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mediated mechanism.

Introduction

The identification of loss-of-function mutations in MKRN3, encod-
ing makorin ring finger protein 3, in families with central precocious
puberty (CPP) linked MKRN3 to the hypothalamic-pituitary-gonad-
al (HPG) axis for the first time (1). MKRN3 is a maternally imprinted
gene located on chromosome 15q11.2, in the Prader-Willi syndrome
(PWS) critical region, and was first identified and cloned during
studies of PWS (2). Studies in humans and mice have determined
that the MKRN3 maternal allele is methylated in the central ner-
vous system (3). Thus, loss-of-function mutations affecting MKRN3
are paternally inherited (4). Although MKRN3 is ubiquitously
expressed (3), loss of its actions in the hypothalamus is likely to sig-
nificantly contribute to the premature initiation of puberty observed
in patients with inactivating mutations of the gene (1, 4).
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The identification of loss-of-function mutations in MKRN3 in patients with central precocious puberty in association with
the decrease in MKRN3 expression in the medial basal hypothalamus of mice before the initiation of reproductive maturation
suggests that MKRNS3 is acting as a brake on gonadotropin-releasing hormone (GnRH) secretion during childhood. In the
current study, we investigated the mechanism by which MKRN3 prevents premature manifestation of the pubertal process.
We showed that, as in mice, MKRN3 expression is high in the hypothalamus of rats and nonhuman primates early in life,
decreases as puberty approaches, and is independent of sex steroid hormones. We demonstrated that Mkrn3 is expressed

in Kiss1 neurons of the mouse hypothalamic arcuate nucleus and that MKRNS3 repressed promoter activity of human KISS1
and TAC3, 2 key stimulators of GnRH secretion. We further showed that MKRN3 has ubiquitinase activity, that this activity
is reduced by MKRN3 mutations affecting the RING finger domain, and that these mutations compromised the ability of
MKRNS3 to repress KISSTand TAC3 promoter activity. These results indicate that MKRNS3 acts to prevent puberty initiation, at
least in part, by repressing KISS7and TAC3 transcription and that this action may involve an MKRN3-directed ubiquitination-

Puberty is a complex biological process involving sexual mat-
uration and, in humans, accelerated linear growth (5). Gonado-
tropin-releasing hormone (GnRH) is produced in the hypothala-
mus and released in a coordinated pulsatile manner to stimulate
the secretion of gonadotropins from the pituitary, which in turn
act on the gonads to promote gametogenesis and the production
of sex steroids (6). In humans, the HPG axis is active during the
embryonic and neonatal stages of human life, becoming quiescent
during childhood (7). The re-activation of the HPG axis is marked
by an increase in amplitude and frequency of GnRH pulses, cul-
minating in the phenotypic changes of puberty (7). Early re-acti-
vation of the HPG axis results in gonadotropin-dependent CPP,
clinically defined as the development of secondary sexual charac-
teristics before the age of 8 years in girls and 9 years in boys (8).

The factors regulating the complex pattern of GnRH
secretion, and therefore puberty initiation, are not complete-
ly known. It is thought that pubertal timing is influenced by a
tightly orchestrated interaction of genetic, nutritional, envi-
ronmental, and socioeconomic factors (9). However, in some
cases there appears to be a definitive component determining
pubertal timing, as is the case in CPP associated with mutations
in MKRNS3. After the first report linking MKRN3 to CPP, sever-
al other groups identified patients with CPP and mutations in
MKRN3, validating the association (10). To date, inactivating
MKRN3 mutations are the most common genetic defect associ-
ated with CPP (10). MKRN3 is the first protein to be identified
that likely has an inhibitory role in GnRH secretion and puberty
with mutations identified in humans.
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Figure 1. MKRN3 mRNA levels in the mediobasal hypothalamus (MBH) decrease before puberty initiation in different species. Expression of Mkrn3
mRNA in the hypothalamus of the female rat (A) or rhesus monkey (B) as determined by RT-gPCR. RNA expression data were normalized using peptidylpro-
lyl isomerase A (Ppia) as the housekeeping gene and by dividing each individual value by the average of the P7 group for rats or the <6m group for monkeys.
Bars represent mean + SEM. In A, groups are as follows: 7 days old (P7; n = 8), 14 days old (P14; n = 7), 21 days old (P21; n = 4), 28 days old (P28; n = 5), and
32-34 days old (P32-34; n = 5). In B, groups are as follows: monkeys younger than 6 months of age (<6m; n = 4), 6 months to 1year of age (6m-1y; n = 4), 1to
2.5 years of age (1-2.5y; n = 7), 2.5 to 4 years of age (2.5-4y; n = 8). Mkrn3 mRNA levels decreased from P14 to P21in the hypothalamus of rats (A), and from
age 6m-1y to age 1.5-2y in the hypothalamus of monkeys (B). Groups with different symbols (t, $) are significantly different (A, P = 0.001; B, P = 0.046), as

determined by 1-way ANOVA followed by the Student-Newman-Keuls test.

The mechanism by which MKRN3 deficiency leads to pre-
mature re-activation of GnRH secretion has not been elucidat-
ed. MKRN3 belongs to a family of E3 ubiquitin ligases; it has
a centrally located C3HC4 RING finger motif, 3 CH3 zinc fin-
ger motifs spaced along the length of the protein, and a motif
with a unique pattern of conserved Cys-His residues called the
makorin zinc finger (3). MKRN3 is a ubiquitous protein, abun-
dantly expressed in the developing central nervous system of a
wide array of eukaryotes (11). The findings that Mkrn3 expres-
sion decreases substantially in the medial basal hypothalamus
(MBH) of mice at the initiation of juvenile development (1) and
the identification of loss-of-function mutations in patients with
CPP (10) suggest that MKRN3 is acting as a brake on GnRH
secretion during childhood (12). As such, MKRN3 appears to be
an important component of the inhibitory apparatus that main-
tains GnRH in check before puberty (4). The prepubertal loss
of Mkrn3 expression observed in the MBH of juvenile male and
female mice (1) implicates this region as a site where MKRN3
may exert its inhibitory effect on GnRH secretion. The arcuate
nucleus (ARC), or infundibular region, which is contained with-
in the MBH, plays a key role in controlling puberty, and exerts
this effect via neurons producing 2 key GnRH secretagogues,
kisspeptin (encoded by KISS1/Kissl) and neurokinin B (NKB,
encoded by TAC3/Tac3) (13).

In the current study, we aimed to investigate the mechanism
by which MKRN3 prevents the premature manifestation of the
pubertal process. We first characterized the expression pattern
of Mkrn3 mRNA in the brain and validated in rats and nonhuman
primates the prepubertal decrease in hypothalamic Mkrn3 expres-
sion previously observed in mice. We showed that this decrease
occurs independently of gonadal activation, and identified KissI
mRNA-containing neurons of the ARC as a population of hypo-
thalamic cells expressing Mkrn3. Our results also demonstrated
that MKRN3 associates with the KISSI and TAC3 gene promoters
to repress transcriptional activity, and that this inhibitory effect
is prevented by MKRN3 mutations identified in the RING finger
domain in patients with CPP, which compromise MKRN3-depen-
dent ubiquitinase activity.

Results

Prepubertalloss of hypothalamic Mkrn3 expression occurs in both rodents
and nonhuman primates. We previously showed higher Mkrn3 mRNA
levels in the ARC of male and female mice at postnatal day 10 (P10),
with a striking reduction from P12 to P22 that persisted into adult-
hood (1). To assess the developmental profile of Mkrn3 mRNA in the
MBH of another rodent model, we examined the changes in Mkrn3
expression that occur during postnatal development of female rats
by reverse transcription real-time quantitative PCR (RT-qPCR). In
agreement with the previous mouse studies (1), Mkrn3 mRNA levels
were high in the MBH at P7 and P14, decreasing strikingly by P21 and
remaining low thereafter (P = 0.001; ANOVA followed by the Stu-
dent-Newman-Keuls test) (Figure 1A). A similar profile was observed
in the MBH of female rhesus monkeys, with MKRN3 mRNA levels
decreasing after postnatal age 1 year and remaining low thereafter
(P =0.046) (Figure 1B). These results indicate that the prepubertal
decrease in hypothalamic MKRN3 expression is not exclusive to
mice, as it is also observed in rats and in nonhuman primates.

