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Abstract

Kisspeptin, the product of the KiSS1 gene, has emerged as a key component of the
mechanism by which the hypothalamus controls puberty and reproductive development. It
does so by stimulating the secretion of gonadotropin releasing hormone (GnRH). Little is
known about the transcriptional control of the KiSS71 gene. Here we show that a set of
proteins postulated to be upstream components of a hypothalamic network involved: in
controlling female puberty regulates KiSS17 transcriptional activity. Using RACE-PCR we
determined that transcription of KiSS7 mRNA is initiated at a single transcription start site
(TSS) located 153-156 bp upstream of the ATG translation initiation codon. Promoter assays
performed using 293 MSR cells showed that the KiSS71 promoter is activated by TTF1 and
CUX1-p200, and repressed by EAP1, YY1, and CUX1-p110. EAP1 and CUX-110 were also
repressive in GT1-7 cells. All four TFs are recruited in vivo to the KiSS1 promoter and are
expressed in kisspeptin neurons. These results suggest that expression of the KiSS71 gene is
regulated by trans-activators and repressors involved in the system-wide control of

mammalian puberty.
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1. Introduction

It is well established that an increase in pulsatile gonadotropin-releasing hormone
(GnRH) release from GnRH neurons is required for the initiation of puberty. The pubertal
increase in GnRH secretion is determined by changes in transsynaptic (Kordon et al.
1994;0jeda and Terasawa 2002) and glial (Ojeda et al. 2003;0jeda and Terasawa 2002)
inputs to the GnRH neuronal network. The transsynaptic control of GhnRH neurons has two
components: an excitatory arm that is activated at puberty and an inhibitory;arm that loses
strength at the time when the excitatory inputs to GnRH neurons are increasing (Ojeda and
Terasawa 2002;Plant and Witchel 2006;Terasawa and Fernandez 2001) .

Although glutamatergic neurons have been known for many years to be major
contributors to the excitatory transsynaptic system controling GnRH secretion (Brann
1995;0jeda and Skinner 2006;Plant and Witchel 2006), compelling evidence now exists
demonstrating the existence of another, more critical set of neurons providing excitatory
inputs to the GnRH neuronal network. These neurons use a peptide known as kisspeptin for
neurotransmission, and the G protein-coupled receptor GPR54 for signaling. While
inactivating mutations of the GPR54 gene result in hypogonadotrophic hypogonadism (HH)
in humans (De Roux et al. 2003;Seminara et al. 2003;Tenenbaum-Rakover et al.
2007;Semple et al. 2005), activating mutations and certain types of polymorphisms of this
gene have been reported to be associated with precocious puberty (Luan et al. 2007;Teles et
al. 2008). Both Kiss1 and Gpr54 null mice fail to undergo sexual development; they are
infertile and have reduced gonadotropin levels (Seminara et al. 2003;Lapatto et al. 2007).
These and other observations demonstrate that an intact KiSS1/GPR54 signaling system is
mandatory for normal reproductive maturation and fertility in mammals [reviewed in
(D'Anglemont de Tassigny et al. 2007;0akley et al. 2009)].

Kisspeptin is a product of the KiSS1 gene which encodes a 145 amino acid precursor.
Post-translational modifications of this peptide result in a C-terminally amidated 54-amino

acid peptide and several shorter fragments (e.g. kisspeptin-10, kisspeptin-13, kisspeptin-14)
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(Ohtaki et al. 2001). The first biological actions assigned to the KiSS1 system were its
capacity to inhibit cell migration and tumor metastasis (Ohtaki et al. 2001;Lee et al. 1996).
For this reason the 54-amino acid peptide is also known as metastin.

Although kisspeptin plays a pivotal role of in the hypothalamic control of reproductive
function, the transcription factors controlling KiSS1 expression have not been identified.
Using a high-throughput approach (DNA arrays) we used rats and rhesus monkeys to
provide evidence for the existence of a gene network that, according 4o our results,
contributes to the hypothalamic control of puberty (Roth et al. 2007). Genes composing this
network have diverse cellular functions, but they share the common feature of having been
earlier identified as involved in tumor suppression/tumor formation (Roth et al. 2007).
Computational analysis revealed that the KiSS1 gene is a subordinate member of this tumor
suppressor gene (TSG) network. As such, KiSS1 was predicted to be under the
transcriptional control imposed by central TSG hubs and to be regulated by non-TSG genes.
These non-TSG genes, which are also connected to the TSG network, are involved in the
transcriptional regulation of the pubertal process.

