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Estrogen differentially regulates
transcriptional landscapes of
preoptic and arcuate kisspeptin
neuron populations
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William H. Colledge®, Erik Hrabovszky™ and Miklds Sarvari**

!Laboratory of Reproductive Neurobiology, Institute of Experimental Medicine, Budapest, Hungary,
2Janos Szentagothai Doctoral School of Neurosciences, Semmelweis University, Budapest,
Hungary, *Centre for Bioinformatics, University of Veterinary Medicine, Budapest, Hungary,
“Department of Biochemistry and Molecular Biology, Faculty of Medicine, University of Debrecen,
Debrecen, Hungary, *Department of Physiology, Development and Neuroscience, University of
Cambridge, Cambridge, United Kingdom

Kisspeptin neurons residing in the rostral periventricular area of the third
ventricle (KPR"®Y) and the arcuate nucleus (KP*R®) mediate positive and
negative estrogen feedback, respectively. Here, we aim to compare
transcriptional responses of KPRP3Y and KPARS neurons to estrogen.
Transgenic mice were ovariectomized and supplemented with either 17f3-
estradiol (E2) or vehicle. Fluorescently tagged KP*F*V neurons collected by
laser-capture microdissection were subjected to RNA-seq. Bioinformatics
identified 222 E2-dependent genes. Four genes encoding neuropeptide
precursors (Nmb, Kissl, Nts, Penk) were robustly, and Cartpt was
subsignificantly upregulated, suggesting putative contribution of multiple
neuropeptides to estrogen feedback mechanisms. Using overrepresentation
analysis, the most affected KEGG pathways were neuroactive ligand-receptor
interaction and dopaminergic synapse. Next, we re-analyzed our previously
obtained KP*R® neuron RNA-seq data from the same animals using identical
bioinformatic criteria. The identified 1583 E2-induced changes included
suppression of many neuropeptide precursors, granins, protein processing
enzymes, and other genes related to the secretory pathway. In addition to
distinct regulatory responses, KPRPV and KPR neurons exhibited sixty-two
common changes in genes encoding three hormone receptors (Ghsr, Pgr,
Npr2), GAD-65 (Gad?2), calmodulin and its regulator (Calml1, Pcp4), among
others. Thirty-four oppositely regulated genes (Kiss1, Vgf, Chrna7, Tmem35a)
were also identified. The strikingly different transcriptional responses in the two
neuron populations prompted us to explore the transcriptional mechanism
further. We identified ten E2-dependent transcription factors in KPR"*V and
seventy in KPR neurons. While none of the ten transcription factors interacted
with estrogen receptor-a, eight of the seventy did. We propose that an
intricate, multi-layered transcriptional mechanism exists in KPRS neurons
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and a less complex one in KPRP*Y neurons. These results shed new light on the
complexity of estrogen-dependent regulatory mechanisms acting in the two
functionally distinct kisspeptin neuron populations and implicate additional
neuropeptides and mechanisms in estrogen feedback.

KEYWORDS

fertility, kisspeptin neuron, RNA-seq, neuropeptides, dense-core vesicle, transcription
factors, reproduction

Introduction

The kisspeptin neuropeptide family includes hormones of
varying amino acid length released from the prohormone
product of the Kissl gene. Kisspeptin producing neurons
mediate the effect of estrogens to GnRH neurons via the KiSS-
1 receptor and play indispensable role in the regulation of
GnRH/LH pulsatility and estrogen feedback mechanisms.
Inactivating mutations of KISSIR, which encodes the KiSS-1
receptor (1, 2) or KISSI itself (3), cause hypogonadotropic
hypogonadism in humans. These reproductive defects can be
replicated in knockout mouse models (2, 4, 5).

Most kisspeptin producing neurons reside in two areas of the

rodents’ hypothalamus. One population, KPAX®

neurons, are
localized in the arcuate nucleus (ARC). Their majority co-
express neurokinin B and dynorphin, and are, therefore, called
KNDy neurons. KP*™V neurons are mainly located in the
anteroventral periventricular nucleus (AVPV) and the
periventricular nucleus (PeN) of the preoptic area, and co-
express galanin (6, 7), met-enkephalin (6) and some markers
for dopamine (8, 9), GABA (10) and glutamate (10) phenotypes.
The two kisspeptin neuron populations innervate different
cellular domains of GnRH neurons (11). KPR neurons
innervate distal dendrons at the median eminence while
KP*Y neurons contact the soma and proximal dendrites in
the preoptic area. Kisspeptin exerts stimulatory effects on GnRH
neurons and triggers GnRH secretion into the portal circulation
at the median eminence, which in turn, increases the synthesis
and secretion of gonadotropins in the anterior pituitary (12). In
females, KPARC and KPR*"*Y neurons mediate the negative and
positive estrogen feedback, respectively, on gonadotropin
secretion. Earlier transcriptomic studies provided partial
insight into the molecular phenotype of KP**< and KP*™V
neurons. In these Drop-seq studies, cells of the ARC (13) and the
preoptic area (14) have been categorized based on their
transcriptional profile. KPA®S neurons have been described as
KISS1/TAC2 while KP***V neurons as dopaminergic cells,
suggesting that the two populations display distinct
molecular phenotypes.
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Hypothalamic kisspeptin neurons express nuclear hormone
receptors including estrogen receptor o (ERo), which enable
them to respond to changes in circulating estrogen levels.
Estrogens are robust transcriptional regulators of KissI (15). In
KPRC neurons, E2 inhibits KissI expression through a non-
classical estrogen receptor mechanism, whereas in KP***Y
neurons, E2 activates Kissl transcription via the classic mode
of action (16). In a recent study, we dissected the genome-wide

