPOM BTOPMYHbIE MONOBbIE NPU3HAKM NOABMAIOTCA PaHblUe BO3PacTHOWM HopMbl. CPOKM
MoJIOBOrO CO3PEBaAHUA PEryNNPYIOTCA CIOXKHbIM B3aMMOAENCTBMEM FeHEeTUUECKMX 1 SnureHeTnyecknx GakTopos, a
Takxe GakTOpOB OKpy»Katolel cpefbl U NuTaHuA. Llenb HacToALlero nccnefoBaHna — MOUCK reHeTUYeCKX NPUUnH
dopmrpoBaHua y aeBoyek KnuHuyecko KapTuHbl MIMNC. Monck KNMHNYeCKN 3HaUMMbIX FeHEeTUYECKMX BapyaHTOB (Ma-
TOreHHbIX, BEPOATHO NaTOreHHbIX BAPUAHTOB I BAPUAHTOB C HeonpefesieHHbIM KNMHWYeCKUM 3HaueHreMm (variant of
uncertain significance, VUS)) nposepeH B reHax KISS1, KISSTR (GPR54), DLKT n MKRN3 y peBoYeK C KNMHUYeCKoW Kap-
TuHOW MIMC 1 HopManbHbIM KaPUOTUMOM METOAOM TapreTHOro MaCcCOBOIO NapaneNnbHOro ceKBeHpoBaHuA. Bce Han-
JeHHble reHeTnYecKmne BapraHTbl 6biny noaTBepPKAeHbl MeTofoM cekBeHpoBaHua [IHK no CaHrepy. MatoreHHOCTb
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Genetic variants of the DLK1, KISSTR, MKRN3 genes
in girls with precocious puberty

NAEHTUOULMPOBAHHbBIX FeHETUYeCKNX BapuvaHTOB U GyHKLUMOHaNbHaA 3HAUMMOCTb KOAMPYEMOro ummu 6enka npo-
aHaNM3MpPOoBaHbl C UCMONIb30BaHMEM OHJIAH-aNropUTMOB NMPOrHO3MpoBaHusa natoreHHocTu Variant Effect Predictor,
Franklin n Varsome, a Takxe PolyPhen2 (cornacHo pekomeHaauuam no MHTEpnpeTaunn pesynstatoB aHanmsa NGS).
KnuHnyeckn 3HaumMmble reHeTnyeckre BapuaHTbl 6biny 06HapyXeHbl B FreTePO3NrOTHOM COCTOAHMUN B reHax KISSTR,
DLKT n MKRN3'y 5 n3 52 npo6aHgos (9.6 %) c MMNC, n3 Hux 3 13 33 (9.1 %) - B rpynne ¢ yeHTpanbHbim NMNC n 2 3 19
(10.5 %) - B rpynne c roHagoTponuH-HesaBucumon dopmoii MMC. [iBa pebeHKa C roHagoTPONUH-He3aBUCMMON Gpop-
Mot MINC umenn VUS B reHe KISSTR (c.191T>C, p.lle64Thr n c.233A>G, p.Asn78Ser), 0fH U3 KOTOpPbIX Obl yHacneaoBaH
OT 0TLa, BTOPOW — OT MaTepu. Y OCTasnbHbIX NALMEHTOB C LieHTpanbHbIM MNIMC 661y BEpOATHO NaTOreHHblE reHeTUYecKne
BapuaHTbl DLK1:c.373delC(p.GIn125fs) de novo n DLK1:c.480delT(p.Gly161Alafs*49) oTuoBCKOro nponcxoxaeHus. Ewe
ofaviH npobaHa umen sapuaHT VUS B reHe MKRN3 (c.1487A>G, p.His496Arg), yHacnefoBaHHbI OT oTua. Bce BbisBneH-
Hble reHeTUYecKre BapraHTbl onrcaHbl Brepsble npu MMC. Takum 06pa3om, B HaCToALLEM UCCe[0BaHNM HaAEHbI HO-
Bble reHeTu4Yeckune BapraHTbl B reHax KISSTR, DLKT u MKRN3 y neBouek C npexaeBpemMeHHbIM NMOST0BbIM CO3pPeBaHNEM.
KnioueBble cnoBa: npexxaeBpeMeHHOe MOJIOBOe COo3peBaHue; rmnoTanamo-runoprsapHo-roHagHaa ocb; reHbl DLKT,