The prepubertal decrease in hypothalamic Mkrn3 is indepen-
dent of gonadal activation. To determine whether the prepubertal
decrease in hypothalamic Mkrn3 expression occurs independently
of gonadal function, we measured Mkrn3 mRNA levels in the ARC
of wild-type (WT) and hypogonadal (hpg) male and female mice
across development. Hpg mice have a deletion in Gnrhl, leading to
a lack of GnRH secretion, absence of pubertal development, and
infertility (14). We also measured Mkrn3 expression in the antero-
ventral periventricular nucleus (AVPV) of these mice, a region
harboring neuronal networks (most prominently Kissl neurons)
required for the luteinizing hormone surge and the completion of
pubertal maturation in female rodents (15).

Similarly to WT mice, Mkrn3 mRNA levels in hpg mice
decreased in the ARC across postnatal maturation, becoming sig-
nificantly lower by P30 compared with P10 (P=0.0002; ANOVA,
Student-Neuman-Keuls post hoc test) in both female and male
mice (Figure 2, A and B), and remaining at these lower levels
thereafter (P < 0.0002); ANOVA, Tukey’s multiple-comparisons
post hoc test). Additionally, Mkrn3 mRNA levels were not statis-
tically different (by 1-way ANOVA) in hpg and age-matched WT
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Figure 2. The prepubertal decrease in hypothalamic Mkrn3 expression is independent of gonadal activation. Mkrn3 expression in the ARC (left) and AVPV
(right) of intact WT (white bars) and hpg (blue bars) mice across postnatal development as determined by RT-gPCR. The bar graphs show the relative change
in MRNA levels in female (A) and male (B) mice, compared with levels at P10, normalized to levels of endogenous ribosomal protein L19 (RpL19) mRNA. Mean
(+SEM) values are shown at each age (n = 3-4 mice per group, with each measurement performed in triplicate). Statistical analysis of effects of age and
genotype were compared by 2-way ANOVA with a post hoc Tukey's multiple-comparisons test. Mkrn3 mRNA levels decreased from P10 to P45 in the ARC and
AVPV of WT mice, similarly to hpg mice. There was no difference in Mkrn3 expression between WT and hpg female or male mice across pubertal maturation in
either the ARC or AVPV. Groups with different symbols (1, $, §) are significantly different (P = 0.0002). (C-F) Expression of Mkrn3 (C and E) and Kiss7 (D and F),
quantified by RT-qPCR, in the MBH (C and D) and POA (E and F) of WT female mice treated with 2 g of estradiol benzoate (EB)or vehicle at age P11. All mice
were sacrificed 24 hours after treatment. The bar graphs show relative mRNA levels in female EB-treated (green bars) mice compared with vehicle-treated
(white bars) mice, normalized to levels of endogenous RpL19 mRNA. Mean (+SEM) values are shown for 4-6 mice in each group, with each measurement
performed in triplicate. Statistical analysis of effects of EB treatment was by unpaired 2-tailed t test. Asterisks indicate P < 0.0001 for D and P = 0.014 for F.

mice at all ages examined, suggesting that the absence of sex ste-  vehicle (sesame oil) subcutaneously and measured Mkrn3 expres-
roids in Apg mice did not affect Mkrn3 expression. sion 24 hours later in the MBH and preoptic area (POA) region

Interestingly, Mkrn3 mRNA levels in the AVPV followed the = encompassing the AVPV. EB treatment did not alter Mkrn3 mRNA
same pattern as in the ARC, decreasing after P10 inbothmaleand  levels in either the MBH or the POA of these mice compared with
female WT and Apg mice (Figure 2, A and B, P=0.0002; ANOVA).  vehicle-treated mice (Figure 2C). As a positive control for the action
This age-dependent change suggests that any influence of Mkrn3  of EB, we measured KissI expression in these regions. KissI expres-
on AVPV function may decrease as puberty approaches, as previ-  sion is positively regulated by estradiol in the AVPV of female
ously suggested for the ARC. mice and inhibited by estradiol in the ARC (15, 16). In agreement

To investigate more specifically the possibility of estradiol reg- ~ with these known effects, KissI expression decreased in the MBH
ulation of Mkrn3 expression, we treated WT female mice at P11~ and increased in the POA (Figure 2, D and F) following EB treat-
with 2 pg estradiol benzoate (EB) (~3 pg per 10 g body weight) or ~ ment (P < 0.0001 for MBH; P = 0.014 for POA), compared with
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Figure 3. Mkrn3 expression is higher in the hypothalamus and cortex of mice compared with peripheral tissues before puberty onset. (A) Represen-
tative photomicrographs showing Mkrn3 expression by in situ hybridization (ISH) in female mice in the caudal hypothalamus. A high, diffuse level of

Mkrn3 expression was detected in the hypothalamus of P1 mice, with more specific localization of expression in the ARC and VMN at P10. Expression was
reduced by P15 and low in the adult in both ovariectomized (OVX) and estradiol-replaced (E2-replaced) mice. A sense probe did not detect Mkrn3 mRNA.
3V, third ventricle; ARC, arcuate nucleus; VMN, ventromedial nucleus. (B) Schematic representation of the neuroanatomical distribution of Mkrn3 mRNA
in the brain of female P10 mice, as assessed by ISH. Red dots indicate areas where Mkrn3 mRNA was detected, darker areas with higher concentrations,
and lighter red with relatively low Mkrn3 expression. MnPo, median preoptic nucleus; VOLT, vascular organ of the lamina terminalis; H, hippocampus; DMH,
dorsomedial nucleus of hypothalamus; PLCo, posterolateral cortical amygdaloid nucleus; BMP, accessory basal amygdaloid nucleus; PH, posterior hypo-
thalamic area; PMV, premammillary nucleus, ventral part; PMCo, posteromedial cortical amygdaloid nucleus; LV, lateral ventricle. (C) Mkrn3 expression in
tissues of P9 male mice. (D-G) Mkrn3 expression in the hypothalamus (D), cortex (E), liver (F), and testes (G) of mice at P9 (white bar) and P90 (blue bar).
The bar graphs show the relative change in mRNA levels in different tissues, compared with Mkrn3 levels in the hypothalamus in C and with levels at P9 in
D-G. Mean (+SEM) values are shown at each age (n = 3-4 mice per group, with each measurement performed in triplicate). In C, groups with different sym-
bols (t, $) are significantly different (P = 0.039), as determined by 1-way ANOVA followed by Tukey’s multiple-comparisons test. In D-G, statistical analysis

was performed by unpaired 2-tailed t test. Asterisks indicate P=0.002inDand P=0.02inE.

vehicle-treated controls, confirming that the EB treatment was
effective. Taken together, these findings support the notion that
regulation of Mkrn3 expression in the MBH and POA is a gonadal
steroid-independent process.

