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Abstract.  Kisspeptin, encoded by Kiss1, is essential for reproduction in mammals. Kiss1 expression is regulated by estrogen 
via histone acetylation in the Kiss1 promotor region. Thus, elucidation of histone modification factor(s) involved in the 
regulation of Kiss1 expression is required to gain further understanding of the mechanisms of its control. The RNA-seq 
analysis of isolated kisspeptin neurons, obtained from the arcuate nucleus (ARC) of female rats, revealed that Rbbp7, encoding 
retinoblastoma binding protein 7 (RBBP7), a member of histone modification and chromatin remodeling complexes, is highly 
expressed in the ARC kisspeptin neurons. Thus, the present study aimed to investigate whether RBBP7 is involved in Kiss1 
expression. Histological analysis using in situ hybridization (ISH) revealed that Rbbp7 expression was located in several 
hypothalamic nuclei, including the ARC and the anteroventral periventricular nucleus (AVPV), where kisspeptin neurons are 
located. Double ISH for Rbbp7 and Kiss1 showed that a majority of kisspeptin neurons (more than 85%) expressed Rbbp7 
mRNA in both the ARC and the AVPV of female rats. Further, Rbbp7 mRNA knockdown significantly decreased in vitro 
expression of Kiss1 in a mouse immortalized kisspeptin neuronal cell line (mHypoA-55). Estrogen treatment significantly 
decreased and increased Kiss1 mRNA levels in the ARC and AVPV of ovariectomized female rats, respectively, but failed to 
affect Rbbp7 mRNA levels in both the nuclei. Taken together, these findings suggest that RBBP7 is involved in the upregulation 
of Kiss1 expression in kisspeptin neurons of rodents in an estrogen-independent manner.
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Accumulating evidence suggests that kisspeptin-GPR54 (a kis-
speptin receptor) signaling plays an essential role in regulation of 

reproductive functions via direct stimulation of gonadotropin-releasing 
hormone (GnRH) and consequent gonadotropin release in mammals, 
including rodents [1, 2], ruminants [3], primates [4], pigs [5], and 
musk shrews [6]. Mutations of Kiss1 (encoding kisspeptin) or Gpr54 
cause hypogonadotropic hypogonadism in female rodents and humans 
[1, 2, 7–9]. Kisspeptin neurons are mainly located in two regions 
in the hypothalamus: one is located in the arcuate nucleus (ARC) 
in the mediobasal hypothalamus and the other is located in rostral 
hypothalamic regions, such as preoptic area (POA) in primates [10], 
ruminants [11, 12], and musk shrew [6], periventricular nucleus in 
pigs [5] or anteroventral periventricular nucleus (AVPV) in rodents 
[13, 14]. Kisspeptin neurons located in the ARC are suggested to be 
involved in follicular development and steroidogenesis via generation 
of pulsatile GnRH/gonadotropin secretion [15–19], while AVPV/POA 
kisspeptin neurons are suggested to be responsible for the ovulation 

via induction of GnRH/luteinizing hormone (LH) surge [14, 20–24].
During the few past years, emerging evidence has suggested that 

epigenetic mechanisms play a role in regulating Kiss1 gene expression 
in the both ARC and AVPV [25–27]. We previously suggested that 
histone H3 acetylation of the Kiss1 promoter region is involved in the 
upregulation of Kiss1 mRNA expressions in both the nuclei in mice 
[27]: ARC Kiss1 mRNA expression increases along with histone H3 
acetylation of the Kiss1 promoter region in the absence of estrogen, 
while estrogen increases AVPV Kiss1 mRNA expression along with 
histone H3 acetylation of the Kiss1 promoter region. Further, in vitro 
treatment with trichostatin A, an inhibitor of histone deacetylation, 
upregulated Kiss1 mRNA expression in the mouse hypothalamic 
non-Kiss1-expressing cell line. Previous studies have also implied the 
epigenetic mechanisms underlying a pubertal increase in Kiss1 mRNA 
expression in rats [28, 29]. Thus, polycomb repressive complex 2 
(PRC2), a well-known transcriptional repressor complex, and sirtuin 
1 (SIRT1), a histone deacetylase, are suggested to be involved in 
the prepubertal suppression of ARC Kiss1 mRNA expression in rats 
[28, 29]. It is also reported that SIRT1 interacts with the PRC2 to 
decrease Kiss1 promoter activity during the prepubertal period [29]. 
PRC2 reportedly catalyzes histone H3 trimethylation (also known 
as H3K27me3), a repressive histone modification [30]. Chromatin 
immunoprecipitation assay revealed a pubertal decrease in binding 
of embryonic ectoderm development (EED), a component of PRC2 
[31], to the Kiss1 promoter region [28]. The overexpression of 
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EED causes suppression of Kiss1 expression and subsequent GnRH 
secretion in rats [28]. For a further understanding of epigenetic 
mechanism underlying the regulation of Kiss1 expression, roles 
of other histone modification-related proteins in Kiss1 regulation 
should be investigated.

