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Abstract

Context: Loss-of-function mutations in the coding region of MKRN3, a maternally imprinted
gene at chromosome 15g11.2, are a common cause of familial central precocious puberty (CPP).
Whether MKRN3 alterations in regulatory regions can cause CPP has not been explored to date.
We aimed to investigate potential pathogenic variants in the promoter region of MKRN3in
patients with idiopathic CPP.

Patients/Methods: A cohort of 110 patients with idiopathic CPP was studied. Family history of
precocious sexual development was present in 25%. Mutations in the coding region of MKRN3
were excluded in all patients. Genomic DNA was extracted from peripheral blood leukocytes, and
1,100 nucleotides (nt) of the 5’-regulatory region of MKRN3 were amplified and sequenced.
Luciferase assays were performed in GT1-7 cells transiently transfected with plasmids containing
mutated and wild-type MKRN3 promoter.

Results: We identified a rare heterozygous 4-nt deletion (c.—150_—-147delTCAG; —38 to -41 nt
upstream to the transcription start site) in the proximal promoter region of MKRN3in a girl with
CPP. In silico analysis predicted that this deletion would lead to the loss of a binding site for a
downstream responsive element antagonist modulator (DREAM), a potential transcription factor
for MKRN3and GNRHI expression. Luciferase assays demonstrated a significant reduction of
MKRN3 promoter activity in transfected cells with a ¢.—150_—-147delTCAG construct plasmid in
both homozygous and heterozygous states when compared with cells transfected with the
corresponding wild-type MKRN3 promoter region.
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Conclusion: A rare genetic alteration in the regulatory region of MKRN3 causes CPP.
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Introduction

Distinct genetic abnormalities were recently recognized as a cause of familial central
precocious puberty (CPP) in children of both sexes [1, 2]. Although family history of early
or precocious puberty may be found in about one-third of CPP patients, most instances are
sporadic or with unknown family history [3]. To date, loss-of-function mutations in MKRN3
represent the most common genetic etiology of CPP, accounting for up to 46% of familial
cases and around 5% of sporadic cases [1, 2, 4]. MKRNG3is a ubiquitously expressed, highly
conserved intronless gene, located on the long arm of chromosome 15, in a region that
contains a cluster of maternally imprinted genes associated with Prader-Willi syndrome [5,
6]. Due to the maternal imprinting, MKRN3is expressed exclusively from the paternally
inherited allele [5, 7].

MKRN3encodes a RING zinc-finger protein that belongs to the Makorin family, whose
members are known to be E3 ubiquitin ligases [7]. MKRNS3 protein structure has a ubiquitin
ligase domain, and it has been postulated that MKRN3 might inhibit stimulators of GnRH
secretion [8, 9]. Mkrn3expression studies in the hypothalamic arcuate nucleus of mice have
demonstrated a decrease in Mkrn3 mRNA levels just before puberty initiation, reinforcing
the hypothesis that MKRN3 may act as an inhibitor of GnRH secretion during childhood [4].

Genetic variants in promoter regions have been shown to be associated with decreased gene
expression [10, 11]. Although several studies have identified loss-of-function mutations in
the coding region of MKRN3in patients with CPP, abnormalities in its noncoding region
leading to CPP have not yet been reported. Therefore, we aimed to investigate whether
variants in the promoter region of MKRN3 could modulate gene expression and lead to CPP
in humans.

Patients and Methods

We studied 110 patients (109 girls and 1 boy) with idiopathic CPP who were clinically
evaluated at Hospital das Clinicas from Séo Paulo Medical School, S&o Paulo University,
Sédo Paulo, Brazil. Family history of precocious sexual development was identified in 25%.
Abnormalities in the coding region of MKRN3were excluded in all patients. Idiopathic CPP
was characterized by clinical signs of pubertal development before age 8 years in girls and 9
years in boys, pubertal basal and/or GnRH-stimulated LH levels, advanced bone age
(Greulich and Pyle method), and normal central nervous system magnetic resonance
imaging (MRI) [12, 13]. A control group, consisting of 68 Brazilian individuals who had a
history of spontaneous normal pubertal development, was also analyzed. Written informed
consent was obtained from all participants and their parents.
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Hormone Assays

Serum LH, FSH, testosterone, and estradiol concentrations were measured by
immunofluorometric assay (IFMA) and electrochemiluminescence assay (ECLIA). The
interassay coefficient of variation was 5% or less for all assays. For the acute GnRH
stimulation test, serum LH and FSH were measured at 15, 0, 15, 30, 45, and 60 min after
intravenous administration of 100 ug GnRH. A basal LH >0.6 U/L (IFMA) or >0.15 U/L
(ECLIA) was considered to be a pubertal level for both sexes and a GnRH-stimulated LH
peak >6.9 U/L for girls and >9.6 U/L for boys (IFMA) or >5.0 U/L for both sexes (ECLIA)
was considered as a pubertal response [4, 14]. Basal estradiol levels >21 pg/mL in girls and
basal testosterone levels >19 ng/dL in boys were considered as pubertal.