High Mkrn3 expression in the hypothalamus during early postna-
tal life. To more comprehensively characterize the distribution of
Mkrn3 mRNA in the mouse hypothalamus, we analyzed Mkrn3
mRNA expression by in situ hybridization (ISH) in mice at different
postnatal ages (Figure 3A). A high, diffuse level of Mkrn3 expres-
sion was detected in the hypothalamus of P1 male (not shown)
and female (Figure 3A) mice, with more specific localization of
Mkrn3 expression in the ARC and ventromedial nucleus (VMN) of
female mice by P10 (Figure 3A). Mkrn3 mRNA levels were mark-

edly decreased by P15 and remained low in the adult, irrespective
of the estrogen milieu (i.e., in both ovariectomized and estradiol-
replaced mice) (Figure 3A), consistent with our RT-qPCR findings
(Figure 2). Mkrn3 mRNA was absent in sections incubated with
a sense-strand Mkrn3 probe (Figure 3A). Mkrn3 mRNA was also
expressed in the cortex, hippocampus, lateral ventricle (LV), vascu-
lar organ of the lamina terminalis (VOLT), median preoptic nucle-
us (MnPo), AVPYV, dorsomedial nucleus of hypothalamus (DMH),
posterolateral cortical (PLCo) and posteromedial cortical (PMCo)
and accessory basal (BMP) amygdaloid nuclei, premammillary
nucleus, ventral part (PMV), and posterior hypothalamic area (PH)
(Figure 3B). Within the hypothalamus, Mkrn3 was found to be most
highly expressed in the ARC and VMN (Figure 3B).
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Figure 4. Mkrn3 is coexpressed in Kiss1 neurons in the MBH of mice. (A and B) Double-labeled fluorescent in situ hybridization (FISH) for Mkrn3 (green) and
Kiss1(magenta) mRNA in the MBH of P12 and P30 female mice. Mkrn3 mRNA was detected in several neurons in the ARC of P12 mice (A), with a decrease in P30
mice (B). Cell nuclei identified by Hoechst staining (blue) compared with Mkrn3 expression of (C-E) P12 and (F-H) P30 mice in higher-magnification views. (I and
J) Neurons of P12 mice coexpress Mkrn3 and KissT mRNA. Scale bars: 100 pm (A and B) and 10 um (I-J and C-H). (K) Representative gel showing Mkrn3 and Kiss1
expression by RT-PCR in individual Kiss1v¢¢* cells from the ARC in intact P13 females. The expected sizes for Mkrn3 and Kiss7 are 113 and 120 bp, respectively.
RNA extracted from the MBH was used as positive (+, with reverse transcriptase) and negative (-, without reverse transcriptase) controls (TC, tissue control). (L)
Bar graphs summarizing the percentage (mean + SEM) of Kiss17¢** neurons (73 neurons from 4 animals) that expressed Kiss7and Mkrn3 mRNA.

Mkrn3 is expressed in several tissues in mice (2). To assess
Mkrn3 expression in different mouse tissues, we analyzed Mkrn3
mRNA levels in the hypothalamus, cortex, liver, and testes of P9
and P90 mice. At P9, Mkrn3 mRNA levels were higher in the hypo-
thalamus than in the liver and testes (Figure 3C), suggesting an
important role of the gene in this region. While levels decreased
significantly at P90 in the hypothalamus (P = 0.002) and cortex (P
= 0.02) compared with P9, levels remained unchanged by age in
the liver and testes (Figure 3, D-G).

Mkrn3 is expressed in Kiss1 neurons in the mouse MBH. To deter-
mine if Mkrn3 is expressed in ARC kisspeptin-expressing neurons
(Kissl neurons), we performed double-labeled fluorescent in situ
hybridization (FISH) studies on the ARC of female mice at P12 and
P30 and single-cell RT-PCR at P13. In keeping with our RT-qPCR
and ISH results, the number of cells expressing Mkrn3 in the ARC
decreased substantially between P12 and P30 (Figure 4, A and B).
Although many cells contain Mkrn3 transcripts at P12, Hoechst
staining demonstrated that Mkrn3 expression was not detected

4490
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in all cells but rather limited to a subpopulation of cells (Figure 4,
C-E), whose numbers decreased strikingly at P30 (Figure 4, F-H).
Double-labeled FISH showed that most ARC Kiss1 neurons, iden-
tified by the presence of KissI mRNA, also contained Mkrn3 tran-
scripts at P12 (Figure 4, I and J).

Based on initial findings that Mkrn3 mRNA levels were the
highest early postnatally but barely detectable in the POA and
MBH of pubertal and adult female mice (Figures 1-4), we focused
the single-cell analysis of Kissl neurons on 13-day-old mouse
pups. Seventy-three Kiss1°*“** neurons were harvested from the
ARC of 13-day-old Kiss1¢<Cf* female mice (n = 4 animals); 91%
expressed KissI mRNA, whereas Mkrn3 mRNA was detected in
25% of the neurons (Figure 4, K and L).

MKRNS3 selectively inhibits KISSI and TAC3 promoter activity.
The expression of Mkrn3 in Kissl neurons led us to hypothesize
that MKRN3 may act by repressing the transcription of genes
encoding GnRH stimulatory neuropeptides produced in these
neurons, namely KISSI and/or TAC3 (17-19). To test this hypothe-
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Figure 5. MKRNS3 inhibits KISS1and TAC3 promoter activity. Effect of MKRN3 on luciferase activity regulated by the human KISS7(A), TAC3 (B), and PDYN

(C) promoter (p). Effect of short truncated MKRN3 (sMKRN3) on KI557 (D) and
reporter constructs containing the 5’ flanking region of the indicated genes, in

TAC3 (E) promoter activity. Neuro-2a cells were transfected with luciferase
addition to an expression vector encoding WT MKRN3-HA or MKRN3 mutants.

Forty-eight hours later, the cells were harvested and assayed for luciferase activity. Bars represent mean + SEM (n = 4-6). (A-C) Although WT MRKN3 inhibit-
ed KISS1and TAC3 (P = 0.0056) promoter activity, it did not inhibit PDYN promoter activity. (D and E) A truncated MKRN3 (sMKRN3) with 102 amino acids did
not inhibit KISS7 or TAC3 promoter activity. Yellow bars represent the indicated gene promoters only, blue bars represent the indicated gene promoters and
cotransfection with MKRNS3, pink when both MKRN3 and sMKRN3 were cotransfected, and green when only SMKRN3 was cotransfected. Groups with differ-
ent symbols (1, 1, §, #, 9) are significantly different (P < 0.05), as determined by 1-way ANOVA followed by the Student-Newman-Keuls test.

sis, we transfected Neuro-2a cells with a pGL2 luciferase vector in
which luciferase expression is driven by either the human KISSI or
TAC3 promoter (20), with or without an expression vector encod-
ing human MKRN3. Transfection of either promoter resulted in
increased luciferase activity compared with the empty pGL2 vec-
tor, and this activity was significantly reduced (~40%-60%) by
MKRN3 coexpression (Figure 5, A and B).

Next, we determined if MKRN3 was able to repress the promot-
er activity of other genes implicated in the stimulatory and inhib-
itory control of puberty. MKRN3 failed to repress transcription of
EAPI (Supplemental Figure 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI136564DS1),
a transcription factor recently shown to increase GnRH expres-
sion and to carry loss-of-function mutations in individuals with
self-limited delayed puberty (21). MKRN3 also failed to repress the
promoter activity of other putative puberty-activating genes (Ttf1
and Vglut2) (Supplemental Figure 1), and puberty-inhibitory genes
(PDYN, Viaatl, and Eed) (Figure 5C and Supplemental Figure 1).
These data indicate that MKRN3 selectively represses KISSI and
TAC3 promoter activity, suggesting that MKRN3 may act on Kissl

neurons to reduce kisspeptin and NKB output, ultimately resulting
in decreased GnRH secretion.

Most of the MKRN3 mutations identified in patients with CPP
are frameshift mutations, resulting in truncated, inactive proteins
(10). Using 3-RACE PCR, we identified in human hypothalam-
ic RNA a variant form of mRNA encoding a truncated form of
MKRN3 that lacks the RING finger domain (Supplemental Figure
2). This truncated form (sSMKRN3), with 102 amino acids, analo-
gous to the truncated variants encoded by frameshift mutations in
MRKN3, was unable to repress KISSI and TAC3 promoter activ-
ity and did not prevent the repressive effect of full-length WT
MKRN3 on these promoters (Figure 5, D and E).