PARC neurons to E2 (17) and

transcriptional responses of K
identified thousands of E2-dependent genes. Here, we used the
same animals as in the case of KP**® neurons with surgical
ovariectomy model with or without E2 replacement. From each,
we collected three hundred pooled, fluorescently labelled KpRP3Y
neurons by laser-capture microdissection (LCM).
Transcriptomes of KP*P?Y neurons were determined by
Ilumina-based RNA-seq in the same way as in our recent
KP*®€ neuron study (17) and then, bioinformatic analysis was
performed using stringent criteria to generate the list of E2-
regulated genes without low expressing and statistically non-
significant genes. The detailed E2-dependent transcriptome of
KPR neurons has been published recently from our laboratory.
Sequencing files, placed in a public repository (BioProject with
the accession number of PRINA686688), were re-analyzed with
the same criteria to compare the KP***V and KP*®“ neuron
transcriptomes. The comparative analysis focused on
neuropeptides, granins and genes of the secretory pathway,
because of the presence of a large number of changes in these
categories. Finally, the markedly different E2-driven responses of
the two cell types were attributed to different transcriptional
mechanisms revealed in KP***Y and KP**“ neurons.

Materials and methods
Animals
Animal experiments were carried out in accordance with the

Institutional Ethical Codex, Hungarian Act of Animal Care and
Experimentation (1998, XXVIII, section 243/1998) and the
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European Union guidelines (directive 2010/63/EU). All efforts
were made to minimize potential pain or suffering, and to reduce
the number of animals used. Procedures were approved by the
Institutional Animal Care and Use Committee. Young adult
(day 60-80) female mice (n=6) were housed under standard
conditions (lights on between 06:00 and 18:00 h, temperature
22 £ 1°C, chow and water ad libitum) in the animal facility of the
Institute of Experimental Medicine. The E2-dependent

PRP3V neurons were identified in KP-Cre/

transcripts of K
ZsGreen mice generated by crossing Kiss1-Cre (18) males with
females of the Ai6(RCL-ZsGreen) indicator strain (The Jackson
Laboratory, JAX No. 007906) as described previously (17). The
paper which reported generation of the Kiss1-Cre transgenic
mouse provided evidence that 80-90% of fluorescently labelled

cells expressed kisspeptin in the ARC (18).

Surgical ovariectomy and subsequent
E2 replacement

We have recently published a detailed protocol for the

dissection of KPARC

neurons (17). The same protocol was used
here to dissect KP*"*V neurons from the preoptic area. In brief,
all mice were first anesthetized and ovariectomized (OVX)
bilaterally. On post-ovariectomy day 9, the animals were
implanted subcutaneously with a single silastic capsule
(Sanitech, Havant, UK; =10 mm; id=1.57 mm; 0d=3.18 mm)
containing either 100 ug/ml E2 (Sigma Chemical Co., St Louis,
MO) in sunflower oil (OVX+E2 group, n=3) or oil vehicle
(OVX+Veh group, n=3) (19). Four days later, mice were
sacrificed between 09:00-11:00 am. We have recently
established that this E2 regimen resulted in 7.59 pg/mL
serum E2 levels (high diestrus/proestrus range) and 7.58-fold
uterine hypertrophy (17).

LCM-assisted dissection of
KPRP3V neurons

We followed our recently published protocol for LCM-
assisted dissection of fluorescent neurons. In brief, treated KP-
Cre/ZsGreen mice (n=6) were perfused transcardially with 0.5%
formaldehyde, followed by 20% sucrose. Brains were snap-
frozen and tissue blocks containing the preoptic area were
dissected. Then, coronal sections were cut from the preoptic
area, collected onto PEN slides (Membrane Slide 1.0 PEN, Carl
Zeiss, Gottingen, Germany) and air-dried in the cryostat
chamber. Formaldehyde-fixed sections, containing fluorescent
KP®"*V neurons were treated sequentially with 50% EtOH, n-
butanol:EtOH and xylene substitution:n-butanol. Three
hundred KP-Cre/ZsGreen neurons were microdissected from
12-pum-thick preoptic sections of each mouse. Microdissected
cells were pressure-catapulted into 0.5 ml tube caps (Adhesive
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Cap 200, Carl Zeiss), pooled and were stored at -80 °C until
RNA extraction.

