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Context: Initiation and progression of puberty requires concerted action of hypothalamic activat-
ing and inhibiting factors. Recently, cases of familial central precocious puberty have been linked
to loss-of-function mutations of makorin RING-finger protein 3 (MKRN3) indicating a pivotal in-
hibitory role of the protein on GnRH secretion.

Objective: To investigate peripubertal circulating MKRN3 levels in healthy boys.

Design: Population-based longitudinal study in healthy Danish boys.

Setting: General community.

Patients or Other Participants: Healthy boys (n � 60) aged (median [range]) 9.3 (5.8–11.8) years at
baseline followed for 6.0 (0.5–7.6) years (2006–2014) with blood sampling every 6 months.

Intervention: None.

Main Outcome Measures: Serum levels of MKRN3: 623 samples, median (range) 12 (2–14) per boy.

Results: MKRN3 levels declined before onset of puberty; the geometric mean (95% confidence
interval) 5 years before onset of puberty vs last visit before onset of puberty was 216 (169–272)
pg/mL vs 128 (118–139) pg/mL (P � .001), respectively. MKRN3 levels continued to decrease as
puberty progressed. MKRN3 levels were not associated with age at onset of puberty.

Conclusion: Declining MKRN3 before pubertal onset support MKRN3 as an inhibitor of GnRH
secretion during midchildhood. (J Clin Endocrinol Metab 101: 2588–2593, 2016)

Puberty is essential for attainment of secondary sexual
characteristics and the endocrine regulation of pu-

bertal onset is increasingly elucidated (1–3). Initial acti-
vation of the hypothalamic-pituitary-gonadal (HPG) axis
during minipuberty is followed by a quiescent period dur-
ing childhood (4). Pubertal onset is marked by reactivation
of the HPG axis accompanied by pulsatile release of
GnRH. The first physiological sign of pubertal onset in
boys is testicular growth, whereas in girls, breast devel-
opment marks the onset. Several years after pubertal onset
other well-known pubertal events like voice break and
menarche appear (5, 6).

Mutational analysis of cases with familial central pre-
cocious puberty (CPP) recently revealed an inhibitory role
of the makorin RING-finger protein 3 (MKRN3) on ini-
tiation of puberty (7). The MKRN3 gene is maternally
imprinted and located within the Prader-Willi syndrome
critical region, ie, chromosome 15q11-q13 region (8). Nu-
merous mutations resulting in a loss-of-function of
MKRN3 and subsequent development of CPP have been
reported (9–14). In their initial study Abreu et al (7) fur-
ther reported declining Mkrn3 mRNA levels in the hypo-
thalamus of both male and female mice before pubertal
onset, supporting the notion of an inhibitory role of
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MKRN3 on GnRH secretion. In girls, genetic variation
adjacent to MKRN3 has been reported to affect pubertal
timing (2).

Our group recently reported declining circulating
MKRN3 levels during pubertal transition in healthy girls
(15). However, it is unknown whether MKRN3 levels also
decline during puberty in boys.

We here report circulating MKRN3 levels in a cohort of
healthy Danish boys that has been followed longitudinally
during puberty.

Materials and Methods

Study population
The COPENHAGEN Puberty Study (16, 17) is a combined

cross-sectional and longitudinal population based cohort study
of healthy Danish children and adolescents. The longitudinal
study population has been described in detail previously (18, 19).
Blood samples were drawn and a clinical examination was per-
formed including testicular volume measurement by orchidom-
etry (5). A uni- or bilateral testicular volume of 4 mL or more was
considered as sign of pubertal onset. Age at pubertal onset was
approximated using the date exactly between 2 visits where the
boy passed the mark of pubertal onset. Pubertal age was defined
by the date of blood sampling relative to the age at pubertal onset.
A total of 112 participated boys in the longitudinal part of the
COPENHAGEN Puberty Study. Boys were excluded from the
present study because blood samples were drawn before or after
pubertal onset (n � 35), because one or both parents originated
from a non-European country (n � 13), cerebral illness or pre-
vious gonadotoxic chemotherapy (n � 2), missing pubertal stag-
ing (n � 1), and missing serum sample (n � 1). The remaining 60
healthy Caucasian boys with blood samples were included in the
present study. Median (range) age at baseline was 9.3 (5.8–11.8)
years, and median (range) follow up-time was 6.0 (0.5–7.6)
years.

