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Abstract Puberty in mammals is defined as the development of fertility, which involves 
the maturation of secondary sex characteristics and reproductive organs. This 
phenomenon is controlled by the Hypothalamic-Pituitary-Gonadal (HPG) 
axis. However, the timing of puberty differs greatly among individuals, and it 
is thought that a combination of genetic and environmental factors governs its 
onset. Advances in genetic analysis has allowed the identification of many more 
gene loci involved in regulating puberty. Understanding the genetics regulating 
the mammalian reproductive cycle can open novel therapeutic avenues for the 
treatment of human infertility. This review aims to explore the genes currently 
thought to regulate pubertal onset, in particular the KISS-1, and TAC-3 genes. 
Moreover, this review aims to provide insight into the emerging roles of the genes 
which usually regulate nutritional status including the FGF21 gene and how they 
may impact pubertal onset. 

INTRODUCTION
Puberty in mammals is defined as the develop-
ment of fertility, which involves the maturation 
of secondary sex characteristics and reproduc-
tive organs (Strauss & Barbieri 2009). The human 
reproductive system is controlled by the Hypotha-
lamic-Pituitary-Gonadal (HPG) axis (Figure 1). 
Evidence suggests that pubertal onset is governed 
by a combination of genetic, nutritional and envi-
ronmental factors via the HPG axis (Gajdos et al. 
2008). Many genes have been identified as poten-
tial regulators of puberty. Ob (Ahima et al. 1997), 
TAC3, TAC3R (Topaloglu et al. 2008), KISS1 
and KISS1R (Topaloglu et al. 2008) genes have 
been considered to influence pubertal onset, and 
recently studies have shown MKRN3 (Abreu et al. 
2015) and FGF21 (Owen et al. 2013) genes are also 

involved in initiating puberty. Understanding the 
genetic mechanism behind the mammalian repro-
ductive cycle could provide novel targets for the 
treatment of human infertility

Studies in mice (Wray et al. 1989a; Wray et al. 
1989b) and rats (Yoshida et al. 1995) have shown 
that GnRH neurones migrate from the olfactory 
placode into the hypothalamus along the axons 
of the olfactory nervous system (Figure 2). The 
HPG-axis is active during foetal development, but 
around 6 months of gestation, GnRH secretion 
ceases and enters a period of relative quiescence 
until pubertal maturation (Terasawa & Fernandez 
2000). This fluctuating pattern of GnRH activity 
suggests that pubertal onset may be controlled by 
inhibitory and stimulatory effects. 

Since GnRH is involved in the maturation 
of gonads, genetic mechanisms which disrupt its 
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migration pathway may alter GnRH activity and subse-
quently impact the pubertal process. The interference 
of this pathway is thought to play a role in the devel-
opment of Idiopathic Hypogonadotropic Hypogand-
ism (IHH). IHH is defined as either absent or delayed 
puberty, characterized by under developed gonads and 
low levels of serum sex steroids (Mitchell et al. 2011). 
Around 50% of IHH patients have anosmia (Quinton 
et al. 2001) due to absence of olfactory bulbs and tracts. 
The association between loss of olfaction and IHH is 
termed Kallmann’s syndrome. Franco et al. (1991) 
showed that patients with Kallmann’s syndrome have 
either partial or complete deletion of KALIG-1, a gene 
in the Xp22.3 region thought to be involved in neuro-
nal migration. The finding from this investigation adds 
further evidence that genetic mutations interfering 
with the GnRH migration pathway result in the failure 
of pubertal onset. 

REGULATING GNRH SECRETION: 
KISS1, KISS1R/GPR54R, AND MKRN3 
The discovery of Kisspeptin and its receptor (KISSR/
GPR54R) have played a pivotal role in shaping our 
understanding of pubertal regulation. Originally iden-
tified in 1996 as a metastasis-suppressor gene (15 the 
same as 14) (Franco et al. 1991), KISS1 encodes kis-
speptin, which is a family of neuropeptide that binds 
to the KISS1 receptor. Studies in rodents have revealed 
that KISS1 mRNA is expressed in certain areas of the 
hypothalamus, including anteroventral periventricular 

nucleus (AVPV), the periventricular nucleus, and the 
arcuate nucleus(ARC) (Gottsch et al. 2004). 