RNA sequencing

Total RNA samples from KP***V neurons were prepared
with the Arcturus Paradise Plus RNA Extraction and Isolation
Kit (Applied Biosystems, Waltham, MA, USA), and converted
into RNA-seq libraries with the TrueSeq Stranded Total RNA
Library Preparation Gold kit (Illumina, San Diego, CA, USA).
Although the TrueSeq Stranded kit was optimized for 100 ng
input RNA, a recent study found that it generates reliable
libraries from as little as ng amounts of RNA (20). Total RNA
extracted from 300 KPR neurons provided sufficient amount
of ¢cDNA input for sequencing (17). For DNA fragment
enrichment, our protocol used 16, instead of 15 cycles
recommended by the manufacturer. Sequencing was
performed on Illumina NextSeq500 instrument using the
NextSeq500/550 High Output v2.5 kit (75 cycles). Sequencing
files were deposited to BioProject with accession number
of PRINA847063.

Bioinformatics

Following FastQC quality control, sequencing reads with low
quality bases were removed using Trimmomatic 0.39 (settings:
LEADING:3, TRAILING:3, SLIDINGWINDOW:4:30,
MINLEN:50). Sequencing reads were mapped to the mm100
mouse reference genome using STAR (v 2.7.3a) (21), which
resulted in an average overall alignment rate of 74.9 £ 3.5%. Read
summarization and gene level quantification were performed by
featureCounts (subread v 2.0.0) (22). Raw read counts were
normalized and processed further with the packages of edgeR
(23) and DESeq2 (24). EdgeR and DESeq2 calculated count per
million (cpm) values and identified differentially expressed
genes, respectively. Changes in mRNA expression were
quantified by log2 fold change (log,FC). P values were
corrected by the method of Benjamini (25) to take multiple
testing into account. In differential expression analysis with
DESeq2 we applied the basemean>20, p.adj<0.05 cutoffs to
generate the list of E2-regulated genes without low-expressing
and statistically non-significant genes. Genes were assigned to
KEGG (26) signaling pathways by the R package KEGGREST
(Dan Tenenbaum (2019): KEGGREST: Client-side REST access
to KEGG., R package version 1.26.1). Overrepresentation
analysis (ORA) (27) was performed by the clusterProfiler (28)
R packages. All program packages for differential expression
analysis and pathway analysis were run in the R environment
(R2020). E2-dependent transcription factors were identified
using functional classification with the Animal Transcription
Factor DataBase (29). Putative transcription factors were
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double-checked using UniProt (https://www.uniprot.org)
website. Listed transcription factors fulfilled the criteria to
have ‘transcription factor activity’ GO molecular function, and
experimental evidence at protein level.

Results

RNA-seq of KPRV neurons reveals 222
E2-dependent genes

; : . RP3V
To examine estrogenic regulation of KP

neurons, we
dissected and pooled fluorescent KP*™Y neurons by LCM from
OVX mice substituted with either oil or E2. Illumina-based RNA-
seq was performed to determine the transcriptional landscape of
KP*™V neurons at high physiological (7.59 pg/mL) and
gonadectomy E2 levels which latter is below 0.3 pg/mL (30).
Initial DESeq2 analysis identified 203 E2-regulated genes in
KPRV neurons with the p.adj<0.05 cutoff. P.adj values are
highly sensitive to the number of comparisons which can
severely compromise the detection power for true positives (31,
32). Noisy, low-expression genes were shown to have adverse
impact on the power of statistics in RNA-seq studies (32). Given
that these genes likely have relatively minor effect on kisspeptin
neuron biology, we improved the power of DeSeq2 analysis by
filtering out low-expression genes. Using the basemean>20 and
p.adj<0.05 cutoffs, we identified 10,623 transcripts, 247 of which
were E2-dependent (Supplementary Table/ Table 1) including 222
protein coding genes. The 222 genes contained 45 new changes
that were not included in the list unfiltered to low basemean. The
heat map of E2-regulated transcripts showed disparate expression
in the two experimental groups (Figure 1A). Among the 222
protein coding genes, 142 were up- and 80 were downregulated.
The most robust upregulation was seen in the case of Nmb
encoding neuromedin B (Figure 1B). Highly upregulated genes
(log,FC>1) comprised additional neuropeptides (Kiss1, Nts, Penk)
and a granin (Vgf), among others. Cartpt encoding neuropeptide
CART was also highly upregulated, but the change did not reach
statistical significance. ORA identified enrichment in changes of
the dopaminergic synapse and neuroactive ligand-receptor
interaction KEGG pathways (Figure 1C). Using gene ontology
(GO) terms, ORA revealed significant enrichment of changes in
the regulation of membrane potential (GO:0042391), synapse
organization (GO:0050808), peptide transport (GO:0015833),
hormone secretion (GO:0046879) GO categories, among others
(Supplementary Table/ Table 2).