MKRN3 missense mutations identified in patients with CPP
are predicted to result in loss of function of MKRN3 based on in
silico analysis and ab initio modeling (22, 23). We tested the effects
of p.C340G, p.R365S, p.F4171, and p.H420Q mutant variants of
MKRNS3, identified in patients with CPP (4, 22-24), on the ability of
MKRN3 to inhibit KISSI and TAC3 promoter activity. The p.C340G
mutation, which compromises the integrity of the RING finger
domain by removing a key cysteine residue (Figure 6C), resulted

4491

jci.org  Volume130  Number8  August 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/8
https://www.jci.org/articles/view/136564#sd
https://doi.org/10.1172/JCI136564DS1
https://www.jci.org/articles/view/136564#sd
https://www.jci.org/articles/view/136564#sd
https://www.jci.org/articles/view/136564#sd
https://www.jci.org/articles/view/136564#sd

RESEARCH ARTICLE

The Journal of Clinical Investigation

A 15 $ s B 15 ;
‘; - yv # 8% # 2 L] *
g 10 § - 3 1.0 R
o ©
£ . - * ™ = s v
g. T L] AA |V . g px3 . s
& 051 o ¢ 3 05 T A
i " L
[ J ]
00 N 0.0 ':i" Y o
o R & @0 ng% b:(\\ RS o R &~ @cg & RS
TEEFE ¢ FFEFE &S
X A\ & ) X 2 < Q o Q
RO & £ O o &L o
FEEFE KA EESEE
e st & QXQ Q’Q QXQ of Q"Q
& & E® PRSP
¢ Makorin Ring finger
N type N
Zinc finger Zinc finger i finger C3HC4 Z'"é;:_’:fer
C3H1 C3H1
<— F4171
P COOH
00/ /) ) /@0
195 122 238 265 203 311 T365 394 T423 507 aa
C34°GT H420Q

R365S

Figure 6. MKRN3 RING finger mutants lose the ability to inhibit KISS7 and TAC3 promoters. Effect of missense MKRN3 mutations identified in patients
with CPP on KISST (A) and TAC3 (B) promoter activity. The mutants located in the RING finger domain, p.C340G and p.R365S, lost the ability to inhibit

the KISSTand TAC3 promoters, similarly to WT MKRN3. The mutant located in the zinc finger domain, p.F417l, inhibited the KISS7 and TAC3 promoters

at least as effectively as WT MKRN3, while p.H420Q, located in the same domain as F417, inhibited the TAC3 promoter similarly to WT MKRN3 but had
compromised ability to inhibit the KISST promoter. Yellow bars represent the KISS7 or TAC3 promoter, blue bars represent the KISS7 or TAC3 promoter with
cotransfection of MKRN3. Groups with different symbols (1, 1, §, #, ) are significantly different (P < 0.05), as determined by 1-way ANOVA followed by
Student-Newman-Keuls test. (C) Schematic representation of the makorin ring finger protein encoded by MKRN3 showing the zinc finger domains, which
are RNA binding domains, the RING finger domain, responsible for E3 ubiquitin ligase activity, and the specific makorin-type domain. The arrows point to
the locations of the missense mutations studied here. Zn, zinc finger; pink circles, cysteine residues in the zinc fingers; green circles, histidine residues in
the zinc fingers; blue circles represent the amino acids in the protein. The numbers underneath the schematic indicate amino acid locations in the protein.

in total loss of the inhibitory effect of MKRN3 on KISSI and TAC3
promoter activity (Figure 6, A and B). The other mutation of the
RING finger domain, p.R365S (Figure 6C), resulted in a signifi-
cant, though incomplete, reduction in MKRN3 inhibitory activi-
ty on both promoters (Figure 6, A and B). In contrast, mutations
affecting the C-terminal zinc finger domain downstream from the
RING finger domain (p.F4171 and p.H420Q, Figure 6C), compro-
mised MKRN3 inhibitory activity either partially (KISSI) or not at
all (TAC3) (Figure 6, A and B). These findings indicate that only
mutations affecting the RING finger domain, but not those affect-
ing the downstream zinc finger domain, have substantial deleteri-
ous effects on MKRN3 transcription-repressive activity.

To determine if integrity of the RING finger domain and/or
the C-terminal zinc finger domain are required for MKRN3 bind-
ing to the KISSI and /or TAC3 promoters, we performed chromatin
immunoprecipitation (ChIP) assays. The results showed that WT
MKRN3 as well as the p.C340G, p.R365S, and p.H420Q mutants
were recruited at the same rate to both the KISSI and TAC3 pro-
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moters. In contrast, binding of the p.F417I mutant to both promot-
ers was significantly reduced (Figure 7, A and B). These findings
indicate that the RING finger domain is not essential for MKRN3
recruitment to either the KISSI or the TAC3 promoter.

MKRNS3 is a ubiquitin ligase. MKRN3 contains a C3HC4 RING
finger motif characteristic of E3 ubiquitin ligases (4). We there-
fore sought to determine if MKRN3 is a ubiquitin ligase, and if
this activity requires the integrity of the RING finger domain, the
C-terminal zinc finger domain, or both. A notable feature of RING
E3 ubiquitin ligases is that the enzymatic activity of the E3 ligase
can be monitored through auto-ubiquitination of the protein in
vitro (25). Auto-ubiquitination is the process by which the E3
enzymes catalyze the addition of polyubiquitin to themselves (26).

We took advantage of this property to assess MKRN3 ubiquiti-
nating activity by determining if MKRN3 undergoes auto-ubiquiti-
nation by Western blot analysis of HEK293T cells cotransfected
with a plasmid encoding MKRN3, and a plasmid encoding ubiqui-
tin. Whole-cell lysates revealed a smear of larger complexes, typi-
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cal of the pattern shown by polyubiquitinated proteins, suggesting
that MKRN3 is auto-ubiquitinated. No bands were detected from
untransfected cells (Figure 8A).

Mutations in MKRN3 reduce cellular protein levels. To determine
the effect of the missense mutations p.C340G, p.R365S, p.F4171,
and p.H420Q identified in patients with CPP on MKRN3 protein
levels and MKRN3-dependent ubiquitination, we transfected plas-
mids encoding HA-tagged WT or mutant MKRN3 into HEK293T
cells. Western blot analysis of cell lysates using an anti-HA antibody
showed that WT MKRN3 and all mutants were expressed at similar
levels and displayed 2 bands (Figure 8, B and C). Lysates immuno-
precipitated with the anti-HA antibody and then probed with the
same anti-HA antibody showed similar patterns (Figure 8, B and
C). However, in both cases the abundance of the 45-kDa band was
markedly reduced for the p.C340G mutant (Figure 8, B and C). Prob-
ing the blots with anti-ubiquitin antibodies showed that all mutants,
particularly p.C340G and p.R365S, have a reduced signal compared
with WT MKRN3, indicating that these mutations impair MKRN3
E3 ubiquitin ligase activity, even with similar levels of immunopre-
cipitated protein (Figure 8, B and C). Lysates from cells treated with
a proteasome inhibitor, MG132, showed the same 2 main bands of 75
and 45 kDa seen in untreated cells. These bands were evident in both
whole-cell lysates immunoblotted with an anti-HA antibody (Figure
8C) and lysates immunoprecipitated with an anti-HA antibody and
then probed with the same anti-HA antibody (Figure 7C). The abun-
dance of WT MKRN3 and all MKRN3 mutants was increased after 6
hours of MG132 treatment, with high molecular weight forms greatly
enhanced (Figure 8C). The smear evident following MG132 treatment
was decreased for all MKRN3 mutants compared with WT MKRN3,
with a greater decrease for the MKRN3 mutations located in the RING
finger domain, p.C340G and p.R365S (Figure 8C), indicating that
these mutations are deleterious to MKRN3-dependent ubiquitination.

