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Abstract

Puberty is a critical period of development regulated by genetic, nutritional, and environmental 

factors. The role of makorin ring finger protein 3 (MKRN3) in the regulation of pubertal timing 

was revealed when loss-of-function mutations were identified in patients with central precocious 

puberty (CPP). To date, MKRN3 mutations are the most common known genetic cause of CPP. 

MKRN3 is a member of the makorin family of ubiquitin ligases, together with MKRN1 and 

MKRN2. The Mkrn genes have been identified in both vertebrates and invertebrates and show 

high evolutionary conservation of their gene and protein structures. While the existence of Mkrn 

orthologues in a wide spectrum of species suggests a vital cellular role of the makorins, their 

role in puberty initiation and endocrine functions is just beginning to be investigated. In this 

review, we discuss recent studies that have shown the involvement of Mkrn3 and other makorins 

in the regulation of pubertal development and other endocrine functions, including metabolism and 

fertility, as well as their underlying mechanisms of action.
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Pubertal Development and Neuroendocrine Regulation

Puberty is a complex developmental event by which the organisms acquire sexual 

maturation, characterized by the acquisition of secondary sexual characteristics, gonadal 

maturation, and attainment of reproductive capacity. Over evolutionary time, the pressure 

on a species to be able to reproduce rapidly has been counterbalanced with the need to 

allow enough time for robust juvenile development. Thus, puberty is a critical period of 

development for which the timing is genetically determined and tightly regulated by a 

multitude of metabolic and environmental factors.1–3 Reproduction is controlled by the 

hypothalamic–pituitary–gonadal (HPG) axis. Within the HPG axis, puberty is triggered 

by an increase in secretion of the neuropeptide, gonadotropin-releasing hormone (GnRH). 
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GnRH neurons reside in the hypothalamus and send axons to the median eminence from 

which GnRH is released into the hypophysial portal circulation to stimulate the secretion 

of the pituitary gonadotropins, luteinizing hormone, and follicle-stimulating hormone, 

necessary for activation of gonadal function.

In humans, GnRH is secreted in a pulsatile manner during the embryonic and neonatal 

periods, followed by a period of quiescence during infancy and a reactivation of its secretion 

at puberty.4 GnRH deficiency leads to hypogonadotropic hypogonadism (HH), in which 

patients fail to undergo pubertal development and are usually infertile.5,6 In addition, a delay 

in the reactivation of GnRH secretion leads to delayed puberty, whereas early reactivation of 

GnRH secretion results in central precocious puberty (CPP). A current hypothesis proposes 

the existence of a predominantly inhibitory network that induces quiescence of GnRH 

secretion during the infantile/prepubertal period. This inhibition is proposed to decrease 

around the time of puberty initiation, together with a gain in activity of an excitatory 

network.

A substantial number of studies in the past few decades have investigated these neural 

networks, and several neuropeptides and neurotransmitters have been implicated in the 

intricate balance between inhibitory and excitatory inputs to GnRH neurons. Kisspeptin, 

encoded by the Kiss1 gene, is a potent activator of GnRH secretion.7 In humans, loss-of

function mutations in KISS1 and KISS1R genes have been associated with HH.8,9 Rare 

activating mutations of KISS1 and KISS1R have also been identified in patients with 

CPP.10,11 In addition, loss-of-function mutation in TAC3 and TAC3R genes, encoding 

neurokinin B and its receptor, have been identified in patients with HH.12–14 In mice 

and sheep, coexpression of kisspeptin and neurokinin B observed in the same neurons 

in the arcuate nucleus, a critical region for pubertal regulation, further confirmed their 

importance in the control of puberty initiation and subsequent fertility. These neurons also 

express dynorphin and are called the “KNDy neurons.”15,16 In addition to kisspeptin, the 

neurotransmitters gamma-aminobutyric acid (GABA) and glutamate have been shown to 

send excitatory inputs to GnRH neurons at the time of puberty and to be critical for the 

pubertal activation of GnRH neurons.17

Surprisingly, while the players involved in the stimulation of GnRH neurons at the time 

of puberty have been studied quite extensively, it is only very recently that inhibitors of 

GnRH secretion, critical to the maintenance of the childhood quiescent period, have been 

identified. In 2013, MKRN3 loss-of-function mutations were reported in patients with CPP 

and are to date the most common genetic cause of this disease.18 In addition, deletions in the 

DLK1 genewere recently identified in patients with familial CPP.19,20 Interestingly, MKRN3 
and DLK1 are both imprinted genes, expressed only from the paternally inherited allele. 