Comparative analysis unveils disparate
E2-driven transcriptional responses

For consistency, we re-analyzed our recently deposited RNA-
seq data of KP*RE neurons (17) with the same filtering which
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resulted in 1583 medium-to-high abundance E2-regulated genes.
While 470 low-expressed genes were excluded by this filtering, the
enhanced statistical power resulted in the identification of 48 newly

identified genes in KPR neurons. Compared to KPRF?Y

neurons,
the KP*®C neurons showed much higher number and more robust
transcriptional responses to E2. To display differences in estrogenic
regulation of the two populations, we generated heat maps with the
top 25 activated and top 25 suppressed genes in KP**Y neurons
and illustrated in parallel expression of the same genes from KP*R“
neurons (Figure 2A). The top 25 activated and top 25 suppressed

PARC peurons and their behavior in KPRV

genes of K neurons are
shown similarly in Figure 2B. Markedly different responses of the
two kisspeptin neuron populations to E2 prompted us to check the
expression of major estrogen receptors. We detected abundant
mRNA expression of Esrl encoding ERa. in both KP***V and
KPR neurons. However, we did not detect transcription of Esr2
and Gperl encoding ERP and G-protein coupled estrogen

receptor, respectively.

Despite disparate regulation there are
ninety-six overlapping E2 target genes

Although the E2-driven transcriptional responses were
different, we found ninety-six overlapping genes with sixty-two
analogous and thirty-four opposite changes in preoptic and
arcuate kisspeptin neurons. The sixty-two genes, which were
regulated in the same direction consisted of transcription
factors, synapse associated genes and calcium signaling
molecules, among others (Figure 3A). There were 25 genes that
displayed |log,FC| >1.0 changes in both populations representing
the highly responsive, common E2-dependent genes in kisspeptin
neurons. Among highly expressed genes, E2 upregulated App,
Itm2c (inhibits APP processing), Calm1, Eeflal. E2 also increased
expression of some synapse-associated genes including Cadml,
Enah, Gad2, Syt6, and decreased Grin2b. In addition, E2 enhanced
mRNA expression of major calcium signaling molecules (Pcp4,
Calml) and pacemaker channel Hcnl in both cell populations.
Thirty-four genes including KissI were oppositely regulated
(Figure 3B), and several of them, regulated in a similar fashion
as KissI (Atplal, Chga, Vgf, Ptprn, Ralgps2), were associated with
neuropeptide secretion. Other oppositely regulated genes encoded
proteins related to translational control (Msi2), calcium signaling
(Cpne2, Ryr3), protein quality control (Clu), synaptic plasticity
(Cct4, Chll), cholinergic transmission (Chrna7, Tmem35a),
among other functions.

E2 activates neurogegtide precursor and
granin genes in KPRV neurons

In KPRPV neurons, we identified seven E2-regulated
neuropeptide and granin genes. Transcriptional activation of
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FIGURE 1
Estrogenic regulation of the KPRPY neuron transcriptome. Heat map of all E2-dependent transcripts. Transcripts were arranged by size of fold
change (FC). We used z-score values to illustrate the size of transcriptional changes, and the values are color coded. z-score is calculated from
the CPM value, the mean CPM and the standard deviation of CPM values in a given experimental group (A). Volcano plot reveals 132 regulatory
changes that exceed |log,FC| 1.0. Transcriptional changes of neuropeptides (Nmb, Kiss1, Nts, Penk) and granins (Chga, Scg2, Vgf) were marked
(B). Overrepresentation analysis (ORA) of E2-dependent genes identified significant changes in the dopaminergic synapse and the neuroactive
ligand-receptor interactions KEGG pathways. The number of genes in a given pathway is reflected in the size of the dot for the pathway. E2-
induced changes of individual genes are color coded based on log,FC values (C).

