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Abstract

Pubertal timing is regulated by the complex interplay of genetic, environmental, nutritional and 

epigenetic factors. Criteria for determining normal pubertal timing, and thus the definition of 

precocious puberty, have evolved based on published population studies. The significance of the 

genetic influence on pubertal timing is supported by familial pubertal timing and twin studies. In 

contrast to the many monogenic causes associated with hypogonadotropic hypogonadism, only 

four monogenic causes of central precocious puberty (CPP) have been described. Loss-of-function 

mutations in Makorin Ring Finger Protein 3 (MKRN3), a maternally imprinted gene on 

chromosome 15 within the Prader-Willi syndrome locus, are the most common identified genetic 

cause of CPP. More recently, several mutations in a second maternally imprinted gene, Delta-like 
noncanonical Notch ligand 1 (DLK1), have also been associated with CPP. Polymorphisms in both 

genes have also been associated with age of menarche in genome-wide association studies. 

Mutations in the genes encoding kisspeptin (KISS1) and its receptor (KISS1R), potent activators 

of GnRH secretion, have also been described in association with CPP, but remain rare monogenic 

causes. CPP has both short- and long-term health implications for children, highlighting the 

importance of understanding the mechanisms contributing to early puberty. Additionally, given the 

role of mutations in the imprinted genes MKRN3 and DLK1 in pubertal timing, other imprinted 

candidate genes should be considered for a role in puberty initiation.
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Introduction

Puberty is the remarkable period during which the body develops secondary sexual 

characteristics and becomes capable of reproduction. The mechanisms by which pubertal 

onset begins remains one of science’s great mysteries.

Physiology of puberty

The hallmark of pubertal onset is reactivation of the hypothalamic-pituitary-gonadal (HPG) 

axis, which is initially active during the fetal and neonatal periods but then undergoes a 

period of quiescence in childhood (1). The axis is subsequently reactivated at the onset of 

puberty with the reemergence of pulsatile hypothalamic gonadotropin-releasing hormone 

(GnRH) release, likely due to increases in activators such as kisspeptin, the most potent 

known stimulator of GnRH secretion, and decreases in inhibitors of the axis (1,2). 

Kisspeptin signals directly to GnRH neurons to control pulsatile GnRH release which leads 

to release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the 

pituitary, with downstream activation of sex steroid production—testosterone from the testes 

and estrogen and progesterone from the ovaries—and stimulation of gametogenesis (Figure 

1) (1,2).

In girls, activation of the HPG axis leads to the onset of breast development, weight gain, 

widening of the pelvic bones, increased fat distribution in the hips, thighs and buttocks, and 

menstruation, the latter of which typically occurs 18 months to 2 years after the onset of 

breast development (3,4). In boys, puberty results initially in testicular enlargement to a size 

greater than or equal to 4 mL, followed by phallic lengthening and widening, voice 

deepening, broadening of the chest and shoulders, appearance of facial and male-pattern 

distribution hair, and ability to achieve an erection and ejaculation (3,5). In both genders, the 

pubertal growth spurt is followed by fusion of the epiphyses. A standardized approach to 

characterizing development of secondary sexual characteristics was established by Tanner in 

the 1960s to describe pubic hair development in both sexes as well as breast development in 

girls and genital development in boys (4,5). Tanner stage I in all scales refers to the 

prepubertal state, while Tanner stage II refers to the first stages of puberty, progressing to 

final adult development as Tanner stage V (3,4).

