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Abstract

Puberty marks the end of childhood and is a period when individuals undergo physiological and
psychological changes to achieve sexual maturation and fertility. The onset of puberty is first
detected as an increase in pulsatile secretion of gonadotropin-releasing hormone (GnRH). Pubertal
onset is regulated by genetic, nutritional, environmental, and socio-economic factors. Disturbances
affecting pubertal timing result in adverse health conditions later in life. Human genetic studies
show that around 50-80% of the variation in pubertal onset is genetically determined. The genetic
control of pubertal timing has been a field of active investigation in attempt to better understand
the neuroendocrine control of this relevant period of life. Large populational studies and patient
cohort-based studies have provided insights into the genetic regulation of pubertal onset. In this
review, we discuss these discoveries and discuss potential mechanisms for how implicated genes
may affect pubertal timing.
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1. Introduction

Puberty is the developmental stage of physical and psychological maturation in which
reproductive capacity, as well as adult stature, is attained. The hypothalamic-pituitary-
gonadal (HPG) axis controls puberty and reproduction and is tightly regulated by a
complex network of excitatory and inhibitory factors. Gonadotropin-releasing hormone
(GnRH) neurons migrate from the nasal compartment to the hypothalamic preoptic area
during embryogenesis. GnRH is released from axon terminals in the median eminence

in a pulsatile manner to stimulate the secretion of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) from the pituitary, which in turn act on the gonads to promote
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gametogenesis and the production of sex steroids (Figure 1 A-B). The HPG axis is active in
the mid-gestational fetus but silenced towards the end of gestation. This restraint is removed
at birth, leading to reactivation of the axis and an increase in gonadotropin concentrations.
Subsequently, there is an active suppression of the axis during childhood. Studies in rodents
and primates have shown that the initiation of puberty is orchestrated by an augmentation
of GnRH through an enhancement of excitatory inputs and a reduction in inhibitory factors
(1,2). Although genetic studies have increased our understanding of the regulation of the
HPG axis, the exact components of this complex network regulating the reactivation of
GnRH secretion, and consequently pubertal onset, is not entirely recognized.

Data showing an association between the ages at menarche in mothers and daughters and
similar timing of puberty within ethnic groups are suggestive of genetic modulation of

the reproductive endocrine axis. Human genetics studies suggest that around 50-80% of

the variation in pubertal onset might be genetically determined (3,4). Nutritional status,
adoption, geographical migration, and emotional well-being have also been shown to
influence pubertal timing (5-7). Nutritional changes have an important role, as shown by the
decrease in the average age of menarche between the mid-19th and the mid-20th centuries in
the USA and in some European countries due to improvement in general health and nutrition
(8). Later, human genetic studies revealed important factors linking the reproductive and
metabolic systems (9,10).

Puberty onset varies between normal individuals and there is a 4-5-year window judged to
be the normal age of pubertal development. The average timing of pubertal development

is 8 to 13 years of age in Caucasian girls and 9 to 14 years of age in boys. (4). However,
these ages are arbitrary and vary in different ethnicities. The mean age for onset of breast
development in African-American girls is usually earlier than that in white girls (11). The
onset of puberty before or after + 2 to 2.5 standard deviations (SD) of the mean age is
deemed pathological (Figure 1C) (4). It is unclear why boys enter puberty one to two years
later than girls (12). Also, it is not clear why disorders of earlier puberty are exceedingly
more common in girls than in bays, while disorders of delayed puberty are more common in
boys than in girls. The first clinical sign of puberty onset in girls is breast development, and
in boys, testicular enlargement. Testicular enlargement can be difficult to detect, which may
contribute to undiagnosed cases of precocious puberty in boys. However, it seems like there
are other unknown factors contributing to a higher frequency of precocious puberty in girls
and delayed puberty in boys. In this review, we will discuss the genetic factors contributing
to normal pubertal onset, Central Precocious Puberty (CPP), and Delayed Puberty (DP).
Genes associated with hypogonadism will be discussed in another paper of this Series.