In the present study, we verified this computational prediction by determining if the
human KiSS1 gene is transcriptionally regulated by two postulated central hubs of the TSG
network, CCAAT displacement protein (CDP, also known as CUTL1 and CUX1) and Ying
Yang 1 (YY1) (Roth et al. 2007), in addition to two non-TSGs previously shown to be
transcriptional regulators of puberty, Enhanced at Puberty 1 (EAP1) (Heger et al. 2007) and
Thyroid Transcription Factor 1 (TTF1) (Mastronardi et al. 2006). CUTL1 (henceforth called
CUXT1) is an evolutionary conserved homeobox gene encoding a protein that functions as a
transcriptional repressor in several systems (Nepveu 2001), but that can be proteolytically
processed into isoforms with trans-activational capabilities (Sansregret and Nepveu 2008).
Due to this, CUX1 can either repress (Dufort and Nepveu 1994;Superti-Furga et al.
1989;Valarche et al. 1993) or activate gene transcription (Harada et al. 2008;Kim et al.
1997). Cux1-null mutant male mice are subfertile (Luong et al. 2002). In our studies we

utilized two isoforms of CUX1, p200 and p110, which have been previously shown to have
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divergent transcriptional activity in breast cancer cells (Goulet et al. 2002). YY1 is a member
of the Polycomb (PcG) group silencing complex and as such, it plays an important role in
gene silencing, because it recruits PcG repressive proteins in addition to histone 3
trimethylated at lysine 27 (H3K27me3) to gene promoters to silence transcription (Wilkinson
et al. 2006;Woo et al. 2010). EAP1 is a newly identified transcription factor that displays
mostly repressive activity, and that is required for both the timing of puberty and normal
female reproductive cyclicity (Heger et al. 2007;Roth et al. 2007). Finally, TTF1 (NKX2.1) is a
member of the NKX family of homeobox genes (Pera and Kessel 1998;Price et al. 1992)
required for embryonic development of the diencephalon and pituitary gland (Kimura et al.
1996). Studies involving peripubertal female rats demonstrated that Tif7 expression persists
in hypothalamic regions involved in the control of reproductive development (Lee et al. 2001).
Within these regions, kisspeptin neurons were later identified as cells that express Ttf1
(Mastronardi et al. 2004). Conditional deletion of the Ttf1 gene from neurons lead to a
delayed onset of puberty and reduced fertility in female mice (Mastronardi et al. 2004).

Here we report that TTF1, YY1, EAP1 and CUX1 interact with the KiSS1 promoter in
vivo, and that Eap1, Yy1, and Cux1 are expressed in kisspeptin neurons of the rodent
hypothalamus. We also show that the KiSS1 gene is trans-activated by TTF1 and repressed
by YY1, EAP1 and CUX1-p110. CUX-p200 exhibits a dual transcriptional activity depending
on the cell context. These results suggest that KiSS1 expression depends on a balance
between trans-activators and repressors involved in the system-wide hypothalamic control of

puberty.

2. Materials and Methods

2.1. Identification of the human KiSS1 Transcription Start Site
To map the Transcription Start Site (TSS) of KiSS1, total RNA was isolated from human
placental tissue (kindly provided by R. Faber, Leipzig, Germany) using the RNeasy Mini Kit

(Qiagen, Hilden, Germany). The integrity of the RNA was verified by agarose gel
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electrophoresis. Five-prime rapid amplification of cDNA ends (RACE) was performed using
the GeneRacer kit (Invitrogen, Karlsruhe, Germany). Briefly, 1ug total human placental RNA
were treated with calf intestinal phosphatase (provided with the kit) to dephosphorylate
truncated mRNAs and non-mRNA species. Subsequent treatment with tobacco acid
phosphatase removed the 5 cap structure from intact, full-length mRNAs. The GenRacer
RNA oligodeoxynucleotide was ligated to pre-treated human placental RNA using the T4
RNA ligase provided with the kit. Linked RNA was reversed transcribed (1h at 37°C followed
by 5 min at 93°C) using an oligo-DT primer (Omniscript Kit, Qiagen). PCR amplification
utilizing HotStarTaq DNA Polymerase (Qiagen) and the primers 1F/R (Table 1) were used for
hot start touchdown PCR employing the following conditions: 15 min at 95°C, 30 sec at 94°C,
and 4 min at 72°C for 5 cycles, 30 sec at 94°C followed by 4 min at 70°C for 5 cycles, and 30
sec at 94°C followed by 4 min at 68°C for 20 cycles. Final extension was 10 min at 72°C. The
amplicon was used as a template for nested PCR (primers 2F/R, Table 1). The PCR product
was visualized on a 1% agarose gel and cloned into pCRII® TOPO®-Vector (TOPO TA
Cloning Kit, Invitrogen). DH5-a competent cells (Invitrogen) and XL1-Blue super competent
cells (Stratagene, Heidelberg, Germany) were used for transformation. Twenty clones were
analyzed by sequencing.-using the primer provided with the kit. To confirm the results, the
experiment was repeated using random hexamer primers for reverse transcription, pGEM®-T
Easy Vector (Promega, Mannheim, Germany) for PCR product cloning, and XL1-Blue cells
for transformation. The use of human tissue has been approved by the Ethical Committee of

the University of Leipzig, Germany.