Genetic Analysis

Genomic DNA was isolated from peripheral blood leukocytes from all participants using
standard procedures. The 5’-regulatory region (5’-UTR) of MKRN3 encompassing 1,100
nucleotides (-840 to +260 in relation to the transcription start site [TSS]) [5], including the
proximal promoter, was amplified and sequenced. The TSS of MKRN3was previously
mapped by Jong et al. [5] using rapid amplification of cDNA ends, with 109 bp 5'-UTR.
The promoter region of MKRN3 (GenBank accession number NC_000015.10) was
amplified by polymerase chain reaction (PCR) and followed by sequencing of the products
with the use of the conventional Sanger method (suppl. Appendix; for all online suppl.
material, see https://www.karger.com/doi/10.1159/000490059). We used the 1000 Genomes
and NHLBI EVS databases and gnomAD, as well as a database of 150 exomes from the
University of Michigan and a control group of 68 Brazilian individuals, to exclude all
common variants. Putative binding sites in the MKRN3 promoter region were predicted
using the Genomatix software suite (https://www.genomatix.de/online_help/
help_matinspector/matinspector_help.html) [15].

Plasmid Constructs

The pGL2 basic luciferase vector and pGL2hMKRN3p_WT vector were kindly provided by
A. Lominiczi (Division of Neuroscience, Oregon National Primate Research Center,
Beaverton, OR, USA). The pGL2hMKRN3p_WT construct contains 439 bp (446 to -7 in
relation to the ATG) of the promoter region of MKRN3 gene and was used as a control for
heterozygous and homozygous variants. The 4-nt deletion (c.—150_-147delTCAG) was
generated using the QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent, USA) as
specified by the manufacturer. The mutagenic primers were designed using the web-based
QuikChange Primer Design Program available online at www.agilent.com/genomics/qcpd.
The site-directed mutagenesis was confirmed by automatic sequencing using the Sanger
method (data not shown).

Luciferase Assays

Hypothalamic GnRH neuronal mouse GT1-7 cell line was used for the transfection studies.
This cell line represents a good model for studying neuron-specific expression of the
GNRH1 gene, as it retains many characteristics of in vivo GnRH neurons, including the
pulsatile GnRH release [16, 17]. In addition, the GT1-7 cell line expresses the downstream
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responsive element antagonist modulator (DREAM) transcription factor, as demonstrated by
Leclerc et al. [18]. These cells were purchased from Banco de Células do Rio de Janeiro
(BCRJ) (Catalogue Number 0095, BCRJ, Duque de Caxias, RJ, Brazil) and cultured in
DMEM (Life Technologies) with 10% fetal bovine serum (Life Technologies) and 1%
antibiotics (Life Technologies) under a humid environment with 5% CO, at 37 ° C
overnight. The cells were plated in a 6-well plate at a density of 5 x 10° for 24 h before
transfection. The GT1-7 cells were transiently transfected with increasing amounts (750,
1,500, and 3,000 ng/well) of pGL2hMKRN3p_WT or mutant MKRN3 expression vectors
(pGL2hMKRN3p_del TCAG representing the homozygous condition, and 50% of
pGL2hMKRN3p_WT + 50% of pGL2hMKRN3p_delTCAG representing the heterozygous
condition) with co-transfection of pPCMV _Renilla vector (100 ng/well; Promega, Madison,
WI, USA). The transfection complex was prepared by incubation with 10 pL Lipofectamine
2000 (Invitrogen) and 250 uL OPTI-MEM (Life Technologies) for 30 min at room
temperature, and then added to the cultured GT1-7 cells. Twenty-four hours later, the cells
were lysed and luciferase assays were performed using the Dual-Luciferase reporter assay
system (Promega) according to the manufacturer’s instructions on a GloMAX®-Multi
Detection System (Promega). All luciferase data were normalized for the Renilla internal
control. The data were calculated as means + standard deviations of 4 independent
experiments, each performed in triplicate.