Discussion

The identification of a novel and to date the most common gene
associated with CPP, MKRN3, brought a new player to the neuro-
endocrine regulation of puberty initiation in humans (1). Although
previous human genetic studies had demonstrated the crucial
role of 2 key stimulators of GnRH secretion, kisspeptin and NKB
(27-29), in the excitatory control of puberty, MKRN3 was the first
factor to be identified with mutations in humans that likely plays
an inhibitory role in GnRH secretion in humans.

MKRNS3 is expressed in hypothalamic regions critical for
puberty initiation and reproduction in rodents and nonhuman
primates, and its temporal pattern of expression in the hypothala-
mus of mice, rats, and monkeys suggests that MKRN3 actions are
more prominent early in life, before the onset of puberty, when its
expression levels are highest (1). The decrease in MKRN3 expres-
sion before sexual maturation in the ARC and AVPV supports the
model of MKRN3 as a component of the inhibitory network sup-
pressing the HPG axis before puberty initiation and is in agree-
ment with the findings of loss-of-function mutations in MKRN3 in
patients with precocious re-activation of the axis.

Having established that hypothalamic expression of MKRN3
decreases in both rodents and nonhuman primates before puber-
ty initiation, we set out to investigate if the prepubertal decrease in
MKRN3 expression might be the consequence of changes in gonadal
steroid levels during sexual development. We excluded this mecha-
nism of regulation of MKRN3 based on (i) the similar Mkrn3 mRNA
levels detected in the MBH and POA of WT and hpg mice, which
lack GnRH and, therefore, are unable to sexually mature and have
low levels of sex steroids (14); and (ii) the lack of effect of estrogen
on Mkrn3 expression in these 2 regions of the brain. These results
are not entirely unexpected because the decrease in hypothalamic
Mkrn3 expression occurs before any measurable pubertal increase in
sex steroid production. Recently, the microRNA, miR30, was shown
to operate as a repressor of MKRN3 in the hypothalamus (30).

Estradiol has been shown to differentially regulate KissI
mRNA expression in the mouse ARC and AVPV (23). While estra-
diol inhibits Kissl expression in the ARC, it exerts the opposite
effect in the AVPV (31). Our results confirm these findings and
argue against a role of MKRN3 in the differential regulation of
KissI expression in the ARC and AVPV by estradiol. Altogether,
these results demonstrate that Mkrn3 expression in the prepuber-
tal hypothalamus is independent of gonadal activation, consistent
with a role as a central regulator of pubertal timing. Using ISH,
we found that Mkrn3 mRNA is expressed in several regions of the
brain at P10 in addition to the ARC and AVPV. One of the areas
where Mkrn3 expression is particularly abundant is the VMN, a
hypothalamic nucleus known to be important for the regulation of
food intake and energy expenditure (32, 33). Although MKRN3 is
one of the genes located in the PWS critical region, its contribu-
tions to this syndrome are not clear. The expression of Mkrn3 in 2
nuclei important for appetite regulation, ARC and VMN, suggests
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Figure 8. MKRN3 undergoes auto-ubiquitination and MKRN3 mutants are less ubiquitinated than WT MKRNS3. (A) HEK293T cells were transfected with
a plasmid encoding WT MKRN3 (WT), or were untransfected (UT). The membrane was immunoblotted with anti-MKRN3, and with anti-B-actin as control.
Whole-cell lysates revealed a smear, typical of the pattern shown by polyubiquitinated proteins. Coexpression of his-ubiquitin with MKRN3 resulted in

a smear of larger complexes, corresponding to polyubiquitinated protein. (B and €) HEK293T cells were transfected with empty pcDNA, WT MKRN3, or
mutant MKRN3. Immune complexes were precipitated using protein A anti-HA beads and probed with anti-ubiquitin (upper panel) or anti-HA (middle
panel); lower panels correspond to whole-cell lysates probed with anti-HA. (B) Transfected cells treated with vehicle. Upper panel: An upper smear is
present when immunoblotted with anti-ubiquitin; it is stronger in the lane loaded with protein from cells transfected with WT MKRN3 than with MKRN3
mutants. Middle panel: Immunoblotting with anti-HA shows a main band below 75 kDa in lanes with WT MKRN3 and MKRN3 mutants, likely correspond-
ing to a mature form of MKRN3; a band at 50 kDa was also detected in lysates from both WT and mutant MRKN3, but was significantly weaker in inten-
sity for C340G MKRN3 compared with WT MKRN3 and other mutants. (C) Transfected cells treated with MG132. Upper panel: Probing with anti-ubiquitin
results in a smear suggestive of auto-ubiquitination that is stronger with WT MKRN3 compared with the MKRN3 mutants located in the zinc finger, F417I
and H420G, and is weakest for the RING finger mutants, C340G and R365S. Middle panel: Probed with anti-HA, protein levels are similar for WT MKRN3

4494

and all mutants. In all, anti-B-actin antibody (bottom panels) was a loading control. WT, WT MKRN3; UT, untransfected cells; MW, molecular weight.

a possible role in the regulation of metabolism, which has not yet
been explored. To date, patients with CPP and loss-of-function
mutations in MKRN3 have not been reported to have obesity or
other phenotypes (10). The higher levels of Mkrn3 expression in
the hypothalamus compared with other tissues early in life under-
score the importance of MKRN3 in this region. The decrease in
expression in the hypothalamus and cortex during development is
consistent with a possible role in neurodevelopment. Indeed, the
makorin gene family is abundantly expressed in the developing
brain and nervous system and one of the members of this family,
MKRN?2, has been shown to play a role in neurogenesis (11, 34).
Our results show that, in contrast to the brain, Mkrn3 expression
does not decrease in peripheral tissues such as the liver and testes.
Mkrn3 expression in these tissues is low at P9 and remains low at
P90, which may help to explain why patients with loss-of-func-
tion mutation in MKRN3 present with isolated CPP but no other
detectable clinical manifestations. Further follow-up of patients
with known loss-of-function mutations in MKRN3 will help to

jci.org  Volume130  Number8  August 2020

clarify the role of MKRN3 in brain development and other tissues.
Moreover, it would be very informative to measure the expression
of MKRN3 in human hypothalamus.

In this study, we investigated possible mechanisms of action
by which MKRN3 may influence pubertal timing. As noted earlier,
kisspeptin and NKB have been shown to be important players in
the regulation of GnRH secretion (29, 35-37) and to act in synchro-
ny to regulate GnRH secretion (35). In fact, Kiss] mRNA-express-
ing neurons in the ARC also express Tac3 mRNA (13). Compel-
ling evidence suggests that the stimulatory role of NKB in GnRH
release in a number of species is in large part mediated by kiss-
peptin (35, 38, 39). Hypothalamic levels of kisspeptin have been
shown to increase across postnatal development (40, 41), suggest-
ing that kisspeptin in the hypothalamus is upregulated around the
time of puberty. Similarly, Tac3 expression also increases during
pubertal development in the mouse ARC, with the time course of
the increase in striking parallel to the decrease in Mkrn3 expres-
sion (1, 42). Therefore, we hypothesized that MKRN3 might act in
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the ARC to inhibit KISSI and/or TAC3 gene activity. Using ISH and
single-cell RT-PCR, we showed that Mkrn3 is indeed expressed in
Kiss1 neurons of the mouse ARC.

Given the inverse correlation of Mkrn3 expression with KissI
and Tac3 expression in the ARC, combined with the colocalization
of Mkrn3 expression in ARC Kissl neurons by ISH, we proposed
that one possible mechanism by which MKRN3 might inhib-
it GnRH secretion is through a repressive effect on KISSI and/
or TAC3 gene transcription. We tested this hypothesis through
a series of luciferase assays using an in vitro cell model. These
studies showed that MKRN3 inhibited KISSI and TAC3 promot-
er activity, without affecting the promoter activity of other genes
implicated in either the stimulatory (EAPI, Ttfl, and Vglut2) or the
inhibitory (Viaat, Eed, and PDYN) control of puberty. These find-
ings suggest that MKRN3 is acting selectively within Kissl neu-
rons to inhibit the expression of KISSI and TAC3, which encode
neuropeptides that are central to the stimulatory control of GnRH
secretion. Notably, MKRN3 did not alter the promoter activity of
PDYN, a gene encoding the inhibitory peptide dynorphin, which is
coexpressed with KISSI and TAC3 in ARC Kiss1 neurons.