Whilethemechanisms ofaction of MKRN3 and DLK1 on GnRH secretion are still unclear, 

these findings suggest an important role of genomic imprinting in the regulation of puberty 

initiation.
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MKRN3 Mutations in Central Precocious Puberty

The role of MKRN3 in puberty initiation was revealed by Abreu et al in 2013 through 

whole-exome sequencing analysis of patients with familial CPP. In this study, loss-of

function mutations were identified in both girls and boys, in 5 of 15 families investigated.18 

Subsequently, mutations in MKRN3 have been described in many additional patients with 

CPP throughout the world.21–32 For a recent systematic review and meta-analysis of the 

MKRN3 mutations identified in patients with CPP to date, see the study by Valadares et al.33

Precocious puberty is clinically defined by the development of secondary sexual 

characteristics before the age of 8 years in girls and 9 years in boys, which corresponds to 

2.5 to 3 standard deviations below the mean age of puberty onset, as defined by population 

studies.34 Early age of puberty has been associated with many deleterious health effects such 

as cancer, cardiovascular disease, and metabolic and behavioral disorders.35–37 To date, in 

patients with CPP due to MKRN3 mutations, the median age at pubertal onset is 6.0 years 

in girls (ranging from 3.0 to 7.8) and 8.5 years in boys (ranging from 5.9 to 9.0).33 The 

significant role of MKRN3 in the regulation of pubertal timing is further supported by the 

results of recent genome-wide association studies (GWAS) that found associations between 

several paternally inherited MKRN3 variants and the age at menarche.36,38 Regarding its 

mechanism of action, it has been shown, in rodents, that Mkrn3 expression declines in 

the hypothalamus during postnatal/pubertal maturation.18 These findings, together with the 

identification of loss-of-function mutations in patients with CPP, suggest an inhibitory role 

of this protein on GnRH secretion during the prepubertal quiescent period.

MKRN3 belongs to the makorin family of ubiquitin ligases, together with MKRN1, 

MKRN2, and MKRN4. The MKRN genes have been described in both vertebrate and 

invertebrate organisms, showing high conservation throughout evolution. While an important 

role of MKRN3 in pubertal timing has been demonstrated in human studies, the mechanisms 

of action of MKRN3 as well as the roles of the other makorins in reproduction remain to be 

elucidated. This review presents a state-of-the-art review of the known roles of the makorins 

in animals and their potential mechanisms of action, with a focus on their potential role in 

regulating the HPG axis.

The Makorin Protein Family

The makorins are zinc finger proteins with a unique composition and order of structural 

motifs, including several C3H zinc fingers, a motif rich in Cys and His residues, and a RING 

zinc finger.39,40 From this signature profile, it is possible to predict their functions. C3H 

zinc fingers have been found in a variety of ribonucleoproteins and suggest a function as 

RNA-binding proteins.41 RNA-binding proteins regulate posttranscriptional RNA processing 

at multiple levels including alternative splicing, mRNA stability, mRNA localization, and 

translation efficiency. The RING zinc finger domain is found in most E3 ubiquitin ligases, a 

category of enzymes that mediate the transfer of ubiquitin from an E2 ubiquitin-conjugating 

enzyme to target protein substrates. The E2–E3 complexes can mono-ubiquitinate a lysine 

substrate or synthesize a polyubiquitin chain of lysine residues. These modifications have 

a range of biological effects on the target protein substrate, from proteasome-dependent 
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proteolysis to posttranslational control of protein function, structure, assembly, and/or 

localization.42 The function of the motif rich in Cys and His residues is still unknown.43 

►Figs. 1 and 2 illustrate the similarities and differences in the gene and protein structures of 

the members of the makorin protein family.