Normal pubertal timing

Girls typically enter puberty between ages 8 to 13 years while boys typically enter puberty 

between 9 to 14 years (4-5). Sex differences are present in the timing of pubertal onset as 

girls enter puberty approximately one to two years earlier than boys. Interestingly, there are 

also sex differences in the pathologic variants of pubertal timing as girls are at increased risk 

for early puberty while boys are increased risk for delayed puberty, yet the mechanisms 

leading to these differences are unknown (6). The onset of central precocious puberty should 

be confirmed by an experienced clinician, as isolated thelarche or adrenarche can sometimes 

be confused for the onset of central puberty (7). The appearance of adult body odor, axillary 

hair and pubic hair may due to normal age-related activation of the adrenal gland during 

adrenarche. This typically occurs at the same time as central puberty, but can sometimes 

occur earlier and is not synonymous with the onset of central puberty (7).
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Definitions of normal pubertal timing in girls, including progression of secondary sexual 

characteristics and pubertal growth spurt, are based on hallmark studies performed by 

Marshall and Tanner in the late 1960s (4). In the cohort of 192 British girls who were 

followed, mean Tanner stage II breast development occurred at age 11.5 years (range 8.5-13 

years), pubic hair development at 11.69 years, and menarche at 13.47 years (4). However, 

subsequent studies by Tanner supported the onset of breast development at age 10.0 years 

and mean age of menarche at 12.9 years (8).

In the United States and Europe, the decline in mean age of menarche with industrialization 

has essentially plateaued since the 1960s, with further minor declines in the mean age of 

menarche by 2.5-4 months over the past 25 years, but with a far greater decline observed in 

age of onset of breast development (9). The Pediatric Research in Office Setting (PROS) 

performed in the 1990s was the largest study to date, with more than 17,000 participants, 

evaluated by 65 pediatricians across the United States (10). The authors concluded that on 

average, Caucasian girls entered puberty by age 10, approximately one year earlier than 

previously reported, and African-American girls entered puberty between age 8 to 9 years, 

approximately two years earlier than previously reported (10).

Based on the PROS study, the Lawson Wilkins Pediatric Endocrine Society published 

guidelines suggesting that the definition of precocious, or abnormally early, puberty as the 

onset before age 8 years in females was “outdated” (11). It sparked controversy with its 

recommendation precocious puberty should be defined as breast development prior to age 7 

years in Caucasian girls and prior to age 6 years in African American girls (11). These 

guidelines suggested an allowance for more flexibility in the extent of evaluation, including 

whether brain magnetic resonance imaging is necessary, and in the management of affected 

children between the ages of 6 to 8 years in girls(11).

The guidelines suggested unchanged consideration for evaluation of precocious puberty in 

boys. Marshall and Tanner in 1970 had suggested pubertal onset after age 9.5 years was 

normal (5). However, as in girls, the PROS study suggested the onset of puberty was also 

occurring earlier than previously reported in boys, at a mean age of 10.14 years in Caucasian 

boys and 9.14 years in African-American boys (12), further supporting ethnic differences in 

the age of pubertal onset.

These clinical guidelines also raised international awareness about secular trends in pubertal 

timing and whether the revised age-based definitions were warranted. More recent 

evaluations in the Copenhagen Puberty Study found earlier age of onset of breast 

development and slight advancement in age of menarche from children evaluated in the 

mid-2000s (13). While minor advances in the age of menarche have been observed in the 

United States and Europe since the 1960s, more dramatic reductions have been observed in 

countries with improving socioeconomic status such as Indonesia, Brazil, Argentina and 

China, often in the setting of increased rates of childhood obesity (14-20). Furthermore, 

increasing recognition of environmental factors and exposures have been described in 

association with an earlier age of puberty, such as the effects of maternal smoking during 

pregnancy, of girls being raised without a father, and of some endocrine disrupting 

chemicals (21-23).
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Central precocious puberty

Precocious puberty is traditionally defined as the onset of breast development before age 8 

years in girls and testicular enlargement ≥ 4 mL before the age of 9 years in boys (24). 

Differentiation of precocious puberty from benign variants, such as premature thelarche or 

premature adrenarche, should be made by an experienced clinician (7).The underlying 

pathophysiology may be central (GnRH-dependent) or peripheral (GnRH-independent). 

Central precocious puberty (CPP) is due to premature activation of GnRH secretion. CPP 

disproportionately affects girls compared to boys; the mechanisms leading to these 

differences are unknown (24). Understanding more common causes of CPP, including 

genetic etiologies, is vital given that CPP has important short- and long-term implications 

for women, including increased risk of psychosocial distress, short stature, obesity, 

cardiovascular disease and type 2 diabetes in adulthood (25).