Additional assays testing MKRN3 variants carrying missense
mutations associated with CPP showed that mutations p.R365S
and p.C340G, located in the RING finger domain of MKRN3,
compromised the ability of MKRN3 to inhibit both KISSI and
TAC3 promoter activity. The loss of repressive activity was more
pronounced for the p.C340G mutant, likely because loss of cyste-
ine at position 340 prevents the zinc-dependent structural orga-
nization of the RING finger domain (23). MKRN3 proteins carry-
ing p.F4171 and p.H420Q mutations of the C3H zinc finger near
the C-terminus were as effective as WT MKRN3 in repressing the
TAC3 promoter, but exhibited partial loss of activity on the KISS1
promoter. These findings suggest that while integrity of the RING
finger domain is essential for MKRN3 to repress both KISSI and
TAC3 promoter activity, the C-terminal zinc domain is not essen-
tial for MKRN3 repression of the TAC3 promoter. Because zinc
finger domain-mediated interactions are a hallmark of repressive
complexes formed by zinc finger domain-containing proteins
(43), it is possible that in the absence of a functional C-terminal
zinc finger domain, the 2 upstream domains present in MKRN3
suffice to ensure the occurrence of meaningful protein-protein
interactions leading to gene repression.

Structural analysis by x-ray crystallography and in silico struc-
tural models showed that phenylalanine 417 is located close to the
zinc binding site and is likely important for MKRN3 function (22).
These studies also indicated that the mutation p.H420Q likely
alters the conformation of the zinc finger, because Q420 is predict-
ed to be more distant from the zinc ion than H420, thereby likely
interfering with the zinc finger conformation (22). As noted above,
all mutations tested here were identified only in patients with CPP
and their respective fathers, following the expected inheritance
pattern for a maternally imprinted gene, indicating that these
mutations are the cause of the phenotype in these patients. These
considerations suggest that the C-terminal zinc finger mutations
may cause CPP by impairing the ability of MKRN3 to repress
puberty-stimulatory genes other than KISSI and TAC3.

Notably, ChIP assays showed that WT MKRN3 as well as
the p.C340G, p.R365S, and p.H420Q mutants all bound equally
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well to the KISSI and TAC3 promoters, suggesting that MKRN3
recruitment to these promoters does not require an intact, func-
tional RING finger domain. This supports the hypothesis that
MKRNS3 is not acting directly as a transcriptional regulator of
these genes, but rather acting indirectly, possibly as part of a tran-
scriptional network to repress KISS1 and TAC3 promoter activity
Although the p.F4171 MKRN3 mutant had lower binding to the
KISSI and TAC3 promoters in ChIP assays, this mutant was still
capable of inhibiting the promoters in vitro. As discussed above,
it is likely that 2 intact upstream zinc finger motifs are able to
ensure sufficient binding to mediate transcriptional repression
of these gene promoters.

Indeed, the presence of the RING finger domain is perhaps
the most salient structural feature of MKRN3, not only because
this region is a feature of proteins forming repressive complexes to
diminish target gene activity (44), but also because it is a signature
domain of E3 ubiquitin ligases (45). MKRN3 has also been shown to
be an E3 ubiquitin ligase (46). To date, 22 MKRN3 missense muta-
tions in different domains of MKRN3 have been associated with
CPP. Most of them are located in the RING finger domain, high-
lighting the importance of this domain for the protein function (10).
Our Western blot analysis demonstrated that MKRN3 has ubiqui-
tin ligase activity, as assessed by the ability of MKRN3 to become
auto-ubiquitinated, a feature characteristic of E3 ubiquitin ligases
(26). This ubiquitination was diminished in the MKRN3 variants
tested, and more markedly for those carrying missense mutations
in the RING finger domain (p.C340G and p.R365S MKRN3).

The finding that the RING finger domain is important for both
MKRN3 trans-inhibitory activity and ubiquitination raises the pos-
sibility that the mechanism underlying MKRN3-dependent inhi-
bition of KISSI and TAC3 transcription involves ubiquitination of
molecules required for efficient repression of these genes, as pro-
posed above. An example of such a mechanism is ubiquination of
histone 2A at lysine 119, a necessary step in the sequence of events
underlying polycomb-dependent repression of gene transcrip-
tion (47), and another example is the ubiquitination of H2AK119
for transcriptional repression (48). Because ubiquitination is fre-
quently associated with protein degradation (45), it is possible that
MKRN3 represses KISSI and TAC3 transcription by ubiquitinating
proteins associated with the transcriptional machinery that spe-
cifically regulate KISSI and TAC3 expression. Future studies are
necessary to address these possibilities.

One-third (36%) of the MKRN3 mutations identified in
patients with CPP are frameshift mutations located at alanine
162, resulting in a truncated protein lacking the RING and 2 zinc
finger domains (10). Our results show that a truncated form of
MKRN3 similar to the frameshift identified in several patients,
lacking the RING finger and 2 zinc fingers domains, was unable
to repress KISSI and TAC3 promoter activity. Given the complex
structure of MKRN3 with several important motifs, it is likely that
these frameshift mutations result in loss of function through sev-
eral mechanisms.

In summary, this work presents data that support a role for
MKRN3 in the central control of the timing of pubertal initiation and
GnRH release through the inhibition of KISSI and TAC3 transcrip-
tion in Kiss1 neurons in the hypothalamus, at least in part through
mechanisms involving the RING finger domain. These findings are
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in agreement with human genetic studies, which revealed that the
loss of MKRN3 results in central precocious puberty.

Methods

Western blotting, luciferase studies, gene expression profiles, and
RT-qPCR experiments were all repeated at least 3 times.

Cell culture

HEK293T (ATCC CRL-3216) and Neuro-2a (ATCC CCL-131) cells
were grown and maintained in DMEM supplemented with 10% (vol/
vol) fetal bovine serum (Omega), 100 U/mL penicillin, and 100 pg/mL
streptomycin sulfate (Invitrogen) in 5% CO, humidified air at 37°C.

Expression vectors
A pReceiver plasmid with a CMV promoter and 3x HA tag encoding
MKRN3 was purchased from GeneCopoeia (EX-F0470-M06). Muta-
tions were introduced into the WT vector using the QuikChange
Site-Directed Mutagenesis kit (Stratagene) according to the manufac-
turer’s protocol. Plasmids were prepared using maxiprep kits (QIA-
GEN). Mutations were confirmed by bidirectional sequencing at the
Dana-Farber/Harvard Cancer Center DNA Resource Core (Boston,
Massachusetts, USA). Sequences were checked using Sequencher
5.4.6 (Gene Code Corporation). A pcDNA3 plasmid encoding ubiqui-
tin was purchased from Addgene (plasmid 18712).

Gene promoters were cloned into the pGL2-luciferase vector
(Promega) as described previously (ref. 49 and Supplemental Table 2).