The first member of the makorin gene family identified was makorin ring finger protein 
3 (MKRN3/ZNF127) in 1999 by Jong et al.39 MKRN3 was identified as one of several 

maternally imprinted genes in the Prader–Willi syndrome (PWS) critical region of human 

chromosome 15q11.2, which are expressed only from the paternally inherited allele.40 

In 2000, the same research group identified the ancestralgene for this zinc-finger protein

encoding gene family, named makorin ring finger protein 1 (MKRN1).43 In addition, the 

gene makorin ring finger protein 2 (MKRN2) was subsequently identified in humans.44,45 

The last member of the makorin gene family, makorinring finger protein 4 (mkrn4), was 

identified in 2010 in the platyfish Xiphophorus maculatus. To date, no study has investigated 

the potential functions of mkrn4, although it is also present in thehumangenome, where it 

was annotated as a pseudogene (and is thus not represented in the figures).46

In summary, four Mkrn genes have been identified in vertebrates: Mkrn1, Mkrn2, Mkrn3, 

and Mkrn4, which encode for their respective proteins. Interestingly, comparative analyses 

in different species revealed that different evolutionary dynamics affected the various Mkrn 
genes. Mkrn3, which shows specificity for therian mammals, corresponds to an intronless 

retrocopy of Mkrn1 generated through reverse transcription of Mkrn1 mRNA. The formation 

of such a retrogene is catalyzed by reverse transcription of generally mature mRNA 

molecules followed by integration of the formed cDNA into a new location of the genome.46 

The presence of Mkrn3 in dogs, mice, and human, combined with its absence from chicken, 

fish, and platypus genomes, suggests that Mkrn3 was acquired by the PWS region 80 to 90 

million years ago.47 On the other hand, Mkrn1, Mkrn2, and Mkrn4 have been found in both 

tetrapod and ray-finned fish, tracing back their origin to at least 450 million years ago. These 

genes were formed through gene duplications and comparative genomic analyses suggest 

that Mkrn2 and Mkrn4 were duplicated together within a large-scale duplication process. 

Moreover, comparative expression analyses showed strong gonad-specific expression of 

Mkrn1, Mkrn2, and Mkrn4 in primitive vertebrates, suggesting an ancestral role of the 

single-copy mkrn gene in sexual development and gonad function before duplication in 

vertebrates.46 While the functions of Mkrn proteins are still unclear, several functional 

analyses have been undertaken to understand the involvement of each makorin in vertebrate 

cellular and physiological processes.

Makorin Ring Finger Protein 1

Mkrn1, identified as the ancestral gene for the makorin gene family, has been the most 

studied gene. Unlike MKRN3, MKRN1 is not imprinted.48 In humans, the MKRN1 gene 

maps to chromosome 7q34-q35 and contains eight exons (►Fig. 1). The transcript consists 

of a contiguous sequence of 3,094 nucleotides and encodes a protein of 482 amino acids 

with a predicted molecular mass of 53.3 kDa (►Fig. 2). The mouse Mkrn1 gene maps to 

chromosome 6A and contains also eight exons. The Mkrn1 transcript is 3,046 nucleotides in 

length and encodes a protein of 481 amino acids with a predicted molecular mass of 53.1 
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kDa.43 The human and mouse Mkrn1 orthologs have a high (92%) identity. A vital cellular 

role of Mkrn1 is reinforced by the existence of Mkrn1 orthologs in a wide spectrum of 

species (e.g., Tammar wallaby, chicken, drosophila, c-elegans, plant, and fungal species, in 

addition to human and mouse). Expression analyses in human tissues showed that MKRN1 
is highly and ubiquitously expressed, including in different brain regions such as the 

hypothalamus and the amygdala. In mice, Mkrn1 shows a more specific expression pattern, 

with higher expression in the testes compared with other somatic tissues. In addition, Mkrn1 
is highly expressed during mouse embryonic brain and neural tube development.43

