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ABSTRACT

BACKGROUND

The onset of puberty is first detected as an increase in pulsatile secretion of gonado-
tropin-releasing hormone (GnRH). Early activation of the hypothalamic—pituitary—
gonadal axis results in central precocious puberty. The timing of pubertal develop-
ment is driven in part by genetic factors, but only a few, rare molecular defects
associated with central precocious puberty have been identified.

METHODS

We performed whole-exome sequencing in 40 members of 15 families with central
precocious puberty. Candidate variants were confirmed with Sanger sequencing. We
also performed quantitative real-time polymerase-chain-reaction assays to determine
levels of messenger RNA (mRNA) in the hypothalami of mice at different ages.

RESULTS

We identified four novel heterozygous mutations in MKRN3, the gene encoding
makorin RING-finger protein 3, in 5 of the 15 families; both sexes were affected.
The mutations included three frameshift mutations, predicted to encode truncated
proteins, and one missense mutation, predicted to disrupt protein function. MKRN3
is a paternally expressed, imprinted gene located in the Prader-Willi syndrome criti-
cal region (chromosome 15q11-q13). All affected persons inherited the mutations
from their fathers, a finding that indicates perfect segregation with the mode of
inheritance expected for an imprinted gene. Levels of Mkrn3 mRNA were high in
the arcuate nucleus of prepubertal mice, decreased immediately before puberty, and
remained low after puberty.

CONCLUSIONS
Deficiency of MKRN3 causes central precocious puberty in humans. (Funded by the
National Institutes of Health and others.)

N ENGL) MED 368;26 NEJM.ORG JUNE 27, 2013

The New England Journal of Medicine

From the Division of Endocrinology, Dia-
betes, and Hypertension, Brigham and
Women'’s Hospital and Harvard Medical
School (A.P.A,, S.D.N,,J.C.G,, I.RT,V.M.N.,
R.S.C., U.B.K\), and the Divisions of En-
docrinology (A.D., J.N.H.) and Genetics
(J-N.H.), Boston Children’s Hospital, Bos-
ton; the Program in Medical and Popula-
tion Genetics, Broad Institute, Cambridge,
MA (A.D., J.N.H.); Unidade de Endocri-
nologia do Desenvolvimento, Laboratério
de Horménios e Genética Molecular,
LIM42, Hospital das Clinicas, Disciplina
de Endocrinologia, Faculdade de Medici-
na da Universidade de S3o Paulo (A.P.A,,
D.B.M,,V.N.B,, P.C,, L.R.M,, B.B.M,,A.C.L),
Departamento de Pediatria, Faculdade
de Ciéncias Médicas da Santa Casa de
Sao Paulo (C.K., C.A.L.), S3o Paulo, and
the Division of Pediatric Endocrinology,
Hospital das Clinicas da Universidade
Federal de Minas Gerais, Belo Horizonte
(T.R.) —all in Brazil; the Division of Endo-
crinology, Diabetes, and Metabolism,
Nemours Children’s Clinic, Jacksonville,
FL (P.C.G.); and the Department of Pedi-
atrics, University Hospital Gasthuisberg,
University of Leuven, Leuven, Belgium
(D.B., F.Z.). Address reprint requests to
Dr. Latronico at Disciplina de Endocrino-
logia e Metabologia, Hospital das Clini-
cas, Faculdade de Medicina da Universi-
dade de S3o Paulo, Av. Dr. Enéas de
Carvalho Aguiar, 255-7° andar, sala 7037.
05403-900, S3o Paulo, Brazil, or at anacl@
usp.br.

Drs. Abreu, Dauber, Latronico, and Kaiser
contributed equally to this article.

This article was published on June 5, 2013,
at NEJM.org.

N Engl ] Med 2013;368:2467-75.
DOI: 10.1056/NEJM0al302160
Copyright © 2013 Massachusetts Medical Society.

2467

Downloaded from nejm.org by LUIGI GRECO on July 16, 2013. For personal use only. No other uses without permission.

Copyright © 2013 Massachusetts Medical Society. All rights reserved.