Retinoblastoma binding protein 7 (RBBP7), also named as 
retinoblastoma-associated protein 46 (RBAP46), has been reported 
to function as a histone chaperone in chromatin assembly and disas-
sembly [32, 33]. RBBP7 is also known as a component of several 
histone modifications and chromatin remodeling complexes. It is 
well known that RBBP7 coupled with histone acetyltransferase 1 
(HAT1) forms type B histone acetylation complex (HAT-B) that plays 
a key role in histone H4 acetylation in newly-synthesized histones 
in the cytoplasm [34]. Several reports indicate that RBBP7 forms 
two histone deacetylation complexes, NuRD and SIN3, that serve 
as the major transcription repressors in mammals [35]. Besides, 
RBBP7 also functions as a component of above-mentioned PRC2 
[30]. Thus, we hypothesized that RBBP7 could be involved in the 
regulation of Kiss1 expression in the hypothalamus.

The present study aimed to investigate the epigenetic mechanisms 
of Kiss1 expression, focusing on the histone modification pathway. 
For this purpose, we first analyzed the expression of genes, products 
of which are related to the histone modification pathway using 
RNA-seq data of the isolated visualized kisspeptin neurons, obtained 
from the ARC of adult female Kiss1-tdTomato heterozygous rats, as 
previously described [36]. The analysis of the RNA-seq data revealed 
that substantial levels of Rbbp7 mRNA were expressed in the ARC 
kisspeptin neurons. Thus, we performed histological analyses of 
the localization of Rbbp7 mRNA in the hypothalamus and analyzed 
co-expression of Rbbp7 and Kiss1 transcripts in the ARC, as well 
as in the AVPV of female rats. Since we found that a majority of 
kisspeptin neurons co-expressed Rbbp7 mRNA in both the ARC 
and the AVPV, we further determined the influence of RBBP7 on 
the regulation of Kiss1 mRNA expression by analyzing the effect 
of siRNA-mediated knockdown of Rbbp7 on Kiss1 expression in 
vitro in a mouse immortalized ARC kisspeptin neuronal model 
(mHypoA-55 cells).

Materials and Methods

Animals and treatments
Female Wistar-Imamichi rats, 9–12 weeks of age (224–295 g 

body weight), were maintained under a controlled environment (14 
h light and 10 h darkness; lights on at 0500 h; 22 ± 3°C) with free 
access to food (CE2; CLEA Japan, Tokyo, Japan) and water. Vaginal 
smears were checked daily to determine the estrous cyclicity and 
animals with at least two consecutive estrous cycles were selected 
for the experiment.

Five female rats were bilaterally ovariectomized (OVX) for 2 
weeks to serve as OVX rats. Eleven female rats were OVX and 
immediately received subcutaneous Silastic tubing (1.57 mm inner 
diameter; 3.18 mm outer diameter; 25 mm in length; Dow Corning, 
Midland, MI, USA) filled with 17β-estradiol (E2; Sigma-Aldrich, St. 
Louis, MO, USA), dissolved in peanut oil (Sigma-Aldrich) at 20 μg/
ml for 1 week to serve as OVX + low E2 rats (diestrous model). The 
low E2 treatment was previously confirmed to produce a negative 

feedback effect on LH pulses, but not to induce LH surges [37]. 
Five female rats were OVX and immediately received subcutaneous 
Silastic tubing filled with low E2 for 5 days, followed by Silastic 
tubing (1.57 mm inner diameter; 3.18 mm outer diameter; 28 mm 
in length) filled with E2, dissolved in peanut oil at 1000 μg/ml for 2 
days to serve as the OVX + high E2 rats (proestrous model). The high 
E2 treatment was confirmed to induce daily LH surges (unpublished 
data). The OVX + low E2 rats were chosen so as to analyze the 
co-expression of the Rbbp7 and Kiss1 mRNA in both the ARC and 
the AVPV, because OVX + low E2 rats were confirmed to show 
Kiss1 expression in both the nuclei [14]. All the surgical operations 
were performed under anesthesia of ketamine (27 mg/kg; Fujita, 
Tokyo, Japan) and xylazine (5.3 mg/kg; Bayer AG, Leverkusen, 
Germany) mixtures and isoflurane (1–3%, Pfizer, New York, NY, 
USA). All rats were injected with antibiotics (Meiji Seika Pharma, 
Tokyo, Japan) after surgery.

Care of the animals and experimental procedures were approved 
by the Committee on Animal Experiments of the Graduate School 
of Bioagricultural Sciences, Nagoya University, Japan.

Preparation of female rat brain sections for in situ 
hybridization

The OVX + low E2 rats were deeply anesthetized with sodium 
pentobarbital (40 mg/kg; Kyoritsu Seiyaku, Tokyo, Japan) and 
perfused with 0.05 M phosphate-buffered saline, followed by 4% 
paraformaldehyde in 0.05 M phosphate buffer (PB). The brain was 
removed from the skull, postfixed with the same fixative, overnight 
at 4°C, and kept in 30% sucrose in 0.05 M PB for 3–4 days at 4°C 
under ribonuclease (RNase)-free conditions. Frozen coronal sections 
(50 μm in thickness) of the hypothalamus (from 0.60 mm anterior 
to 4.56 mm posterior to the bregma) according to a rat brain atlas 
[38] were obtained by using a cryostat, and subjected to single or 
double in situ hybridization (ISH).