Reproductive hormone assays
Blood samples were drawn between 8 AM and 1 PM from an

antecubital vein, clotted, centrifuged, and serum was stored at
�20°C until hormone analyses were performed. Blood samples
were analyzed after maximum 8 years of storage in the freezer at
�20°C. All samples were analyzed in the same laboratory
blinded for the technician for age and pubertal stage. Serum
MKRN3 concentrations were determined using the commer-
cially available human makorin ring finger protein 3 ELISA (My-
BioSource) with a detection limit of 25 pg/mL. Intra- and inter-
assay coefficients of variation (CVs) listed by the manufacturer
were less than 8% and less than 10%, respectively. In our hands,
intraassay CVs (SD/mean) were 5.4% at 201 pg/mL and 5.1% at
410 pg/mL, respectively, and interassay CV was 9.7% at 288
pg/mL. All samples from a given boy were analyzed on the same
plate. Measurement of MKRN3 concentrations from the boys’
samples was conducted parallel to our previous reported
MKRN3 concentrations in girls using the same assay (15).
MKRN3 levels below the detection limit (n � 8) were assigned
the value of 12.5 pg/mL (0.5 times the detection limit). Six of the
8 samples below detection limit were from postpubertal boys.

Serum levels of FSH and LH were measured by time-resolved
immunofluorometric assays (Delfia; PerkinElmer) with detec-
tion limits of 0.06 and 0.05 IU/L, respectively. Intra- and inter-
assay CVs were less than 5%. Serum total testosterone was mea-
sured by RIA using a Coat-A-Count RIA kit (Siemens) with a
detection limit of 0.23 nmol/L. Intra- and interassay CVs were
17% and 12.8%, respectively. LH and total testosterone levels
below the detection limit were assigned a value of 0.025 IU/L and
0.115 nmol/L, respectively (0.5 times the detection limit).

Genotyping
Peripheral blood was used for isolation of genomic DNA as

described before (20). Purified DNA was available in 59 healthy
boys with prepubertal MKRN3 measurements. In few cases geno-
typing was not successful due to poor DNA quality (rs12148769,
n � 2 and rs12439354, n � 3, respectively). The single-nucleotide
polymorphisms (SNPs) were analyzed using KASP SNP genotyping
assays (LGC Genomics), which facilitates biallelic discrimination
through a competitive PCR and incorporation of a fluorescent res-
onance energy transfer quencher cassette. KASP genotyping assays
were designed by LGC Genomics towards the following sequences:
rs12148769, TTATGCATTGTCAA[R]CTTCAAAGCCACATAA
and rs12439354, TAGTTTATTTTTCTCA[R]GATGCACT-
GCCCAG. The rs12148769 is an intergenic SNP (near
MKRN3) known to be associated with menarcheal age (2), and
rs12439354 is found in a peroxisome proliferator-activated re-
ceptor �/retinoid X receptor �-binding site in the promoter of
MKRN3. Allele distributions of MKRN3 SNPs were as follows:
MKRN3 (rs12148769, G�A): GG 50, GA 7, AA 0, minor allele
frequency 6%; MKRN3 (rs12439354, A�G): AA 43, AG 12,
AA 1, minor allele frequency 13%. Distributions were consistent
with Hardy-Weinberg equilibrium (Pearson’s �2 � 0.46, P � .62
and �2 � 0.02, P � .88, respectively).

