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Serotonin (5-hydroxytryptamine [5-HT]), a metabolite of
tryptophan, acts on the components of the hypothalamus-hy-
pophysis-gonad axis and induces puberty delay in mammals
via 5-HT receptor 1A (HTR1A). However, the roles of HTR1A
in the hypothalamus in pubertal regulation of gene expression
are not fully understood. In the current study, the upregulated
gonadotropin-releasing hormone (GnRH) expression in GT1-
7 GnRH neuronal cells induced by the HTR1A antagonist
WAY-100635 maleate was observed in vitro. Furthermore,
RNA sequencing (RNA-seq) showed decreased expression of
chromobox 4 (CBX4), a member of the polycomb-repressive
complex 1 (PRC1), and the loss of RING2 and YY1 interaction
with CBX4, suggesting the degradation of the PRC1 in GT1-7
cells treated with maleate. Chromatin immunoprecipitation
sequencing (ChIP-seq) showed that the genome-wide occupancy
of CBX4 and histone H2A lysine-119 ubiquitination
(H2AK119ub) was compromised, especially on the promoter
of GnRH. Finally, we determined that inactivation of phospha-
tidylinositol 3-kinase (PI3K)/Akt and mitogen-activated pro-
tein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) contributed to CBX4 downregulation. Taken together,
we concluded that HTR1A antagonists could enhance GnRH
transcription via PRC1 degradation and H2AK119ub loss
driven by reduced CBX4 expression through PI3K/Akt and
MAPK/ERK pathway suppression in GT1-7 cells and provided
a potential epigenetic mechanism of action of HTR1A on
GnRH gene expression for mammalian puberty onset.

INTRODUCTION
Adolescent sexual maturation is an important part of the individual
ontogeny in mammalian development. The active and high hormone
levels in this juvenile period promote fertility attainment, body
growth, increased metabolism, and acceleration of psychological
development. The initiation of puberty is governed by the hypotha-
lamic–pituitary–gonadal axis and begins with hypothalamic gonado-
tropin-releasing hormone (GnRH) neurons.1 The pulsatile secretion
of GnRH stimulates the gonadotroph cells of the pituitary gland to
secrete gonadotropins, luteinizing hormone, and follicle-stimulating
hormone, which further stimulate the production of estrogen from
the ovaries in females and testosterone from the testes in males.2

Secretion of GnRH is regulated by many neurotransmitters, among
which the serotoninergic system plays an important role in neuroen-
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docrine control of reproductive hormone secretion.3 Serotonin (5-hy-
droxytryptamine [5-HT]), a metabolite of tryptophan, is converted
from tryptophan within the central nervous system (CNS), particu-
larly in the hypothalamus, via the enzymatic processes of
hydroxylation and decarboxylation. Light and electron microscopic
observations have both suggested that 5-HT neurons project directly
to GnRH neurons in rodents.4 It is known that 5-HT, as an inhibitory
neurotransmitter, exerts a repressive influence on puberty in sheep5

and rats,6 and 5-HT receptor (HTR) inhibitors have been used to
enhance the excitability of GnRH neurons.4,7 Previous studies have
identified seven HTR subtypes and 14 HTR members in mammals
that are distributed in a variety of tissues, particularly in the CNS.4

The different potential properties of HTR subtypes usually result in
a dual effect of 5-HT, as HTR1 and HTR5 are involved in the inhibi-
tion of neuronal discharge, whereas others are excitatory receptor
subtypes. However, the role of HTRs in response to 5-HT to control
GnRH secretion is complicated and obscure.