2.2. Gene reporter constructs

To generate reporter constructs containing different lengths of the KiSS1 5'-flanking region,
DNA fragments were amplified from human genomic DNA (Promega) using the primers 3F/R
and 4F/R (Table 1). PCR products of a length of 556 bp and 1339 bp were cloned into the
pCRII® TOPO®-Vector (Invitrogen). To generate a 1975 bp long DNA fragment, a 951 bp

PCR-product, amplified by primers 5F/R (Table 1), was subcloned into the pCRII® TOPO®-
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vector (Invitrogen). From there a 636 bp fragment was excised with Hpal and Kpnl and
cloned into the Hpal and Kpnl sites of pCRII® TOPO® -KiSS1p1339 utilizing the Rapid
Ligation Kit (Fermentas, St. Leon-Rot, Germany). The sequence and orientation of each
construct (pCRII® TOPO®-KiSS1p1975, pCRII® TOPO®-KiSS1p1339, and pCRII® TOPO®-
KiSS1p556) were verified by automatic sequencing, and the fragments were subcloned into

the Kpnl and Xhol sites of the luciferase pGL4.10 basic vector (Promega).

2.3. Expression vectors

Human EAP1: To determine if EAP1 regulates KiSS1 gene expression, we used an
expression vector containing the coding region of EAP1 mRNA (Heger et al. 2007). A
mutated EAP1, lacking the RING finger domain (Heger et al. 2007;Waterman et al. 1999)
was used to determine the structural requirements for EAP1 action on KiSS1 transcription.
Human YY1: To express YY1, a construct containing the YY1 coding region tagged with a
hemagglutinin epitope (HA) was excised with Xbal and Apal from pCMV-HAYY1 (kindly
provided by Y. Shi, Harvard Medical School, Boston, USA), and cloned into pcDNA3.1%/zeo.
The sequence of the construct was verified by DNA sequencing.

Human CUX1: We used two different CUX7 constructs, both cloned into the vector pXJ42
(both kind gifts from-A. Nepveu, Goodman Cancer Center and Departments of Oncology,
Biochemistry and Medicine, McGill University, Montreal, Canada). The pXJ42/MCH construct
contains the full length CUX1 (termed p200); pXJ42/MCH/878-1505 contains CUXT isoform
p110. Both isoforms differ in length and transcriptional activity. P200 has been reported to be
inhibitory, while p110 exhibit either repressive or trans-activating activity, depending on the
promoter context (Sansregret and Nepveu 2008).

Rat TTF1: rTTF1 was expressed from a pcDNAS3.1%/zeo-rTTF1 construct containing the
rTTF1 coding region (Lee et al. 2001).

Human SP1: hSP1 (2891 bp) was purchased from Deutsches Ressourcenzentrum fir
Genomforschung GmbH (RZPD, Berlin, Germany), cleaved out from the pOTB7-hSP1 vector

by EcoRI and Xhol, and cloned into pcDNA3.1/zeo.
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2.4. Cell culture

GripTite™ 293 MSR cells (Invitrogen) were cultured in a humidified atmosphere containing
5% CO; and 37°C. They were maintained in Dulbecco’s modified Eagles medium containing
high glucose (4.5 g/L; PAA Laboratories, Pasching, Germany), supplemented with 10% fetal
bovine serum (FBS; Biochrom; Berlin; Germany), 0.1 mM non-essential amino acids (PAA
Laboratories), and 600 pg/ml G-418 Sulphate (PAA Laboratories).

GT1-7 cells (kind gift of Pam Mellon, Department of Reproductive Medicine and Center for
Reproductive Science and Medicine, University of California, San Diego, La Jolla, Ca, USA),
were cultured in Dulbecco’s modified Eagles medium containing high glucose (4.5 g/L; PAA
Laboratories), supplemented with 10% FBS (Biochrom), 100 U/ml penicillin, and 100 pg/ml
streptomycin. The cells were maintained in a humidified atmosphere containing 5% CO, at
37°C.

Hela cells (LGC Standards GmbH, Wesel, Germany were grown in a humidified atmosphere
containing 5% CO, and 37°C. The culture medium was Dulbecco’s modified Eagles medium
containing high glucose (4.5 g/L; PAA Laboratories), supplemented with 10% fetal bovine

serum, 2mM Glutamine (PAA Laboratories), 100 U/ml penicillin, and 100 pg/ml streptomycin.

2.5. Transient transfection and Dual-Luciferase promoter assays

The luciferase reporter constructs used in these assays contained fragments of the KiSS1
gene 5-flanking region of different lengths: -1948 to +27 (1975 bp); -1312 to +27 (1339 bp)
or -529 to +27 (556 bp). The transregulatory effects of TTF1, EAP1, YY1 and CUX1 on the
KiSS1 promoter activity were examined in the human embryonic kidney cell line GripTite™
293 MSR, and GT1-7 cells (mouse immortalized gonadotropin-releasing hormone neurons).
The cells were seeded in antibiotic-free medium at a density of 2 x 10° cells per well in 24-
well dishes (Greiner bio-one, Frieckenhausen, Germany) 18 h before transfection. Each of
the reporter plasmids was transiently transfected (at 500 ng/well) for 4 h using Nanofectin

(PAA Laboratories) for GripTite™ 293 MSR, or TurboFect™ in vitro Transfection Reagent
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(Fermentas) for GT1-7 cells, in conjunction with either the empty expression vector
(pcDNAS3.1zeo, Invitrogen at 500 ng/well) or vectors expressing EAP1, TTF1, YY1 or CUX1.
Each well received a total of 0.5 ml of culture medium. Transfection efficiency was
normalized by co-transfecting the renilla plasmid pGL4.70 [hRIuc] (Promega) at 20 ng/well.