Statistical analyses
To evaluate the individual fluctuation of MKRN3, we as-

sessed the intraindividual CVs. Further, to evaluate the progress
of MKRN3 levels as a function of pubertal age (time from pu-
bertal onset), we used a variance component model allowing
each boy to have his own relative MKRN3 level (18). The pu-
bertal age (numeric variable) was grouped into a categorized
variable consisting of 1 year intervals. Two additional intervals
of 0.5 years were included � 0.5 years around pubertal onset.
Intervals were as follows: �5 years, samples less than �4.5 years
from pubertal onset; �4 years, �4.5 � � � 3.5; �3 years,
�3.5 � � � �2.5; �2 years, �2.5 � � � �1.5; �1 year, �0.5 �
� � �0.5; �0.5 years, �0.5 � � � 0.0; 0.5 years, 0.0 � � �
0.5; 1 year, 0.5 � � � 1.5; 2 years, 1.5 � � � 2.5; 3 years, 2.5 �
� � 3.5; 4 years, 3.5 � � � 4.5; 5 years � 4.5 years. In case of
multiple MKRN3 measurements per boy in a given time interval,
the mean MKRN3 concentration was calculated. To obtain nor-
mal distribution, MKRN3 levels were log-transformed.

To evaluate the correlations between MKRN3 and gonado-
tropin levels, we divided the observations in boys according to
pubertal stage groups as assessed by testis volume (prepubertal,
�4 mL; early pubertal, 4–12 mL; and late pubertal, �12 mL). If
multiple samples were drawn within a specific pubertal stage, a
mean value was calculated. Correlations between MKRN3 vs
other reproductive hormones as well as MRKN3 vs age at pu-
bertal onset were evaluated by Spearman´s correlation. P � .05
was considered statistically significant.
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Gender differences of circulating MKNR3 levels were com-
pared using a Mann-Whitney U test for each given and over-
lapping pubertal age interval. For this purpose, we integrated
previously published data on circulating MKRN3 levels in
girls (15).

Ethical considerations
The COPENHAGEN Puberty Study (ClinicalTrials.gov ID:

NCT01411527) was approved by the scientific ethical commit-
tee (KF 01 282 214, V200.1996/90 and KF 11 2006–2033) and
the Danish Data Protection Agency (2010–41–5042). All par-
ticipants and their parents gave informed consent.

Results

Circulating MKRN3 levels exhibited a large interindi-
vidual variation during puberty (all samples, median: 122
pg/mL, range �25–1285 pg/mL). Each boy seemed to
maintain his individual MKRN3 set point during pubertal
transition where boys with high prepubertal MKRN3 lev-
els remained high after pubertal onset (intraindividual
CV: median [range] 25 [9–131]%) (Figure 1). The normal
range (95% reference range) of prepubertal and pubertal
circulating MKRN3 was 57–315 and 37–298 pg/mL,
respectively.

Individual MKRN3 levels declined significantly be-
fore onset of puberty. The geometric mean (95% con-
fidence interval) 5 years before pubertal onset was 216
(169 –272) pg/mL vs 128 (118 –139) pg/mL at the last
visit just before pubertal onset. This corresponds to a
reduction of MKRN3 of 41 (30 – 49)% (Figure 2).

MKRN3 levels declined continuously as puberty pro-
gressed (Figure 2).

Individual prepubertal MKRN3 levels did not correlate
with age at pubertal onset, r � �0.163, P � .213. Fur-
thermore, no significant correlations were observed be-
tween MKRN3 and gonadotropin levels (Figure 3) nor
total testosterone levels within each pubertal stage
(MKRN3 vs FSH: prepubertal r � 0.188, P � .154; early-
pubertal r � 0.067, P � .666; late-pubertal r � �0.004,
P � .990; MKRN3 vs LH: prepubertal r � 0.123, P �
.355; early-pubertal r � 0.015, P � .921; late-pubertal r �
�0.018, P � .950; MKRN3 vs total testosterone: prepu-
bertal r � 0.110, P � .406; early-pubertal r � 0.152, P �
.326; late-pubertal r � 0.282, P � .308).