2. Genetic variants associated with age of onset of puberty in normal
population

Genome-wide association and custom-genotyping array studies have identified several
genetic variants enriched in the general population associated with puberty onset. Although
menarche is regarded as the final marker of puberty in girls (11), it is nonetheless

a milestone in female pubertal development that is easily recollected. For this reason,
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menarche is the pubertal marker used in most populational studies. In boys, age at voice
breaking has been used as a similar marker (13).

In 2009, genome-wide association studies (GWAS) found polymorphisms near or in

L INZ8B to be significantly associated with age of menarche in girls (14-17). LIN28Bis
an RNA-binding protein whose major function is to repress the maturation of the large
family of miRNAs, let-7, suggesting that miRNA regulatory pathways may participate

in the control of puberty. Studies in mice demonstrated that genetic overexpression of

the other member of the Lin28 family, L/nZ28A, resulted in a delay of pubertal onset,
further supporting a role of the Lin28/let-7 pathway in pubertal control (18). However, the
mechanism by which L/N28B controls GnRH secretion is unknown. It is suggested that
LIN28B is involved in developmental mechanisms leading to pubertal onset (18). To date,
one of the strongest signals associated with age at menarche and for voice breaking is
located at L/N28B locus (13,19).

In 2014, GWAS and custom-genotyping arrays, taking into consideration the parent of origin
of the variants, identified signals associated with age at menarche near imprinted genes,
including DLKI and MKRN3which are both maternally imprinted and paternally expressed
genes (20). Mutations in these genes were also identified in patients with CPP and will be
discussed below (21,22). According to evolutionary theories, paternally expressed genes are
predicted to increase the offspring demands. This is consistent with the finding that MKRN3
and DLK1 participate in the inhibition of puberty initiation, as loss-of-function mutations in
these genes result in early pubertal development (21,23,24).

Most of the signals associated with puberal timing in GWAS studies were identified in

genes expressed in the hypothalamus, highlighting the importance of the neuroendocrine
regulation of pubertal onset (19,20). Some of these genes had been previously linked to the
HPG axis such as GNRH1, FGFRI1, TACR3and FSHR (20,25,26). Furthermore, signals
associated with pubertal timing and body mass such as £70, LEPR, EC16B, TMEM18,
NEGRI and MC3R underscore the link between reproduction and metabolism (27). Genetic
variants near MC3R have also been associated with adult height and reduced lean body mass
(19,28). Further investigation of the MC3R variants revealed a strong signal at this gene
locus with female carriers presenting with a 4.7-month delay in age at menarche (29). As we
will discuss below, mutations in £70 and MC3R have also been associated with DP (27).

Improvement in methodologies and collaboration through larger populational studies yielded
stronger correlations with pubertal markers. GWAS and custom-genotype studies identified
additional signals indicating shared etiologies in both sexes between puberty timing and
body mass index, fasting insulin levels, lipid levels, type 2 diabetes and cardiovascular
disease (26). Furthermore, more recent studies linked several variants associated with
puberty timing markers with risks for breast and endometrial cancers in women and prostate
cancer in men (19,30).

In 2017, a large GWAS including not only girls with pubertal timing within the normal
range, but also early and late pubertal timing of European ancestry revealed that the variants
associated with puberty markers had disproportionate effects in a sex-discordant pattern. In
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females, the common genetic variants contribute more to early than late pubertal timing in
girls, and the opposite was seen in males (19). This difference may also explain, at least
partially, why precocious puberty appears to be more common in girls and delayed puberty
in boys.

This fast approaching and successful progress derived by GWAS is constantly producing
feasible candidates influencing pubertal timing. It also suggests, however, that many of
these genetic variants have a low impact in the general population. These large-scale GWAS
show that pubertal onset is highly polygenic, like other quantitative traits, highlighting the
complexity of the genetic regulation of puberty timing (20,31).