Several Mkrn1 functions have been linked to its E3 ubiquitin ligase activity and several 

targets have been identified. MKRN1 has been found to mediate the ubiquitination of 

the human telomerase reverse transcriptase (hTERT) and promote its proteasome-mediated 

degradation, thus playing a negative role in the telomere length homeostasis.49 MKRN1 

was also able to control cell cycle arrest and apoptosis via ubiquitination and proteasome

dependent degradation of both p53 and p21.50 These results suggested a critical role of 

MKRN1 in cancer and tumorigenesis. MKRN1 has also been associated with in vitro 

adipocyte differentiation through its E3 ubiquitin ligase action, by targeting peroxisome

proliferator–activated receptor γ (PPARγ) for proteasomal degradation.51 A further 

endocrine role of MKRN1 in the regulation of metabolism was recently revealed using a 

model of Mkrn1 null mice. Precedent studies showed that Mkrn1 null mice are viable and 

fertile with no apparent developmental deficit or overt phenotype.48 Lee and collaborators 

showed that Mkrn1 acts as an E3 ubiquitin ligase for AMP-activated protein kinase (AMPK) 

in the liver and adipocyte tissues but not in the hypothalamus. No differences in body 

weight were observed under standard chow diet compared with control animals; however, 

Mkrn1 null mice fed with a highfat diet (HFD) exhibited 25 to 30% lower body weight than 

wild-type animals, without any obvious differences in food intake. Thus, the lack of Mkrn1 
was sufficient to result in chronic activation of AMPK and subsequently lead to systemic 

effects by preventing nonalcoholic fatty liver disease, insulin resistance, and HFD-induced 

obesity. These findings highlighted the potential application of Mkrn1 as a new therapeutic 

strategy for the treatment of metabolic disorders.52

In addition to its E3 ubiquitin ligase activity, transcriptional activities have been described 

for Mkrn1. It has been shown that Mkrn1 can regulate RNA polymerase II-dependent 

transcription. It can inhibit the transcription of c-Jun as well as the androgen receptor and 

the retinoic acid receptor. Moreover, when tethered to DNA via a heterologous DNA-binding 

domain (DBD; GAL4), Mkrn1 can also activate transcription, suggesting that Mkrn1 may 

be a transcriptional activator. Interestingly, it has been demonstrated that its transrepression 

function is independent of its ubiquitin ligase activity.53

Furthermore, some studies have demonstrated that Mkrn1 can associate with RNA-binding 

proteins and support a role as a ribonucleoprotein. In mammalian neurons, it has been 

shown that a short isoform of Mkrn1 interacts with the cytoplasmic poly(A)-binding protein 

and stimulates translation of dendritic mRNA at the synapses.54 Proteomic analyses have 

also established MKRN1 as a component of messenger ribonucleoprotein complexes in 

undifferentiated embryonic stem cells (ESCs).55 Further studies are needed to establish if 

Mkrn1 plays any role in puberty initiation in vertebrates.
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Makorin Ring Finger Protein 2

MKRN2 arose by gene duplication of MKRN1. In humans, the MKRN2 genomic locus 

contains, like MKRN1, eight exons that map to chromosome 3p25 (►Fig. 1). Two 

transcripts of human MKRN2 have been identified that contain 2,775 and 1,436 nucleotides, 

respectively. MKRN2 encodes a protein of 416 amino acids with a predicted molecular mass 

of 47.0 kDa (►Fig. 2). In the mouse, the Mkrn2 gene also contains eight exons and maps 

to chromosome 6. The Mkrn2 transcript length is 6,230 nucleotides and encodes a protein 

of 416 amino acids with a predictedmolecular weightof 46.5 kDa.45 Inbothhuman and 

mouse, the 3′ untranslated region (3′UTR) of Mkrn2 overlaps, in an antisense orientation, 

with the 3′UTR of the RAF1 gene. This region ofoverlap shows 70% identity between 

mouse and human, whereas the remainder of the 3′UTR shares 37% nucleotide identity. 