Analysis of histone modification-related protein gene 
expression in ARC kisspeptin neurons obtained from Kiss1-
tdTomato rats

Expression profiles of genes encoding histone modification-related 
proteins in ARC kisspeptin neurons were analyzed by using the 
RNA-seq data of isolated visualized kisspeptin neurons taken from 
the ARC of female Kiss1-tdTomato heterozygous rats, as described 
previously [36]. Gene symbols of histone modification-related proteins 
were obtained from the pathway portal of Rat Genome Database 
(histone modification pathway, http://rgd.mcw.edu/rgdweb/pathway/
pathwayRecord.html?acc_id=PW:0001338). Since Rbbp7 was highly 
expressed in ARC kisspeptin neurons, we further focused on the role 
of Rbbp7 in the regulation of Kiss1 expression.

Analysis of localization of Rbbp7 expression in the 
hypothalamus of female rats by single ISH for Rbbp7

Free-floating ISH for Rbbp7 was performed by using the rat 
hypothalamic sections collected from OVX + low E2 rats (n = 3), 
as previously described [5, 39]. Briefly, Rbbp7-specific digoxigenin 
(DIG)-labeled cRNA probe (nucleotide 310-1424; GenBank accession 
no. NM_031816.1) was synthesized by using a DIG-labeling kit 
(Roche Diagnostics, Rotkreuz, Switzerland). The hypothalamic sec-
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tions were hybridized overnight at 60°C with 1 μg/ml Rbbp7-specific 
DIG-labeled anti-sense cRNA probes. The specificity of the cRNA 
probe was confirmed by performing ISH by using anti-sense and 
sense probes. No signal was detected in the brain sections treated 
with a sense probe. After hybridization, the DIG-labeled probe was 
detected with alkaline phosphatase-conjugated anti-DIG antibody 
(1:500; Roche Diagnostics), and a chromogen solution (0.338 mg/
ml 4-nitroblue tetrazolium chloride (NBT; Roche Diagnostics) and 
0.175 mg/ml 5-bromo-4-chloro-3-indolyl-phosphate, 4-toluidine 
salt (BCIP; Roche Diagnostics). The sections were mounted on 
gelatin-coated slides and examined under a light microscope (BX53; 
Olympus, Tokyo, Japan).

Analysis of co-localization of Rbbp7 and Kiss1 expression in 
the ARC and the AVPV of female rats by double ISH for Rbbp7 
and Kiss1

Free-floating double ISH for Rbbp7 and Kiss1 was performed 
by using the hypothalamic sections including the AVPV (from the 
0.48 mm anterior to 0.96 mm posterior to the bregma, every second 
section) and the ARC (from the 1.56 to 4.44 mm posterior to the 
bregma, every fourth section) gained from OVX + low E2 rats (n 
= 3), as previously described [36, 39]. Briefly, the Rbbp7-specific 
DIG-labeled cRNA probe and the Kiss1-specific fluorescein isothio-
cyanate (FITC)-labeled cRNA probe (position 33–348; GenBank 
accession no. NM_181692.1) were synthesized. The sections were 
hybridized overnight at 60°C with 1 μg/ml DIG-labeled Rbbp7 
anti-sense cRNA probes and 1 μg/ml FITC-labeled Kiss1 anti-sense 
cRNA probes. After the hybridization, the FITC-labeled Kiss1 probe 
on the sections was visualized by peroxidase (POD)-conjugated 
anti-FITC antibody (Roche Diagnostics) and TSA Plus Fluorescein 
System (1:100; PerkinElmer, Shelton, CT, USA). After inactivation 
of peroxidase in the sections with 0.1 N hydrochloric acid for 30 
min, the DIG-labeled Rbbp7 probe on the sections was visualized 
by POD-conjugated anti-DIG antibody (Roche Diagnostics), TSA 
Plus Biotin Kit (1:100; PerkinElmer) and Dylight 594-conjugated 
streptavidin (Thermo Fisher Scientific, Waltham, MA, USA). The 
sections were mounted to slides and the fluorescent images were 
examined under a fluorescence microscope with the ApoTome optical 
sectioning (Carl Zeiss, Oberkochen, Germany). The Rbbp7- and 
Kiss1-positive cells were counted bilaterally under the microscope, 
three times, by two persons and the average was calculated. No 
positive signal for Rbbp7 or Kiss1 mRNA was detected in the brain 
sections hybridized with the corresponding sense probes.