The 2 investigated SNPs were not associated with pre-
pubertal MKRN3 levels. The MKRN3 median (range) lev-
els of rs12148769 wild-type homozygote (GG, n � 50)
carriers were 145 (52–289) pg/mL vs 170 (40–312) pg/mL
in heterozygotic GA carriers (n � 7), P � .593. For
rs12439354 homozygotic wile-type AA carriers (n � 43)
the median MKRN3 levels were 143 (39–313) pg/mL vs
157 (52–286) pg/mL in minor allele GA/AA carriers (n �
13), P � .347.

When comparing our recent observations with our
previously published observations on circulating
MKRN3 levels in girls (Figure 2) (15), mean circulating
MKRN3 levels in boys were significantly lower at all
overlapping time intervals; time to pubertal onset �3
years to �4 years, P � .001 except at �2 years (P �
.003), �5 years (P � .004).

Discussion

This study represents the first report
of circulating MKRN3 levels in
peripubertal boys. MKRN3 levels in
boys declined before pubertal onset
and throughout puberty comparably
with our previous observations in
peripubertal girls. However, we ob-
served a marked gender difference in
MKRN3 levels where boys displayed
50% lower mean compared with
girls.

The onset of puberty is character-
ized by the reactivation of the HPG
axis including the recurrence of pul-
satile secretion of GnRH. Within the
neuroendocrine regulatory system
that governs GnRH secretion, a dy-
namic interplay of excitatory as well

Figure 1. Circulating MKRN3 levels according to pubertal age/time to pubertal onset in 60
healthy Danish boys followed longitudinally. Each line represents consecutive measurements
from the same boy. Tertiles of prepubertal MKRN3 levels are marked with blue (highest tertile),
red (middle tertile), and black (lowest tertile). The blue arrows indicate single MKRN3
measurements of 1285 pg/mL 5.35 years and 604 pg/mL 1.33 years before pubertal onset,
respectively.
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as inhibitory inputs exists (21). Both, gain of activating
inputs as well as loss of inhibitory inputs seem to be pivotal
for initiation of puberty (1, 7). MKRN3 appears to sup-
press GnRH release and, thus, exerting an inhibitory effect
on initiation of puberty. Although the exact mechanism
remains unknown, Ojeda and Lomniczi (22) speculate
that the zink finger structure of MKRN3 indicates that the
protein is involved in epigenetic regulation.

We observed continuously declining peripubertal se-
rum MKRN3 levels from as early as 5 years before pu-
bertal onset. The present findings of decreasing MKRN3
levels years before the onset of puberty in boys are con-
cordant with our previously reported observations in
peripubertal girls (15) supporting the role of MKRN3 as
an essential inhibitor of GnRH secretion. The gradual de-
cline indicates that pubertal onset is a result of slow release
of the brake of GnRH secretion rather than an abrupt
termination. This is supported by slowly increasing go-
nadotropin levels before clinical recognition of pubertal
transition (Figure 3). In contrast to our findings in girls, we
were not able to detect a negative correlation between
circulating MKRN3 and gonadotropin levels. Larger sam-

ple sizes stratified for Tanner-stages are needed to firmly
conclude on this aspect.

The broad interindividual variability of peripubertal
MKRN3 levels, along with the continuous decrease of
peripubertal MKRN3 concentrations at a relative individ-
ual level, are indicative of an individual set point for re-
activation of the HPG axis. Further, pre- and peripubertal
MKRN3 levels were not associated with either gonado-
tropin levels or age at pubertal onset supporting the ab-
sence of a universal MKRN3 threshold level for GnRH
pulse activation. Varimo et al (23) recently reported cross-
sectional data on circulating MKRN3 levels in healthy
men (no information about the exact age was available);
geometric mean (range) of 49 (13–154) pg/mL. However,
in an erratum they corrected the initially published values
by the factor 100 (24). Taking into consideration the er-
ratum, these values would indicate a sharp increase of
circulating MKRN3 levels in men.