Nmb, Kissl, Nts and Penk was significant (Figure 4A), and these
neuropeptide genes were ranked first, eleventh, seventeenth and
fiftieth in the list of E2-regulated genes. E2-induced increase of
Pnoc, Prok2 and Cartpt did not reach statistical significance.
KPR"*Y neurons highly expressed Cartpt, Kissl, Nmb, Nts and
Penk, while Gal was expressed moderately in OVX mice with E2
replacement. Neuropeptide precursor proteins are transported
from the endoplasmic reticulum to the trans-Golgi network,
where they are sorted and packed into DCVs. We showed
upregulation of three granin genes, namely Chga, Scg2, Vgf
and another gene of the secretory pathway, Ptprn (Figure 4A).
Maturation of neuropeptides requires peptide bond cleavages in
precursor molecules. E2 stimulated transcription of Cpe, Pam
and Pcsk2 prohormone processing enzymes, but the changes did
not reach statistical significance (p.adj<0.05). Genes related to
DCV translocation, transport and fusion were not regulated.
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E2 inhibits neuropeptide precursors,
granins, processing enzymes and
multicple secretory pathway genes in
KPARC neurons

In KP*RC neurons, we found transcriptional inhibition of
five co-expressed neuropeptide precursor genes including Kiss1,
Nms, Nxph3, Pdyn and Tac2 (Figure 4B). We showed
downregulation of five members of the granin family including
Scg3, Chga, Chgb, Vgf, Pcsk1n/ProSAAS and another gene, Ptprn
(Figure 4B). Neuropeptide maturation takes place in DCVs. E2
decreased mRNA expression of six processing enzymes
including Cpe, Ctsb, Pam, Pcskl, Pcsk2 and Pcsk5, whereas the
protease, Pcsk6, showed increased expression (Figure 4B). DCV
formation and cargo selection depend on ADP-ribosylation
factor 1 (Arfl) and components of the coat machinery. In
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FIGURE 2

neurons and their behavior in KPR™* neurons (B).

E2 differentially regulates the transcriptomes of preoptic and arcuate KP neurons. Heat map of the top 25 activated and top 25 inhibited genes
in KPRV neurons and behavior of the same genes in KPAR® neurons (A). Heat map of the top 25 activated and top 25 inhibited genes in KPAR®
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KP*RC neurons, E2 decreased transcription of Arfl, Cltc, Ap2m1
and ApIsl. From the trans-Golgi network, DCVs move towards
the plasma membrane to release their content. Translocation
relies upon dynamins, syntaxins, scaffolding and myosin motor
proteins. In KP**C neurons, E2 downregulated mRNA
expression of a large number of genes encoding dynamins
(Dnml, Dnm3), synaptotagmins (Syt4, Syt5) myosin (Myolb,
Myolc, Myo3b, Myo5a) and scaffolding (Tanc2) proteins
(Figure 4B). The SNARE complex and accessory factors are
required for specific targeting and fusion of DCVs with the
plasma membrane. E2 suppressed transcription of genes
encoding components of the SNARE complex (Vamp2, Stxla,
Stx1b, Snap25) and accessory factors (Rabl5, Rab27, Rab39,
Uncl3a, Uncl3b). The DCV fusion machinery is linked to the
Munc18-1/CASK/Mint1/Lin7b organizer complex, which binds
to synaptic adhesion molecules neurexins. E2 downregulated
constituents of the organizer complex [StxbpI (coding Munc18-
1), Cask, Apbal (coding Mintl), Lin7b] and neurexins (Nrxnl,
Nrxn2) (Figure 4B). Cav2.l and Cav2.2 channels orchestrate
synchronous release of neuropeptides and neurotransmitters in
most synapses. E2 downregulated Cacnala (Cav2.1) and
auxiliary Cav subunit Cacnbl, among others. Rab3-interacting
proteins (RIMs), chief organizers of the active zone, are linked to
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Cav2.1 via RIM-binding protein encoded by Ercl, which was
also suppressed by E2.

Transcription factors show markedly
different estrogenic regulation

Strikingly different transcriptional responses to E2 in KPRP?Y
and KP**“ neurons prompted us to determine the number of

P
pRP3V neurons, E2

E2-dependent transcription factors. In K
regulated ten transcription factors. Based on the result of a
recent publication (33), none of them interacted with ERo. In
accord, STRING predicted no protein-protein interaction
among them (Figure 5A). Neither transcriptional regulators,
nor IncRNAs displayed E2-dependent expression in
KPRV neurons.