In vitro analysis of the role of Rbbp7 in regulating Kiss1 
expression by Rbbp7 knockdown in mHypoA-55 cell line, a 
model for ARC kisspeptin neurons of mice

Immortalized mouse neuronal cells, mHypoA-55 cells (CVCL_
D416; CELLutions Biosystems, Burlington, ON, Canada) were used 
as a model for ARC kisspeptin neurons [40] for in vitro analysis to 
investigate the role of Rbbp7 in the regulation of Kiss1 expression. 
The cells were cultured in phenol red-free Dulbecco's Modified Eagle 
Medium (Thermo Fisher Scientific) supplemented with 200 mM 
L-glutamine, 1% penicillin/streptomycin and 5% charcoal-stripped 
FBS (Biowest, Nuaillé, France) with or without E2 for 2 or 4 h. 
The E2 concentrations (10 or 100 nM) and incubation period (2 

or 4 h) were chosen according to a previous study [40], in which 
Treen et al. showed that the 4 h treatment of 100 nM E2 decreased 
Kiss1 expression in mHypoA-55 cells, as well as to our preliminary 
investigations that revealed decreasing tendency of Kiss1 expression 
upon E2 treatment using the same cell lines.

The effect of Rbbp7 knockdown on in vitro Kiss1 expression in 
the mHypoA-55 cells was determined using Silencer Select Pre-
Designed siRNA (10 nM), corresponding to mouse Rbbp7 (siRNA 
ID: s110672 (#1); s110673 (#2), Thermo Fisher Scientific). The 2 
sets of Rbbp7-siRNAs or negative control siRNA (NC siRNA) were 
transfected into the cells by Lipofectamine RNAiMAX Transfection 
Reagent (Thermo Fisher Scientific). Following this, 48 h after the 
transfection, the cells were treated with 100 nM E2 for 2 h, and 
the cells were collected for analyses for Kiss1 and Rbbp7 mRNA 
or RBBP7 protein levels. The E2 treatment was chosen due to the 
observed tendency of a decrease in Kiss1 expression following 100 
nM E2 treatment for 2 h.

Quantitative RT-PCR analyses for Rbbp7 and Kiss1 mRNA 
expression levels in the ARC and the AVPV regions of the rats 
and mHypoA-55 cells

To analyze Rbbp7 and Kiss1 mRNA levels in the ARC or AVPV 
regions of OVX, OVX + low E2, and OVX + high E2 rats (n = 5 
in each group), animals were decapitated between 1300 h and 1500 
h. The ARC-median eminence (ME) region was dissected from the 
brain with a microblade and the AVPV region was punched out with 
18-gauge stainless-steel tubing as previously described [41]. Rbbp7 
and Kiss1 mRNA levels were also analyzed in the mHypoA-55 cells 
described above.

DNA-free total RNA was purified from the ARC and AVPV tissues, 
as well as mHypoA-55 cells by using ISOGEN (Nippon Gene, Tokyo, 
Japan). For ARC or AVPV tissues, DNase I (Thermo Fisher Scientific) 
and a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher 
Scientific) were used to synthesize full-length cDNAs. For mHypoA-55 
cells, ReverTra Ace (TOYOBO, Osaka, Japan) was used to synthesize 
full-length cDNAs. The obtained cDNA was used as a template in PCR 
reactions using primers for Rbbp7, Kiss1 and Actb. Forward and reverse 
primers for rat Kiss1 were 5’-AGCTGCTGCTTCTCCTCTGT-3’ 
and 5’-AGGCTTGCTCTCTGCATACC-3’,  respectively 
(GenBank accession no. NM_181692.1); for mouse Kiss1, 
5’-TGCTGCTTCTCCTCTGT-3’ and 5’-ACCGCGATTCCTTTTCC-3’ 
(GenBank access ion  no .  NM_178260.3) ;  fo r  ra t  and 
m o u s e  R b b p 7 ,  5 ’ - T C C C A AT G AT G AT G C A C A G T- 3 ’ 
and 5’-CTGGTTTTGCAGGGTGTTTT-3’ (GenBank ac-
c e s s i o n  n o .  N M _ 0 3 1 8 1 6 . 1  a n d  N M _ 0 0 9 0 3 1 . 3 ) ;  f o r 
r a t  A c t b ,  5 ’ - T G T C A C C A A C T G G G A C G ATA - 3 ’ a n d 
5’-GGGGTGTTGAAGGTCTCAAA-3’ (GenBank accession no. 
NM_031144.3); for mouse Actb, 5’-GGTGGGAATGGGTCAGAAGG-3’ 
and 5’-GTACATGGCTGGGGTGTTGA-3’ (GenBank accession 
no. NM_007393.5). Real-time PCR analysis was performed by 
using an ABI 7500 real-time system (Thermo Fisher Scientific) with 
THUNDERBIRD qPCR Mix (TOYOBO). The cycling protocol was 
as follows: pre-denature for 1 min at 95°C, 40 cycles amplification for 
15 sec at 95°C and 1 min at 60°C. The specificity of the amplification 
products was confirmed by dissociation curve analysis (60 to 95°C) 
after 40-cycle amplification. A distinct single peak was considered as 
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proof that only a single DNA sequence was amplified. The expression 
levels of Rbbp7 and Kiss1 genes were obtained by normalization to 
the expression levels of Actb.