3. Disturbances of pubertal timing

Approximately 5% of children have either precocious or delayed puberty, which is
associated with adverse health and psychosocial outcomes (32,33). Early puberty has

been associated with adverse health outcomes, including breast and endometrial cancer,
obesity, type 2 diabetes, cardiovascular disease, short stature, and increased mortality
(19,34-36). Data from the UK Biobank study from both men and women has demonstrated
that delayed puberty also has great impacts on health in later life: late menarche (15—

19 years) has been associated with significantly increased risk of early menopause,
osteoporosis, malabsorption, low intelligence, asthma, and poor overall health (37,38). In
addition, the same study observed an increased risk for cervical cancer, angina, myocardial
infarction, high cholesterol, still birth, and depression. Later voice breaking in men was
also significantly associated with anxiety disorders, chronic fatigue syndrome, depression,
asthma, and poor overall health (37). Many previous studies have shown that patients with
delayed puberty are at risk of short stature, and have a risk for decreased bone mineral
density, and increased psychological distress (39-42).

4. Genetics of CPP

Precocious puberty encompasses benign variants of normal development, gonadotropin-
independent precocious puberty, and gonadotropin-dependent precious puberty.
Gonadotropin-dependent, or CPP, results from the early maturation of the hypothalamic-
pituitary-gonadal axis. CPP is a rare disorder with a prevalence of 1 in 5,000 to 1 in 10,000
children. The diagnosis is based on physical exam findings indicating advancing puberty and
on laboratory tests confirming central HPG axis activation. Several neurological disorders
and chronic exposure to exogenous or endogenous sex steroids can cause CPP. Most cases
of CPP in girls and up to 60% of cases in boys do not have a detectable CNS lesion and are
described as idiopathic CPP. Some or most of these cases might have a genetic, metabolic,
or environmental component, or a combination of these factors (4). Approximately 10% of
CPP cases have a genetic cause identified.

Kisspeptin system

After several key regulators of GnRH secretion were identified in genetic studies of families
with hypogonadism, a single mutation in K/SSZR was identified in one girl with CPP
(43). KISS1R was formerly known as GPR54, because it encodes a G-protein coupled
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receptor. K/ISS1R is expressed in GnRH secreting neurons. The only mutation in K/ISSIR
associated with CPP, p.Arg386Pro, was identified in an adopted girl who had progressive
thelarche from birth, suggesting early, persistent, and slightly increased estrogen secretion.
Accelerated growth, skeletal maturation, and progression of breast development were
noticed at the age of 7 years. The mechanism by which the p.Arg386Pro mutation, located in
the C-terminal tail of the receptor, results in early puberty came from in vitro studies, which
showed that the amino acid substitution led to prolonged activation of KISS1R intracellular
signaling pathways in response to the ligand (43,44).

Kisspeptin, the ligand of KISS1R, is expressed in the arcuate and anteroventral
periventricular hypothalamic nuclei. Physiological and pharmacological studies have shown
that the kisspeptin ligand/receptor system is an essential regulator of GnRH secretion (45).
Kisspeptin and neurokinin B are tightly regulated GnRH pulse frequency (Figure 1B)(46).
One rare K/SS1 variant, p.Pro74Ser, was identified in the heterozygous state in a boy

who developed CPP at age 1 year, with high concentrations of basal LH and testosterone
(47). Results of /n vitro studies showed that the capacity to stimulate signal transduction
was significantly greater for mutant p.Pro74Ser compared to wild type K/5S1, suggesting
that this variant might be more resistant to degradation, resulting in greater kisspeptin
bioavailability (47). The mother and maternal grandmother of the boy carrying the mutation,
also carried the p.Pro74Ser mutation in the heterozygous state, and they both had normal
pubertal development. This finding suggests incomplete sex-dependent penetrance.

Physiological and pharmacological studies have shown that the kisspeptin ligand/receptor
system is an essential part of the excitatory network that regulates GnRH secretion. It is
important to mention that recent studies showed that the kisspeptin neurons are subjected to
metabolic regulation, linking signals of caloric sufficiency to the reproductive axis (10).