KISST, KISSTR, MKRN3

Introduction

Precocious puberty (PP, E30.1, E22.8, E30.9 according to
ICD 10, MIM 176400, 615346) is a disorder in which se-
condary sexual characteristics appear before the age of 8 in
girls and before the age of 9 in boys, and, as a rule, there is
an advancement of bone age by more than 2 years (Maione
et al., 2021). The incidence of PP is 10-20 times higher in
girls and varies widely across geographic regions, ranging
from 0.217 to 26.28 per 10,000 girls and from 0.02 to 0.9 per
10,000 boys. The prevalence of familial cases of PP is 27.5 %
(Brito et al., 2023).

PP can be gonadotropin-dependent (true, central), complete
and incomplete, caused by premature reactivation of the hy-
pothalamic-pituitary-gonadal (HPG) axis, and gonadotropin-
independent (peripheral), developing as a result of excessive
secretion of sex hormones by the gonads or adrenal glands,
ovarian cysts, or human chorionic gonadotropin. The second
form of PP is much less common, accounting for only 20 %
of all PP (Shim et al., 2022). The causes of PP cannot be
identified in most girls, therefore it is called idiopathic. If
untreated, early puberty can lead to several serious compli-
cations, including short stature (caused by premature closure
of the growth zones of tubular bones) and the formation of
a dysplastic constitution (short limbs, elongated trunk, wide
pelvis), psychological discomfort for girls and their parents.
In girls, menstrual cycle disorders are observed, manifested
in abnormal uterine bleeding, the development of polycystic
ovary syndrome, premature ovarian failure, and, accordingly,
early menopause. Earlier menarche in girls is also associated
with an increased risk of breast cancer, endometrial cancer,
obesity, type II diabetes, and cardiovascular diseases. PP
can also be associated with organic brain lesions such as
hypothalamic hamartoma, suprasellar arachnoid cysts, and
hydrocephalus (Lagno et al., 2018; Peterkova et al., 2021).

Clinical features of PP include advanced growth spurt,
progressive breast development in girls, and increased testicu-
lar volume in boys, and reflect high gonadotropin-releasing
hormone (GnRH) levels and gonadotropin-stimulated sex
steroid action (gonadarche). Accelerated growth velocity
(>6 cm/year) and advanced bone age relative to biological
age (>1 year or 2 SDS (standard deviation) points of chrono-
logical age) are common features of advanced PP. Hormonal
findings supporting the diagnosis of PP include pubertal
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basal levels of luteinizing hormone (LH) or GnRH (Brito et
al., 2023).

The timing of puberty depends on genetic, epigenetic, and
environmental factors. In recent years, genetic variants in
the DLKI (14q32), MKRN3 (15q11.2), KISS1 (1q32.1), and
KISSIR (GPR54, 19p13.3) genes have been identified as he-
reditary causes of PP (Shim et al., 2022). However, in sporadic
forms of PP, genetic variants in these genes are detected in
only 10 % of cases (Canton et al., 2021, 2024). These genes
primarily affect premature reactivation of the HPG axis and
are directly involved in the formation of central PP. However,
based on gene function, the clinical picture of peripheral PP
may subsequently lead to central PP. For example, the presence
of thelarche in girls after 2 years of age with a gonadotropin-
independent form of PP increases the risk of subsequently
developing central PP (Peterkova et al., 2021).

The KISSI gene (MIM 603286) and its receptor KISS/R
(MIM 604161) are responsible for the secretion of GnRH,
participating in the regulation of endocrine function and the
onset of puberty. The KISSI gene encodes the kisspeptin
protein, which stimulates the secretion of GnRH, and KISS/R
is a regulator of this process and a key factor in the initiation
of puberty, acting as a potent stimulator of the secretion of
GnRH-dependent luteinizing hormone. It is expressed in vari-
ous endocrine and gonadal tissues (Teles et al., 2008).