In our cohort genetic variation of MKRN3
(rs12148769 and rs12439354) did not affect prepubertal
MKRN3 levels significantly. Given the limited number of
participants in combination with maternal imprinting of

Figure 2. Variance component model of serum MKRN3 levels according to time to pubertal onset/pubertal age based on longitudinal data.
Present data of boys are marked as blue, whereas previously published data in girls are marked as red (15). The solid line indicates geometric mean
(95% confidence interval, dotted line). The number of boys contributing with measurements to the different time intervals is listed above the x-
axis. P values correspond to analyses comparing reference levels (the last prepubertal examination, �0.5-y interval, “REF”) with levels at different
intervals in boys. Significant P values are marked with asterisks. MKRN3 levels in boys declined from 5 as well as 4 years before pubertal onset to
the last prepubertal examination (P � .001 and P � .01, respectively) and subsequently declined throughout puberty. Peripubertal MKRN3 levels
differ substantially between healthy boys and girls.
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the respective gene region we cannot exclude an effect of
genetic variation on MKRN3 levels. However, the broad
variability of MKRN3 levels is not likely to be affected by
common genetic variation as the investigated SNPs are
some of the most common SNPs related to MKRN3.

Interestingly, our male cohort exhibited significantly
lower MKRN3 levels at each time interval compared with

our previously reported female co-
hort (15) which were analyzed by the
same laboratory using the same as-
say. At age of pubertal onset, this dif-
ference corresponded to a 50%
lower mean MKRN3 level in boys
compared with girls. In light of the
fact that boys usually enter puberty
later than girls, this difference is re-
markable and might further support
the absence of a common MKRN3
threshold level. The observed differ-
ence suggest a sexual dimorphism of
MKRN3 levels. This alternative ex-
planation is backed by clinical phe-
notypes observed in the initial study
of MKRN3 mutations and CPP (7):
with regard to the gender-specific
age limit of physiologic onset of pu-
berty, the authors reported a stron-
ger effect of MKRN3 mutations on
age at pubertal onset in girls com-
pared with boys.

Abreu et al (7) revealed MKRN3
mRNA expression in hypothalamic
tissue in mice. We assume that
MKRN3 is also produced by the hy-
pothalamus in humans; however,
there is a lack of highly specific pro-
tein expression studies of MKRN3
in human tissues. Theoretically,
MKRN3 could be produced from ex-
trahypothalamic organs indicating es-
sential regulation of pubertal onset
from outside the central nervous sys-
tem. There are no reports of animal
MKRN3-knockout models that could
further clarify the function of
MKRN3. Interestingly, patients with
MKRN3 mutations seem to have an
isolated phenotype of CPP without
any extrahypothalamic affection. The
latter supportsMKRN3asprimarilya
hypothalamic hormone.

Dynamics of circulating MKRN3
throughout the peripubertal interval

contribute to the understanding of HPG axis reactivation.
However, on the basis of our present study, circulating
MKRN3 levels do not appear to represent a valuable
marker for the evaluation of precocious nor delayed pu-
berty, because individual set points for reactivation of the
HPG axis exhibit a large variation. Even boys with very
low circulating MKRN3 levels, partially below detection

Figure 3. Serum levels of FSH (A), LH (B), and total testosterone (C) in healthy boys according to
time to pubertal onset/pubertal age based on longitudinal data (log10 transformed y-axes). Each
line represents consecutive measurements from the same boy. Tertiles of prepubertal MKRN3
levels are marked with blue (highest tertile), red (middle tertile), and black (lowest tertile).
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limit, as well as very high levels entered puberty at a phys-
iologic time point. Given the confluence of numerous reg-
ulatory systems in control of GnRH secretion other dy-
namic factors, eg, leptin, might potentially interfere and
have to be considered as well. Leptin, exerting a permissive
effect on initiation of puberty, was shown to peak before
pubertal onset in boys (25, 26).

Continuously declining MKRN3 levels before pubertal
onset support MKRN3 as an inhibitor of GnRH secretion
during midchildhood in boys. Marked interindividual
variation of MKRN3 at time of pubertal onset suggests an
individual set point for reactivation of GnRH secretion.
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