MKRN3—Genetic causes for CPP remained limited to a few rare mutations for many
years until whole exome sequencing analysis from 15 families with CPP identified loss-
of-function mutations in MKRN3in one-third of these families (21,43,47-49). MKRN3
mutations are the most common genetic defect associated with CPP to date with around
10% frequency, and an increased frequency in familial cases of CPP, ranging from 33

to 46% (21,50,51). MKRN3 mutations have been identified in several ethnic groups, and
include severe mutations, resulting in premature truncation of the protein, and missense
mutations, predicted to be loss of function by /n vitro studies or software analysis (50,52).
MKRN3 mutations reported in patients with CPP are described in Figure 2. MKRN3
encodes Makorin ring finger protein 3, an E3 ubiquitin ligase. MKRN3is located on the
long arm of chromosome 15, in a region with a cluster of imprinted genes. Some genes are
paternally expressed only and are associated with Prader Willi syndrome (PWS) (53,54).
MKRNS3is included in the cluster of paternal allele exclusive expression. Studies have
shown that MKRN3 deletion is not required nor responsible for the PWS phenotype, with
several cases of PWS presenting without deletion of MKRN.3 (55-57). However, the loss
of MKRN3within the deletion causing PWS does not predict the pubertal phenotype,

as not all patients with PWS with deletions including MKRN3 necessarily develop CPP
(55,58,59). Patients with CPP and loss-of-function mutations in MKRN3 do not have any
of the major features present in PWS. Following the imprinting pattern, all patients with
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CPP and mutations in MKRN3were found to have inherited the mutations from their fathers
when genetic analysis were possible. Paternal heterozygous deletions in the whole MKRN3
gene have been identified in two unrelated girls with non-syndromic CPP and obesity. Given
the prevalence of obesity, it is difficult to draw any conclusions about the relevance of the
deletion to this phenotype (60).

Patients with CPP and loss-of-function MKRN3 mutations showed clinical and hormonal
features consistent with premature activation of the HPG axis, including early pubertal signs
such as breast development or testicular enlargement, advanced bone age, and elevated

basal and/or GnRH-stimulated LH levels. Clinical and laboratory features between patients
with CPP with or without MKRN3 mutations typically reported no significant differences
(50). There were no differences in prevalence of obesity in patients with CPP and MKRN3
mutations compared to those with CPP without MKRN3 mutations (61,62). Additionally, a
study that analyzed response to treatment did not show difference in expected family height
in girls with CPP without MKRN3 mutations, demonstrating the efficacy of GnRH analog in
preserving genetic adult height potential, regardless of the etiology of CPP (62).

MKRN3 expression is higher in the hypothalamus prior to sexual development with a
decline during pubertal development in mice, rats and female non-human primates (52).
Populational based studies showed that circulating MKRN3 protein levels decline in male
and female humans prior to the onset of puberty (63,64). MKRN3is expressed in Kisspeptin
neurons and inhibits transcription of the two important GnRH stimulators, K/5S7 and
TACS3 in vitro. MKRNS3 s the first gene with mutations identified in humans with an
inhibitory effect on GnRH secretion (52). It is also the first imprinted gene associated with
non-syndromic CPP.

DLK1—Linkage analysis followed by whole-genome sequencing of a family with multiple
members with CPP revealed a complex genomic defect in DLKI. A ~14 kb deletion,
encompassing the entirety of exon 1, including the translational start site, and a 269-bp
duplication of intron 3 was identified in four affected girls (two sisters, and two half-sisters)
with biochemically confirmed CPP. (24). The paternal grandmother also had a history of
premature menarche, suggesting that she may have also been affected. The father of the girls
with CPP and DLKI mutations did not developed CPP because DLKI is also maternally
imprinted and only expressed from the paternal allele. Familial segregation correlated
perfectly with the maternal imprinting inheritance (24). Subsequently, three frameshift
mutations in DLKZ were reported in five women from three families with CPP (79). Again,
segregation analysis was consistent with the maternal imprinting of DLKI.