DLKI (MIM 176290) is an imprinted gene expressed only
on the paternal homologue and encodes an EGF-like growth
factor. It is a membrane-binding protein that is involved in
the Notch signaling pathway and promotes cell proliferation
signals during neurogenesis. The product of this gene is also
involved in osteogenesis, adipogenesis, hematopoiesis, and
hepatocyte proliferation (Gomes et al., 2019; Macedo, Kaiser,
2019). In mice, DIkl is expressed prenatally in neuroendo-
crine tissues, including the pituitary gland, and postnatally in
the hypothalamus, including the mediobasal hypothalamus,
the control center for GnRH secretion (Shim et al., 2022).
The product of this gene is also important for adipose tissue
homeostasis. Genome-wide association studies have shown
that paternally inherited single nucleotide variants in the
DLK1 gene are associated with an earlier onset of menarche
(Perry et al., 2014).

The imprinted and also paternally expressed MKRN3 gene
(MIM 603856) encodes the macorine protein RING-finger 3,
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which belongs to the macorine family and is involved in
controlling the onset of puberty by blocking the release of
GnRH from the hypothalamus, thereby delaying the onset of
puberty (Abreu et al., 2020). MKRN3 is responsible for protein
ubiquitination, in which a ubiquitin moiety is attached to an
intracellular protein to transfer it to the proteasome. Ubiqui-
tination can also be an indicator of signal transmission for
regulation of the cell cycle, differentiation, and morphogenesis
(Abreu etal., 2020). Pathogenic and likely pathogenic variants
in the MKRN3 gene are the most commonly known factors
in genetic etiology of central PP, accounting for 19-33 % in
familial and 2-3.9 % in sporadic cases (Valadares et al., 2019;
Roberts, Kaiser, 2020).

This study aimed to identify clinically significant genetic
variants in the KISS1, KISSIR (GPR54), DLK1, and MKRN3
genes in girls with a clinical picture of PP.

Material and methods

In the course of this study, a sample of 52 families (202 people

in total) was formed based on the Scientific Center for Fami-

ly Health and Human Reproduction Problems, Irkutsk. Each
family consisted of a female proband with a clinical picture of
PP, her parents and, in some cases, sisters and grandmothers.

The study was conducted according to the provisions of

the Helsinki Declaration of the World Medical Association.

The study was approved by the Bioethics Committee of the

Scientific Center for Family Health and Human Reproduction

Problems (Protocol No. 1.1 dated 12.01.2023). Informed con-
sent for participation in the study and DNA diagnostics was
obtained from the patients’ parents. The clinical picture in the
probands included PP with isosexual gonadotropin-dependent
(ICD-10: E22.8, n = 33, age 7.4+1.6 years) and gonadotro-
pin-independent (ICD-10: E30.9, n =19, age 6.9+0.8 years)
forms. Girls with organic lesions of the central nervous system
were not included in the study.

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 confirmed by
ultrasound, and their biological age does not match their
chronological (passport) age;

» girls with the gonadotropin-independent form of PP, 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 corresponding to prepu-
bertal 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).
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Genomic DNA was isolated from venous blood by phenol-
chloroform extraction. The concentration of the original sam-
ples was estimated using a Nanodrop 1000 spectrophotometer
(ThermoFisher Scientific, USA). Genotyping of all exons in
the KISS1, GPR54 (KISSIR), DLK1, and MKRN3 genes was
performed using targeted massive parallel sequencing (NGS)
of these genes using a MiSeq sequencer and a MicroKit
(2x150) (Illumina, USA). For this purpose, amplification of
long DNA fragments (Long-range PCR) was used. To obtain
the nucleotide sequence, the UCSC In-Silico PCR genome
browser was used, which contains information on genome
sequences (hg38 assembly). The obtained nucleotide sequence
was then used to select primers using the Primer-BLAST
bioinformatics program provided by the National Center for
Biotechnological Information (NCBI) (Table 1).