Mkrn2 orthologs have also been identified in a variety of species, including yellowtail tuna, 

zebrafish, chicken, Xenopus, elephant shark, opossum, platypus, tetraodon, and medaka, 

supporting the high evolutionary conservation of this gene. Expression analyses showed that 

MKRN2 is ubiquitously expressed in human tissues and a variety of cell lines.45 In adult 

mice, Mkrn2 mRNA and protein were ubiquitously expressed at low levels in various tissues 

(brain, thymus, heart, lung, liver, spleen, kidney, ovary, uterus, and seminal vesicle) with 

more specific, high expression in the testis.56

The first study to investigate Mkrn2 function reported that, in Xenopus, Mkrn2 played a 

negative role in neurogenesis via PI3K/Akt signaling and was essential for proper embryonic 

neural development.57 The third C3H zinc finger, Cys-His motif, and C3HC4 RING zinc 

finger domains were indispensable for this inhibitory effect of Mkrn2 on neurogenesis.58 

The regulation of the PI3K/Akt pathways by Mkrn2 and the overexpression of Mkrn2 in 

mammalian cancer cell lines suggest that Mkrn2 may be involved in tumorigenesis.

Recently, E3 ubiquitin ligase activity has been identified for Mkrn2. In vitro studies showed 

that Mkrn2 interacts with PDLIM2 (PDZ and LIM domain 2, a putative ubiquitin E3 ligase) 

and promotes p65 ubiquitination and proteasome-dependent degradation cooperatively with 

PDLIM2, thereby negatively regulating NF-κB-mediated inflammatory responses.59

Interestingly, studies using a Mkrn2 knockout (KO) mouse model reported a role of Mkrn2 

in male fertility.56 While male and female Mkrn2 KO animals were viable with no apparent 

developmental abnormalities, the mutant animals showed a decrease in body weight. Female 

Mkrn2 KO mice were fertile but had a reduction in their fertility rate. The Mkrn2 KO males 

were sterile but retained their ability to mate, as indicated by the presence of vaginal plugs 

in females after mating. Further analyses showed that Mkrn2 KO males did not have sperm 

or produced sperm with low counts, poor motility, and/or abnormal shapes. In addition, 

human MKRN2 expression levels were significantly decreased in the sperm of patients with 

oligoasthenoteratozoospermia, the most common cause of subfertility in men, compared 

with a control group of fertile men, revealing a correlation between MKRN2 expression and 

human male infertility.56 Any potential role of Mkrn2 in pubertal development remains to be 

elucidated.
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Makorin Ring Finger Protein 3

MKRN3 was the first member of the makorin family identified, located in the PWS critical 

region,39 albeit with no obvious role in the disease.60 In humans, MKRN3 is intronless and 

maps to chromosome 15q11-q13 (►Fig. 1). The MKRN3 transcript contains a sequence 

of 2,347 nucleotides that encodes a protein of 507 amino acids with a predicted molecular 

mass of 55.6 kDa. In the mouse, the intronless Mkrn3 gene maps to chromosome 7C. The 

Mkrn3 transcript is 2,547 nucleotides in length and encodes a protein of 544 amino acids 

with a predicted molecular weight of 59.4 kDa (►Fig. 2). The human and mouse Mkrn3 

orthologs share similar structural motifs and show an overall 69% identity (85% similarity, 

considering conservative substitutions). The RING zinc-finger motif has the highest degree 

of conservation with 85% identity (92% similarity), whereas the N- and C-terminal regions 

are less well conserved.40

Interestingly, in both human and mouse, Mkrn3 is imprinted in various tissues, where it 

is expressed only from the paternal allele.39,40,61 MKRN3 differential allele expression is 

regulated through silencing of the MKRN3 maternal allele via DNA methylation.62 The 

methylation of MKRN3 is regulated together with the other imprinted genes of the PWS 