2468

The NEW ENGLAND JOURNAL of MEDICINE

HE ONSET OF PUBERTY IS FIRST DETECT-

ed as an increase in the amplitude and fre-

quency of pulses of gonadotropin-releas-
ing hormone (GnRH) after a quiescent period
during childhood. The reemergence of pulsatile
GnRH secretion leads to increases in the secre-
tion of the gonadotropins, luteinizing hormone
and follicle-stimulating hormone (FSH), by the
pituitary gland and the consequent activation of
gonadal function.® Early activation of the hypo-
thalamic—pituitary—gonadal axis results in go-
nadotropin-dependent precocious puberty, also
known as central precocious puberty, which is
clinically defined by the development of sec-
ondary sexual characteristics before the age of
8 years in girls and 9 years in boys. Pubertal tim-
ing is influenced by complex interactions among
genetic, nutritional, environmental, and socio-
economic factors.?3 The timing of puberty is as-
sociated with risks of subsequent disease; earlier
age of menarche in girls is associated with in-
creased risks of breast cancer, endometrial can-
cer, obesity, type 2 diabetes, and cardiovascular
disease.* Central precocious puberty has also
been associated with an increased incidence of
conduct and behavior disorders during adoles-
cence.”

Compelling evidence of the influence of ge-
netic factors on pubertal timing has been pro-
vided by population studies.® The role of genetic
factors is also illustrated by the similar age at
menarche in mothers and daughters and among
members of an ethnic group and by a greater
concordance of pubertal timing in monozygotic
than in dizygotic twins.”® Familial segregation
analysis has shown that 27.5% of cases of cen-
tral precocious puberty are familial and suggests
autosomal dominant transmission with incom-
plete sex-dependent penetrance.l® Despite the
data suggesting that age at the onset of pubertal
development is primarily driven by genetic fac-
tors, the genetic determinants of the timing of
human pubertal development and, in particular,
central precocious puberty are largely unknown.

Extensive efforts have been made to elucidate
the mechanisms that reactivate pulsatile GnRH
secretion at the time of puberty. In the past de-
cade, several genes have been identified in the
complex network of inhibitory, stimulatory, and
permissive neuroendocrine factors involved in
the control of puberty onset. Studies in rodents
and primates have shown that an enhancement

of excitatory inputs and a reduction in inhibitory
factors contribute to GnRH secretion and the
initiation of puberty.t!* On the basis of this
knowledge, several studies in humans have used
a candidate-gene approach in an attempt to de-
tect genes associated with pubertal disorders.
However, although an increasing number of
genes have been implicated in congenital iso-
lated hypogonadotropic hypogonadism and the
Kallmann syndrome,*>'3 only a few, rare mo-
lecular defects have been identified in patients
with central precocious puberty, and no strong
association has been proved.’#'® Only two muta-
tions — one mutation in the gene encoding kiss-
peptin-1 (KISS1) and one in the gene encoding its
receptor (KISSIR) — have been associated with
central precocious puberty, despite screening of
a relatively large cohort of patients for mutations
in these genes, indicating that isolated muta-
tions in KISS1 and KISSIR genes are uncommon
causes of central precocious puberty.’%2° We
therefore sought to identify genetic causes of
central precocious puberty by performing an
exome sequence analysis in 15 families with
central precocious puberty.

METHODS

PATIENTS

We selected for our study 15 probands with cen-
tral precocious puberty and their affected and
unaffected family members (Fig. 1; and Fig. S1 in
the Supplementary Appendix, available with the
full text of this article at NEJM.org). Whole-
exome sequencing was performed for 40 mem-
bers of these families, 32 with central precocious
puberty (27 females and 5 males) and 8 with nor-
mal pubertal timing (5 females and 3 males).
Central precocious puberty was diagnosed on the
basis of clinical signs of progressive pubertal de-
velopment before the age of 8 years in girls and
9 years in boys; pubertal basal luteinizing hor-
mone levels, GnRH-stimulated luteinizing hor-
mone levels, or both; advanced bone age (deter-
mined with the use of the Greulich and Pyle
method??), and normal results on magnetic reso-
nance imaging of the central nervous system
(Table 1, and Table S1 in the Supplementary Ap-
pendix). The ancestries of the families with MKRN3
defects were established by means of verbal re-
port to clinical investigators (Table 1). The proto-
col was approved by the ethics committee of Sao
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Figure 1. Pedigrees of the Families with MKRN3 Mutations.

Squares indicate male family members, circles female family members, black symbols clinically affected family members, symbols with
black circles asymptomatic carriers, symbols with an X deceased family members, symbols with a question mark family members whose
phenotype is unknown, and arrows the proband in each family. The MKRN3 genotype is shown for family members whose DNA was
available for genetic studies. A star indicates that the patient was screened by means of Sanger sequencing only. NM denotes nonmutated.