In KP*®C neurons, E2 regulated mRNA expression of
seventy transcription factors. E2-dependent transcription
factors included nuclear hormone receptors (Pgr, Rora, Thrb,
Nrld2, Nr2c2, Nr4a2, Nr5a2, Ar, Esrl, Nr4al, Nr4a3),
homeobox proteins (Adnp, Cuxl, Pbxl, Pknox2, Zfhx2),
subunits of the AP-1 complex (Fos, Junb, Jdp2) and zinc finger
proteins (Hivepl, Zfp317), among others. Of note, eight
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FIGURE 3

Overlapping E2 target genes in KPR™Y and KPAR® neurons. E2 regulated 62 genes in the same (A, analogous changes), and 34 genes in opposite
direction (B, opposite changes). Numbers in the dots reflect transcript abundance in CPM units.

transcription factors including Cebpb, Cic, Cuxl, Fosl2, Gtf2i,
Hivepl, Hivep2, Junb were able to interact with ERo according to
recently published data (33). To build a protein interaction map
of E2-dependent transcription factors including putative
interactions with ERo, we used the STRING database (34).
Using strict settings (interaction source: experiment and
databases, minimum required interaction score: medium
confidence), STRING predicted thirty-four protein-protein
interactions between thirty-one transcription factors
(Figure 5B). According to STRING, five transcription factors
can interact with ERo.. The STRING protein interaction map
predicted hubs in the network including ERc, Fos, Junb
and Nfatc2.

In addition, E2 also modulated mRNA expression of genes
encoding transcriptional regulators, chromatin modifiers and

ARC neurons. E2 upregulated

regulatory IncRNAs in KP
components of the SWI/SNF (Smarca2, Smarca4, Smarcd3,
Bicral) and ATRX : DAXX (Atrx, Daxx) chromatin

remodelling complexes, histone methyltransferases (Kmt2e,
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Wdr82) and deacetylases (Hdacll). E2 downregulated some
transcriptional repressors (Gatad2a, Trpsl, Zfp219), DNA
methyltransferases (Dnmt3a) and histone deacetylases (Hdac3,
Hdac9). Among them, one transcriptional coregulator (Ncoa6)
and several repressors/activators (Atrx, Gatad2a, Nripl,
Smarca2, Smarca4, Trim24, Trpsl) may interact with ERo.. E2
also modified expression of numerous regulatory IncRNAs in
KPR neurons as described previously (17).

Discussion

E2 evokes different transcriptional
responses in preoptic and arcuate
kisspeptin neurons

To our knowledge, this is the first comprehensive study to

examine and compare E2-driven transcriptional responses in
KPARC and KP®*V neurons in the same animals. Here, we
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are shown in KPRP3Y (A) and KP**“ neurons (B). Genes in red and blue are up- and downregulated, respectively. DCV, dense-core vesicle.

improved the power of DeSeq2 analysis by filtering out low-
expression genes using a cutoff of basemean>20. This has
resulted in a list of 222 and 1583 E2-regulated genes expressed
at medium or high level in KPRV and KP“R€ neurons,
respectively. The highly different numbers of E2-dependent
genes in the two kisspeptin neuron populations suggest that
KPARE neurons are much more responsive to E2 treatment than
KP*Y neurons in our model.

The goal of this study was to identify E2-regulated genes in
KP*Y and KP*®C neurons. In our recent study on the E2-

dependent genes of KPAR©

neurons (17), we have justified the
choice of non-physiological animal models (surgical OVX,
followed by E2 substitution) to achieve this goal. Treatment of
OVX mice with E2 or vehicle generates two well-defined
experimental groups with little biological variations and large
differences in the E2-dependent transcriptome profiles. In
addition, using a single transcriptome snapshot the different

regulatory dynamics of E2 dependent transcripts would also
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cause interpretation problems, complicated further by the cyclic
presence of progesterone effects we could eliminate using our
non-physiological models. Transcriptional responses in KP*R“
and KP***Y neurons to E2 in our model allowed us to identify
E2-dependent genes and to compare their changes in the two
kisspeptin neuronal populations. Of course, the gene expression
profile of OVX+E2 mice exposed to high levels of E2 for 4 days is
unlikely to mirror physiological conditions produced by peak E2
levels. We note that OVX rodents treated with constant E2
display a late afternoon LH surge which repeats daily at the same
time (35). While high levels of E2 cause negative feedback on
serum LH levels in our OVX+E2 animal model killed in the
morning, transcriptomic changes which take place in response
to E2 in KP*"*Y neurons (e.g. induction of KissI) may already be
relevant to E2 positive feedback on LH secretion which is
expected to occur in the late afternoon and requires a
circadian signal as well. Future comparison of E2-treated
animals in the morning with the late afternoon surging model
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will be particularly interesting in order to separate the activity-
dependent regulatory changes from the E2-dependent ones in
the transcriptome of KP***V neurons.