Le Roux et al. (Roux et al. 2003) isolated DNA from 
five IHH affected siblings of a large consanguineous 
family. Genomewide analysis revealed that these chil-
dren had a defective GPR54 gene which impaired their 
pubertal development. The study concluded that the 
mutated GPR54 gene causes IHH by possibly disrupting 
the HPG axis. This finding is also supported by Seminara 
et al. (2003), who showed that GPR54-knockout mice 
had smaller reproductive tracts compared to wild type 
mice. The group also found that GnRH concentration 
in the hypothalamus did not differ significantly between 
the wild type and knockout mice. This finding suggests 
that the GPR54 does not alter the developmental biology 
of GnRH neurones, but rather kisspeptin may be involved 
in GnRH secretion. To investigate the influence of the 
GPR54 gene on the HPG axis, the group also adminis-
tered intravenous GnRH to GPR54-deficient men, who 
initially had low concentration of LH and testosterone. 
Administration of GnRH led to an increase in LH levels, 
showing that GnRH acts downstream of GPR54.

Further research into the action of KISS-1 gene 
has suggested that kisspeptin may be responsible for 
the stimulation of GnRH secretion before the onset 
of puberty. Han and colleagues (Han et al. 2005) mea-
sured the amount of LH secreted by juvenile and adult 
mice in response to injections of kisspeptin into the 
lateral cerebral ventricle. The results showed that kiss-
peptin activated GnRH secretion more potently in adult 
mice. The group also conducted quantitative analysis 

Fig. 1. HPG axis in males and females
Gonadotrophin-releasing hormone (GnRH) is released in a pulsatile manner from the 
hypothalamus into the hypophyseal portal circulation. GnRH binds to GnRH receptors on 
the anterior pituitary thereby initiating the secretion of luteinizing hormone (LH) and follicle 
stimulating hormone (FSH). LH and FSH result in secretion of testosterone from the testes in 
males and oestrogen from the ovaries in females. This axis is regulated by negative feedback.
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of kisspeptin mRNA expression in the AVPV and ARC 
nuclei, which revealed that both cell number (p <0.0001) 
and cell content (p <0.05) of kisspeptin increased from 
juvenile to adult mice in the AVPV. From this investi-
gation, the group suggested that the sensitivity GnRH 
neurones to kisspeptin and kisspeptin input from AVPV 
increases over postnatal development.

Recent reports (Abreu et al. 2015: 2013) are highlight-
ing the role of Marokin Ring Finger Protein 3 (MKRN3) 
in inhibiting GnRH secretion and influencing the onset 
of puberty. This peptide is encoded by the MKRN3 
gene, which is in the same region on chromosome 15 
as the mutated genes in Prader-Willi syndrome (PWS), 
a genetic condition characterized by abnormal growth 
development (Jong et al. 1999). Abreu et al. (2013) con-
ducted real time polymerase-chain-reaction assays on 
male and female mice to evaluate the change in level 
of hypothalamic MKRN3 mRNA. The study revealed 
that levels of MKRN3 were high in the ARC nucleus 
of pre-pubertal mice, but rapidly decreased before the 
onset of puberty and remained low afterwards. The 
findings led the group to suggest that MKRN3 may have 
an inhibitory effect on GnRH secretion. To analyse the 
effects of circulating serum levels of MKRN3 in human 
puberty, Hagen and colleagues (Hagen et al. 2015) con-
ducted a population-based longitudinal study of healthy 
Danish girls (n=38) and a prospective clinical study 
of early maturing girls (n=13). The study followed the 
healthy girls over 6 years and took blood samples every 
6 months, measuring their serum MKRN3 concentra-
tion. Measurements of serum MKRN3 were also taken 

from early maturing girls. The results showed MKRN3 
concentration declined before puberty began, and the 
girls who underwent early maturation had low levels 
of MKRN3, thus supporting the idea that the MKRN3 
gene is an important regulator of GnRH secretion before 
puberty. A follow up longitudinal study (Busch et al. 
2016) in healthy Danish boys has also shown the same 
trend. However, both of these studies had a small sample 
size, which reduces their statistical power. In addition, 
since the participants were all based in Denmark, fur-
ther testing in different groups of people is required 
before reaching a conclusive answer. 