Similar to MKRN3, DLK1 is also located in a region of clustered imprinted genes and is
expressed only from the paternal allele. DLKZ is located on chromosome 14q32 in a region
associated with Temple syndrome (65). Temple syndrome is characterized by pre- and post-
natal growth retardation, hypotonia, motor delay, small hands and CPP. Patients with CPP
harboring DLKZ mutations don’t present features of Temple syndrome. DLKI1 mutations
resulted in absence of secreted protein in serum, as demonstrated by the undetectable levels
in the serum of patients harboring these mutations (24,66).
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DL K1 encodes the delta-like homolog 1 protein (DLK1) also known as Preadipocyte

factor 1 (Pref-1), and is a transmembrane protein containing epidermal growth factor
(EGF)—like repeats homologous to the Notch/Delta/Serrate family. Animal and /n vitro
studies have demonstrated that DLK1 acts as an adipogenesis gatekeeper by preventing
adipocyte differentiation (67). Indeed, D/kZ-null mice display accelerated weight gain

and hyperlipidemia at adulthood, supporting antiadipogenic actions (66). Metabolic
abnormalities, such as overweight, early-onset glucose intolerance, type 2 diabetes mellitus,
and hyperlipidemia, appear to be more prevalent in women with CPP and DLKZ mutation
than in those with CPP without DL KZ mutations. Two sisters with CPP and DL K mutation
also exhibited polycystic ovary syndrome and infertility (66). The number of patients with
CPP and DLKI mutations is small, and it is difficult to make associations, but it is possible
that DLK1 is a novel link between reproduction and metabolism.

5. Genetics of Delayed Puberty

DP is defined as the absence of testicular enlargement in boys or breast development in
girls at an age that is 2 to 2.5 SD later than the normal population mean (68) (Figure 1 C).
The pathogenesis of DP encompasses several conditions. An important differential diagnosis
of DP is hypogonadism which occurs when there is a failure to go through puberty or
incomplete pubertal development, and infertility in adult life. (68,69). Hypogonadism due
to GnRH deficiency results in low levels of gonadotropin and is named hypogonadotropic
hypogonadism (HH). When associated with abnormal sense of smell it is called Kallmann
syndrome (KS). The most common cause of DP is constitutional delay of puberty which is
called self-limited delayed puberty (SLDP) or constitutional delay of growth and puberty
(CDGP) when associated with delayed growth. In CDGP and SLDP, pubertal onset is
delayed but occurs spontaneously by the age of 18 years. SLDP can be sporadic or
segregating within families, with up to 70% of families having an autosomal dominant
pattern of inheritance suggesting a genetic component (70,71). Currently, there are no
clinical available diagnostic tools to differentiate SLDP or CDGP from HH. A study
showed that 16 children (13 boys and 3 girls) with delayed puberty that responded to
kisspeptin-stimulation test with a rise in luteinizing hormone (LH) subsequently progressed
through puberty, indicating that this test has the potential be used clinically in the future for
differential diagnosis of SLDP and HH (72).

The genetic architecture of HH has been extensively explored and over 50% of patients with
HH or KS has a genetic cause identified. It is not rare to identify relatives of patients with
HH carrying the same gene mutations but presenting with only delayed puberty (73,74).
One example is mutations in H#S6ST1 that were found in 2% of patients with HH (74) and
later, loss-of-function mutations were identified associated with familial SLDP. In this case,
studies in C. elegans revealed that A1s6¢1 regulates neural branching in concert with other
IHH-associated genes, including ka/-1, the FGF receptor, and FGF suggesting an oligogenic
interaction to determine the pubertal phenotype (74). Several other oligogenic defects have
been associated with HH and SLDP (75). To add even more complexity, some patients with
HH or KS can unexpectedly undergo reversal of the phenotype, even when carrying genetic
mutations, indicating that the effects of a genetic defect can be overcome (76). In this section
we will discuss genes associated with SLDP.
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IGSF10