Cells were harvested 48 h after transfection and lyzed in lysis buffer (Promega). Luciferase
activities were measured using Dual-Luciferase Reporter Assay System (Promega) in a
luminometer according to the manufacturer's protocol. Relative firefly luciferase activities
were calculated following correction for transfection efficiency using the Renilla luciferase
activities as the normalizing unit. To ensure that the transcriptional effects observed were
exerted on the KiSS1 promoter and not on the pGL4.1 basic vector, basal pGL4.1 luciferase
activity was measured after transfecting the cells with each of the four TFs examined.

Experiments were performed three times using three or four wells per group each time.

2.6. Chromatin Immunoprecipitation (ChIP) Assay

To determine the association of EAP1 and TTF1 to the KiSS1 promoter, we transfected Hela
cells with either an expression vector carrying the EAP71 coding region tagged with an
influenza hemagglutinin (HA) epitope (kindly provided by H. Samuels, New York University
School of Medicine; New York) or the rat TTF1 construct described in section 2.3.
Subsequent immunoprecipitation was performed using antibodies that recognize either the
HA tag of the EAP1 construct or rat TTF1 itself (see below). In the case of YY1 and CUX1,
we used antibodies against the endogenous YY1 and CUX1 proteins (see below). For
transfection, Hela cells (25x10°) were seeded in 15 cm diameter plates, and 24 h later 45 ug
of each expression vectors were transiently transfected for 5 h using Lipofectamine LTX
(Invitrogen). Forty-eight hours after transfection, the cells were harvested for chromatin
immunoprecipitation. They were washed once in ice-cold PBS containing a protease inhibitor

cocktail (1 mM phenylmethylsulfonylfluoride, 7 pg/ml aprotinin, 0.7 ug/ml pepstatin A,

0.5 yg/ml leupeptin), a phosphatase inhibitor cocktail (1 mM B-glycerophosphate, 1 mM

sodium pyrophosphate and 1 mM sodium fluoride), an HDAC inhibitor (20 mM sodium

9
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butyrate), and a tyrosine phosphatase inhibitor (1 mM). Cross-linking was performed by
incubating the cell suspension in 1% formaldehyde for 10 minutes at room temperature. After
two additional washing steps in PBS the cells were lysed with 200 yl SDS buffer (1% SDS,
50 mM Tris-HCI, 10 mM EDTA) containing protease, phosphatase, and HDAC inhibitors and
sonicated to yield chromatin fragments of 500-1000 bp using a Kontes Micro Ultrasonic Cell
Disruptor (Vineland, NJ, USA) (power 4.5 and tune 1.5). Size fragmentation was confirmed
by agarose gel electrophoresis. The sonicated chromatin was clarified by centrifugation at
14,000 rpm for 10 min at 4°C, brought up to 1 ml in Chip Dilution Buffer (CDB) (16.7 mM
Tris-HCI, pH 8.1, 150 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100, and 0.01% SDS)
containing protease, phosphatase, and HDAC inhibitors and stored at -80°C for subsequent
immunoprecipitation. For this step, chromatin was pre-cleared with Protein A/G beads
(Dynabeads, Invitrogen, Carlsbad, CA) for 1 h at 4°C. One aliquot (200 ul of 1000 pl) of the
cleared chromatin was stored at -80°C as input DNA. Aliquots (200 pl) of the remaining
chromatin were then incubated with 5<ug of a mouse monoclonal antibody against HA
(Covance, Berkeley, CA) to detect EAP1, rabbit polyclonal antibodies against TTF1 (kindly
provided by C. Mendelson, Southwestern Medical Center, Dallas, TX, USA), a mouse
monoclonal antibody (sc-7341 X, Santa Cruz Biotechnology, Santa Cruz, CA, USA) to detect
YY1, or rabbit polyclonal antibodies (sc-13024, rabbit polyclonal, Santa Cruz Biotechnology)
to detect CUX1, each reaction in final volume of 1 ml CDB. Two additional aliquots of
chromatin _ were incubated with either normal mouse IgG (sc-2025, Santa Cruz
Biotechnology) or rabbit IgG (sc-2027, Santa Cruz Biotechnology) and used as negative
controls. Antibody-chromatin complex mixtures were incubated at 4°C overnight with gentle
agitation. Immunocomplexes were then collected by adding 25 pul of protein A or G beads
solution (Dynabeads) and incubated for 2 h at 4°C with gentle agitation. Immunocomplexes
were washed sequentially with 0.5 ml low salt wash buffer (20 mM Tris-HCI, pH 8.1, 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100 and 0.1% SDS), high salt wash buffer (20 mM Tris-HCI,
pH 8.1, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100 and 0.1% SDS), LiCl buffer (10 mM