Amplification of target fragments was performed using the
BioMaster HS-Taq PCR (2x) kit (Biolabmix, Russia) accord-
ing to the manufacturer’s protocol with the following PCR
conditions: 95 °C for 5 min; 36 cycles: 95 °C for 40 s, 60 °C
for 50 s, 68 °C for 1 min. The concentration of target fragments
was determined using a Qubit 4.0 fluorimeter (ThermoFisher
Scientific, USA). The reaction products were purified from
impurities using a Sephadex G50 solution (Sigma, USA).
The quality of reads was assessed using FastQC v0.11.8, after
which trimming of the remaining adapter sequences and low-
quality reads was performed using Trim-Galore.

All detected genetic variants were confirmed using Sanger
sequencing. The primer sequences are presented in Table 2.
The pathogenicity of the identified genetic variants was
analyzed using online pathogenicity prediction algorithms:
Variant Effect Predictor (http://www.ensembl.org/Tools/
VEP), Provean (http://provean.jcvi.org/genomesubmit 2.
php?species=human), Franclin (https://franklin.genoox.
com/clinical-db/variant/snp/chr15-23621174-GC-G-hg38),
VarSome (https://varsome.com/variant/hg19) and PolyPhen2
(http://genetics.bwh.harvard.edu/pph2/) according to the
recommendations for interpreting the results of NGS analy-
sis (Eijkelenboom et al., 2019; Ryzhkova et al., 2019). The
following databases were used to determine the frequency
of identified mutations in population samples in order to ex-
clude polymorphic variants in patients: Exome Aggregation
Consortium (http://exac.broadinstitute.org/), Exome Variant
Server (http://evs.gs.washington.edu/EVS), 1000 Genomes
Project (http://browser.1000genomes.org/index.html), which
are recommended for interpreting data obtained using NGS
(Eijkelenboom et al., 2019; Ryzhkova et al., 2019).

The study was conducted using equipment from the Core
Medical Genomics Facility of the Tomsk National Research
Medical Center of the Russian Academy of Sciences, Tomsk.

Results

Clinically significant genetic variants (likely pathogenic and
variants of uncertain significance (VUS)) were identified in
the KISSIR, DLK1 and MKRN3 genes in five of 52 probands
(9.6 %) with PP, including three of 33 (9.1 %) in the group
with central PP and two of 19 (10.5 %) in the group with
gonadotropin-independent PP.
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Table 1. Sequences of the oligonucleotide primers used to generate libraries for targeted massive parallel sequencing
of the KISS1, KISSTR, DLK1, and MKRN3 genes

Primer name Primer sequence, 5'-3' Length of product, bp Position in genome (UCSC In-Silico PCR, hg38)
DLK1
DF1 TATGGCTAAGATGGGAAATCTGTGC 6,196 chr14:100725325-100731520
DR1 CCGTCAGGAATCAAGAAACCTGTTA
DF2 GCTCAATAGTTCTAATTTCCCTGGC 4,040 chr14:100731378-100735417
DR2 CCGCTAAATCTCAAATCAATCGGAA
DF3 GCTATCTCTTGTGTCAAATCTGGTG 4,689 chr14:100734980-100739668
DR3 CCTTCAGTGTGGTCATGTTATTTCC
MKRN3
MF1 GGCAGACAGATACGAAAATACAACG 3,642 chr15:23565341-23568982
MR1 ATTTGCAGTTGATGCAGATCATACG
MF2 GCTGCTCATCTGTTTGTTTACAGTT 5,062 chr15:23567720-23572781
MR2 AACTGTGATTCCCTCATCGTTTGTA
MF3 TTCTAAACTGACTGTGACTAGGTGC 4,998 chr15:23626497-23631494
MR3 ATACCGAAATCTCATCCCATCTTGG
MF4 AATGTCTCACCTTCCCTCTACAAAC 5,629 chr15:23620915-23626543
MR4 GTGGGAGATGATAGCAGAATAAGCA
MF5 TAGTTCTATTATCAGCCATTGCCCC 6,048 chr15:23614951-23620998
MR5 TGGCAGAACTCTACAGAAAATCGAA
KISST
KF5 GCAAGGCTCATTAAGTTCACTG 6,203 chr1:204191506-204197708
KR5 CAGCCCTAATGGGTGTGATAAT
KF7 CTGGAAGATGGTTAGAGGAACC 4,106 chr1:204188621-204192726
KR7 GCAAAATGAGCTTTCCCGTATT
KISSTR
KRF2 CAAGTTCGTCAACTACATCCAG 3,436 chr19:918644-922079
KRR2 AAAAGTAAAGTGCCTAAGACCG
KRF3 CAAATGGAAGCACCTTTTTCTTC 5,316 chr19:915605-920921
KRR3 ATCAATAGCAAACTTCACAACGA