We identified ninety-six overlapping E2-dependent genes
including sixty-two genes with the same and thirty-four with
opposite regulation. The sixty-two genes represent the common
E2-dependent genes in hypothalamic kisspeptin neurons.
Common upregulated genes encode three hormone receptors
(Ghsr, Pgr, Npr2) indicating that ghrelin (and growth hormone),
progesterone and natriuretic peptide may exert regulatory effects
on estrogen feedback via acting on both kisspeptin cell
populations. This notion is in accord with previously
published data about the regulatory role of these hormones on
kisspeptin neurons (36-38). Other common E2-dependent
genes include Gad2, transcriptional activation of which may
results in increased GABA synthesis in kisspeptin neurons. Of
note, GABA exerts excitatory actions on GnRH neurons (39).
The presence and estrogen-dependent regulation of Gad2 in
KPARC neurons is particularly interesting. Although the
glutamatergic (Vglut2) phenotype of these neurons has been
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well-established (10, 40, 41), earlier in situ hybridization studies
have already raised the possibility that a subpopulation may
exhibit a mixed GABAergic/glutamatergic phenotype (10).
RNAscope experiments recently revealed co-expression of
VGAT and VGIuT2 genes in the same cells (42), although
functional studies indicate that KP*®C neurons release
glutamate but not GABA (43, 44). Opposite regulation by E2
characterizes a set of genes in KPR*?Y and KP*R“ neurons. This
set contains KissI, Vgf, Chrna7 and Tmem35a. So far, the role of
Vgf and cholinergic transmission has not been described in
estrogen feedback.

Estrogens increase transcription of a set
of neuropeptides in KPRV neurons

Peptidergic transmission plays central role in the function of
KP*"*V neurons. We found upregulation of four co-expressed
neuropeptides including Kissl, Nmb, Nts and Penk (p.adj<0.05).
Further, highly increased expression of three additional
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neuropeptides, namely Pnoc, Prok2 and Cartpt, did not reach
statistical significance (p.adj>0.05) in our study.
Of note, transcriptional activation of a set of neuropeptides

occurs in response to E2 in KPRF?V

neurons. Among E2-
dependent genes, Nmb showed the most robust response to E2
in our study. Neuromedin B stimulates GnRH release from
hypothalamic extracts, and increases plasma LH level after
intracerebroventricular administration (45). It has already been
implicated in estrogen feedback as GnRH neurons express
receptors for neuromedin B (46). Robust upregulation of Nmb
supports the notion that neuromedin B may be an important
regulator of positive estrogen feedback acting in concert with
kisspeptins and other upregulated neuropeptides. We indicate

RP3V neurons.

that E2 also increases Nts expression in KP
According to a previous study, E2 induces Nts expression in
the AVPV, and blockade of neurotensin signaling reduces the
LH surge (47). Although GnRH neurons express Ntsr2, central
administration of neurotensin does not induce LH surge. No co-
expression of KissI and Nts has been detected by double-label
ISH (47). We also detected expression of neurotensin receptors
(Ntsr1, Ntsr2) in KPRP?Y neurons suggesting that neurotensin
signaling plays a role in the communication between KPP*Y
neurons, in addition to signaling towards GnRH neurons. We
also found that E2 enhanced Penk expression. In accord with this
finding, a previous paper proves co-expression of kisspeptin and
met-enkephalin in the AVPV (6). It is tempting to speculate that
increased transcription of a set of neuropeptide genes including
Kissl, Nmb, Nts and Penk in KP***V neurons might act in
synergy to trigger the LH surge during positive feedback.

Following their synthesis, neuropeptide precursors undergo
processing and transport prior to secretion. Granins, major
constituents of DCV intravesicular matrix, bind Ca®* and
aggregate at acidic pH (48), which is considered to be the
driving force of DCV biogenesis. We provide evidence that
estrogens activate transcription of Chga, Scg2, and Vgf.
Insulinoma-asssociated (Ia-2) protein is involved in the
transcriptional control of DCV biogenesis (49). E2 activates
Ptprn encoding Ia-2 protein, which may result in elevated
DCV biogenesis.

A recent, elegant paper published the active translatome and
its estrogenic regulation in AVPV kisspeptin neurons (50). The
authors used the p<0.05 criterion and claimed 683 differentially
expressed transcripts. Comparison of our results to the
presented set of differentially expressed transcripts resulted in
52 overlapping genes in the two studies. Common E2-regulated
genes included 13 genes with statistical significance (p.adj<0.05)
in both studies (Scg2, App, Magedl, Napll5, Itm2c, Calml,
Ptprn, Ckb, Zcchel2, Vgf, Gad2, Kissl, Penk) and 39 additional
genes with statistical significance in our study and with marked
difference without reported statistical significance in the study by
Stephens and Kauffman (CIql2, Nmb, Sytl4, Crtacl, Tmem35a,
Syt6, Fhod3, Aqp5, Maob, Brinp2, Pgr, Map3kl5, Ghsr, Nxn,
Nell2, Mgat1, Henl, Cadml, Phyhipl, Fgd3, Pcp4, Raplgap, Ipo5,
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Nts, Enah, Ptpn5, Usp48, Nripl, Npr2, Tmcc3, Hs3st5, Hpcall,
Ngb, Flrt3, Thsd7b, Pgrl5l, Pegl0, Npy2r, Slc17a8). The four
upregulated neuropeptides (KissI, Nmb, Nts and Penk) in our
study mentioned previously were among the overlapping genes.
Although our study and the paper by Stephens and Kauffman
(50) used dissimilar methodologies (Kissl1-Cre/ZsGreen vs.
Kiss1Cre/Ribotag mice, 4-day E2 treatment vs. two sequential
E2 treatments with different hormone regimen) and targeted
distinct RNA populations (total RNA vs. ribosome bound
mRNA) for sequencing, more than fifty genes with almost
identical estrogenic regulation were observed in preoptic
kisspeptin neurons in the two studies.