Paulo University. Written informed consent was ob-
tained from all participants. The last two authors
vouch for the accuracy and completeness of the
data and the fidelity of the study to the protocol.

HORMONE ASSAYS
Serum levels of luteinizing hormone, FSH, tes-
tosterone, and estradiol were determined with
the use of immunochemiluminometric assays.2?
The interassay coefficient of variation was 5% or
less for all assays.

During the GnRH stimulation test, serum
levels of luteinizing hormone and FSH were
measured 15 minutes before the intravenous
administration of 100 ug of GnRH, at the time
of administration, and 15, 30, 45, and 60 min-
utes after administration. In both sexes, basal
luteinizing hormone levels higher than 0.15 U
per liter were considered to be pubertal levels,

N ENGL J MED 368;26

NEJM.ORG

and peak GnRH-stimulated luteinizing hormone
levels higher than 5.0 U per liter were considered
to be pubertal responses.?? Basal estradiol levels
higher than 15 pg per milliliter and basal testos-
terone levels higher than 12 ng per deciliter were
considered to be pubertal levels.

GENETIC ANALYSIS
Genomic DNA was extracted from peripheral-
blood leukocytes. Whole-exome sequencing was
performed for selected patients (at the Broad In-
stitute), as previously described?? (see the Supple-
mentary Appendix for details). We confirmed the
identification of variants in the coding region of
MKRN3 with the use of polymerase-chain-reac-
tion (PCR) amplification followed by sequencing
of the products with the use of the conventional
Sanger method. For comparisons of the preva-
lence of truncating variants in the families and
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CENTRAL PRECOCIOUS PUBERTY AND MUTATIONS IN MKRN3

the exome variant server (hosted by the National
Heart, Lung, and Blood Institute), we used Fish-
er’s exact test to compare the number of frame-
shift or nonsense mutation carriers, counting
each family member in the exome variant server
once and counting both parents in each family to
account for mutation searches across multiple
offspring. For the analysis of unique variants, we
included only one person (or one pair of parents)
per variant in the analysis.

ASSAYS IN MICE
RNA was extracted from the arcuate nucleus of
the hypothalamus of three male and three fe-
male mice at postnatal days 10, 12, 15, 18, 22,
26, 30, and 45. Pubertal development occurred
between days 15 and 30 in these mice, as indi-
cated by the increase in the expression of hypo-
thalamic Tac2 (or neurokinin B) messenger RNA
(mRNA).>* RNA was reverse-transcribed, and
quantitative real-time PCR analysis was then per-
formed to measure Mkrn3 mRNA levels, normal-
ized to ribosomal protein L19 (see the Supple-
mentary Appendix).

RESULTS

SEQUENCE ANALYSIS
Whole-exome sequencing performed in 40 mem-
bers of 15 families with central precocious pu-
berty identified 304,930 variants. Rigorous crite-
ria were used to filter the variants and identify
the mutations likely to be causative of the pheno-
type for central precocious puberty. We first ana-
lyzed exome-sequence data from a total of 15
members of the 3 largest families with pedigrees
that were consistent with a dominant mode of
inheritance (i.e., those families having affected
members in multiple generations). Among the
persons who underwent exome sequencing, we
identified heterozygous nonsynonymous vari-
ants that were present in affected family mem-
bers and absent in unaffected family members.
Given the dominant inheritance pattern and rar-
ity of presentation of familial precocious puber-
ty, we excluded all variants with a minor allele
frequency of more than 0.01% in either the 1000
Genomes database?’ or the exome variant serv-
er.?° In addition, we excluded all putative variants
that were also present in 50 of the 1000 Genomes
control samples included in the variant calling
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Figure 2. MKRN3 Domains and the Mutations Identified in the Study
Families.

MKRNS3 has four zinc-finger domains: three C3H motifs (blue) and one
C3HC4 RING motif (red), which is responsible for ubiquitin ligase activity.
The MKRN-specific Cys—His domain (green) is of uncertain function. The
numbers correspond to the amino acid positions in the protein. Blue muta-
tion labels and arrows indicate the location of frameshift mutations; the
red mutation and arrow indicate the location of a missense mutation.

process. In applying these criteria, we identified
candidate genes within each family (4 in Family A,
65 in Family B, and 3 in Family F). The reason
why a larger number of candidate genes were
identified in Family B was that exome data were
available for only 3 members of this family, as
compared with 6 members each for Families A
and F. One gene, MKRN3 (ENSG00000179455,
gene identification number 7681), was identified
in 2 families. No single gene was identified in all
3 families. Families A and B had novel frameshift
mutation variants in MKRN3 (p.Arg213Glyfs*73
and p.Tyr391fs*, respectively) (Fig. 1 and 2).