Statistical Analyses

Results

Statistical analysis was performed using ANOVA and Brown-Forsythe and Bartlett’s post-
tests. Tests with pvalues <0.05 were considered significant.

DNA Sequencing

We identified a novel heterozygous 4-nt deletion, ¢.—150 -147delTCAG (-38 to -41 nt
upstream to the TSS; [GRCh37/hg19] chr15:23,810,780-23,810,930delTCAG), in the
proximal promoter region of MKRN3in a girl with a nonfamilial idiopathic CPP. This
variant was absent in several different databases (1000 Genomes, NHLBS EVS, gnomAD,
and 150 exomes from Michigan University) and in the Brazilian control group. The affected
girl had the onset of pubertal development around age 7 years. At the first medical visit (7.6
years), she had breast development pubertal stage Tanner 3 and advanced bone age (9 years).
Hormonal evaluation revealed a pubertal basal LH level of 1.0 U/L and an LH level of 8.9
U/L after GnRH stimulation, both measured by IFMA, and a pubertal basal estrogen level
(IFMA) of 70 pg/mL. She was treated with a GnRH analog (leuprorelin acetate) for 3 years
with adequate clinical and hormonal control. Her mother had menarche at age 10 years, and
she did not carry the 4-nt deletion. DNA from her father and 2 brothers were not available

(Fig. 1).

To understand the relevance of the c¢.—150 —147delTCAG variant, we performed in silico
analysis using the Genomatix software suite. Comparison between deleted and reference
sequences predicted that the ¢c.-150_—-147delTCAG variant would lead to the loss of a
putative DREAM binding site.
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Another rare variant, c.—274T>A ([GRCh37/hg19 Chr15:23810656 T/A; rs182933790), in
the promoter region of MKRN3, was detected in a girl with pubertal onset at 6.6 years. The
minor allele frequency of this variant was <0.03% in the databases (1000 Genomes, NHLBS
EVS, and gnomAD), indicating that it is a rare nucleotide change. This variant was

identified in 2 Brazilian control individuals (1 man and 1 woman) who had onset of pubertal
development at adequate age and no history of CPP in their close relatives, suggesting a lack
of genotype-phenotype correlation. However, the parents of the individuals were not studied;
therefore, we cannot exclude that this rare promoter variant affected the maternal allele,
characterizing asymptomatic carriers. The remaining participants did not have any detectable
rare coding variants in the MKRN3 promoter.

Decreased Activity of the Mutant MKRN3 Promoter

The luciferase activity of pPGL2hMKRN3p_delTCAG in homozygous state was significantly
decreased (p < 0.0001 for 1,500 ng; p< 0.001 for 3,000 ng) compared with that of
pGL2hMKRN3p_WT. Similarly, the transfection of pPGL2hMKRN3p_WT/delTCAG mutant
in heterozygous state also led to a significant reduction of the luciferase expression
compared to the wild type (p < 0.01 for both 1,500 and 3,000 ng) (Fig. 2). Moreover, a dose-
dependent regulation of MKRN3 promoter was verified with 3 different concentrations of
DNA vectors (750, 1,500, and 3,000 ng in total) for each condition. As shown in Figure 2, a
significant decreased regulation was demonstrated in all amounts analyzed (p < 0.0001).

Discussion

Since the first description of MKRN3 loss-of-function mutations in children with idiopathic
CPP in 2013 [3], more than 30 different variants affecting the MKRN3 have been associated
with the CPP phenotype [1, 2, 19-21]. All previously identified mutations were located in
the coding sequence of the only exon of MKRNS3, with a hot-spot area between nucleotides
476-482, a cytosine homopolymer region [19, 20]. A recurrent mutation, ¢.482insC frame-
shift, identified in this region, has been reported in several families with CPP [20, 21]. Here,
we describe a rare heterozygous 4-nt deletion in the MKRN3 promoter region (c.—150 _
-147delTCAG) in a girl with typical features of CPP. She presented with progressive breast
development (Tanner 3 at first medical visit) associated with advanced bone age and pubertal
basal and GnRH-stimulated LH levels at age 7.5 years. There was no family history of
premature sexual development among her close relatives, and the lack of MRI structural
alterations suggested initially that she had an idiopathic form of CPP.