The gold standard to establish a biochemical diagnosis is an assessment of gonadotropins, 

predominantly LH, after administration with exogenous GnRH or GnRH agonists (24). 

However, basal LH levels are also being utilized in some settings, as improved laboratory 

methods for LH assays have become available (24,26). In contrast to serum estradiol levels 

in girls, which are typically not helpful, in boys serum testosterone levels are an excellent 

marker of precocious puberty, although do not differentiate between central or peripheral 

etiologies (24). Commonly used imaging studies include bone age x-rays, which typically 

demonstrate a skeletal age that is advanced by two years or more from chronologic age (24). 

Pelvic ultrasonography can indicate uterine exposure to estradiol and help identify an 

etiology of peripheral precocious puberty, but is not part of the diagnostic criteria for 

precocious puberty (24,26). Brain MRI imaging is an important part of the diagnostic 

evaluation in order to exclude a hypothalamic hamartoma or other organic abnormalities, 

especially before the CPP is classified as ‘idiopathic’ (24,26).

In girls, CPP is most commonly deemed idiopathic, for which no identifiable cause is 

identified (24). However, emerging genetic causes of CPP, especially mutations in Makorin 
Ring Finger Protein 3 (MKRN3) are increasingly being identified in cases previously 

deemed idiopathic (27-50). While CPP less commonly affects boys, when it does occur, is 

more likely to have an identifiable pathologic cause, such as a hypothalamic hamartoma 

(24). Given its increasing significance, the focus of the remainder of this review will be on 

the recently identified genetic causes of CPP.

Support for a genetic basis in pubertal timing

The timing of pubertal onset is influenced by a complex interaction of genetic, nutritional, 

environmental, and epigenetic factors (51). The genetic contribution to pubertal timing is 

supported by the strong correlation between the ages that children and their parents begin 

puberty. Twin studies also support a genetic component, demonstrating a higher 

concordance of the timing of development of secondary sexual characteristics, including 

menarche in girls, in monozygotic compared to dizygotic twins (52-55).

While variants in more than 50 genes have been described in association with 

hypogonadotropic hypogonadism, which often presents with delayed puberty, until recently, 
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genetic variants had not been a major identified etiology of CPP (24, 56). To date, mutations 

in four genes (KISS1, KISS1R, MKRN3, DLK1) have been described as causal variants 

leading to CPP, with loss-of-function mutations in MKRN3 as the most common genetic 

etiology identified to date (28,57).

Known genetic variants described in association with CPP

KISS1R—The first identified monogenic cause of CPP, described in 2008, was an 

activating mutation in G Protein Coupled Receptor 54 (GPR54), now more commonly 

referred to as KISS1R, encoding a receptor that binds its ligand, kisspeptin (Figure 1) (58). 

Loss-of-function mutations in KISS1R had been described previously in association with 

hypogonadotropic hypogonadism (59). A gain-of-function mutation in KISS1R, a 

substitution of proline for arginine at codon 386, was reported in a girl with CPP. Inheritance 

could not be assessed as she was adopted. Breast development was reported since birth with 

progression such that by age 8 years, she had Tanner stage IV breasts and an advanced 

skeletal age of 11 years.

In vitro studies suggested that this mutation prolongs intracellular KISS1R signaling in 

response to kisspeptin (58,60). In contrast to other gain-of-function mutations in G protein-

coupled receptors, which typically result in constitutive activation of the receptor, the 

reported gain-of-function mutation in KISS1R did not result in a change in receptor activity 

under basal conditions or in affinity for the kisspeptin ligand. Rather, data in cellular models 

support a mechanism involving nonconstitutive receptor activation, in which there is a 

reduction of the rate of degradation of the kisspeptin receptor, and internalized mutant 

receptors are recycled back to the plasma membrane rather than being degraded (58,60).