In the present study, we detected the dynamic changes in HTR
expression during the pubertal process in female mouse hypothala-
mus in vivo and further studied the regulatory mechanism of
HTR1A on GnRH transcription in mouse hypothalamic neuron cell
GT1-7, a cell line that stably produces GnRH in vitro.8 Our study re-
vealed a novel connection between the expression of HTR1A and
GnRH, emphasizing the importance of epigenetic alterations in regu-
lating GnRH transcription during the pubertal process.
RESULTS
Close connection between the dynamic changes of HTR1A and

GnRH release

Initially, we investigated the profiling of serotonergic receptors in
the hypothalamus of mice during different stages of puberty. Post-
natal week (PNW)-3, -4, and -8 indicate the stages of prepuberty,
puberty, and late puberty, as previously described.9 The mRNA
levels of 5-HTRs (HTR1A, HTR1B, HTR1D, HTR1F, HTR2A,
HTR2B, HTR2C, HTR4, HTR6, and HTR7) showed that HTR1A
had the highest transcription abundance among all HTRs in the
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Figure 1. Expression profile of HTR1A in ARC

(A) ThemRNA levels of 5-HTRs in mouse hypothalamus of

PNW-3, -4, and -8, detected by qPCR assay. (B) The

expression of HTR1A in hypothalamic ARC (bregma:

anterior-posterior, –1.40 mm; dorsal-ventral, –5.80 mm;

lateral, +/–0.30 mm) of PNW-3, -4, and -8, detected by IF

assay with 200� magnification. Third ventricle is located

at the right side of all images. (C) The mRNA levels and (D)

extracellular protein levels of GnRH in GT1-7 cells induced

by HTR1A inhibitor WAY-100635 maleate and tryptophan

or 5-HT treatment by qPCR and ELISA assay. The qPCR

and ELISA data are presented as themean ± SEM of three

separate experiments. “*” or “#” represents the significant

difference with a p value less than 0.05 compared to

control or the previous group by one-way ANOVA.
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hypothalamus, and HTR1A was significantly downregulated,
whereas HTR2C, HTR4, and HTR7 were upregulated from PNW-
3, -4, and -8 (Figure 1A). Next, we focused on the hypothalamic
arcuate nucleus (ARC), which contains the neuronal nucleus associ-
ated with pubertal development and GnRH secretion. Consistent
with the mRNA levels, HTR1A protein was significantly downregu-
lated in the hypothalamic ARC of PNW-4 and PNW-8 compared to
PNW-3 (Figure 1B). In turn, the expression of HTR2C, HTR4, and
HTR7 had no obvious changes compared to PNW-3, -4, and -8
(Figures S1A–S1C).

To further study the role of HTR1A in the regulatory mechanism of
pubertal development, mouse hypothalamic neuron cell line GT1-7
was used for in vitro study. First, GT1-7 cells treated with trypto-
phan and 5-HT could both induce lower GnRH level in the medium
supernatant accompanied with increased expression of HTR1A,
with no significant changes in the expression of HTR2C, HTR4,
and HTR7 compared to the control (Figures S2A–S2D). Further-
more, the transcription and extracellular secretion of GnRH in
GT1-7 cells following stimulation with tryptophan or 5-HT treat-
ment were rescued by pretreatment with WAY-100635 maleate
(HTR1A inhibitor) (Figures 1C and 1D). Taken together, we deter-
mined that HTR1A contributed to the repression of GnRH release
by tryptophan metabolism in pubertal regulation in vivo and
in vitro.

Overviewof transcription profiling byHTR1Aantagonistmaleate

in GT1-7 cells

RNA sequencing (RNA-seq) was conducted to decipher the mRNA
profiles of GT1-7 cells affected by maleate (Figure 2A). Compared
to the negative control, 1,287 differentially expressed genes (DEGs)
were observed in GT1-7 cells (Table S1). A total of 1,029 coding genes
were upregulated (log2 fold change [FC] > 1, p < 0.05), whereas 259
genes were downregulated (log2 FC <�1, p < 0.05) in maleate-treated
GT1-7 cells (Figure 2B). GNRH1 was upregulated (log2 FC = 3.83, p <
Molecular Therap
0.05), whereas no significant change in HTRs
was observed except for HTR3B (FC = 2.66,
p = 0.005) and HTR5A (FC = 1.33, p = 0.003),
which indicated that maleate did not affect the transcription of
HTR1A or most other HTRs. Gene ontology (GO) analysis showed
that most of the proteins encoded by DEGs were distributed on the
plasma membrane or extracellular matrix and contributed to signal
transmission and organic exchange through multiple ion channels,
ultimately affecting the metabolic processes and biosynthesis of a va-
riety of substances, such as steroids, alcohols, cholesterol, and acids
(Figure 2C). Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis showed that the phosphatidylinositol 3-kinase (PI3K)/Akt,
Rap1, AMP-activated protein kinase (AMPK), and mitogen-activated
protein kinase (MAPK) signaling pathways were involved in maleate
treatment (Figure 2D). The RNA profiling of GT1-7 cells provided an
overview of the potential mechanism behind the regulation of GnRH
gene expression induced by maleate.