Tris-HCI, pH 8.1, 250 M LiCl, 1% Nonidet P-40, 1% sodium deoxycholate and 1 mM EDTA),

10
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and with TE buffer (10 mM Tris-HCI, pH 8.0 and 1 mM EDTA). Immunocomplexes were
eluted with 300 pl of 0.1 M NaHCO3 and 1% SDS at room temperature for 30 min. Cross-
linking was reversed by adding 20 ul of 5 M NaCl and incubating at 65°C overnight. Proteins
were then digested by adding 6 pl of proteinase K (20 mg/ml), 6 ul of 0.5 M EDTA, and 6 pl
of Tris-HCI, pH 6.5, and incubating the mixture for 2 h at 55°C. DNA was recovered by using
the QlAquick PCR purification Kit (Qiagen, Germantown, MD) and stored at -80°C until
subsequent PCR analysis. All chemicals were purchased from Sigma-Aldrich«(St. Louis, MO,

USA)

2.7. PCR detection of Chromatin Immunoprecipitated DNA

To detect CUX1, EAP1, YY1, and TTF1 binding to the promoter region of the KiSS71 gene we
PCR-amplified, using Hot Star Taqg polymerase (Qiagen), a DNA fragment derived from the
KiSS1 proximal promoter (NM_002256). As controls for the ChlIP assays, we amplified an
upstream fragment located more than 2,000 bp from the gene’s TSS, and a second segment
located in intron 2. The regions amplified were: 1) a 192 bp segment (amplicon 1) located at
position -2456 to -2264 from the KiSS71 TSS, 2) a 301bp segment (amplicon 2) located at -
839 to -538, and 3), and 3) a 100bp fragment (amplicon 3) located in intron 2 (nucleotides
11149 to 11249 in the KiSS7 genomic sequence). Amplicon 1 was generated using primers
6F/R, amplicon 2 with primers 7F/R, and amplicon 3 with primers 8F/R (Table 1). All primers
were purchased from Eurofins MWG Operon, Huntsville, Al. The thermocycling conditions
used were 95°C for 5 min, followed by 31 cycles of 95°C for 30 sec, 59°C for 30 sec and
72°C for 1 min. PCR products were resolved in a 1.5% agarose gel, stained with ethidium

bromide.

2.8. Immunohistofluorescent detection of EAP1, YY1, and CUX1 in kisspeptin neurons
To determine if kisspeptin neurons in the rat hypothalamus contain Yy1, Eap1, and/or Cux1,
we detected kisspeptin neurons with a sheep antibody against kisspeptin (diluted 1:50,000)

(Ramaswamy et al. 2008). Eap1 was detected using rabbit polyclonal antibodies (diluted

11
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1:3,000) (Heger et al. 2007); Cux1 and Yyl were detected using mouse monoclonal
antibodies (Abcam, Cambridge, MA, USA; 1:1000, and Santa Cruz; 1:3000, respectively).
Frozen sections (30 uym) obtained from brains perfusion-fixed with 4% paraformaldehyde-
PBS, pH 7.4, were mounted on Superfrost glass slides, dried for 2 h under an air stream and
subjected to an antigen retrieval protocol (Shi et al. 1991a). Thereafter, the sections were
incubated for 48 h at 4°C with the primary antibodies indicated above. At the end. of this
period, kisspeptin immunostaining was visualized using Alexa 488-donkey: antisheep IgG
(1:500; Invitrogen), Eap1 staining with Alexa 594-donkey antirabbit IgG (1:500), and Cux1
staining with Alexa 568 donkey antimouse IgG (1:500). Yy1 staining was developed using
biotinylated donkey antimouse IgGs (1:250; Invitrogen) followed by incubation with
Streptavidin-Alexa 568 (1:500; Invitrogen). Before this incubation, the sections were
subjected to the biotyramine enhancement method, as previously described (Jung et al.
1997). Fluorescent images were acquired as-reported (Heger et al. 2007).The specificity of
the TTF1, EAP1 and kisspeptin antibodies used has been reported in earlier publications
from either our laboratory (Mastronardi et al. 2006;Heger et al. 2007) or others investigators
(Ramaswamy et al. 2008). The specificity of the YY1 and CUX1 antibodies is described by
the respective manufacturers (Santa Cruz and AbCAM, respectively). We also verified that
the pattern of expression of these two proteins in the hypothalamus corresponds to that of
their respective mRNA detected by in situ hybridization (Allan Mouse Brain Atlas;

http://mouse.brain-map.org). In the case of CUX1, we stained brain sections using rabbit

polyclonal antibodies (Ellis et al. 2001), kindly provided by M. Busslinger (Research Institute
of Molecular Pathology, Vienna, Austria) and found a pattern of expression identical to that
seen with the commercial monoclonal antibody (not shown). In addition, for every reaction
were included sections incubated without the first antibodies. Animal usage was duly
approved by the Institutional Animal Care and Use Committee of the Oregon National

Primate Research Center, USA.