Loss-of-function mutations in /GSF10, encoding immunoglobulin superfamily member
10, were found to be causative of SLDP. Four variants in /GSF10were found in 10
families and a total of 31 individuals with SLDP. Two amino-terminal variants were
found in 20 individuals from six families with perfect segregation with the expected
autosomal dominant pattern of inheritance. Two carboxyl-terminal variants were found in
11 individuals from four families, displaying incomplete penetrance and a possible de
novo mutation. Mutated proteins resulted in failure of extracellular secretion /n vitro and
co-culture experiment showed that migration of immaortalized GnRH neurons was reduced
in /gsfi0knockdown studies in fibroblasts. In addition, /gsfZ0knockdown in zebrafish
dysregulated GnRH neuronal migration. Mutations in /GSF10were also found in patients
with hypothalamic amenorrhea, revealing a shared pathophysiology between SLDP and
other forms of functional hypogonadism (77).

FTO

Rare heterozygous variants in £70, encoding the fat mass and obesity protein, were found
families with SLDP associated with extreme low BMI and maturational delay in growth in
early childhood in the Finnish cohort (27). Two variants were identified in three families and
inherited with the expected autosomal dominant pattern. Heterozygous Ffo knockout mice
displayed delayed vaginal opening (VO, i.e., pubertal marker for puberty initiation), but a
similar body weight compared with wild-type animals. Variants in £70 locus were found
to have the largest effect on BMI and obesity risk in GWAS studies (20). £7Ois the first
gene associated with obesity in GWAS with mutations associated with SLDP, remarking
the strong relationship between energy balance and reproductive functions. It remains to be
determined whether the effect of #70 on pubertal timing in self-limited delayed puberty is
mediated via effects on body mass.

EAP1

EAPI, encoding the protein Enhanced at puberty 1, is highly expressed in the hypothalamus
of male and female peri-pubertal rodents and non-human primate, and mMRNA levels
increase during puberty. EAP1 has been show to transactivate GnRH promoter (78). Two
heterozygous rare variants, one missense and one in-frame deletion were found in £4P7 in
two unrelated families with SLDP and segregated with the phenotype. A luciferase reporter
assay showed that the £APZ mutant proteins had reduced ability to trans-activate the GnRH
promoter compared to wild-type £API due to the inability to translocate to the nucleus (79).

LGR4

Rare variants in LGR4 were identified in 6 patients with familial SLDP in a Finnish

cohort (80). LGR4 encodes Leucine-rich repeat-containing G protein-coupled receptor 4,

a GPCR uniquely functioning through Wnt/b-catenin signaling. Lgr4 is expressed in key
areas responsible for GnRH neuronal development. LGR4 mutant proteins showed impaired
Whnit/B-catenin signaling, owing to defective protein expression, trafficking, and degradation.
Mice deficient in Lgr4 had significantly delayed onset of puberty and fewer GnRH neurons
compared with WT, whereas /gr4 knockdown in zebrafish embryos prevented formation
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and migration of GnRH neurons. Altogether these results demonstrate the pathogenicity of
L GR4 variants resulting in SLPD.

In a recent study, MC3R variants were associated with delayed pubertal onset, delayed
growth during childhood, shorter adult stature, lower lean mass, and lower circulating
levels of IGF1 in both females and males (29). MC3R encodes the G protein-coupled
receptor melanocortin 3 receptor, which is activated by a-melanocyte-stimulating hormone
(a-MSH). Functional annotation of missense variants identified in humans revealed that
rarer variants caused a more severe signaling disruption and correlated with a greater
delayed onset of puberty. Single-cell RNA sequencing of the arcuate nucleus in the
hypothalamus showed that Mc3ris expressed in both kisspeptin-neurokinin B-dynorphin
(KNDy) neurons and in growth hormone-releasing hormone (GHRH) neurons (29). Taken
together, the evidence emerged from this study highlights the important role of MC3Rin
growth and reproduction.