We then examined exome data from the addi-
tional 25 members of the other 12 families in the
study and found another novel frameshift muta-
tion in MKRN3 (p.Ala162Glyfs*14) in Families D
and E. A novel missense variant (p.Arg365Ser)
was identified in Family C (Fig. 1 and 2). This
missense variant is predicted to be “probably dam-
aging” (likely to disrupt protein function) on the
basis of a Polymorphism Phenotyping, version 2
(PolyPhen2), score of 1.0 and a Protein Analysis
through Evolutionary Relationship (PANTHER)
score of 0.95 for the probability of being delete-
rious. (The range for both scores is 0 to 1.0, with
0 indicating that a change is predicted to be
neutral and 1.0 indicating that it is most likely
to be deleterious.) We confirmed all variants
with the use of Sanger sequencing and tested for
cosegregation between the variant and central
precocious puberty in an additional 8 members
from Families A through E who did not undergo
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exome sequencing. MKRN3 is an imprinted gene
that is expressed only from the paternal allele.?”
All affected family members inherited their mu-
tations from their fathers, indicating perfect
segregation in accordance with the imprinted
mode of inheritance. The one heterozygous car-
rier known to have inherited his mutation from
his mother (Patient II-1 in Family A) was unaf-
fected, as expected. The remaining 10 families
did not have any detectable rare coding variants
in MKRN3. The prevalence of truncating variants
(4 variants, 3 of which were unique, in 15 fami-
lies) is much greater than that seen in popula-
tion-based databases (5 variants, 4 unique, in
approximately 6500 persons in the exome vari-
ant server) (P<5.0x10~# for the prevalence of all
variants, and P<2.6x107° for the prevalence of
unique variants). Furthermore, the segregation
with precocious puberty in the precise manner
predicted for this imprinted gene provides ad-
ditional strong and independent evidence that
the MKRN3 frameshift mutations identified lead
to precocious puberty in these families.

GENOTYPE—PHENOTYPE CORRELATION
In total, we identified 15 patients (8 female pa-
tients and 7 male patients) with central preco-
cious puberty who carried mutations in MKRN3
that are predicted to be loss-of-function or dam-
aging mutations. Each of these patients had clin-
ical and hormonal features that are typical of
premature activation of the reproductive axis, in-
cluding early pubertal signs, such as breast devel-
opment or testicular enlargement and pubic hair,
advanced linear growth and bone age, and ele-
vated basal luteinizing hormone levels, elevated
GnRH-stimulated luteinizing hormone levels, or
both. The median age at the onset of puberty in
the girls was 5.75 years, ranging from 5.0 to 6.5
years (Table 1). In boys with mutations in MKRN3,
the median age at the onset of puberty was 8.1
years, ranging from 5.9 to 8.5 years (Table 1). The
precise time of onset of puberty was not clear in
two boys, but clinical and laboratory assessment
confirmed the diagnosis of central precocious
puberty. The proband in Family A and her broth-
er (Patients III-1 and III-2 in Fig. 1) have esotro-
pia, which is a minor diagnostic criterion for the
Prader-Willi syndrome.?® The boy also has a re-
nal cyst. Neither child has any other features of
the syndrome, nor do any of the other affected

patients. Additional details are available in the
Supplementary Appendix.

MKRN3 MRNA LEVELS IN THE MURINE ARCUATE
NUCLEUS

The hypothalamic arcuate nucleus is the site of
expression of several genes known to be impor-
tant for puberty, including Kiss1 and Tac2.2%3° To
assess Mkrn3 mRNA levels in the arcuate nucleus
of mice, we performed quantitative real-time
PCR (Fig. 3). In both male and female mice,
Mkrn3 mRNA levels were highest on postnatal
days 10 and 12, began to decline on day 15, and
reached a nadir by days 18 to 22, at which time
Mkrn3 expression was 10 to 20% of the levels
detected at 10 days. The timing of the decline in
Mkrn3 expression correlated with the ages at
which arcuate Kiss1 and Tac2 expression have
been shown to increase, heralding the onset of
puberty.2#31 The expression of Mkrn3 remained
low through day 45, the oldest age at which the
mice were tested (Fig. 3).