Verification of Rbbp7 knockdown experiment in mHypoA-55 
cells by western blotting for RBBP7

The expression levels of RBBP7 and β-actin proteins in the 
mHypoA-55 cells after 48 h of siRNA transfection were confirmed 
by western blotting. The cells cultured with Rbbp7-siRNAs or NC 
siRNA were treated with 10% (v/v) trichloroacetic acid (Nakarai 
tesque, Kyoto, Japan) at 4°C for 30 min, and scraped off. These cells 
were then suspended in UTD buffer [9 M Urea (Sigma-Aldrich), 
2% (v/v) Triton X-100 (Sigma-Aldrich), 1% (w/v) DL-Dithiothreitol 
(DTT; Sigma-Aldrich)] and 2% (w/v) lithium dodecyl sulfate 
(Sigma-Aldrich). The whole cell lysate was separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
using a 4–20% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad 
Laboratories, Hercules, CA, USA), and transferred onto polyvinylidene 
difluoride membranes (GE Healthcare, Chicago, IL, USA). The 
membranes were incubated with rabbit anti-human RBBP7 polyclonal 
antibody (1:4,000 Abcam, Cambridge, UK) at room temperature 
for 2 h. The specificity of the antibody was confirmed by He et 
al. [42]. The membranes were then incubated with horseradish 
peroxidase-conjugated goat anti-rabbit IgG antibody (1:4,000 Santa 
Cruz Biotechnology, Dallas, TX, USA) at room temperature for 1 
h. Chemiluminescence was visualized using an ECL Prime Western 
Blotting Detection Reagent (GE Healthcare), and recorded with a 
Light-Capture II (AE-6982; Atto, Tokyo, Japan). The membranes 
were stripped with Restore PLUS Western Blot Stripping Buffer 
(Thermo Fisher Scientific) for re-probing with rabbit anti-human 
β-actin polyclonal antibody (1:10,000 Abcam). The expression of 
β-actin protein was detected by using the same method as stated 
above and its levels were used as an internal control. Band intensities 
were estimated by densitometry using Image J software v. 1.52k 
(NIH, Bethesda, MD, USA).

Statistical analysis
Statistical differences in Rbbp7 and Kiss1 mRNA and RBBP7 

protein levels in the mHypoA-55 cells, transfected with siRNAs 
and treated with E2 were determined by two-way ANOVA (siRNA 
transfection and E2 treatment as main effects) with Bonferroni post-hoc 
test. Statistical differences in Rbbp7 and Kiss1 mRNA levels in the 
ARC and the AVPV of rats or in the mHypoA-55 cells treated with 
three different doses of E2 were determined by one-way ANOVA 
with Bonferroni post-hoc test. P < 0.05 was considered to indicate 
a significant difference. All analyses were performed by using R 
Statistical Computing, release 3.5.1 (http://www.R-project.org).

Results

Examination of histone modification factor gene expression in 
the ARC kisspeptin neurons by analyzing the RNA-seq data 
obtained from isolated rat ARC kisspeptin neurons

The RNA-seq analysis showed that some major histone modification 
factor genes (Rat Genome Database, http://rgd.mcw.edu/rgdweb/
pathway/pathwayRecord.html?acc_id=PW:0001338), such as Rbbp7 

(210 RPKM), Hdac1 (encoding histone deacetylase 1, 63 RPKM), 
Hdac2 (encoding histone deacetylase 2, 35 RPKM), Ep300 (encoding 
E1A binding protein P300, 1.42 RPKM), and Sirt1 (Sirtuin 1, 0 RPKM) 
were detected in ARC Kiss1-tdTomato cells. Among these genes, 
Rbbp7 was expressed at high levels in the cells. Table 1 shows genes 
whose transcripts form histone modification complexes together with 
RBBP7, such as NuRD, SIN3, PRC2, and HAT-B complexes. ARC 
Kiss1-tdTomato cells expressed the component genes of NuRD and 
HAT-B complexes reported previously [35, 43]. On the other hand, 
few component genes of SIN3 and PRC2 complexes, such as Sap30 
and Eed [35, 44], were detected in the ARC Kiss1-tdTomato cells.

Table 1. Genes whose transcripts form histone modification complexes 
together with retinoblastoma binding protein 7 (RBBP7)

Gene symbols Relative 
expression levels * Histone modification complexes

Rbbp7 209.55 NuRD, SIN3, PRC2, HAT-B
Rbbp4 127.84 NuRD, SIN3, PRC2, HAT-B
Hdac1 62.70 NuRD, SIN3
Hdac2 34.67 NuRD, SIN3
Gatad2b (p66β) 23.26 NuRD
Chd4 17.15 NuRD
Mbd3 12.14 NuRD
Gatad2a (p66α) 9.94 NuRD
Chd3 6.73 NuRD
Mta1 0.56 NuRD
Mta2 0.06 NuRD
Sap18 150.35 SIN3
Sin3b 69.22 SIN3
Sin3a 4.18 SIN3
Sap30 0.00 SIN3
Suz12 3.10 PRC2
Ezh1 0.00 PRC2
Ezh2 0.00 PRC2
Eed 0.00 PRC2
Hat1 8.83 HAT-B