Western blot analysis and immunoprecipitation

HEK293T cells were plated in 12-well plates and transiently transfect-
ed with pReceiver plasmid with a CMV promoter encoding either WT
or mutant MKRN3, and in some cases cotransfected with a ubiquitin
plasmid using Lipofectamine 2000 following the manufacturer’s pro-
tocol (Invitrogen). Twenty-four hours after transfection, total cellu-
lar proteins were extracted using M-PER mammalian protein extract
buffer (Thermo Fisher Scientific). Ten micrograms of soluble protein
per lane was resolved by immunoblot. The blots were then incubated
with anti-MKRN3 antibody (Abcam ab140267, 1:3000, polyclonal),
anti-HA antibody (Abcam ab9110, 1:4000, polyclonal), or anti-ubiq-
uitin antibody (BioLegend 646301, 1:1000, P4D1) overnight at 4°C.
Blots were incubated with anti-rabbit secondary antibodies linked to
horseradish peroxidase (Bio-Rad 170-6515, 1:5000-1:10000); the
antibody-antigen complexes were visualized using an enhanced che-
miluminescence reagent (PerkinElmer). Blots were stripped using
stripping buffer (Thermo Fisher Scientific) and reprobed with anti-B-
actin antibody (MilliporeSigma A3854, 1:10,000, AC-15).

For immunoprecipitation, HEK293T cells were plated and WT or
mutant MKRN3 constructs were transfected for 24 hours. Cells were
treated with vehicle or MG132 (10 pM in DMSO solution, Invitrogen)
for 6 hours, and then cells were lysed using the M-PER lysis buffer
(Thermo Fisher Scientific). Ten percent of proteins was used for total
protein samples. After preclearing of the proteins with protein A/G-
agarose beads (Invitrogen) for 30 minutes, supernatants were incubat-
ed with anti-HA (Abcam ab9110) for at least 3 hours at 4°C. Immune
complexes were precipitated using protein A beads overnight at 4°C
and washed 3 to 5 times before elution with 5x SDS-PAGE sample buf-
fer. Ubiquitin-conjugated MKRN3 was immunoblotted with anti-ubiqg-
uitin (BioLegend 646301, 1:1000, P4D1).
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Animals

Mice, rats, and monkeys were maintained in a 12-hour light/12-hour
dark cycle, controlled temperature, and fed a standard diet and water
ad libitum.

Mice

Adult WT male and female C57BL/6 mice were purchased from
Charles River Laboratories. Female hypogonadal (hpg) mice with the
Gnrhl gene deleted and WT littermates were bred and genotyped as
previously described (50).

For single-cell PCR studies, 13-day-old female Kiss1¢°"* mice
(51) were bred in the colony at Oregon Health and Sciences Uni-
versity (OHSU). Mice were genotyped and used for experiments
on day 13.

Mouse tissue collection. For RT-qPCR, intact male and female hpg
mice and WT littermates were sacrificed at the stated ages. Brains
were removed and coronal sections of brain tissue (1 mm thick)
encompassing the regions containing either the ARC or AVPV were
obtained with the aid of a 1-mm coronal brain matrix (Braintree Scien-
tific). The ARC and AVPV were then isolated from each section under
a dissection microscope by 2 bilateral parasagittal cuts, each 0.5 mm
lateral to the midline, and 1 horizontal cut 1 mm dorsal of the ventral
surface, yielding total tissue sizes of approximately 1 mm? that were
immediately frozen in liquid nitrogen.

The rostral and caudal areas of the hypothalamus, including the
POA and the MBH, respectively, were isolated by 2 bilateral parasagittal
cuts, each 0.5 mm lateral to the midline between the optic chiasm and
the posterior commissure, and 1 horizontal cut 1 mm dorsal of the ven-
tral surface. A midline incision was made in the abdomen and the liver
was removed. Testes were isolated through a small scrotal incision.

For the single-cell PCR studies, mouse brains were removed
and 240-pm slices were cut on a vibratome in cold, oxygenated,
sucrose-containing artificial cerebrospinal fluid (aCSF [in mM]: 208
sucrose, 2 KCI, 1 MgCl,, 1.25 NaH,PO,, 10 HEPES, 26 NaHCO,, 10
dextrose, 2 MgSO,, and 1 CaCl,). The slices were transferred to an
auxiliary chamber containing oxygenated aCSF for 1.5 to 2 hours (in
mM: 124 NaCl, 5 KCl, 1.44 NaH,PO,, 5 HEPES, 10 dextrose, 25.99
NaHCO,, 2 CaCl,) until cell dispersion.

Rats
Immature Sprague-Dawley rats were obtained from Charles River
Laboratories.

Rat tissue collection. To measure changes in gene expression that
occur in the hypothalamus during prepubertal development, the MBH
of female rats was dissected by a rostral cut along the posterior border
of the optic chiasm, a caudal cut immediately in front of the mammil-
lary bodies, and 2 lateral cuts half-way between the median eminence
and the hypothalamic sulci. The thickness of the tissue fragment was
approximately 2 mm. Upon dissection, the tissues were immediately
frozen on dry ice.

Nonhuman primates

Female rhesus monkeys (Macaca mulatta) were obtained through the
Oregon National Primate Research Center (ONPRC) Tissue Distri-
bution Program, and were classified into different stages of develop-
ment, based on the age of the animals and the pubertal stages report-
ed by Watanabe and Terasawa (52).
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Monkey tissue collection

The brain was removed from the cranium and the MBH was dissected
as previously described (53), i.e., with a rostral cut along the posterior
border of the optic chiasm, a caudal cut immediately anterior to the
mammillary bodies, and 2 lateral cuts along the hypothalamic sulci.
The tissue was rapidly frozen on dry ice.

RNA extraction

All samples collected for gene expression analyses were immediately
frozen in dry ice. Total RNA was extracted from the collected tissues
using TRIzol (Invitrogen) or the RNeasy Mini Kit (QIAGEN), accord-
ing to the manufacturers’ protocols. Total RNA concentration was
carefully measured by UV spectrophotometry and RNA integrity was
confirmed by gel electrophoresis.

RT-gPCR
Total RNA (500 ng) was reverse transcribed using the Superscript I11
cDNA synthesis kit (Invitrogen) as described previously (49, 54), fol-
lowed by quantitative real-time PCR analysis on an ABI Prism 7000
sequence detection system (Applied Biosystems). SYBR Green mix
(Bio-Rad) was used according to the manufacturer’s instructions.
To normalize the mRNA values obtained, Ppia (peptidylprolyl isom-
erase A) or RpL19 (ribosomal protein L19) mRNA was measured in
each sample as a housekeeping gene. Gene accession numbers are
described in Supplemental Table 1.

Estrogen treatment

We treated WT female mice at P11 with 2 pg of EB (~3 pg per 10 gbody
weight) or vehicle (sesame oil) subcutaneously to determine the effect
of EB on MBH and POA Mkrn3 mRNA levels. All mice were sacrificed
24 hours after treatment and the POA and MBH were removed as
described above for RT-qPCR analysis of Mkrn3.

Single-label ISH of Mkrn3 mRNA

Mkrn3 mRNA sense and antisense probes were transcribed with T7
or T3 polymerase (Fermentas), as described previously (13). Briefly,
radio-labeled probes were synthesized in vitro by inclusion of the
following ingredients in a volume of 20 pL: 250 Ci [¥*PJUTP (Perkin-
Elmer Life and Analytical Sciences), 1 ug of PCR product, 0.5 mM
each ATP, CTP, and GTP, and 40 U of polymerase. Residual DNA
was digested with 4 U of DNase (Ambion), and the DNase reaction
was terminated by addition of 2 uL of 0.5M EDTA, pH 8.0. The ribo-
probes were separated from unincorporated nucleotides with Probe-
Quant G-50 Micro Columns (GE Health Care). Slides with brain and
hypothalamic sections from the different experimental groups were
processed as reported previously (38).