Deterioration of polycomb-repressive complex 1 (PRC1) through

chromobox 4 (CBX4) silencing affected by maleate

Here, CBX4 was found in the list of downregulated genes by
comparing maleate-treated cells and control (log2 FC = �1.01, p <
0.05) in RNA-seq data. CBX4, as a member of the CBX protein family,
participates in PRC1 formation10 and recognizes H3K9me3 to recruit
the PRC1 subunit of ring finger protein 2 (RING2) via its C-terminal
polycomb repressor box,11 whereas RING2 is known as an E3 ubiq-
uitin ligase responsible for histone H2A lysine-119 ubiquitination
(H2AK119ub).12,13 We hypothesized that the reduction of CBX4
expression by maleate was likely to cause PRC1 destruction. To this
end, the integrity of the PRC1 was detected by coimmunoprecipita-
tion (coIP). We determined that the interactions of CBX4 with the
YY1 transcription factor (YY1) and RING2 expression were compro-
mised in maleate-treated GT1-7 cells compared to the control (Fig-
ure 3A). Consistently, the gel filtration assay showed that the peaks
of YY1 and RING2 protein were not located within the same fraction
in maleate-treated GT1-7 cells compared to the control (Figures 3B
and 3C), indicating that the PRC1 deteriorated due to the loss of
CBX4 expression.
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Figure 2. Transcription profiling of GT1-7 cells treated with maleate

(A) Heatmap and (B) volcano plots of differentially expressed genes (DEGs) betweenmaleate treatment and negative control. Color bars above the heatmap represent sample

groups: red is for upregulated genes, and blue is for downregulated genes. Top ten of involved biological processes, molecular functions, and cellular components in (C) GO

and (D) KEGG pathway analysis of DEGs.
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Enhanced GnRH transcription regulated by maleate via the loss

of CBX4 expression and H2AK119ub binding to the GnRH

promoter

Subsequently, chromatin immunoprecipitation sequencing (ChIP-
seq) was conducted to investigate the maleate-induced effects on
the genome-wide enrichment of CBX4. The genomic affinity of
CBX4 was obviously compromised in maleate-treated GT1-7 cells
compared to the control (Figure 4A). A total of 354 genes with
significantly differential peaks were annotated (log2 FC > 0.585
or < �0.585, p < 0.05) (Figure 4B; Table S2), and 326 genes had
lost the CBX4 occupancy, including GNRH1, LEP, NCS1, and
SYCP1, as well as multiple solute carrier family members that had
an intimate connection with GnRH secretion and neuronal electro-
physiology. To study the potential epigenetic function of PRC1 regu-
lated by CBX4, genomic H2AK119ub modification was explored in
parallel by ChIP-seq. Similar to CBX4, H2AK119ub modification
also decreased in maleate-treated GT1-7 cells compared to control
(Figure 4C), with a total of 228 genes with 76 upregulated and
152 downregulated H2AK119ub modifications (log2 FC > 0.585
or < �0.585, p < 0.05) (Figure 4D; Table S3). The intersected genes
with significantly differential enrichment of CBX4 and H2AK119ub
were analyzed (Figure 5A), and 31 genes containing AGTPBP1,
CCNG2, FOXK1, GNRH1,MEF2C, and RBP4were included (Figures
200 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
5B and 5C). The presence of weakening CBX4 and H2AK119ub
enrichment in the GNRH1 promoter region was visualized for male-
ate treatment. GO analysis showed that certain terms such as ethanol,
lipid, and cholesterol metabolic processes overlapped with RNA-seq
data, which implied that blocking the tryptophan metabolic process
might affect the homeostasis of other essential metabolites (Fig-
ure 5D). To confirm the transcriptional activity of GnRH affected
by CBX4 expression, the enrichment of CBX4, H2AK119ub, and
RNA polymerase II subunit A (POLR2A), as the largest subunit of
POLR2 on the GnRH promoter, was studied by ChIP-quantitative
PCR (qPCR) in the ARC of PNW-3, -4, and -8. Surprisingly, reduced
CBX4 and H2AK119ub occupancies and elevated POLR2 enrichment
at the GNRH1 promoter in PNW-4 and -8 compared to PNW-3 were
observed (Figure 5E), indicating that the epigenetic regulation of
GnRH gene expression affected by CBX4 expression was also tenable
in normal pubertal development in vivo. Overall, the effect of the
tryptophan metabolic axis on GnRH gene expression was substan-
tially based on CBX4-mediated epigenetic regulation.