Table 2. Sequences of oligonucleotide primers used for Sanger sequencing of the KISSTR, DLKT and MKRN3 genes

Primer name Primer sequence, 5'-3’ Length of product, bp  Position in genome (UCSC In-Silico PCR, hg38)
DLKT1

c373del_F TAAACCCTCTTACTCCAGACCC 294 chr14:100731920-100732213
c373del_R CATTAGATCACACACAGGAAGGA
c480delF GTGTTTTAAGCACCTGCCCCTTA 329 chr14:100734030-100734358
c480delR CAGGTCTTGTCGATGAAGCCG

MKRN3
c1487A>GF GGAGAGGGCAACATGCTCTATAA 254 chr15:23567136-23567389
c1487A>GR CAGTAAGAGTGTCAACACAGGGA

KISSTR
c233A>GF GTGCCGCTCTTCTTCGC 265 chr19:917635-917899
c233A>GR CCACAGGGAAAAGATTCGAGG
c191T>CF GGGCTATAAACGCTCGGC 448 chr19:917300-917747
c191T>CR CCGATGTAGAAGTTGGTCACG
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Table 3. The main clinical characteristics of the phenotype of patients with the identified genetic variants
Patient PP, clinical form Age of onset  Clinical features Presence Age, years
No. of PP, years of obesity
biological bone
19 Gonadotropin-dependent, 6 Telarche and pubarche - 6.5 9
incomplete form at 6 years old
45 Gonadotropin-dependent, 7 Thelarche, pubarche and menarche - 7 11-11.5
complete form from 7 years old
47 Gonadotropin-dependent, 6 Pubarche from 6 years of age, Stage 2 9 11-11.5
complete form thelarche from 8 years,
menarche from 9 years old
10 Gonadotropin-dependent, 5 Thelarche, adrenarche Stage 1 5 7
incomplete form
14 Gonadotropin-dependent, 6 Pubarche from 5 years, Stage 1 7 8.5-9
incomplete form thelarche from 7 years old
Table 4. Position and characteristics of the identified genetic variants in patients with precocious puberty
Patient Gene Genetic Amino acid Presence Frequency Genetic Variant ACMG Inheritance
No. variants variants of polymorphic in population Identifier Pathogenicity
variants (GnomAD) (Varsome, Franklin)  Score (Varsome,
(rs, dbSNP No.) Franklin)
19 DLK1 c.373delC  p.GIn125fs*8 - - Frameshift variant ~ LP De novo
45 DLK1 c480delT  p.Gly161Alafs*49 - - LP Paternal
47 MKRN3 c.1487A>G p.His496Arg rs749506944 0.000016 Missense variant VUS Paternal
14 KISSTR  c191T>C  p.lle64Thr - 0.0004 VUS Paternal
10 KISSTR  c¢233A>G  p.Asn78Ser rs540538484 0.000013 VUS Maternal

Note. LP - likely pathogenic variant, VUS - variant of uncertain significance.

The main clinical characteristics of the phenotype of
patients with the identified genetic variants are presented in
Table 3. It is noteworthy that in three cases, the patients had
obesity, which could contribute to the development of PP
(Song et al., 2023).

The clinically significant variants identified resulted in
missense amino acid substitutions in three cases. Two variants
were represented by single nucleotide deletions resulting in
a reading frame shift. Table 4 and the Figure describe the
spectrum of genetic variants identified in patients, which
were registered in the heterozygous state in all cases, and also
present their pedigrees.