DISCUSSION

How puberty is initiated is an enigma that still
captivates scientists. Many of the recent advances
in our understanding of the mechanisms in-
volved in reactivation of the hypothalamic—pitu-
itary—gonadal, or reproductive, axis at puberty
have been based on the characterization of ge-
netic mutations associated with reproductive dis-
orders in humans. The majority of the mutations
to date were identified in patients with isolated
hypogonadotropic hypogonadism, a disorder that
is much less common than central precocious
puberty.3233 Genomewide association studies
have identified multiple loci associated with pu-
bertal timing,* but aside from LIN28B (a hetero-
chronic regulator of developmental timing),?* it
has been difficult to implicate specific novel
genes within these associated loci. Despite nu-
merous efforts to identify genes associated with
the premature activation of puberty, only two
rare mutations in candidate genes have been
identified in patients with central precocious pu-
berty.*»2° To our knowledge, no strong evidence
for additional causal mutations has been pre-
sented.

In our analysis of whole-exome—sequencing
data in 40 members of 15 families with central
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A Mkrn3 Arcuate Nucleus, Female Mice

S
[
>
Q
-
; 0.75+ .
£
o 0.50+
2
& «
& 0.254 * ’_T_‘ )
0.00- T T T T T T T
100 12 15 18 22 26 30 45

Age (days)

B Mkrn3 Arcuate Nucleus, Male Mice

¢ e
[7)
>
Q
-
< 0.75
P4
£
E 050
£ .
2 .
2 0.25 |_.L|
0.00- T R .
10 12 15 18 22 26 30 45

Age (days)

during Postnatal Development.

comparison test. Asterisks indicate P<0.001.

Figure 3. Mkrn3 Messenger RNA (mRNA) Levels in the Hypothalamic Arcuate Nucleus of Male and Female Mice

Total RNA was extracted from the hypothalamic arcuate nucleus of male and female mice at the ages indicated
(number of days after birth), and Mkrn3 mRNA was quantified with the use of real-time polymerase-chain-reaction
assay. The bar graphs show the relative change in mRNA levels in female mice and male mice, as compared with the
level on postnatal day 10 (black bars), normalized to levels of endogenous ribosomal protein L19 mRNA. Mean (+SE)
values are shown for three different mice at each age, with each measurement performed in triplicate. Significant
differences (P<0.05) were measured by means of a one-way analysis of variance with a post hoc Tukey multiple-

precocious puberty, we identified a single gene,
MKRN3, encoding the makorin RING-finger
protein 3, with variants predicted to be deleteri-
ous in 5 families. MKRN3 is an intronless gene
located on chromosome 15q11.2, in the Prader—
Willi syndrome critical region.3> This gene is
maternally imprinted, and only the paternal al-
lele is expressed.>® The makorin protein family
is distinguished by a characteristic combination
of zinc-finger motifs; these proteins include two
or three copies of a C3H motif in the N-termi-
nal, followed by a novel Cys—His configuration,
a C3HC4 RING zinc finger, and a final C3H
motif.3° C3H zinc-finger motifs have been impli-
cated in RNA binding, whereas the RING zinc-
finger motif is found in most E3 ubiquitin li-
gases and is responsible for ubiquitin-ligase
activity.?” The widespread species conservation
of the makorin protein family suggests that it
plays one or more vital roles in cells, with high
levels of expression in the developing nervous
system.3® MKRN3, on the other hand, is con-
served only in therian mammals, and its precise
function has not yet been determined.3”