Contribution of PI3K/Akt suppression by maleate to CBX4

silencing

Finally, the regulatory network responding to maleate was studied to
bridge the contacts between HTR1A and CBX4 in GT1-7 cells. Given



Figure 3. Expression of CBX4 in GT1-7 cells treated with maleate

(A) The interactions between CBX4 and YY1 or RING2 in maleate-treated GT1-7

cells detected by IP-WB. The integrity of the PRC1 detected by gel filtration in (B)

negative control and (C) maleate treatment.
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the signaling pathways including PI3K/Akt, cyclic AMP (cAMP)/pro-
tein kinase A (PKA), andMAPK, which are responsible for the signals
from HTR1A in transcriptomic analysis and recently reported
studies,14–16 small-molecule inhibitors or agonists of these pathways
were used to pretreat GT1-7 cells, followed by maleate. We observed
that CBX4 expression could be rescued by 740 Y-P (PI3K agonist) and
12-O-tetradecanoylphorbol-13-acetate (TPA; extracellular signal-
regulated kinase [ERK]1/2 agonist) or further suppressed by
LY294002 (PI3K inhibitor) and ulixertinib (ERK1/2 inhibitor)
compared to cAMP/PKA (in)activation and maleate-only treatment,
which was opposite to GnRH (Figures 6A and 6B). Interestingly, we
also observed that the PI3K/Akt block also weakened the phosphor-
ylation of ERK1/2, whereas MAPK/ERK inhibition failed to affect
PI3K/Akt (Figure 6C), implying that PI3K/Akt and MAPK/ERK are
the essential pathways connecting HTR1A and CBX4 expression
and that MAPK/ERK activity was likely dependent on PI3K/Akt in
our system. Consistently, the phosphorylation of Akt and ERK1/2
in the nucleus was substantially decreased in maleate-treated GT1-7
cells, confirming that PI3K/Akt and MAPK/ERK were both blocked
by maleate (Figures 6D and 6E).

Taken together, these results show that the negative signals from
HTR1A blocked PI3K/Akt and MAPK/ERK pathways to silence
CBX4 transcription, and the latter led to the degradation of the PRC1,
weakeningH2AK119ubmodification at the promoter ofGnRH, and ul-
timately enhanced GnRH transcription. Our data revealed a novel reg-
ulatory mechanism of tryptophan metabolism for GnRH regulation in
the mammalian pubertal process and provided a potential therapeutic
strategy for CNS-derived disorders of sexual dysplasia.
DISCUSSION

5-HT acts as an inhibitory neurotransmitter at the synapses of nerve
cells andplays a role in the etiology and development ofmultiple neuro-
logical diseases through the corresponding receptor types and subtypes.
A previous study showed the controversial discoveries that no HTRs
were detected in GnRH-positive neurons in vivo17, whereas 5-HT1A,
5-HT2C, 5-HT4, and 5-HT7 were identified in GT1-7 cells in vitro.18

In our results, we focused on HTR1A because of its high expression
compared to 5-HT2C, 5-HT4, and 5-HT7 in the hypothalamus in vivo.
Additionally, in GT1-7 cells, only the expression of HTR1A could
respond to tryptophan and 5-HT induction, and the antagonist of
HTR1A could rescue the inhibitory effect of GnRH gene expression.
We can conclude that HTR1A is enriched in GnRH neurons and is
the main contributor to GnRH gene expression, forming a bridge be-
tween tryptophan and 5-HT. HTR1A exerts a unique inhibitory effect,
whereas the other three HTRs may play an excitatory role in GnRH
secretion, which needs to be investigated in future studies.