A total of five genetic variants located in the coding re-
gion of the studied genes were identified. Two likely patho-
genic variants were identified in the DLK/ gene (c.373delC,
p-GIn125fs and ¢.480delT p.Glyl61Alafs*49) (Table 4, the
Figure a, b). The first was located in the exon 4, and the
second, in the exon 5. In both cases, these variants led to a
reading frame shift and the formation of a stop codon and,
as a consequence, to a shortening of the synthesized protein.

The DLK]I gene has five exons. The DLK1 protein struc-
ture consists of a transmembrane domain with six epidermal
growth factor (EGF)-like repeats and a protease-sensitive se-

quence — target of tumor necrosis factor a-converting enzyme
(TACE), a transmembrane domain, and a short cytoplasmic
domain (Sanchez-Solana et al., 2011).

In the present study, both the first and second variants
are located in the region containing EGF repeats, which are
crucial for inhibiting the activity of Notch transmembrane
proteins. These proteins act as transcriptional activators in
complex with CSL family transcription factors (Baladron et
al., 2005; Gomes et al., 2019). The first variant is located in
the third repeat, and the second, in the fourth repeat. Both
genetic variants are described for the first time in PP. Previ-
ously, the ¢.479delC(p.Pro160fs*50) variant was described
for this pathology (Gomes et al., 2019; Yuan et al., 2022);
it is located near the DLK/:c.480delT(p.Gly161Alafs*49)
variant described by us.

One missense variant of uncertain clinical significance
(c.1487A>G, p.His496Arg, rs749506944) was found in the
exon 4 of the MKRN3 gene. The frequency of this variant in
the GnomAD database is extremely low (0.000016), and it
is found only in the European population. The MKRN3 pro-
tein has four zinc finger domains: three RNA-binding C3H1
motifs and one protein-binding domain C3HC4, which is
responsible for the activity of ubiquitin ligase. The MKRN-
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specific Cys-His domain, which is part of the protein, has
an unknown function. The genetic variant identified in this
study is located in the region of RNA-binding C3H 1motifs.
Predictive programs prediction and the low frequency of this
variant in the population indicate that this missense variant
can be associated with the development of PP.

Genetic variants in the DLK/ and MKRN3 genes were in-
herited from fathers and paternal grandmothers in two cases,
and de novo inheritance was observed in one family (No. 19)
(Table 4, the Figure a—c). These genes are imprinted and are
expressed only on the paternal chromosome. Fathers inherit
this variant from their mothers, so this genetic variant is not
active in fathers and there are no clinical manifestations of
this disease. Indeed, fathers in families No. 45 and 47 did not
have PP. At the same time, paternal grandmothers should have
clinical signs of PP, since they have an active homologue.
However, according to the survey, paternal grandmothers
also did not have such disorders, which indicates incomplete
penetrance of the identified genetic variants.

The other two genetic variants were found in the KISS/R
gene, ¢.191T>C, p.Ile64Thr and c.233A>G, p.Asn78Ser;
these were missense variants located in the first exon. In the
first case, the proband inherited the variant from her father,
who had no clinical manifestations of PP (the Figure d, €). In
the second family, in addition to the proband, the mother and
maternal grandmother had this genetic variant, and also had
no cases of PP. The proband’s sister was not diagnosed with
this disease. With regard to PP, all this indicates incomplete
penetrance of the clinical phenotype.

The KISSIR gene has five exons. The protein coded by
this gene, GPR54, is located in the cell membrane and has
an extracellular N-terminal domain, followed by seven trans-
membrane helices with three intracellular and three extracel-
lular loops, and ends with a C-terminal cytoplasmic domain.
The variants identified in this gene are located in the first
transmembrane helix.

In two families, unique genetic variants were found that
were not repeated in unrelated patients (Table 4). In the re-
maining families, the genetic variants found in this study were
observed in population samples with frequencies ranging from
0.000013 to 0.0004 (according to GnomAD). As can be seen,
these variants are extremely rare in populations, which may
indicate their pathogenic nature.