The deletion of chromosome 15q11-ql13,
which encompasses MKRN3, contributes to the
Prader-Willi syndrome, but it is not yet known
which specific genes in this region are related to
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the syndrome.3® Analyses of balanced transloca-
tions in patients with the Prader-Willi syndrome
have implicated the SNURF-SNRPN locus, which
is telomeric to MKRN3. One report described
2 patients with all the features of the Prader—
Willi syndrome who did not have a deletion of
MKRN3, suggesting that MKRN3 deletion is not
necessary to cause the syndrome.?® This report
also described a patient with a paternal deletion
of MKRN3, MAGEL2, and NDN who had only a
few features of the Prader-Willi syndrome: obe-
sity, developmental delay, and a high pain
threshold. This patient also had signs of puberty
at the age of 7 years 6 months, with advanced
bone age. The patient received a diagnosis of
central precocious puberty, which was supported
by her response to treatment with triptorelin.3®
Given our data, the deletion of MKRN3 is prob-
ably the cause of early puberty in this patient.3®
It is uncertain whether the obesity, developmen-
tal delay, and high pain threshold in this patient
were attributable to the MKRN3 deletion. We have
detailed clinical and hormonal data from 12 of
the 15 persons with loss-of-function mutations in
MKRNS3. In this series of 12 patients, 2 had esotro-
pia, which is a minor diagnostic criterion for the
Prader-Willi syndrome.?® Other features of the
syndrome were not reported. The esotropia can-
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not be definitively attributed to MKRN3 deletion,
because esotropia can be present in up to 5% of
the population.?®

Three of the four mutations identified in
MKRN3 in our series were frameshift mutations
resulting in premature stop codons, whereas the
fourth, a missense variant (p.Arg365Ser), is pre-
dicted to interfere with protein function (Fig. 2).
The arginine at position 365 is located in the
C3HC4 RING domain responsible for the ubig-
uitin ligase activity and is evolutionarily highly
conserved (Fig. 2). Definitive confirmation that
this missense variant causes loss of function
awaits the availability of a functional assay. Al-
though the function of MKRN3 is not well un-
derstood, and the mechanism by which MKRN3
mutations result in early activation of the central
reproductive axis are not yet known, our genetic
data are sufficiently compelling and statistically
strong to invoke a causative role for MKRN3 in
central precocious puberty.

The inheritance pattern in the affected fami-
lies is consistent with the expression of MKRN3
from the paternally inherited allele only. For
example, Patient II-1 in Family A inherited the
mutant MKRN3 allele from his mother; because
this allele was silenced, he did not have the cen-
tral precocious puberty phenotype. Patients II-1
in Families C, D, and E were apparently asymp-
tomatic heterozygous carriers of deleterious
MKRN3 mutations, but since we were unable to
obtain reliable pubertal histories or DNA from
their parents, the parental source of their muta-
tions is unknown. Of the 15 patients with cen-
tral precocious puberty and MKRN3 mutations,
7 were male; this nearly equal sex distribution
contrasts with the striking predominance of
central precocious puberty in girls that has been
reported previously.’® The similar incidence of
central precocious puberty in association with
MKRN3 mutations in the two sexes in the af-
fected families is consistent with the autosomal
pattern of inheritance. In contrast, in the 10
families without mutations in MKRN3, all af-
fected members were female, an incidence that
is similar to that reported previously*® (Fig. S1
and Table S1 in the Supplementary Appendix).
Screening for mutations of MKRN3 in sporadic
cases of central precocious puberty, which af-
fects primarily girls, will add information about
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the role of this gene in pubertal timing. The
identification of mutations in MKRN3 in fami-
lies of diverse ancestry shows that the effects of
MKRN3 mutations in central precocious puberty
are generalizable and are not restricted to a spe-
cific ethnic group. It is possible that Families D
and E are distantly related; we have neither con-
firmed nor excluded this possibility.

MKRN3 is associated with protein ubiqui-
tination, in which a ubiquitin moiety is attached
to a protein, thus tagging it for movement to the
proteasome, where it is degraded. Ubiquitina-
tion can also be an indicator for signal transduc-
tion, cell-cycle regulation, differentiation and
morphogenesis, and other nonproteolytic fates.
The precise mechanism by which the deletion of
MKRNS3 leads to the early reactivation of pulsa-
tile GnRH secretion remains to be elucidated.
We found increased levels of Mkrn3 mRNA at
young ages in the arcuate nucleus of male and
female mice, with a striking reduction in levels
immediately before puberty and low levels in
adulthood (Fig. 3). The arcuate nucleus is con-
sidered to play a key role in puberty control in
mice,?® and the pattern of Mkrn3 mRNA expres-
sion correlates with an inhibitory effect on the
initiation of puberty in these animals. These
data are in agreement with the identification of
a loss-of-function mutation in patients with cen-
tral precocious puberty, corroborating the view
that the mutation has an inhibitory effect on the
secretion of GnRH. The initiation of puberty is
thought to result from a decrease in factors that
inhibit the release of GnRH combined with an
increase in stimulatory factors. Studies of hypo-
gonadotropic hypogonadism have led to the
identification of genes encoding factors that
have stimulatory input.*?13 In contrast, MKRN3
seems to have an inhibitory role in humans.
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Releasing the Brake on Puberty
leuan A. Hughes, M.D.