* Data are expressed as reads per kilobase per million mapped reads 
(RPKM). Symbols and names of gene or histone modification complexes 
are as follows: Chd3, Chromodomain helicase DNA binding protein 3; 
Chd4, Chromodomain helicase DNA binding protein 4; Eed, Embryonic 
ectoderm development; Ezh1, Enhancer of zeste 1 polycomb repressive 
complex 2 subunit; Ezh2, Enhancer of zeste 2 polycomb repressive 
complex 2 subunit; HAT-B, Type B histone acetyltransferases; Hat1, 
Histone acetyltransferase 1; Hdac1, Histone deacetylase 1; Hdac2, 
Histone deacetylase 2; Mbd3, Methyl-CpG binding domain protein 3; 
Mta1, Metastasis-associated proteins 1; Mta2, Metastasis-associated 
proteins 2; NuRD, Nucleosome remodeling and deacetylation; Gatad2a 
(p66α), GATA zinc finger domain containing 2A (Transcriptional 
repressor p66-alpha); Gatad2b (p66β), GATA zinc finger domain 
containing 2B (Transcriptional repressor p66-beta); PRC2, Polycomb 
repressive complex 2; Rbbp4, Retinoblastoma binding protein 4; Rbbp7, 
Retinoblastoma binding protein 7; Sap18, Sin3A associated protein 18; 
Sap30, Sin3A associated protein 30; SIN3, Sin3 histone deacetylase 
complex; Sin3a, SIN3 transcription regulator family member A; Sin3b, 
SIN3 transcription regulator family member B; Suz12, SUZ12 polycomb 
repressive complex 2 subunit.
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Distribution of the Rbbp7 mRNA-expressing cells in the 
hypothalamus of female rats

Figure 1 shows the Rbbp7 mRNA expression in the hypothalamus of 
a representative OVX + low E2 rat. A number of Rbbp7-positive cells 
were found in the AVPV (Fig. 1A), suprachiasmatic nucleus (SCN) 
(Fig. 1B), supraoptic nucleus (SON) (Fig. 1C), paraventricular nucleus 
(PVN) (Fig. 1D), anterior part of the ventromedial hypothalamic 
nucleus (VMH) and the ARC (Fig. 1E), and the posterior part of 
the ARC (Fig. 1F).

Co-expression of Rbbp7 in Kiss1-positive cells in the ARC and 
AVPV of female rats

Figures 2A and 2B show Rbbp7- and Kiss1-positive cells, visualized 
by a double ISH in the ARC and AVPV of representative OVX + 

Fig. 1. Distribution of Rbbp7-positive cells in the hypothalamus of 
ovariectomized + low 17β-estradiol (OVX + low E2) rats. 
Representative photomicrographs showing cells expressing 
Rbbp7 in the anteroventral periventricular nucleus (AVPV) (A), 
suprachiasmatic nucleus (SCN) (B), supraoptic nucleus (SON) 
(C), paraventricular nucleus (PVN) (D), anterior part of the 
ventromedial hypothalamic nucleus (VMH) and arcuate nucleus 
(ARC) (E), and posterior part of the ARC (F). The insets indicate 
Rbbp7-positive cells at a higher magnification. Scale bars: 200 
μm. 3V, third cerebroventricle; Och, optic chiasm.

Fig. 2. Co-expression of Kiss1 and 
Rbbp7 in the arcuate nucleus (ARC) 
and anteroventral periventricular 
nucleus (AVPV) of ovariectomized 
+ low 17β-estradiol (OVX + 
low E2) rats. Representative 
photomicrographs showing Kiss1-
positive cells (green) and Rbbp7-
positive signals (magenta) in the 
ARC (A) and AVPV (B). The insets 
indicate expression of Rbbp7-
positive signals in the Kiss1-positive 
cells at a higher magnification 
(arrowheads). The numbers of 
Kiss1- and Rbbp7-positive cells 
out of the Kiss1-positive cells were 
quantified in the ARC (C) and AVPV 
(D). Data are the mean ± SEM (n = 
3). Scale bars: 100 μm. 3V, third 
cerebroventricle.
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low E2 rats. Cell-shaped Kiss1-positive signals were found in the 
both ARC and AVPV and dot-like Rbbp7-positive signals were 
widely found in the ARC and the AVPV and outside of the nuclei. 
Merged images exhibit that most of the Kiss1-positive cells showed 
co-expression of Rbbp7-positive signals in both, the ARC (Fig. 2A) 
and the AVPV (Fig. 2B). Quantitative analysis revealed that the 
majority of Kiss1-positive cells co-expressed Rbbp7 in the ARC 
(86.9%, Fig. 2C) and the AVPV (85.8%, Fig. 2D) of the OVX + 
low E2 rats.