2.9. PCR detection of transcription factors in different cell lines
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We used reverse transcription (RT)-PCR to assess the presence of KiSS1, EAP1, CUX1,
YY1, and TTF1 mRNAs in the three cell lines used for study (GripTiteTM293 MSR, GT1-7,
and Hela cells). Total RNA was isolated using the RNeasy Mini Kit (Qiagen), and RNA
integrity was assessed by gel electrophoresis. The RT-PCR was performed using 1 ug RNA
and the Omniscript RT Kit (Qiagen) according to the manufacturer’s protocol. The PCR
reactions were performed using 500 ng RT product, 1 uM primer (Table 2; Primer9F/9R to
Primer14F/14R), 2.5 mM dNTPs, 2.5 Dream Taq Buffer which includes 20 mM MgCl, and 2.5
U Dream Taq Polymerase (Fermentas). The PCR program employed aninitial activation step
of 3 min at 95°C, and 35 cycles of denaturing at 94°C for 45 sec, annealing at 58°C (KiSS1),
56°C (EAP1), 48°C (CUX1), 62°C (YY1), and 60°C (TTF1), for 45 sec and 1 min extension at

72°C, followed by a final extension of 7 min at 72°C.

2.10. Statistics
Differences between two groups were analyzed using one-way ANOVA and Student’s t-test
for individual means. Data are expressed as mean + SEM. The level of significance was

p<0.05.

3. Results

3.1. Transcription of the human KiSS1 gene is initiated at a single TSS

To identify the TSS of KiSS1 we analyzed 17 clones derived from RACE-PCR of human
placental cDNA. Nine out of 17 clones exhibited a transcriptional start at 155 bp upstream of
the ATG translational start site. All 17 clones mapped to a narrow region of 4 bp, indicating
that the KiSS1 gene utilizes a single TSS mapping to a region located between 153 bp and
156 bp upstream of the ATG (Fig. 1A). This finding is consistent with the computer-predicted

location of KiSS1 TSS (NM_002256).

3.2. The 5-flanking region of KiSS1 contains putative binding sites for transcription factors

implicated in the hypothalamic control of female puberty
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In silico analysis of the region upstream the KiSS71 TSS, using TESS

[http://www.cbil.upenn.edu/cgi-bin/tess/tess; (Schug 2008)], Vector NTI 9.0.0 (Invitrogen; Sep

02, 2003; InforMax, Frederick, USA) and information from literature search (PubMed;

http://preview.ncbi.nim.nih.gov/pubmed/), revealed the presence of several putative TTF1

recognition sites located within 1200 bp upstream of the TSS (Bruno et al. 1995;Guazzi et al.
1990;Son et al. 2003) (Fig. 1B). Several CUX1 binding sites (Harada et al. 1995) were also
detected, in addition to recognition sites for YY1 (Fig. 1B), a member of the PcG silencing
complex (Park and Atchison 1991;Shi et al. 1991b) that has both repressive and activating
functions (Shrivastava and Calame 1994;Thomas and Seto 1999;Wilkinson et al. 2006), and
recruits other PcG proteins and histone 3 (H3) trimethylated a lysine 27 to gene promoters to
silence transcription (Wilkinson et al. 2006;Woo et al. 2010). TTF1, CUX1 and YY1 have
been implicated as upstream transcriptional regulators of the pubertal process (Mastronardi
et al. 2006;Roth et al. 2007). We did not search for EAP1 binding sites, because it is not yet
known if EAP1 regulates gene transcription by binding directly to DNA. Table 3 provides an
overview of the expression of KiSS1, EAP1, TTF1, CUX1 and YY1 mRNAs in the three cell

lines used for experiments.

3.3. The human KiSS1 promoter is active in both neuronal and non-neuronal cell lines

We used luciferase assays to determine the transcriptional activity of the KiSS1 5’-flanking
region using three segments of different lengths (1975 bp, 1339 bp, and 556 bp) (Fig. 1B).
These assays showed that the shorter 556 bp fragment was similarly active in non-neuronal
GripTite™ 293 MSR cells and neuronal GT1-7 cells, but the longer fragments (1339 bp and
1975 bp) tended to be more active in the non-neuronal cells (Fig. 2). Because of this, all
subsequent promoter assays were conducted in GripTite™ 293 MSR cells. We used GT1-7
cells to determine if transcriptional effects on the KiSS71 promoter observed in the non-

neuronal cells can be also observed in neuronal cells.