KISS1—Subsequently, a heterozygous missense mutation (p.P74S) in the ligand, 

kisspeptin, encoded by the gene KISS1, was described in a one-year-old boy and was 

associated with higher resistance to degradation (61). A second missense mutation in KISS1 
was also reported in two girls affected with CPP at age 5.5-6 years; however, it was 

concluded to be a rare single nucleotide polymorphism, at least in the heterozygous state. 

Other polymorphisms in KISS1 have been reported but were not found to lead to amino acid 

changes and therefore were not thought to be causal variants (62). Other investigators have 

screened cohorts of children with CPP for activating mutations in KISS1 and KISS1R but 

have not identified mutations, suggesting that these appear to be rare causes of CPP (63-65).

MKRN3—Makorin Ring Finger Protein 3 (MKRN3), located within the Prader-Willi 

syndrome (PWS) region on chromosome 15q11.2 (Figure 2A), was reported in 2013 as the 

first gene in which loss-of-function mutations were associated with CPP, with variants 

initially identified by exome sequencing in five families (27). Multiple novel variants, 

including frameshift, nonsense, and missense mutations, in MKRN3 across various families, 

ethnicities and geographical regions have now been reported (27-50). Mutations in MKRN3 
are now the most common known genetic etiology of CPP and are more common in familial 

CPP (33-46% of cases) compared to sporadic CPP (3.9% of cases) (28). Affected individuals 

with CPP due to MKRN3 mutations have a median age of puberty onset of 6.0 years in girls 

(ranging from 3.0 to 7.5 years) and 8.25 years in boys (ranging from 5.9 to 9.0 years); the 
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earlier onset of puberty in girls suggests that girls may be more severely affected by 

mutations in MKRN3 than boys. However, based on the pooled analysis of cases of familial 

CPP, boys with CPP appear to be more likely than girls with CPP to harbor a mutation in 

MKRN3 (28).

MKRN3 is maternally imprinted, or silenced; therefore, only the paternal allele is expressed 

and the MKRN3 protein is expressed in a parent-of-origin specific pattern (66) (Figure 2A 

and 3). Like other genes in the Prader-Willi locus, MKRN3 is within a conserved cluster, 

common for imprinted genes, under the control of a bipartite imprinting center, the PWS-IC 

and AS-IC (Figure 2A) (67). PWS results from a loss of a cluster of genes normally 

expressed from the paternal allele, while conversely Angelman syndrome results from loss 

of genes normally expressed from the maternal allele. PWS is characterized by hypotonia, 

paradoxical early failure to thrive, followed by childhood hyperphagia and obesity, 

developmental delay, and multiple endocrinopathies including hypogonadism (68). However, 

CPP has been reported in up to 3.5% of patients with PWS and may be underreported (68). 

Loss of the paternally inherited genes in the PWS typically occurs via deletion but can also 

occur by uniparental disomy or epimutations and microdeletions in the imprinting center 

(69). These mechanisms could also lead to alterations in MKRN3 expression, leading to 

CPP, but have not yet been reported.

MKRN3, a member of the makorin family, is a zinc finger protein with a characteristic 

RING (C3HC4) zinc finger motif found in most E3 ubiquitin ligases, as well as an array of 

C3H domains found in ribonucleoproteins (66). The actions of E3 ubiquitin ligases include 

mediating the transfer of ubiquitin from an E2 ubiquitin-conjugating enzyme to target 

protein substrates, which can target the protein substrates for degradation (70). MKRN3 may 

have multiple protein targets, suggested by a protein-protein interaction study performed in 

MKRN3 knock-out human pluripotent stem cell lines differentiated into GNRH1-expressing 

neurons, which identified 81 interacting proteins, including some involved in pubertal 

timing, insulin signaling, RNA metabolism and cell-cell adhesion (71). Additionally, Mkrn3 

was reported to bind to neuronal pentraxin-1 (Nptx1), a secreted protein important in 

neuronal development and highly expressed in the mouse hypothalamus during pubertal 

onset (72). Through interaction with an E3 ubiquitin ligase domain in Mkrn3, Nptx1 may be 

polyubiquitinated by Mkrn3 for degradation (72).