Notably, the 4-nt deletion c¢.—150_—147delTCAG is located at —38 to —41 nt upstream to the
TSS, in the proximal promoter of MKRN3 (Fig. 3). This is an area typically very important
for binding of the basal transcriptional machinery and for basal and regulated gene
expression [22]. In addition, the 5'-UTR of MKRN3is notable for potential transcription
factor motifs [5] (Fig. 3). In silico analysis (Genomatix) predicted that the ¢.—150_
-147delTCAG variant would lead to a loss of a DREAM binding site. DREAM, also known
as KChIP-3 or calsenilin, is a transcription factor widely expressed in a variety of tissues,
including the central nervous system and reproductive organs [16, 23]. In most cases,
DREAM is a transcriptional repressor that acts in a Ca2*-regulated manner, which binds

Neuroendocrinology. Author manuscript; available in PMC 2019 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Macedo et al.

Page 6

downstream response elements. Interestingly, in some promoters, DREAM may play a role
as an activator, especially when the downstream response elements are located upstream, but
not downstream, of the transcriptional initiation site [24]. Leclerc and Boock-for [16]
demonstrated that the Ca2*-binding DREAM protein can also bind to a specific region in the
GNRHI1 promoter, increasing GNRHI gene expression [16]. We speculate that DREAM
could act as an activator in the MKRN3 promoter, by binding to a site upstream of the
transcriptional start site; therefore, a loss of its binding site would lead to a decrease in
MKRN3 expression resulting in premature activation of GnRH pulsatile secretion and,
consequently, earlier onset of pubertal development (Fig. 3). Indeed, in vitro luciferase assay
studies demonstrated a significant reduction of MKRN3 promoter activity in GT1-7 cells
transfected with a plasmid encoding the deletion, indicating that this 4-nt deletion had a
negative impact on MKRN3 transcription.

DNA from the patient’s father was not available; therefore, the paternal inheritance of this
novel 4-nt deletion located in the promoter region of the maternally imprinted MKRN3 was
not confirmed. However, the patient’s mother, who had normal pubertal developmental, did
not carry this variant, suggesting that this defect was likely inherited from her father.
Alternatively, it may represent a potential de novo MKRN3 defect.

In summary, our current findings suggest that the 4-nt deletion in the MKRN3 proximal
promoter resulted in MKRN3 deficiency and consequently CPP in a girl, indicating that
potential abnormalities of the regulatory regions of MKRN3 can cause the CPP phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

a Family pedigree showing the presence of the ¢.—150_-147delTCAG variant in the affected
girl (individual 11.3). The absence of the variant in the mother (individual 1.2) suggests that
this defect was likely inherited from her father (DNA not available) or it may represent a
potential de novo MKRNS3 defect. WT, wild type MKRN3 promoter region. b
Chromatograms of the MKRN3 promoter showing the ¢.—150_-147delTCAG heterozygous
variant in the genomic DNA of the affected girl (11.3) and the normal sequence of her
unaffected mother (1.2). The heterozygous variant is indicated with an arrow. The black
dashed box indicates the 4 bases that are deleted in the affected girl.
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Functional study of MKRN3 promoter variant. On the x-axis, “Empty” indicates pGL2

vector; “WT” indicates pGL2hMKRN3p_WT; “wT/delTCAG” indicates 50%
pGL2hMKRN3p_WT + 50% pGL2hMKRN3p_delTCAG; and “delTCAG” indicates

pGL2hMKRN3p_del TCAG. Values represent means + standard deviations of 4 independent
experiments, each performed in triplicate. The dose-dependent ANOVA test is represented
by **** p<0.0001 with Brown-Forsythe test p= 0.0089 and Bartlett’s test p< 0.0001. ** p

<0.01; *** p<0.001; **** p< 0.0001. pGL2 was excluded from ANOVA analysis.

ANOVA 750 ng: ns. ANOVA 1,500 ng: <0.0001; WT x WT/delITCAG: **; WT x delTCAG:
***x ANOVA 3,000 ng: 0.0002; WT x WT/delTCAG: **; WT x delTCAG: ***. ns, not

significant.
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Schematic representation of the MKRN3 gene; the black rectangle indicates the coding
DNA sequence of MKRNS3, colorful circles and ovals represent putative transcription factor
binding sites. a Wild-type MKRN3 promoter region with intact binding sites. b MKRN3
promoter region with the 4-nt deletion. TSS, transcription start site; SRY, sex-determining
region Y (SRY) protein; PEA3, polyomavirus enhancer activator 3 homolog; SRE, serum
response element; C-EBP, CCAAT/enhancer binding protein; AP2, activating protein-2.
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