Thus, in this study, it was shown that in the group of girls
with PP in the KISSI/R, DLKI and MKRN3 genes, in 9.6 %
(9.1 % in the group with central PP and 10.5 % in the group
with gonadotropin-independent PP) of cases, likely patho-
genic variants and variants with uncertain clinical significance
(VUS) are present, which may be a potential cause of PP for-
mation. All genetic variants found in this study are described
in this disease for the first time. Identification of new genetic
variants will allow a better understanding of the contribution
of genetic causes to the development of PP.

Discussion

Female reproductive process is a well-organized and tightly
controlled system governed by the HPG axis. The main ele-
ment of this axis is the pulsatile secretion of GnRH, which
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regulates the production of gonadotropins (follicle-stimulating
hormone (FSH) and luteinizing hormone (LH)) by the anterior
pituitary gland during puberty and maintains normal cycles in
adults. GnRH and gonadotropin production are also regulated
by negative feedback from estrogens secreted by developing
ovarian follicles.

In most cases, PP is associated with variants in the DLK],
MKRN3, KISS1, and KISSIR genes. Indeed, in our study, we
found likely pathogenic variants and variants with uncertain
clinical significance in the DLK1, MKRN3, and KISSIR genes
in five of 52 probands (9.6 %) in a sample of girls with a clini-
cal picture of PP. This finding aligns with literature reports on
the frequency of detection of genetic variants in PP (Canton
etal., 2021, 2024). No genetic variants were identified in the
KISS1 gene in the sample of probands with a clinical picture
of PP. This may be due to the limited number of patients in
this study, as well as the low frequency of genetic disorders
in this gene associated with PP. Indeed, only a few genetic va-
riants in the KISS7 gene have been described in this pathology
(Silveira et al., 2010; Rhie et al., 2014). All identified genetic
variants were in the heterozygous state, which is consistent
with the literature data on the autosomal dominant nature of
inheritance of genetic variants of these genes in PP.

In the present study, we found genetic variants in the
KISSIR gene in girls with gonadotropin-independent PP, in
all cases accompanied by thelarche. Thelarche refers to the
development of the mammary glands and is a response to
estrogen synthesis. It has been determined that the K/SS7 and
KISSIR genes are expressed in various tissues, including the
gonads, and are able to influence the level of these hormones
either through temporary activation of the HPG axis or di-
rectly through stimulation of the gonads (Hu K. et al., 2018;
Yarmolinskaya et al., 2016).

The low frequency (approximately 10 %) of detection of
genetic variants in the DLK1, MKRN3, KISS1, and KISSIR
genes, primarily in sporadic cases of PP, suggests that some
other mechanisms or genes may also be involved in the forma-
tion of PP. Indeed, epimutations (changes in the methylation
status of CpG dinucleotides) in the DLKI/MEG3:1G-DMR
and MKRN3:TSS-DMR imprinting centers, which control
the expression of the imprinted DLK/ and MKRN3 genes,
may also be the cause of formation of the clinical picture of
PP. In support of this, A.P.M. Canton et al. (2021) identified
various genetic and epigenetic disruptions in 36 (18 %) of
197 unrelated patients with PP, among which: in 24 cases
(67 %), genetic disruptions were found in the KISSIR, KISS1,
MKRN3 and DLKI genes; in 7 cases (19 %), CNVs were
detected (3 patients had a de novo deletion of 7q11.23 (Wil-
liams—Beuren syndrome), 3 probands had an inherited dele-
tion of Xp22.33 and one patient had a de novo duplication of
1p31.3); epigenetic abnormalities of imprinted centers of the
DLK] and MKRN3 genes accounted for 3 cases (9 %); iden-
tification of the genetic variants of genes using whole exome
sequencing revealed rare de novo variants of loss of gene
function in a dominant state in two probands (5 %) such as
pathogenic deletion with a reading frameshift in the TNRC6B
gene (p.Gly665Leufs*35) and a likely pathogenic variant of
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a reading frameshift in the AREL1 gene (p.Ser229Phefs*3).