critical region by an imprinting center that initiates the imprint switching in the germline 

and generates a molecular signal that spreads over the entire imprinted domain of the 

chromosome 15q11-q13.63 Interestingly, the mouse Mkrn3 gene is methylated in a tissue

specific manner, with a high level of methylation on the maternal allele in the mouse adult 

brain and the embryonal head at E13.5.62

As mentioned earlier, Mkrn3 is conserved only in therian mammals (human, mouse, cow, 

opossum), thus suggesting a more recent appearance in the course of evolution, compared 

with the other members of the makorin gene family.46

In both mice and humans, MKRN3 is ubiquitously expressed in adult tissues, with the 

highest level in the testis. MKRN3 showed a predominant expression in the brain and lung 

of human fetal tissues.39,40 In the m ouse, Mkrn3 gene expression has been found from the 

blastocyst stage and embryonic days 8 to 17, as well as in ESCs.40 In addition, it has been 

demonstrated that Mkrn3 is highly expressed in the murine hypothalamic arcuate nucleus, a 

critical region for the regulation of puberty initiation, during the infantile and early juvenile 

period, with a reduction in expression starting at postnatal days 12 to 15, before puberty 

initiation. Mkrn3 expression then remained low through day 45, the oldest age at which the 

mice were tested.18

While the mechanism of action of Mkrn3 in the regulation of puberty initiation is 

still unclear, some studies have begun to report investigations of possible targets of its 

action. In the mouse, Mkrn3 has been shown to interact with the neural prentraxin-1 

precursor (Nptx1) in the hypothalamus of 4-week-old mice. Nptx1 has been found to 

play a role in neural differentiation. The C3HC4 ring finger domain appeared to be 

essential for the Mkrn3–Nptx1 interaction. Indeed, this interaction was not observed in a 

co-immunoprecipitation experiment using a mutant construct of Mkrn3 lacking the RING 

domain. The study also showed a reduction of the polyubiquitination level of Nptx1 in 
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the hypothalamus of mice injected intracerebroventricularly with the mutant RING domain

deficient Mkrn3 vector compared with control animals injected with the vector encoding 

wild-type Mkrn3, which suggested that Mkrn3 may be able to modulate Nptx1 via its 

E3 ubiquitin ligase activity.64 More recently, a protocol for the differentiation of GNRH1

expressing neurons from human-induced pluripotent stem cells (hiPSCs) was developed.65 

Using this technique, bi-allelic MKRN3-deficient hiPSCs were generated and differentiated 

into GNRH1-expressing neurons.66 After 25 days of differentiation, the results showed no 

difference in the expression levels of GnRH1, nor OTX1 and OTX2, two transcriptional 

regulators of GnRH, between wild-type and MKRN3-deficient cells. These findings suggest 

that MKRN3 is dispensable for GnRH neuron differentiation and GnRH1 expression. In 

addition, mass spectrometry analyses performed on an MKRN3-expressing HEK stable cell 

line revealed 81 novel high-confidence protein interaction partners of MKRN3, which are 

implicated in various cellular processes such as insulin signaling, RNA metabolism, and 

cell–cell adhesion.66 Among them, 20 interactors, including LIN28B, have been associated 

previously with age at menarche in GWAS studies.36,38 MKRN3 was also found to interact 

with OTUDS, a protein linked to HH.66 Further studies are needed to investigate the 

physiological significance and the molecular mechanisms underlying these interactions.

Makorin Protein Family in Invertebrates

Interestingly, recent studies in two invertebrate models, Drosophila melanogaster and the 

nematode Caenorhabditis elegans, revealed a role for makorin orthologs in the regulation 

of developmental timing. In Drosophila, four makorin genes have been identified, although 

three are retrocopies of Mkrn1, the only bona fide ortholog of vertebrate Mkrn genes. 