FISH

The brains from two 12-day-old and two 30-day-old female mice
were fixed by intracardiac perfusion of 4% paraformaldehyde borate
buffer, pH 9.5, and were processed for hybridization histochemis-
try, as previously described (55, 56). For identification of mRNAs
expressed in the same cell, we used the double-labeled FISH pro-
cedure described by Watakabe et al. (57), with small modifications
(54). We employed an rMkrn3 cRNA probe labeled with fluorescein-
12-UTP (FITC) and an rKissI cRNA probe labeled with digoxigenin-
11-UTP (Dig). The Kissl cRNA probe was transcribed from a 379-bp
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rat KissI cDNA corresponding to nucleotides (nt) 1-379 in rat KissI
mRNA (58), and the rMkrn3 probe was generated by in vitro tran-
scription of a 549-bp cDNA template complementary to nt 1381-1930
in the coding region of rat Mkrn3 mRNA (59). cDNAs were subcloned
into the pGEM-T vector (Promega). The labeling reactions were per-
formed in a 10 pL volume, as reported previously (60). Control sec-
tions were incubated with sense probes transcribed from the same
plasmid, but linearized at the 3’ end to transcribe the coding strand
of the cDNA template.

ChIP assay

To assess the recruitment of MKRN3 to gene promoters, we performed
ChIP assays using chromatin extracted from HEK293T cells transfect-
ed with MKRN3-HA constructs (WT and the MKRN3 mutants). The
ChIP procedure was described previously (49, 54, 61), and was carried
out with minimal modifications, including the use of a dry-heat shaker
(Thermo Fisher Scientific) for both the elution and de-cross-link steps
(65°C for 1 hour and 95°C for 2 hours, respectively).

PCR detection of chromatin immunoprecipitated DNA

Genomic regions of interest were amplified by PCR. Accession num-
bers of the genes analyzed as well as the chromosomal position of the
5’ flanking region amplified, using the position of the transcription
start site (TSS) as the reference point, are shown in Supplemental
Table 1. The primer sequences (Eurofins MWG Operon) used to detect
the DNA fragment of interest in the immunoprecipitated DNA are
also shown in Supplemental Table 1. PCR reactions were performed
as described previously (3, 4). Data are expressed as percentage of IP
signal/Input signal. To detect bound MKRN3-HA, we used an anti-HA
rabbit antibody (Abcam ab9110) at 2 pg/reaction.

Single-cell PCR data analysis

Cell dispersion and harvesting. The method used for neuronal har-
vesting was according to previously established procedures, with
modifications as outlined below (62). The ARC was microdissected
and incubated in protease at 37°C for 15 minutes. Gentle trituration
with glass polished Pasteur pipets was used to disperse the neurons
on a glass-bottom dish. A constant flow of oxygenated aCSF bathed
the neurons, flushing out debris and dead cells. Healthy neurons with
smooth membranes and intact processes were visualized using a
Leitz inverted microscope, patched, and then harvested with gentle
suction using the XenoWorks microinjector system (Sutter Instru-
ments). The single cells were expelled into a siliconized microcen-
trifuge tube containing 1 pL Invitrogen Superscript III 5x Buffer, 15
U of RNasin (Promega), and 10 mM dithiothreitol in a total volume
of 5 uL. Single cells were treated with DNase I (RNase-free DNase I,
Invitrogen). The DNAse I (2 U/uL) was diluted 1:10,000 and added
to each tube, incubated at 37°C for 5 minutes, and then denatured at
65°C for 5 minutes. Each harvested cell was then reverse transcribed
as described previously (62) with modifications in which both ran-
dom primers (100 ng/cell, Promega) and anchored oligo(dT),, prim-
er (400 ng/cell, Invitrogen), and Superscript I11 reverse transcriptase
(100 Uy/per cell, Invitrogen) were used. Harvested aCSF samples in
the vicinity of the dispersed cells also underwent RT and were used
as control. Cells and tissue RNA used as negative controls were pro-
cessed as described above but without reverse transcriptase. Each cell
was then evaluated using PCR.
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Single-cell RT-PCR. The PCR was performed using 3 to 4 pL of
c¢DNA template from each RT reaction in a 30-pL PCR mix. Fifty cycles
of amplification were performed using a Bio-Rad C1000 Thermal
Cycler as follows: initial denaturation at 94°C for 2 minutes, denatur-
ation at 94°C for 20 seconds, annealing at 57°C for 30 seconds (KissI)
or at 60°C for 30 seconds (Mkrn3), extension at 72°C for 30 seconds,
with a final extension at 72°C for 5 minutes (62). PCR products were
visualized with ethidium bromide in a 2% agarose gel.

Functional promoter assays

Neuro-2a cells were transfected with luciferase reporter constructs
(12) containing the 5' flanking region of the putative target genes,
in addition to WT MKRN3-HA or the MKRN3 mutants. Cells were
cultured as described previously (3, 4). Twenty-four hours later, the
reporter constructs (in the luciferase reporter plasmid pGL2) were
transiently cotransfected along with WT or mutant MKRN3-HA
for 5 hours using Lipofectamine 2000 (Invitrogen) at a ratio of 1 ug
DNA/2.5 uL Lipofectamine 2000 in Optimem (Invitrogen). After
transfection, the cells were returned to serum-containing DMEM
medium. Forty-eight hours later, they were harvested and assayed for
luciferase activity using the Firefly Luciferase Glow Assay Kit (Pierce).
Transfection efficiency was normalized by cotransfecting the plas-
mid CMV-Sport-beta-gal (Invitrogen) at 10 ng/mL and determining
B-galactosidase activity using the Tropix Galacto Light Plus (ABI), as
reported previously (63).

Experimental identification of MKRNS3 variants by 3'-RACE PCR

To determine the existence of MKRN3 3’ variants in human hypotha-
lamic RNA, we used total RNA extracted from adult human hypothal-
amus. The donor was a 23-year-old White male who died of cardiac
arrest (Ambion 6864). We used the switching mechanism at the 3’ end
of RNA transcript rapid amplification of cDNA ends (SMART RACE
c¢DNA Amplification kit, Clontech Laboratories) according to the
manufacturer’s recommendations, as described previously, with min-
imal modifications (64). In brief, 1 pg of total RNA from human hypo-
thalamus was reverse transcribed using a modified oligo(dT) primer,
SMARTScribe Reverse Transcriptase, and the SMARTer II A Oligo-
nucleotide, which anneals to the extended cDNA tail added by the
SMARTScribe Reverse Transcriptase to the 3’ end of the first-strand
cDNA. The resulting cDNAs were amplified by 2 rounds of PCR using
HotStart Taq polymerase (QIAGEN). The first round of PCR was per-
formed with a gene-specific forward primer (GSFP) inside the MKRN3
coding region (5-GCCTCAAGCCCATAAAGAAAAA-3') and the kit’s
AP1primer. The second nested PCR was performed using 1/100 of the
initial PCR product and amplifying with the GSFP and the kit's AP2
primer (Supplemental Figure 2). The PCR products were subcloned
into the plasmid pGEM-T (Promega), and some of the resulting col-
onies were sequenced from both ends using M13 forward and M13
reverse primers.
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Statistics
All data are expressed as the mean * SEM for each group. For exper-
iments with 2 comparisons, 2-tailed Student’s ¢ test was used for sta-
tistical analysis. For experiments with multiple comparisons, the level
of significance was determined using ANOVA followed by post hoc
tests as indicated in the results. Significance level was set at Pless than
0.05. All analyses were performed with GraphPad Prism software.
For determination of single-neuron expression of a particular
transcript in single-cell PCR experiments, the number of GFP-positive
cells expressing each transcript was counted for each animal and per-
centage expression determined compared with Kiss1¢™-expressing
neurons in each animal.

Study approval

The study was approved by the Medical Ethics Committee of Brigham
and Women’s Hospital and the ONPRC. All mouse studies were
approved by the IACUC of Brigham and Women’s Hospital and of
OHSU, by the Harvard Medical Area Standing Committee on Ani-
mals in the Harvard Medical School Center for Animal Resources and
Comparative Medicine. The use of rats and nonhuman primates was
approved by the ONPRC Animal Care and Use Committee. All animal
experiments were carried out in accordance with the NIH Guide for the
Care and Use of Laboratory Animals (National Academies Press, 2011)
and abided by the declaration of ethical approval for experiments.
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