What is so magical about the age at onset of pu-
berty in humans — currently set at approximately
11 years of age?* Why not 6 or 16? Indeed, ad-
dressing this question from the perspective of
evolutionary biology? suggests that puberty, as
defined by age at menarche in girls, was earlier
in Neolithic times and became delayed during
the Industrial Revolution before reverting over
the past two centuries to the present set point.3
The shortened life span and the need to reach
reproductive capacity would seem to have been
predominant influences on the age of menarche
thousands of years ago, whereas the more recent
fluctuations in the age at onset of puberty have
been attributed to poor nutrition followed by so-
cial improvement. How can one explain the un-
derlying cause of the early onset of puberty in a
child brought to the clinic at 5 years of age? It
clearly cannot be explained on environmental
grounds, even allowing for the secular trends in
puberty ascribed to increasing obesity in the
childhood population.** Influences on the tim-
ing of puberty, for the most part, remain un-
known; the endocrinologist still cannot explain
simply to parents why puberty generally starts at
the age of 11 years, let alone why their child has
entered puberty at 6 years of age.

The role of genetic factors in the control of
the onset of puberty is vividly illustrated by a
report in this issue of the Journal of a familial
form of precocious puberty caused by loss-of-
function mutations in an imprinted gene.® The
authors had access to 40 members of 15 fami-
lies in whom affected probands had central pre-
cocious puberty — that is, premature reactivation
of the pulse GnRH generator that underscores
the onset of normal puberty.” Applying whole-
exome sequencing in multiply affected families
adequately phenotyped for central precocious pu-
berty, the authors identified deleterious muta-
tions in a paternally expressed imprinted gene,
MKRN3. (Imprinted genes have a “sex bias” in
that they are expressed only from the maternal or
the paternal chromosome; some genes are pater-
nally imprinted, whereas others are maternally
imprinted. MKRN3 is maternally imprinted; ex-
pression from the maternally inherited copy of
the gene is suppressed. MKRN3 protein is thus
derived from RNA transcribed exclusively from
the paternally inherited copy of the gene.)

MKRN3 encodes makorin RING-finger pro-
tein 3, which is involved with ubiquitination and
cell signaling. The makorin family of proteins is
abundantly expressed in the developing brain,
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Figure 1. Timing of Puberty.

A pivotal event in the onset of puberty in mammals is the resumption of
pulsatile release of gonadotropin-releasing hormone (GnRH) from neurons
of the hypothalamus. Known influences on the timing of the onset of pu-
berty in mammals include the photoperiod, leptin levels, and the in-
creased expression of neurokinin B, kisspeptin, and their receptors (NK3R
and KISSIR, respectively). Abreu et al.® implicate MKRN3, a protein that is
believed to mediate ubiquitination, in puberty onset. In contrast with kiss-
peptin and neurokinin B, which stimulate the commencement of puberty,
MKRN3 seems to inhibit puberty: Abreu et al. show that mutations in
MKRN3 predicted to cause loss of function of the protein cause central
precocious puberty. KNDy denotes kisspeptin—neurokinin B—dynorphin,
INF infundibular nucleus, ME median eminence, and POA preoptic area.

including the arcuate nucleus, where there is a
repository of genes whose expression is relevant
to puberty.®® The authors showed that the ex-
pression of Mkrn3 in mice of both sexes was
highest at postnatal day 10 and declined there-
after to reach a nadir precisely consonant with

2514 N ENGL) MED 368;26

the onset of puberty. It is also at this point that
the expression of genes considered central to the
activation of puberty (e.g., the kisspeptins and
neurokinin B) begins to increase.1®