Suppression of Kiss1 expression by Rbbp7 silencing in the 
mHypoA-55 cell line

Both Rbbp7-targeting siRNAs #1 and #2 significantly reduced 
Rbbp7 mRNA (Fig. 3A) and protein (Fig. 3B) expression, regardless 
of E2 treatment in the mHypoA-55 cells (P < 0.05, two-way ANOVA 
with Bonferroni post-hoc test). The knockdown of Rbbp7 mRNA by 
the siRNA #1 or #2 significantly decreased the Kiss1 mRNA levels 
in the cells, regardless of E2 treatment (Fig. 3C; P < 0.05, two-way 
ANOVA with Bonferroni post-hoc test).

Quantitative analysis of Rbbp7 and Kiss1 expression in the 
mHypoA-55 cells treated with/without E2 and in the ARC and 
the AVPV of OVX rats treated with/without diestrous (low) 
and proestrous (high) levels of E2

Figures 4 A–C show Rbbp7 and Kiss1 expression levels determined 
by quantitative RT-PCR in vehicle- or E2-treated mHypoA-55 cells for 
2 h or 4 h. Expression of Rbbp7 was detected in the mHypoA-55 cells 
treated with vehicle, 10 nM or 100 nM E2 for 2 h, and no significant 
difference in Rbbp7 expression between the groups was detected 
(Fig. 4A). On the other hand, 100 nM E2 treatment for 2 h tended to 
decrease Kiss1 expression in the mHypoA-55 cells, compared with 
vehicle-treated cells (Fig. 4B). There was no significant difference 
in Kiss1 mRNA levels at 4 h after treatment with vehicle, 10 nM or 
100 nM E2 in the mHypoA-55 cells (Fig. 4C).

Figures 4 D–G show Rbbp7 and Kiss1 expression levels as deter-
mined by quantitative RT-PCR in the ARC and the AVPV regions 
obtained from OVX rats and low- or high-E2-treated OVX rats. 
Expression of Rbbp7 was detected in both the ARC and the AVPV 
of the animals in all groups, and there was no significant difference 
in Rbbp7 expression between the groups (Figs. 4D and 4E). On the 
other hand, Kiss1 levels in the ARC of OVX rats were decreased by 
E2 treatment, in a dose-dependent manner, resulting in significant 
differences in Kiss1 levels between OVX group and OVX + low E2 
or OVX + high E2 groups (Fig. 4F; P < 0.05, one-way ANOVA with 
Bonferroni post-hoc test). E2 treatment increased Kiss1 expression 
in the AVPV in a dose-dependent manner, resulting in significant 
difference in Kiss1 level between OVX and OVX + high E2 groups 
(Fig. 4G; P < 0.05, one-way ANOVA with Bonferroni post-hoc test).

Discussion

The present study demonstrates that RBBP7 would be largely 
involved in the positive regulation of Kiss1 mRNA expression in the 
hypothalamic kisspeptin neurons in rodents, because majority (more 
than 85%) of kisspeptin neurons in both the ARC and the AVPV 
regions expressed Rbbp7 in female rats, and siRNA-mediated Rbbp7 

knockdown significantly decreased Kiss1 expression in the mouse 
immortalized kisspeptin neuronal cell line. It should be noted that 
the Rbbp7 knockdown reported in this study, resulted in a profound 

Fig. 3. Knockdown of retinoblastoma binding protein 7 (RBBP7) 
expression repressed Kiss1 mRNA expression in the mHypo-A55 
cells. Rbbp7 mRNA expression in mHypoA-55 cells treated 
with E2 following Rbbp7 siRNA transfection (A). NC, negative 
control siRNA; #1 and #2, two sets of siRNA against Rbbp7. 
The mRNA levels were measured by quantitative RT-PCR. 
Representative western blot bands and results of densitometric 
analysis of RBBP7 protein expression (B). The band intensities 
were estimated by densitometry using Image J. Kiss1 mRNA 
expression in mHypoA-55 cells treated with E2 following Rbbp7 
siRNA transfection (C). Expression levels were normalized to 
Actb mRNA or β-actin protein. Data are the mean ± SEM (n = 3) 
and are expressed as % of controls treated with vehicle (Veh) and 
NC siRNA. * P < 0.05, two-way ANOVA with Bonferroni post-
hoc test.
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decrease in the levels of RBBP7 protein. We had previously showed 
that histone acetylation of the Kiss1 promoter region is positively 
associated with Kiss1 expression in the ARC and the AVPV of female 
mice [27]. It was reported that Rbbp7 silencing decreased histone H4K5, 
H4K8, H4K12 acetylation at the whole-genome level in the mouse 
stromal cells [42]. Thus, the Rbbp7 mRNA silencing may attenuate 
histone acetylation of the Kiss1 promoter and, subsequently, decrease 
Kiss1 expression in kisspeptin neurons. Taken together, the present 
results suggest that RBBP7 could be involved in upregulation of Kiss1 
mRNA by affecting histone acetylation of Kiss1 promoter region.