A recent study demonstrated that Mkrn1 controls larval developmental timing and body 

size by regulating the steroid hormone ecdysone production.67 Comparable to GnRH 

action in mammals, ecdysone controls, in a pulsatile manner, the insect developmental 

transitions from larval to pupal stages. The loss of mkrn1 in the flies delayed the onset 

of metamorphosis by reducing the expression of the ecdysone-synthesizing enzyme and its 

downstream targets. Moreover, although the male Mkrn1 null flies were fertile, the mutant 

females were sterile. Further analyses indicated that Mkrn1 functions within the ovaries as 

a regulator of the insulin/Tor pathway to activate oogenesis in a nutrient-sensitive manner.68 

Other recent studies reported a role of the makorin lep-2, an ortholog of vertebrate Mkrn, in 

the timing of sexual maturation in the nematode C. elegans. Lep-2 mutations induced a delay 

in the juvenile to adult transition, with striking defects in neuronal maturation. The lep-2 
mutant adult males also showed an absence of sexually mature characteristics and defects in 

male mating behavior.69,70 Functionally, lep-2 negatively regulated lin-28 posttranslationally 

by promoting lin-28 degradation, suggesting E3 ubiquitin ligase activity of lep-2 on 

lin-28.69 Intriguingly, these data revealed an opposite action of the C. elegans makorin 

lep-2 and the human MKRN3 in the regulation of developmental timing. Remarkably, while 

overexpression of the human MKRN3 was not able to rescue the defects of C. Elegans lep-2 
mutants, experiments in which the human MKRN3 was overexpressed in the wild-type C. 
elegans nervous system showed that MKRN3 retained its ability to inhibit some aspects of 

sexual maturation. This finding suggests the existence of a strong functional conservation of 

the mechanisms by which MKRN3 regulates pubertal timing.70
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Taken together, these findings support the notion that makorin proteins play important roles 

in the regulation of the timing of puberty and sexual maturation in both invertebrate and 

vertebrate animals, suggesting an evolutionarily conserved role of this E3 ubiquitin ligase 

protein family.

Conclusion

In conclusion, the discovery of MKRN3 mutations in patients with CPP opened the door 

to unveiling the role of makorins in the initiation of puberty as well as more broadly in 

the regulation of the HPG axis. To date, the data collected show that makorins are strongly 

conserved across the evolution, both by their genes and protein structures than by their 

functions. While the critical role of MKRN3 in puberty initiation has been demonstrated 

in humans, the involvement of other makorins in this process is still unknown. The current 

absence of MKRN1 and MKRN2 mutations identified in patients with CPP, delayed puberty, 

or HH does not eliminate a potential contribution of these genes in the regulation of puberty 

initiation or regulation of the HPG axis in adulthood. Although further studies are needed, 

primary results using Mkrn1 and Mkrn2 knockout mouse models suggest a function of 

these genes at the levels of the gonads. Interestingly, sex differences have been observed in 

many studies, showing sex-specific effects that favor one sexor the other depending on the 

parameter evaluated. Although to date it is unclear whether sex differences exist in the effect 

of MKRN3 on puberty initiation, it has been suggested that girls with MKRN3 mutations 

have a greater advancement in the age of puberty initiation than do boys.33 Further studies 

that take into account sex differences in both human and animal models are needed to better 

understand these possible sex differences. Interestingly, the observation of a conserved role 

of the makorins in both vertebrate and invertebrate animals underscores the important role 

that makorins appear to play in the timing of pubertal development. Further studies will 

enlighten the specific roles of each makorin in the initiation of puberty and reproductive 

function across species and will elucidate the underlying mechanisms of action.
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Fig. 1. 
Schematic gene structures of human MKRN1, MKRN2, and MKRN3 loci. Exons are 

represented as boxes with sequential numbers, with the size of the box in proportion to 

the size of the exon. Numbers appearing below the introns indicate the size of the introns.
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Fig. 2. 
Protein structures of human MKRN1, MKRN2, and MKRN3. The makorins contain several 

C3H zinc finger domains (blue), a makorin-type Cys-His (CH) motif (green) and a C3HC4 

RING zinc finger domain (red). Numbers appearing below each protein indicate the amino 

acid positions in the protein.
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