3.4. CUX1, YY1, EAP1 and TTF1 are recruited to the KISS promoter in vivo
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CUX1, an evolutionary conserved homeobox transcription factor, has been postulated to be
an upstream regulator of female puberty and to target the KiSS7 gene for transcriptional
control (Roth et al. 2007). To determine if CUX1 can be recruited to the KiSS1 promoter in
vivo, we performed ChIP assays using Hela cells, specific antibodies against CUX1, and the
primers listed in Table 1 for PCR amplification. The results show that endogenous CUX1
binds to a region located located ~2,000 bp upstream of the TSS (Fig. 3; Amplicon1).and to
the KISS1 proximal promoter (Amplicon 2), but not to a region located in intron 2 (Amplicon
3). While the PCR product showing CUX1 binding in the KiSS7 proximal promoter contains
several putative CUX1 binding sites (Fig. 1B), the more distal (-2456 to -2264 bp) product
likely derives from DNA fragments that include putative CUX1 binding sites predicted to be
present directly adjacent to the amplified region (Fig. 1B).

YY1 is a transcriptional regulator postulated to be a central node in a gene network
involved in the hypothalamic control of female puberty (Roth et al. 2007). As such, YY1 was
also predicted by in silico analysis to control a host of subordinate genes, including KiSS1.
CHIP assays, using Hela cells, specific antibodies against YY1, and the same primers used
to demonstrate CUX1 association to the KiSS7 promoter (Table 1) showed that endogenous
YY1 is most efficiently recruited to the KiSS1 proximal promoter (Fig. 3; Amplicon 2), and to
a much lesser extent to the upstream -2456 to -2264 bp region (Amplicon 1). In contrast, no
YY1 binding to.intron 2 (Amplicon 3) was detected.

EAPT is<a transcription factor with trans-activating and repressive activities,
previously implicated in the transcriptional control of female puberty (Heger et al. 2007). In
the rat, Eap1 is highly expressed in the arcuate nucleus and preoptic area, the two regions
where kisspeptin neurons are located (Heger et al. 2007). ChIP assays using Hela cells
transfected with an HA-tagged construct expressing the EAP1 coding region demonstrated
that EAP1 is exclusively recruited to the KiSS1 proximal promoter (Fig. 3; Amplicon 2)

TTF1 (Nkx2.1, T/ebp) is a homeodomain gene required for basal forebrain
morphogenesis (Kimura et al. 1996), but that remains expressed in the hypothalamus after

birth (Lee et al. 2001). In the postnatal hypothalamus, TTF1 transactivates genes involved in
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the stimulatory control of puberty, and represses genes inhibitory to the pubertal process
(Mastronardi et al. 2006). ChIP assays using Hela cells transfected with a construct
expressing the rat Tif1 coding region, and the primers described above for PCR
amplification, demonstrated that, as is the case of EAP1, TTF1 is only recruited to the KiSS1

proximal promoter (Fig. 3; Amplicon 2).

3.5. EAP1, TTF1, CUX1 and TTF1 have different effects on KiSS1 transcription

Luciferase assays, using GripTite™ 293 MSR and neuronal / GT1-7 cells,
demonstrated that the shorter CUX1 isoform (p110) potently inhibited transcription of all
three KiSS1 promoter fragments in both non-neuronal and neuronal cells. In contrast, the
p200 isoform was strongly trans-activational in GripTite™ 293 MSR cells (Fig. 4A).
Surprisingly, p200 was repressive in GT1-7 cells. This activity, however, was limited to the
shorter (556 bp) KiSS1 promoter segment (Fig. 4B). These results suggest that CUX1 can
either activate or inhibit KiSS71 expression, depending on the predominant isoform present
and the cell context in which the protein-DNA interaction takes place.

Similar assays performed in GripTite™ 293 MSR, indicate that YY1 significantly
inhibited the transcriptional activity of the KiSS1 promoter constructs (Fig. 5A). Because YY1
interacts with Sp1 to regulate gene transcription (Lee et al. 1993), and the KiSS71 proximal
promoter has a number of SP1 binding sites (Mitchell et al. 2006;Mitchell et al. 2007), we
tested this potential interaction on KiSS1 promoter activity, using GripTite™ 293 MSR cells.
The results showed that Sp1 does not affect the repressive effect of YY1 on KiSS1 promoter
activity (data not shown). Thus YY1 represses KiSS1 transcription without recruiting Sp1 as
a co-repressor. We did not observed an effect of YY1 on KiSS1 gene expression in GT1-7
cells (Fig. 5B).

Co-transfection of GripTite™ 293 MSR with pcDNA3.1+/zeo-EAP1 and each of the
KiSS1 promoter constructs showed that EAP1 exerts a modest, but significant, inhibitory
effect on KiSS1 transcriptional activity of all KiSS1 promoter fragments (Fig. 6A). A similar,

though less consistent effect was observed in GT1-7 cells (Fig. 6B). EAP1 lacking the RING
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finger domain, tested with the 556 bp KiSS7 promoter construct, failed to affect
transcriptional activity of this DNA fragment in both non-neuronal cells (GripTite™ 293 MSR)
and GT1-7 neurons (Fig. 6C). These results indicate that EAP1 modestly represses KiSS1
transcriptional activity in two different cell lines and that the RING finger domain of EAP1 is
required for this effect.