In mice, expression of Mkrn3 is high in the hypothalamus in the neonatal and juvenile 

periods and declines abruptly prior to pubertal onset, supporting its role as an inhibitor of the 

pathways leading to puberty initiation, and it is hypothesized to act upstream or at the level 

of kisspeptin and/or GnRH neurons (27). Its inhibitory role is further supported by reports of 

declining serum MKRN3 levels in girls and boys before pubertal onset (73-75). Serum levels 

of MKRN3 have also been shown to be lower in girls with CPP compared to age-matched 

controls and comparable to children matched for pubertal stage (76,77). It would be of 

interest to validate the MKRN3 assay used in patients expected to have negligible MKRN3 

protein synthesis, such as those with frameshift or nonsense mutations, or patients with 

Prader Willi Syndrome (27, 29).
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DLK1—More recently, a mutation in Delta-like noncanonical Notch ligand 1 (DLK1), 
located on chromosome 14q32.2, was reported as a novel genetic cause of CPP (78) (Figure 

2B). Like MKRN3, DLK1 is a maternally imprinted, paternally expressed gene (Figure 3). 

A family involving four affected sisters was described with the onset of breast development 

between ages 4.6 to 5.9 years, with biochemically confirmed CPP. The paternal grandmother 

also had a history of premature menarche, suggesting that she may have also been affected. 

A complex genetic defect detected by genomic sequencing in DLK1, involving 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 (78). Subsequently, three frameshift mutations 

of DLK1 were reported in five women from three families with CPP (79). Serum DLK1 

concentrations were undetectable in all patients with reported loss-of-function DLK1 
mutations (78-79). Interestingly, a metabolic phenotype including increased rates of obesity, 

early-onset glucose intolerance, type 2 diabetes mellitus, and hyperlipidemia were found to 

be more prevalent in the patients with DLK1 mutations compared to patients with CPP not 

identified to have DLK1 mutations. Additionally, two affected sisters also exhibited 

polycystic ovary syndrome and infertility (79). The emerging clinical phenotype suggests 

that DLK1 may represent a novel link between reproduction and metabolism.

DLK1, also known as Preadipocyte factor 1 (Pref-1) or Fetal antigen 1 (FA1), encodes an 

EGF-like membrane-bound protein, is likely involved in the Notch signaling pathway, and is 

a modulator of adipogenesis (80). The DLK1 imprinting pattern is under the control of two 

differentially methylated regions (DMRs), the intergenic differentially methylated region 

(IG-DMR) and the post-fertilization-derived secondary MEG3-DMR (Figure 2B) (80). Loss 

of DLK1 in conjunction with two other genes from the paternally inherited chromosome, 

RTL1 and DIO3, leads to Temple syndrome (82). Mechanistically, the loss of the paternal 

alleles is typically acquired through maternal uniparental disomy, deletion, or less 

commonly epigenetic loss of methylation or deletion of the DMRs (83). Temple syndrome is 

characterized by pre- and post-natal growth retardation, hypotonia, motor delay, and small 

hands. Conversely, loss of the maternally inherited alleles, Maternally Expressed 3 (MEG3), 
Maternally Expressed 8 (MEG8) and Retrotransposon Like 1 antisense (RTL1as), leads to 

Kagami syndrome, which is characterized by dysmorphic facies, bell-shaped thorax with 

coat-hanger appearance of the ribs, abdominal wall defects, pulmonary hypoplasia and 

intellectual disability (69). Interestingly, CPP is described in 86% of affected individuals in 

Temple syndrome, with a mean age of menarche at age 10 years and 2 months, which may 

contribute to the syndrome’s phenotype of short stature in adulthood (82).

The causative gene of this reproductive phenotype in Temple syndrome was not previously 

identified. However, the role of DLK1 in pubertal timing had been implicated by a genome-

wide association study (GWAS) showing that single nucleotide polymorphisms (SNPs) near 

the paternally inherited DLK1 were associated with earlier age of menarche (84). 