The present study showed that in vivo estrogen treatment at 
diestrous and proestrous levels failed to affect Rbbp7 expression in 
the rat ARC and AVPV regions, although the estrogen treatments 
downregulated and upregulated Kiss1 expressions in the ARC and 

the AVPV, respectively, in a dose-dependent manner. Further, in vitro 
estrogen treatment also failed to affect Rbbp7 mRNA levels in the 
mHypoA-55 cells, a mouse ARC kisspeptin neuronal model. The 
present study showed that the Rbbp7 knockdown largely suppressed 
Kiss1 expression, compared to that in the NC siRNA-transfected cells, 
regardless of estrogen treatment. Taken together, these results suggest 
that RBBP7 mediates positive regulation of Kiss1 expression in an 
estrogen-independent manner. Thus, RBBP7 may have a permissive 
role for the control of Kiss1 levels, but not be involved in estrogen 
negative/positive feedback for Kiss1 expression. In other words, 
RBBP7 could be constitutively involved in the upregulation of 
Kiss1 expression, but not mediate the estrogen positive and negative 
feedback for Kiss1 expression. Interestingly, previous studies reported 
that estrogen affects Rbbp7 expression in a bidirectional manner: 

Fig. 4. Rbbp7 and Kiss1 expression in mHypoA-55 cells and in the arcuate nucleus (ARC) and anteroventral periventricular nucleus (AVPV) regions 
of ovariectomized (OVX) rats treated with E2. Rbbp7 expression in mHypoA-55 cells treated with E2 for 2 h (A). Kiss1 expression levels in 
mHypoA-55 cells treated with E2 for 2 h (B) and 4 h (C), respectively. Expression levels were normalized to Actb mRNA level. Data are the mean 
± SEM (n = 5–6) and are expressed as % of vehicle-treated controls. Relative Rbbp7 expression levels in the ARC (D) and AVPV (E) of OVX rats 
treated with diestrous levels (low) or proestrous levels (high) of E2. Relative Kiss1 expression levels in the ARC (F) and AVPV (G) of OVX rats 
treated with low or high E2. The mRNA levels were measured by quantitative RT-PCR. Data are the mean ± SEM (n = 5–6) and are expressed as 
the relative ratio of Rbbp7 or Kiss1 mRNA to Actb mRNA. * P < 0.05, one-way ANOVA with Bonferroni post-hoc test.
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estrogen increased Rbbp7 mRNA and protein expression in MCF7 
cells [45], whereas it inhibited Rbbp7 expression in progression of 
transformed breast epithelial cells, MCF10AT3B cells [46]. Since 
our study implies that estrogen is unlikely to be involved in RBBP7 
expression in the rodent hypothalamus, further studies are required 
to determine factor(s), mediating the estrogen positive/negative 
feedback for Kiss1 expression, along with the factor(s), regulating 
Rbbp7 and the protein expressions in hypothalamic kisspeptin neurons.

The current histological analysis with ISH for Rbbp7 mRNA in 
the rat hypothalamus revealed that Rbbp7 expression was located in 
several nuclei, such as the SCN, SON, PVN, and VMH in addition to 
the ARC and the AVPV. Considering the upregulating role of RBBP7 
in Kiss1 expression in our study, the widely-distributed RBBP7 in 
the hypothalamic nuclei implies that RBBP7 could also be involved 
in the gene expression of some neurotransmitters, such as arginine 
vasopressin (AVP) and vasoactive intestinal peptide in the SCN, 
oxytocin and AVP in the SON and PVN, corticotropin-releasing 
hormone in the PVN, and pituitary adenylate cyclase-activating 
polypeptide in the VMH [47, 48]. Further studies are required to clarify 
the role of RBBP7 in the gene expressions of these neurotransmitters 
in the nuclei.

The present study suggests that RBBP7 may act as a component 
of NuRD or HAT-B complexes in kisspeptin neurons, because the 
current RNA-seq data showed that major components of NuRD and 
HAT-B were detected in rat ARC kisspeptin neurons [35, 43]. It is 
unlikely that RBBP7 could act as a component of SIN3 and PRC2 
complexes in kisspeptin neurons, because the RNA-seq data failed 
to detect major components of SIN3 and PRC2, such as Sap30 and 
Eed, respectively [35, 44]. Previous reports [35, 43] suggest that 
NuRD serves as a major histone deacetylase complex in the nucleus, 
and HAT-B plays a role in the acetylation of histones H3 and H4 in 
newly-synthesized histones in cytoplasm. Thus, RBBP7, which may 
form the NuRD complex in the kisspeptin neurons, may repress the 
expression of some inhibitory gene(s) of Kiss1 transcription, indirectly 
leading to an elevation of Kiss1 expression. It would be interesting to 
examine whether RBBP7 and/or NuRD are involved in the pubertal 
increase in ARC Kiss1 expression during peripubertal period. Further 
studies are needed to elucidate the mechanisms of RBBP7-mediated 
regulation of Kiss1 expression in kisspeptin neurons.

In conclusion, the present findings suggest that RBBP7 is involved 
in the upregulation of Kiss1 mRNA expression in kisspeptin neurons of 
rodents by increasing the histone acetylation level of Kiss1 promoter 
region or repressing the expression of some inhibitory gene(s) for 
Kiss1 transcription.
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