For ion channel activity, HTR1A reduces ionotropic glutamate recep-
tor signaling through cAMP and Ca2+/calmodulin-dependent pro-
tein kinase II (CAMKII) inhibition. Multiple studies have revealed
that HTR1A is a heptahelical G protein-coupled receptor that couples
via inhibitory G proteins (Gi/Go) to inhibit adenylyl cyclase and
reduce cAMP levels in non-neuronal cells.19 Although the 5-HT1A/
Gi/phospholipase C (PLC) pathway has also been described in hippo-
campal and raphe cells, it is limited to non-differentiated cells or
newborn tissues, indicating that HTR1A coupling to stimulate PLC
may be restricted to development.20 Additionally, HTR1A can couple
Gbg and Gao subunits to activate G-protein inward-rectifying
potassium and calcium channels to hyperpolarize the membrane po-
tential.21 Furthermore, HTR1A appears to be pivotal in the antide-
pressant response via PI3K/Akt and MAPK/ERK activation.
HTR1A inhibition can block ketamine-induced Akt and ERK1/2
phosphorylation in the hippocampal response to depression.22,23

However, the downstream signaling pathways linking with HTR1A
in GnRH neurons are poorly understood. In our RNA-seq data, we
observed that most of the pathways mentioned above were also
involved in HTR1A inhibitor-induced GT1-7 cells. Unlike in other
brain tissues or neuron cells, GT1-7 cells displaying altered GnRH
gene expression by maleate through the PI3K/Akt/MAPK/ERK axis
were determined in this study. Our data show that GnRH can also
be induced by inhibitors or suppressed by the agonists of PI3K/Akt
and MAPK/ERK, which may be beneficial for application in central
precocious puberty or delayed puberty in clinical trials.

To date, most studies show that HTR1A-mediated regulatory signals
primarily appear in the cytoplasm and plasma membrane. Genome-
wide transcriptional regulation in the nucleus in response to trypto-
phan and the 5-HT metabolic axis has seldom been investigated.
We show that CBX4, a subunit of PRC1 regulators, is transcription-
ally suppressed through the PI3K/Akt and MAPK/ERK pathways.
However, we have still not determined all of the transcription factors
activated by phosphorylated ERK1/2 that regulate CBX4 transcrip-
tion. Nevertheless, we noticed that the number of DEGs as well as
differentially binding target genes of CBX4 and H2AK119ub re-
sponding to maleate were few, suggesting that only a proportion of
genes involved in synapse formation and metabolite production
appear to be impacted. The fundamental functions of GT1-7 cells,
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 201
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Figure 4. Genome-wide enrichments of CBX4 and

H2AK119ub in GT1-7 cells treated with maleate

The genome-wide occupancy representation of (A) CBX4

and (C) H2AK119ub at all annotated gene promoters

determined by ChIP-seq. Average CBX4 enrichment

measured by log2 (peak p values) in 200 bp bins is shown

within genomic regions covering 1.5 kb up- and down-

stream of coding genes. Volcano plots of genes with

significantly different peaks called from (B) CBX4 and (D)

H2AK119ub enrichments.
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such as cell proliferation, cell cycle, and cell fate, were not affected by
maleate. However, with the consideration of the extensive distribu-
tion of HTR1A in brain tissues, the cross effects resulting from
HTR1A inhibitors or agonists may cause other psychogenic changes
in GnRH secretion in in vivo trials.

Overall, our study highlights the 5-HT-mediated regulatory mecha-
nism of GnRH gene expression in mammalian pubertal development.