Taken altogether, the findings suggest that KISS1 and 
MKRN3 genes are both important factors in the reacti-
vation of GnRH before puberty. Further studies could 
investigate the mechanism by which MKRN3 inhibits 
GnRH secretion, and also explore whether there is an 
intermediate component which links the rise in kiss-
peptin levels and fall in MKRN3 before pubertal onset.

FURTHER GENETIC CONTROL OF GNRH 
RELEASE BY TAC3, TAC3R GENES 
Another peptide thought to be implicated in GnRH 
secretion is Neurokinin (NKB). NKB and its receptor 
(NK3R) are encoded by the genes TAC3 and TACR3 
respectively. NKB is co-expressed with kisspeptin 
neurones in the ARC nucleus (Goodman et al. 2007). 
Topaloglu (2008) et al. conducted a genomewide study 
on nine consanguineous Turkish families with IHH. 
They identified a mutation in NKB and NK3R in four of 

Fig. 2. Schematic diagram representing migration of GnRH neurones from olfactory placode into the 
forebrain
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those families thus proposing that NKB and its receptor 
are necessary for pubertal initiation. Since only Turk-
ish families were recruited, the results could not be 
extrapolated to other groups of patients. However, in 
2010, a much larger study was published by Gianetti et 
al. (2010), which included 18 families and 292 controls 
from different countries. The findings showed that the 
NKB pathway is involved in the development of hypogo-
nadism, thus suggesting alteration in TAC3 and TACR3 
genes could lead to a failure in regulating puberty. 

The exact mechanism by which NKB influences the 
HPG axis has been greatly debated. Study on rats by 
Krajewski et al. (2005) suggested that NKB neurones 
stimulates GnRH secretion by interacting with NK3R in 
the median eminence. This conclusion is reinforced by 
Todman et al. (2005), who developed a profile of neu-
rotransmitter receptors present on the GnRH neurones 
of mice, showing the presence TACR3 genes on the 
GnRH neruones. Oligonucleotide microarrays were 
used in this experiment to analyse the gene sequences 
present on the GnRH neurones, thus increasing the 
specificity of the procedure. However, recently Navarro 
et al. (2011) have contradicted these findings by report-
ing the absence of TACR3 mRNA on GnRH neurones. 
Since all of these investigations were conducted in rats 
and mice, there is no guarantee of any study producing 
the same results in humans.

GENES MONITORING NUTRITIONAL 
STATUS CAN ALSO INFLUENCE ONSET 
OF PUBERTY
Leptin, a product of the Ob gene is a peptide hormone 
synthesized and secreted by adipocytes (Hameed et 
al. 2010). The Ob gene is critical in energy homeosta-

sis (Zhang et al. 1994) and neuroendocrine functions. 
Smith et al. (2006) demonstrated the co-expression 
of  the leptin receptor (Ob-R) mRNA with KISS-1 
mRNA in the ARC nucleus, suggesting leptin directly 
targets kisspeptin neurones. Further investigations on 
mice (Ingalls et al. 1950) and humans (Clément et al. 
1998) have shown that the lack of Ob or Ob-R genes 
causes sterility and hypotrophic hypogonadism. Ahima 
and colleagues (Ahima et al. 1997) hypothesized leptin 
may be involved in determining pubertal timing. The 
investigation compared two groups of female mice 
by injecting one group with exogenous leptin and the 
other with saline. They monitored vaginal opening as 
a marker for pubertal onset. The results supported their 
hypothesis because vaginal opening occurred earlier in 
leptin-treated mice (29.2 +/- 0.3 days) compared with 
saline-treated controls (30.3 +/- 0.4 days). In this exper-
iment, initiation of puberty was determined by vaginal 
opening, however in humans the onset of puberty is 
a much more complex process involving behavioral, 
physical and hormonal changes. In addition, the group 
administered recombinant leptin to mice, therefore it 
cannot be assumed that endogenous leptin will have the 
same physiological effect in humans. 