Human genetic studies resulted in the identification of common genetic variants associated
with normal pubertal timing and rare variants or mutations causing CPP or SLDP. A
significant number of genes such as MKRNS3, DLK1, TACR3, FTO and MC3R have either
variant in non-coding regions with a small contribution to the age at menarche likely

due to small alteration in their transcription levels, or more severe variants in the coding
regions resulting in loss-of-function of the protein causing a disorder of pubertal onset. The
loss of maternally imprinted genes is associated with CPP which suggest an evolutionary
mechanism regulating pubertal onset. The genetic control of DP is complicated by the facts
that this trait is not rare and may be a spectrum of HH. Studies demonstrated an overlap

of genetic defects associated with DP and HH and the importance of genes associated with
GnRH neuronal development and function.
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Practice points

. Early and late puberty can be associated with adverse health outcomes later in
life.
. MKRN3is the most common cause of Central Precocious Puberty and

genetic testing can assist in the diagnosis and familial genetic counseling.

. It is important to consider MKRN3 imprinting pattern when analyzing
pedigrees of families with CPP.

. It is very important to diagnose the underlying cause of delayed puberty,
especially to distinguish between self-limited DP and HH in adolescents,
however, there are no ideal diagnostic tools currently.
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Research agenda

. Expanding the studies in humans will indisputably identify additional genes
affecting pubertal timing.

. The genetic, epigenetic and environmental basis for the age of pubertal onset
is an area of research where there is still much to be discovered and may bring
future benefits for informed management of these patients.

. Mechanistically targeted therapies should be pursued, especially with respect
to the kisspeptin, tachykinin and MKRN3 system.
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Figure 1: Genes associated with pubertal timing across the lifespan.
Genes in blue are associated with CPP, in red with DP, and genes in black are associated

with HH and/or KS. Variants in L/N28B, in purple, have only been associated with pubertal
onset in the normal population. A. Representation of the nasal placode at embryonic life
and key genes important for GnRH neuronal migration. GnRH neurons (in green) will
migrate alongside olfactory axons from the VNO to the forebrain at the level of the
olfactory bulbs (not shown). Mutations in these genes can cause dysregulation in GnRH
neuronal migration resulting in delayed puberty and/or HH-KS. B. Figure depicting the
hypothalamic and pituitary regions involved in the central regulation of the reproductive axis
and key genes controlling GnRH secretion. Kisspeptin-Neurokinin B-Dynorphin (KNDy)
neuron is shown in blue in the ARC communicating with GnRH neuron (in green) in the
POA. C. Normal distribution of the timing of puberty in the general population with the
mean (|1) age of onset. 2 to 2.5 standard deviation (SD) values indicate precocious or
delayed onset of puberty. List of some of the important genes identified in genome-wide
association studies (GWAS) and in patient-cohort based studies associated with timing of
pubertal onset. VNO: vomeronasal organs; NM: nasal mesenchyme; NS: nasal septum; HH:
hypogonadotropic hypogonadism; KS: Kallmann syndrome; SLDP: self-limited delayed
puberty. ARC: Arcuate nucleus, POA: preoptic area, CPP: central precocious puberty, DP:

delayed puberty.
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Figure 2. Schematic representation of MKRN3 protein structure and 59 mutations identified in
patients with CPP.

Crosses represent individual amino acids, and corresponding numbers indicate amino

acid position. Yellow and pink crosses represent key cysteine and histidine amino acids,
respectively, necessary for zinc ion interaction. RING finger C3HC4, in purple, is a protein
binding domain responsible for ubiquitin ligase activity. Zinc Finger C3H1, in red, are
RNA binding domains. Makorin type Zinc finger, in green, is a specific Cys—His domain
identified in the proteins of the makorin family. Notably, 15 mutations (27%) were detected
between the first two C3H1 domains, 11 of which are frameshift. Mutations tend to also
cluster within the C3HC4 RING finger domain (20%)- the vast majority of which are
missense.
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