MATERIALS AND METHODS
Animal study

C57BL/6 mice purchased from SLACCAS (Shanghai, China) were
housed in clean cages and maintained at 22�C ± 2�C with a constant
12-h light/dark schedule. The animals were allowed free access to
food and water. PNW-3, -4, and -8 mice (n = 10 per group) were
used in this study. Initially, a preliminary experiment for dye injection
was used to target the location of the ARC using initial orientation
(bregma: anterior-posterior, –1.40 mm; dorsal-ventral, –5.80 mm;
lateral, +/–0.30 mm) as previously described.24,25 Mice were sacrificed
via cervical dislocation, and the whole brains were isolated immedi-
ately. The hypothalamic ARC tissues in each group were harvested
and gathered for subsequent experiments as previously described.9

All procedures were performed in accordance with the Institutional
Animal Care and Use Committee of Shanghai Jiao Tong University.

Cell culture

GT1-7 cells were cultured inDMEMcontaining 10% fetal bovine serum
(FBS; Thermo Fisher Scientific, Waltham, MA, USA). Drug treatment
conditions of cells are listed below: 100 mg/mL HTR1A antagonist
WAY-100635 maleate (Sigma-Aldrich, St. Louis, MO, USA) for 6 h;
0.5–4 mg/mL L-tryptophan (Sinopharm Chemical Reagent, Shanghai,
China) and 2.5–40 mM 5-HT (Sigma-Aldrich) for 1 h, as referred to
in previous literature;4,26 20 mM 740 Y-P (APExBIO, Houston, TX,
202 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
USA) and 10 mM LY294002 (APExBIO) for
30 min;27 5 nM TPA (APExBIO)28 and 30 mM
ulixertinib (APExBIO) for 6 h;29 and 0.5 mg/mL
KT5720 (APExBIO) and 1 mM dibutyryl cAMP
(dbcAMP; APExBIO) for 24 h.30

RNA-seq

Brain tissues or 1 � 106 GT1-7 cells under
different conditions were stored in 1 mL
TRIzol (Thermo Fisher Scientific) and ground in liquid nitrogen.
Next, 100 mL chloroform was added, and the cells were fully
mixed and centrifuged at the highest speed at 4�C for 10 min.
The supernatant was transferred into a new tube, and isopropanol
was added to the same volume and centrifuged at the highest
speed at 4�C for 10 min. The precipitate was washed with 75%
cold ethanol and dissolved in the appropriate diethyl pyrocarbon-
ate (DEPC) water. The concentration and quality of RNA were
measured using a Nanodrop 2000 (Thermo Fisher Scientific)
and an Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA,
USA). A total of 4 mg of RNA from each group was used for li-
brary preparation using the NEBNext Ultra Directional RNA
Library Prep Kit for Illumina (NEB, Ipswich, MA, USA) following
the manufacturer’s instructions and sequenced on an Illumina
HiSeq platform.

The raw data were trimmed for adaptors, and low-quality reads
were filtered out using Trimmomatic,31 and the quality of clean
reads was checked using FastQC.32 Next, clean reads were aligned
to the latest human genome assembly hg38 using HISAT2 (hierar-
chical indexing for spliced alignment of transcripts 2).33 The tran-
scripts were assembled, and the expression levels were estimated
with fragments per kilobase of exon per million (FPKM) values us-
ing the StringTie algorithm with default parameters.34 Differential
mRNA and long non-coding RNA (lncRNA) expression among
the groups were evaluated using the R package ballgown,35 and
the significance of differences was computed using the Benjamini
and Hochberg (BH) p value adjustment method. Gene annotation
was performed using Database: Ensembl. The R package clusterPro-
filer was used to annotate the DEGs using GO terms and KEGG
pathways.36 The raw sequencing documents were deposited in
Database: ArrayExpress (assigned as ArrayExpress: E-MTAB-
10171).