To investigate the effects of leptin in controlling 
human puberty, Mantzoros et al. (1997) conducted 
a  longitudinal assessment on eight pre-pubertal boys. 
The team hypothesized that leptin is an important pep-
tide responsible for triggering the onset of puberty. The 
boys were either in Tanner genital stage 1 or early stage 
2 at the start of the trial, and were evaluated over 2.1-
5.1 years depending on when Tanner genital stage 5 was 
reached. Every four months, their serum leptin, testos-
terone and dehydroepiandrosterone sulfate (DHEAS) 
were measured. The study found that leptin levels rose 

Fig. 3. Schematic diagram representing central and peripheral mechanisms of GnRH secretion. 
Note: Negative feedback is not shown here. 
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by 50% compared to the baseline perpubertal levels just 
before the onset of puberty (P< 0.01). However, there 
was no periodic measurement of other variables which 
could influence leptin concentration such as Insulin, 
which is considered to have a positive effect on leptin 
levels (Saladin et al. 1995) or adrogenic agonists, which 
are thought to act negatively (Mantzoros et al. 1996). 
Therefore, despite the positive trend identified in this 
study between puberty initiation and leptin levels, the 
results are not completely conclusive. 

Another advancement, which has offered insights 
into the mechanisms underlying the onset of puberty 
is the action of Fibroblast growth factor 21 (FGF21) on 
the hypothalamus. FGF21 is a peptide encoded by the 
FGF21 gene, which is activated in the liver to regulate 
carbohydrate and fatty acid metabolism during fasting 
(Potthoff et al. 2009). It has been shown that FGF21 
requires its co-receptor β-klotho to be fully functional. 
(Ding et al. 2012) 

In a recent study, Owen et al. (2003) observed 
that transgenic female mice overexpressing FGF21, 
tg(FGF21,) were infertile compared to control wild type 
mice and took much longer to start puberty. Cytology 
of these transgenic mice revealed they lacked corpa 
leutea. The tg(FGF21) mice also had significantly lower 
levels of LH compared to the wild types and normal 
FSH profile suggesting these mice had hypogonadotro-
phic hypogonadism. Further stimulation and hormonal 
analysis of the HPG axis revelaed that the tg(FGF21) 
mice had a problem at the hypothalamic level. 

Study conducted in mice by Vida et al. (2010) 
demonstrate that KISS1 neurones in the AVPV nuclei 
receive signal from the suprachiasmatic nucleus (SCN) 
via vasopressinergic neruones. Based on these findings, 
Owen and colleagues (Owen et al. 2013) evaluated the 
action of FGF21 on AVPV and SCN by measuring gene 
expression of KISS1 in AVPV and vasopressin (AVP) in 
the SCN. Analysis showed that gene expression of KISS1 
and AVP was significantly reduced in the tg(FGF21) 
mice compared to the wild type. Further investiga-
tions comparing tg(FGF21) mice with β-klotho defi-
cient tg(FGF21) mice, revealed higher gene expression 
of KISS1 in the AVPV and AVP in the SCN by the latter 
group. Together, these series of investigations show that 
FGF21 acts on the SCN via β-klotho FGF co-receptors 
to inhibit kisspeptin neurons in the AVPV through the 
vasopressenergic pathway. Whilst this study was very 
systematic in its approach, the same methods cannot 
be applied in humans. In particular, the group reported 
that the location of AVPV nuclei and SCN were deter-
mined in relation to white matter landmarks and the 
third ventricle. However, in humans there is no struc-
tural presence of the AVPV, hence these methodologies 
are restricted to rodent models. 

PERSPECTIVE AND CONCLUDING 
REMARKS
The onset of puberty is governed by many genes, which 
encode different peptides that are located both centrally 
and peripherally (Figure 3). These peptides influence 
puberty by acting at various locations on the HPG axis. 
Knowledge of the mechanisms by which these peptides 
interact may create new targets for the treatment of fer-
tility. Further investigations are needed to explore how 
the function of these genes is associated with environ-
mental factors to govern pubertal onset. 
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