So what is the effect of this study of familial
central precocious puberty on our knowledge
about the way in which the onset of puberty is
controlled in humans? More is known about
why puberty may be delayed than why it com-
mences precociously. Any chronic disease pro-
cess, such as severe malnutrition or a systemic
disease such as cystic fibrosis, will delay or halt
the progression of puberty. More specifically,
the hypothalamic—pituitary—gonadal endocrine
pathway can harbor specific defects in hormone
production that are the result of known muta-
tions. Hypogonadotropic hypogonadism caused by
loss-of-function mutations affecting the G-pro-
tein—coupled receptor KISS1R (also known as
GPR54) and those involving neurokinin B result
in failure of the normal pattern of pulsatile
GnRH secretion required to stimulate gonado-
tropin production and subsequently gonadal ste-
roid secretion.'>*2 The discovery of the effect of
mutations in MKRN3 in humans and of a sug-
gested role for its mouse orthologue in the ar-
cuate nucleus appears to cement the idea that
puberty starts only with the release of a re-
straint mechanism on the GnRH pulse genera-
tor, which in turn releases the brake on puberty
(Fig. 1. A release of this restraint mechanism
probably also explains why intracranial damage
from conditions as diverse as head trauma and
hydrocephalus and the effects of cranial irradia-
tion can lead to precocious puberty.

Although the finding of a genetic cause for
central precocious puberty is a significant con-
tribution to further understanding human puber-
ty, an explanation is lacking about why puberty
starts at about the time of the junction of the
first and second decades of human life. How
MKRNS3, an exemplar of a neurobiologic brake,
interacts with other major players of puberty,
such as kisspeptin, GnRH, leptin, and a host of
neurotransmitters (excitatory and inhibitory), will
certainly continue to exercise the minds of the
puberty pundits.
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full text of this article at NEJM.org.
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G Proteins — The Disease Spectrum Expands

Allen M. S

G proteins (guanine nucleotide-binding proteins)
are heterotrimers composed of guanosine tri-
phosphate-binding alpha subunits and tightly
linked beta and gamma subunits. They couple a
vast array of receptors (G-protein—coupled recep-
tors, the subject of the Nobel Prize in Chemistry
this past year?) to effectors that regulate diverse
cellular processes. Of 15 human alpha-subunit
genes, some, such as GNAS, are expressed ubig-
uitously; others are expressed only in specialized
cells. G4 (the G protein encoded by GNAS) cou-
ples many hormone and neurotransmitter recep-
tors to cyclic AMP stimulation, and it was the
first G protein to be associated with human dis-
ease. Germline mutations that inactivate Gog
(the G-protein subunit «) were shown to cause
the prototypical hormone-resistance disorder,
pseudohypoparathyroidism.? Somatic activating
mutations cause sporadic endocrine tumors and
the McCune-Albright syndrome.? Mutations sub-
sequently were identified in genes that encode
dysfunctional Ge proteins in rod photoreceptors
in forms of night blindness and in cone photo-
receptors in forms of color blindness, and muta-
tions in GNAL have been linked to primary tor-
sion dystonia.?

Somatic mutations that activate Ga, (the G-pro-
tein subunit ag) and Ga,, (the G-protein subunit
o), closely related G proteins that activate intra-
cellular ionized calcium-mediated signaling,
have been associated with uveal melanoma.* In
this issue of the Journal, Nesbit> and Mannstadt®
and their colleagues report that germline muta-
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tions that inactivate Ga,, cause hypercalcemic
disorders and germline mutations that activate
Ga,, cause hypocalcemic disorders.

Calcium homeostasis is tightly regulated by
parathyroid hormone. Parathyroid hormone se-
cretion from the parathyroid glands is inhibited
directly by increased serum levels of calcium.
Primary hyperparathyroidism, the major cause
of hypercalcemia in patients seen in an ambula-
tory setting, is caused by a neoplastic process in
one or more parathyroid glands. This process
leads to excess parathyroid hormone secretion,
despite increased serum levels of calcium.

Familial hypocalciuric hypercalcemia is an
autosomal dominant disease that, like primary
hyperparathyroidism, is characterized by hyper-
calcemia and normal or elevated levels of serum
parathyroid hormone.” However, renal and skele-
tal manifestations of primary hyperparathyroid-
ism are generally absent in patients with familial
hypocalciuric hypercalcemia. Partial parathyroid-
ectomy does not correct the hypercalcemia;
thus, surgery is not indicated. The patient’s
family history and measurement of urinary
calcium:creatinine ratios are key to distinguish-
ing familial hypocalciuric hypercalcemia from
primary hyperparathyroidism.

Previous studies have shown that many cases
of familial hypocalciuric hypercalcemia are caused
by heterozygous germline inactivating mutations
in the gene encoding the calcium-sensing re-
ceptor (CASR). The calcium-sensing receptor is a
G-protein—coupled receptor that is highly ex-
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