Estrogens inhibit transcription of
neuropeptide precursor, granin,
processing enzyme and DCV related
genes in KPAR neurons

We find that both kisspeptin neuron populations possess
unique neuropeptide profiles that are highly regulated by E2. In
KPAR€ neurons, besides KissI we show four more co-expressed
neuropeptide genes including Nms, Nxph3, Pdyn, Tac2 that are
all suppressed. We demonstrate that estrogens suppress not only
genes encoding neuropeptide precursors, but granins, processing
enzymes and multiple elements of the regulated secretory
pathway. Along with granins and their processing enzymes,
neuropeptide precursors are transported from the endoplasmic
reticulum to the trans-Golgi network, where they are sorted and
packed into DCVs. E2 inhibits several highly expressed granin
genes including Chga, Chgb, Pcskln, Scg3, Vgf and Ia-2 protein
coding gene Ptprn that may lead to decreased DCV biogenesis.
E2 inhibits six protease genes including Cpe, Ctsb, Pam, Pcskl,
Pcsk2, Pcsk5 that can be involved in the maturation of co-

AR
PARC peurons. DCVs move

expressed neuropeptides in K
towards the plasma membrane to release their content. This
translocation relies upon dynamins, syntaxins, scaffolding and
myosin motor proteins. E2 inhibits transcription of several genes
encoding dynamins, synaptotagmins, myosins and scaffolding
proteins. Specific targeting and fusion of DCVs with the plasma
membrane requires concerted action of SNARE proteins and
accessory factors. We show that E2 inhibits transcription of
genes encoding multiple components of the SNARE complex
and accessory proteins. The fusion machinery is linked to the
organizer complex, which binds to synaptic adhesion molecules
neurexins. E2 suppresses constituents of the Munc18-1/CASK/
Mintl/Lin7b organizer complex and neurexins. Cav2.l and
Cav2.2 channels, which orchestrate synchronous release of
neuropeptides and neurotransmitters were also downregulated.
With the above findings, we provide evidence that an intricate
E2-driven transcriptional regulatory mechanism exists in KPA*¢
neurons, which can provide coordinated suppression of multiple
elements of the secretory pathway. Of note, we can’t exclude the
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possibility that a minor portion of fluorescently labelled cells
does not express KissI at the time of sample collection. We also
do not know that which set of E2-dependent genes is expressed
in a given cell due to cell samples containing 300 pooled
kisspeptin neurons.

Mechanisms underlying the
transcriptional changes

In line with previous papers we found that the effects of
estrogens are mediated solely by ERo in both arcuate and
preoptic kisspeptin neurons (51). We detected abundant
expression of Esrl, which encodes ERa. Neither Esr2 nor
Gperl encoding ERP and G-protein coupled estrogen receptor,
respectively, showed expression in KP*™*Y and KPR neurons.
Our results confirm that E2-driven transcriptional effects in
kisspeptin neurons are mediated solely by ERc.. Multiple ERot-
driven mechanisms (52, 53) that operate in hypothalamic
kisspeptin neurons were inseparable in our study. ERol can
bind in cis (chromatin association via direct DNA binding at
ERE) or in trans (chromatin association via binding to other
transcription factors) at enhancers. Enhancer activation requires
cooperative recruitment of multiple transcription factors and
their cofactors. Approximately 200-300 transcription factors are
expressed in each cell type (54). Expression of ten transcription
factors was E2-dependent in KPRV neurons. In contrast,
expression of seventy was E2-dependent in KP**“ neurons,
eight of which interacted with ERo. The STRING database
predicted an intricate network of transcription factors in
KPA®C neurons. In addition, E2 regulated several
transcriptional regulators, chromatin modifiers and regulatory
IncRNAs (17) adding another layer of complexity to the ERo

ARC
P neurons. The

mediated transcriptional mechanism in K
complex, multi-layered transcriptional regulatory mechanism
allows KP**“ neurons to respond and integrate humoral and
neuronal inputs that influence reproduction, potentially
including metabolic, circadian and stress-related cues. The less
complex estrogen-dependent mechanisms revealed in KP*"*Y
neurons suggest a less integrative role of this population at least

in our model.
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