The TNRC6B gene (trinucleotide repeat containing adap-
tor 6B, region 22q13.1, OMIM 610740) encodes a protein with
RNA-binding activity, which is involved in the regulation of
gene expression. This gene plays a role in RNA-mediated gene
silencing by both micro-RNAs (miRNAs) and short interfer-
ing RNAs (siRNAs). The ARELI gene (apoptosis-resistant
E3 ubiquitin protein ligase 1, region 14g24.3, OMIM 615380)
encodes a protein that activates ubiquitin protein transferases,
is involved in the negative regulation of apoptosis, protein
ubiquitination, and is located in the cytosol.

Meta-analysis of association studies has also expanded the
range of genes that could potentially cause the development
of PP. These include genes such as LIN28B and PROKR?2,
although their roles in this process are not so obvious (Perry
et al., 2009).

The LIN28B gene (6q16.3, OMIM 611044) encodes a
highly conserved RNA-binding protein that blocks LET7
family microRNAs and helps maintain the pluripotent state
of embryonic stem cells by preventing differentiation, and is
involved in metabolism and oncogenesis. It may also play a
role in pubertal development. Several studies have shown that
LIN28B is involved in forming the clinical presentation of
PP, in particular, earlier development of thelarche, menarche,
and pubarche (Ong et al., 2009; Perry et al., 2009; Hu Z. et
al., 2016). However, another study assessed the association
between LIN28B variants in 178 Brazilian children with PP,
but did not find a causal relationship (Silveira-Neto et al.,
2012). Moreover, genetic variants in LIN28B such as rs314276
have been reported to be associated with obesity, which is
closely linked with PP (Ong et al., 2011). Thus, the role of
the LIN28B gene in forming the clinical presentation of PP
remains to be determined.

The PROKR?2 gene (prokineticin receptor 2, 20p12.3,
OMIM 607123) is a G protein-coupled receptor that is in-
volved in the development of GnRH neurons, but neither
developing nor mature GnRH neurons express prokineticin
receptors. M. Fukami et al. (2017) reported that a PROKR?2
variant is associated with the formation of central PP. In this
case, a girl presented with thelarche at the age of 3 years and
5 months with blood gonadotropin and estradiol (E2) levels
consistent with puberty. Molecular analysis revealed a hetero-
zygous deletion ¢.724 727delTGCT in this gene, resulting in
transcription terminations. This variant was also detected in
the patient’s mother, who did not have PP. It has been shown
that in the heterozygous state, this variant forms a heterodimer
with the wild type, which acts as a gain-of-function variant
leading to PP. Moreover, S. Sposini et al. (2015) demonstrated
that in the absence of the 6th and 7th transmembrane domains
in the PROKR?2 gene, ligand-dependent signal transduction
is enhanced. Thus, only certain variants in the PROKR?2 gene
in the heterozygous state can lead to the development of PP.

Conclusion

The onset of puberty is controlled by the interaction between
genetic, epigenetic and non-hereditary factors. PP is a result
of premature activation of these interactions. In the present
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study, it was shown that in the group of girls with PP, 9.6 %
(9.1 % in the group with central PP and 10.5 % in the group
with gonadotropin-independent PP) of cases had likely pa-
thogenic variants and variants with uncertain clinical signifi-
cance in the KISS/R, DLK1 and MKRN3 genes, which can
be a potential cause of PP. All genetic variants detected in
this study are described in PP for the first time. Analysis of
familial segregation showed that in all cases, the probands
had genetically significant variants in the heterozygous state,
which confirms the autosomal dominant nature of inheri-
tance. In all cases where family material was available, only
the probands exhibited the clinical picture of PP, indicating
incomplete penetrance of the disease.

Identification of genetic variants is necessary not only for
molecular genetic confirmation of the diagnosis, but also for
choosing the right tactics for patient management and medical
genetic counseling of the family. A comprehensive and step-
by-step study of genetic, epigenetic and non-hereditary factors
can improve our understanding of the exact mechanism of PP.
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