Subsequently monogenic mutations in DLK1 in association with CPP were reported (78-79). 

Interesting, this is in contrast to loss-of-function mutations in MKRN3, which were first 

described in association with CPP and subsequently SNPs near MKRN3 were identified by 

GWAS in association with earlier age of menarche (27,83).

Roberts and Kaiser Page 7

Eur J Endocrinol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Polymorphisms in other candidate genes such as LIN28B and the paternally imprinted gene 

KCNK9 have also been described in association with the age of menarche and remain 

candidates as monogenic causes of CPP (84). Lin28 Homolog B (LIN28B), located on 

chromosome 6, a post-transcriptional repressor of microRNAs of the let7 family, has been 

implicated in pubertal timing by genome-wide association studies in which a genomic 

sequence variant near LIN28B was strongly associated with earlier age of menarche and 

short stature (84,85). Patients with CPP have been screened for causative variants in 

LIN28B, but none have been identified to date (86).

Role of imprinted genes in puberty

Two of the four described monogenic causes of CPP are imprinted genes, raising the 

possibility that imprinting plays an important role in the regulation of puberty and that other 

imprinted genes might also be involved in pubertal timing (87). There are several hundred 

genes predicted to be imprinted in the human genome and approximately 50 human 

imprinted genes have been described to date (88). Genomic imprinting allows a gene to be 

expressed in a parent-of-origin specific manner through epigenetic modification which 

silences, or imprints, one allele without modifying the DNA sequence (88). Thus, in contrast 

to most autosomal genes which have biallelic expression, imprinted genes typically exhibit 

monoallelic, or mostly monoallelic, expression (Figure 3). Well known epigenetic 

modifications include changes in methylation of DNA CpG (cytosine-guanine) dinucleotides 

or histone protein modifications (89). However, gene expression can also vary based on 

tissue-specific and developmental-specific patterns of epigenetic modifications as well as 

environmental influences.

Imprinted genes are important in growth and development, as evident by alterations in 

growth observed in disorders such as Beckwith-Wiedemann and Russell-Silver syndromes 

(90). The kinship, or parental conflict, theory proposes that imprinting may have evolved 

because of competition between the maternal and paternal genomes, resulting in maternal 

alleles that are silenced for genes that may increase demands on the mother (88,91-93). This 

theory posits that the gene silencing ensures the mother’s survival, allows equal distribution 

of nutrients among offspring, and that the most important relationship is the interaction 

between child and mother (94). Models of imprinting disorders in rodents and humans 

suggest that paternally expressed genes tend to promote growth while maternally expressed 

genes tend to restrict growth (95). The correlation of paternally inherited variants in 

MKRN3 and DLK1 in GWAS studies as well as monogenetic mutations in these genes in 

CPP, has been proposed to be due to differential effects from the mother versus father in 

terms of the influence of timing of sexual maturation and its contribution to overall fitness 

(87).

Epigenetic modifications have an increasingly recognized role in pubertal timing (51). 

Methylome profiling of girls with precocious and normally-timed pubertal onset before and 

after puberty revealed a widespread pattern of differential DNA hypermethylation. The 

majority of differentially methylated regions were hypermethylated in the post-pubertal 

group, compared to the prepubertal group, suggesting that pubertal onset is associated with 

specific changes in the regulatory control of epigenetic modification (96).
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Treatment

The mainstay of treatment for CPP is GnRH agonist therapy, which is typically administered 

by intramuscular injection or a subcutaneous implant (97). The capacity of endogenous 

GnRH to stimulate LH synthesis and release can be interrupted by continuous delivery of a 

GnRH agonist, leading to desensitization and downregulation of GnRH signaling (98-99). 

Downstream effects include decreased release of pituitary gonadotropins and, subsequently, 

decreased release of gonadal sex steroids. Use of GnRH antagonists has potential therapeutic 

potential. However, use has been limited by availability, modes of administration, cost and 

lack of approved indication. Newer kisspeptin and neurokinin B antagonists are also being 

developed and may be alternative therapeutic options in the future (100-101).