Figure 5. CBX4 occupancy and H2AK119ub modification of the GnRH promoter in GT1-7 cells treated with maleate

(A) Venn diagram view of genes with significantly different enrichments of CBX4 and H2AK119ub. Red and green fonts indicate up- and downregulation of CBX4 and

H2AK119ub enrichment in maleate versus control. Gene browser views of (B) H2AK119ub and (C) CBX4 enrichment on AGTPBP1, CCNG2, FOXK1, GNRH1, MEF2C, and

RBP4 in maleate-treated GT1-7 cells. (D) KEGG pathway analysis of intersected genes in Venn diagram. (E) Enrichments of CBX4, H2AK119ub, and POLR2A in the GnRH

promoter from ARC of PNW-3, -4, and -8 by ChIP-qPCR. The qPCR data are presented as the mean ± SEM of three separate experiments. * represents the significant

difference with a p value less than 0.05 compared to PNW-3 by one-way ANOVA.
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ChIP-seq

In brief, whole cell lysates of 1 � 107 GT1-7 cells were sonicated to
break up the genomic DNA into 200–500 bp fragments. Next, 10%
lysates were saved as input, and the remaining were incubated with
1 mg immunoprecipitation (IP)-grade antibodies of CBX4 (#30559;
Cell Signaling Technology [CST], Beverly, MA, USA) and
H2AK119ub (ABE569; Sigma-Aldrich) at 4�C overnight. This was
followed by incubation for 2 h with Protein A beads (Thermo Fisher
Scientific) at 37�C to pull down the bound DNA fragments.

For high-throughput sequencing, we added 30-dA overhangs to the
CBX4- or H2AK119ub-enriched or input DNA and ligated them to
the adaptor to build a DNA library. DNA libraries with ligated
adapters were isolated based on the appropriate size for sequencing
using the Illumina HiSeq 2000 platform. The raw sequence reads of
input and IP were trimmed based on adaptors, and low-quality reads
were filtered out using Cutadapt (version [v.]1.9.1) and Trimmomatic
(v.0.35). The quality of the clean reads was checked using FastQC.
The clean reads were mapped to the human genome (assembly
hg38) using the bowtie 2 (v.2.2.6) algorithm,37 and peak calling
(p < 0.01) was performed using MACS 2 (v.2.1.1).38 The differentially
bound genes were analyzed based on p values less than 0.05 and an-
notated using DiffBind.39 The relevant peaks on the genomic loci
were visualized using the Integrative Genomics Viewer (IGV). GO
analysis was used to determine the biological functions of genes asso-
ciated with the differential peaks.40 The raw ChIP sequencing data
were submitted to Database: ArrayExpress and registered as ArrayEx-
press: E-MTAB-10173.

For the in vivo study, genomic DNA fragments from ARC tissues of
PNW-3, -4, and -8 were pulled down by 1 mg CBX4, H2AK119ub,
and POLR2A (#2629; CST) and then purified by ethanol precipita-
tion, and qPCR was performed to detect the enrichment of target
binding proteins on the GNRH1 promoter (see qPCR assay for
details).
qPCR assay

DNA or cDNA templates were detected using Fast Universal SYBR
Green Real-time PCR Master Mix (Roche, Basel, Switzerland) under
the following conditions: 95�C for 2 min, 40 cycles of 95�C for 5 s,
60�C for 10 s, 72�C for 30 s, and 72�C for 10 min. b-actin was used
as the loading control. The primers used in this study are listed in
Table S4.
IP

The initial procedures were similar to those of ChIP until bead puri-
fication. The CBX4 antibody was used to incubate cell lysates. After
Molecular Therapy: Nucleic Acids Vol. 25 September 2021 203
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Figure 6. Activities of PI3K/Akt and MAPK/ERK pathways induced by maleate for regulating CBX4 expression

The mRNA levels of (A) CBX4 and (B) GnRH and the extracellular GnRH secretion impacted with the inhibitors or agonists of PI3K/Akt, MAPK/ERK, and cAMP/PKA in GT1-7

cells. The activities of PI3K/Akt and MAPK/ERK pathways affected by maleate detected by (C) WB and (D and E) IF assay with 200� magnification.
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washing, proteins were extracted using loading buffer (0.28 M Tris-
HCl [pH 6.8], 30% [V/V] glycerol, 1% [m/V] sodium dodecyl sulfate
[SDS]-polyacrylamide gel, 0.5 M dithiothreitol, 0.0012% [m/V] bro-
mophenol blue) at 100�C for 10 min, and YY1 and RING2 were de-
tected by western blot (WB) assay.