Perspectives

The more recent recognition of MKRN3 and DLK1 as important influences in pubertal 

timing allows for opportunities for innovation in the diagnosis and treatment of CPP and for 

increased likelihood of identifying the etiology of ‘idiopathic’ CPP. GnRH agonist 

stimulation tests are the current gold standard for the diagnosis of CPP but are time-

consuming, invasive and expensive. Biochemical measurement of serum levels of MKRN3 

or DLK1 proteins could be innovative, less labor-intensive diagnostic tools for earlier 

detection of CPP (24). Additionally, assessment of serum levels of MKRN3 and DLK1 may 

serve as a way to identify unrecognized mutations in these genes, prompting genetic analysis 

which is not currently standard in clinical practice (76-79). The manipulation of MKRN3 

and DLK1 activity also has therapeutic implications, as antagonizing these proteins or their 

respective targets could offer new strategies for the treatment of CPP.

Conclusion

In contrast to the many genetic causes identified in hypogonadotropic hypogonadism, to date 

only four monogenetic causes of CPP have been identified, including mutations in KISS1, 
KISS1R, MKRN3 and DLK1 (28,58,61,77,78). CPP that was previously classified as 

‘idiopathic’ is increasingly being explained by the identification of genetic variants, 

especially in MKRN3 (78,79). Eliciting a detailed family history of pubertal timing is 

important as this may raise suspicion for genetic etiologies and should be interpreted within 

the context of a possible imprinting inheritance pattern (24,28). Novel genetic variants are 

likely to continue to be identified and reported, and consideration of imprinted genes, which 

appear to have an important role in the control of puberty, should continue to be explored 

(78, 87) . While presently this is an exciting time for the field as new genes involved in 

precocious puberty are identified, ultimately these discoveries advance our understanding of 

the fundamental biology of pubertal onset and provide opportunities for innovation in the 

diagnosis and treatment of pubertal disorders.
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Figure 1. 
Activation of the hypothalamic-pituitary-gonadal axis during pubertal onset. The hallmark of 

pubertal onset is pulsatile hypothalamic gonadotropin-releasing hormone (GnRH) release, 

likely due to increases in activators such as kisspeptin, the most potent known stimulator of 

GnRH secretion, produced by kisspeptin neurons in the preoptic area and in the arcuate 

nucleus (where they co-secrete neurokinin B and dynorphin and are hence known as KNDy 

neurons). Kisspeptin signals directly via kisspeptin receptors (KISS1R) on GnRH neurons to 

control pulsatile GnRH release, which in turn leads to release of luteinizing hormone (LH) 

and follicle-stimulating hormone (FSH) from the pituitary, with subsequent downstream 

activation of sex steroid production—testosterone from the testes and estrogen and 

progesterone from the ovaries—and gametogenesis. Genetic variants in CPP include 

mutations in (1) KISS1 and (2) KISS1R, affecting kisspeptin and its receptor, respectively, 

as well as in (3) MKRN3 and (4) DLK1, for which the mechanisms of action in the 

hypothalamus are still being fully elucidated.
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Figure 2. 
A. Imprinted genes in the Prader-Willi syndrome and Angelman syndrome regions of 

chromosome 15q11.2-13. B. Temple syndrome region of chromosome 14q32.2. Not drawn 

to scale. Maternally imprinted, paternally expressed genes are indicated in blue boxes and 

paternally imprinted, maternally expressed genes in red boxes. IC: imprinting center, DMR: 

differentially methylated regions. Adapted from (69, 102).
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Figure 3. 
Imprinting pattern of maternally imprinted, paternally expressed genes MKRN3 and DLK1. 
A. Maternal allele is imprinted, or silenced; mutant paternal allele is expressed, resulting in 

phenotype of central precocious puberty. B. Maternal allele is normally imprinted and 

normal paternal allele is expressed, resulting in normal puberty. C. Maternal allele 

containing mutation is imprinted; normal paternal allele is expressed, resulting in no 

pathologic phenotype (i.e., normal puberty). Adapted from (103).
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