Gel filtration assay

The gel filtration assay was performed as previously described.41 In
brief, hypotonic buffer with Nonidet P-40 (NP-40) was used to sepa-
rate the cytoplasm and nuclei of 1� 108 GT1-7 cells, and the nuclear
proteins were isolated using high salt extraction buffer (20 mM
HEPES [pH 7.9], 420 mM NaCl, 25% glycerol, 1.5 mM MgCl2,
0.2 mM EDTA, 0.5 mM dithiothreitol, and protease inhibitors).
The nuclear extracts (4 mg) were directly applied to a Sepharose 6B
column (Sigma-Aldrich) equilibrated with column running buffer
containing 20 mM HEPES (pH 7.9), 200 mM NaCl, 1 mM dithio-
threitol, 0.1 mM phenylmethylsulfonyl fluoride, and 10% glycerol.
Fractions of 1 mL each were collected, and CBX4, YY1, and RING2
were detected by WB.

WB

A total of 1 � 106 GT1-7 cells were added to radioimmunoprecipita-
tion assay (RIPA) buffer (Solarbio, Beijing, China). Total proteins
(30 mg) were separated by SDS gel electrophoresis and transferred
204 Molecular Therapy: Nucleic Acids Vol. 25 September 2021
onto polyvinylidene difluoride (PVDF)membranes (Millipore, Biller-
ica, MA, USA). Primary antibodies, including HTR1A (1:2,000; SAB
Biotech, College Park, MD, USA), HTR2C (1:2,000; SAB Biotech),
HTR4 (1:2,000; SAB Biotech), HTR7 (1:2,000; SAB Biotech), CBX4
(1:1,000), YY1 (1:2,000; CST), RING2 (1:2,000; CST), Akt (1:2,000;
CST), phosphorylated Akt (1:500; CST), ERK1/2 (1:2,000; CST), p-
ERK1/2 (1:500; CST), CREB; 1:2,000; CST), p-CREB (1:500; CST),
and b-actin (1:5,000; CST), were used for incubation with the
PVDF membranes at 4�C overnight. The PVDF membranes were
then incubated with secondary antibody for 1 h at room temperature.
The membrane was developed using enhanced chemiluminescence
(ECL) Plus reagents (Thermo Fisher Scientific) and exposed using
the ChemiDoc XRS system (Bio-Rad Laboratories, Hercules, CA,
USA).

Enzyme-linked immunosorbent assay (ELISA)

GnRH levels in the medium supernatant were assayed using commer-
cial ELISA kits (E-EL0071c; Elabscience Biotechnology, Wuhan, Hu-
bei, China) in accordance with the manufacturer’s instructions.

Immunofluorescence (IF) assay

Hypothalamus were sectioned into 25 mm samples (at a range of
bregma �1.22 mm to �2.76 mm). GT1-7 cells were transplanted
into 8 mm Teflon-printed black diagnostic slides (Immuno-Cell,
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Mechelen, Belgium) overnight, fixed with 3.7% formaldehyde for
15 min at 4�C the next day, and quenched with 0.125 M glycine for
10 min. After washing with prechilled PBS three times, 5 min each,
tissues/cells were permeabilized using 0.2% Triton-100 for 5 min at
room temperature and incubated with 3% horse serum for 30 min
and then with primary antibodies for HTR1A, p-Akt, and p-ERK1/
2 (diluted appropriately in 0.5% horse serum) overnight at 4�C. After
washing with prechilled PBS, 3 times for 5 min each, sections were
incubated with goat anti-rabbit secondary antibody (Alexa Fluor
488) or rabbit anti-mouse secondary antibody (Alexa Fluor 647;
CST) for 30 min in a cool, dark place. After washing three times
with prechilled PBS for 5 min, 800 mM 40,6-diamidino-2-phenylin-
dole (DAPI) was added to the sections, mounting mediumwas added,
and the slides were covered with glass, sealed with nail polish, and
observed using a microscope.

Statistical analysis

Data are presented as the mean ± standard deviation for three inde-
pendent experiments. The differences in values were analyzed using
one-way ANOVA. Statistical significance was set at p < 0.05.
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