Luciferase reporter assays, using GripTite™ 293 MSR cells, showed that TTF1
consistently trans-activates the short KiSS7 promoter construct (Fig. 7A).. However, this
effect was not observed in GT 1-7 cells (Fig. 7B). In a previous study we showed that
deletion of the TTF1 recognition site most proximal to the TSS (109 to -100) or the
simultaneous deletion of this site plus another site located at -1019 to -1010 in the KiSS7
promoter abolished the trans-activational effect of TTF1 on KiSS1 promoter activity
(Mastronardi et al. 2006). Altogether, these results indicate that TTF1 is a trans-activator of

KiSS1 transcription.

3.6. CUX1, YY1, EAP1 and TTF1 are expressed in kisspeptin neurons

We previously demonstrated that® the nuclei of kisspeptin neurons contain Ttf1
immunoreactive material (Mastronardi et al. 2006). To determine if they are also Yy1, Eap1
and/or Cux1 immunopositive, we performed double immunofluorescence studies using
hypothalami from late juvenile female rats. The results indicated that each of these proteins
is present in kisspeptin neurons of the medial basal hypothalamus (Fig. 8), and that as
expected, they have a nuclear localization. However, not all kisspeptin neurons contain all
three transcription factors, as shown by the absence of Cux1 in some kisspeptin neurons

(Fig. 8; example denoted by arrowhead).

4. Discussion
Following the pioneer observations of two different groups (De Roux et al. 2003;
Seminara et al. 2003) showing that mutations in the GPR54 gene result in hypogonadotropic

hypogonadism, a substantial body of evidence has accumulated demonstrating that the

17



O © 0o N o o~ WD o=

[ S T LS TR A TR 1 T .o T Ao TR 1o T .o YN - TN GO G G U G GO QR G G §
0o N O o »~A W D =2+ O O 0o N o o b~ 0 NhD =

kisspeptin-GPR54 receptor system is a key regulator of puberty and adult reproductive
function [reviewed in (Oakley et al. 2009)]. This progress notwithstanding, the factors
controlling KiSS1 expression at the transcriptional level have been only partially identified
(Mitchell et al. 2006;Mitchell et al. 2007). In the present study, we have experimentally tested
computational biology predictions implicating four TFs, previously postulated to be involved
in the hypothalamic control of female puberty, as regulators of KiSS1 transcriptional activity
(Roth et al. 2007). Not surprisingly, the picture that has emerged from this study is one of
complexity, but also one which is consistent with the basic concept that ultimately KiSS1
transcription depends on a delicate balance between activators and repressors.

We found that the KiSS1 TSS is located in a region between -153 bp to -156 bp
upstream of the ATG which is consistent with in silico predictions (NM_002256). The
absence of other transcripts suggests that at least in placental tissue the KiSS7 gene utilizes
a single TSS to generate a primary mRNA transcript. Analysis of the genomic region 5’ to
this site revealed the presence of specific promoter elements such as a TATA-box, GC-rich
regions, and binding sites for various members of the basic transcriptional machinery, like
SP1 and AP1. To the best of our knowledge only one TSS (identical to the one we identified
here) has been described for the human KiSS71 gene. An alternative upstream promoter
expressed in placenta that includes sequences from the Golt1a has been reported to exist in
the mouse (NM AY707856, AY707857, AY707859), but its biological significance has never
been assessed experimentally. When examining in silico potential transcripts derived from
this hypothetical TSS, we have not been able to obtain a translated kisspeptin sequence,
suggesting that utilization of this upstream TSS may not generate a translatable transcript.
Nevertheless, the possibility of an alternative TSS usage in nervous tissue is an issue that
requires future consideration.

Promoter activity was highest when shorter 5-flanking region fragments were used,
suggesting that enhancer elements are preferentially located near the TSS, whereas
repressor elements are located further upstream. Interestingly, the KiSS1 promoter activity of

longer DNA fragments was dependent on the cell system used. It tended to be higher in the
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non-neuronal cell line GripTite™293 MSR than in neuronal GT1-7 cells. A potential
explanation for the difference in basal transcriptional activity noted between these two cell
lines is that they do not have the same complement of repressors/activators or the same
abundance/availability of these proteins. Alternatively, the differences may have been simply
due to different transfection efficiencies.

Because the transcriptional control of female puberty appears to be exerted by both
TSGs and genes without tumor suppressor activity, we selected two members of each class
for our study. EAP1 and TTF1 represent the latter category; both have been suggested to be
upstream transcriptional regulators of mammalian puberty, based on physiological, cellular
and genetic evidence (Heger et al. 2007;Mastronardi et al. 2006). Of the two, EAP1 has dual
transcriptional activity. It trans-activates the GnRH promoter, but inhibits preproenkephalin
gene transcription (Heger et al. 2007). Because RNAi-mediated knock-down of Eap1 in the
preoptic region of prepubertal female rats results in delayed pubertal onset and disruption of
estrous cyclicity (Heger et al. 2007), we expected that EAP1 would increase KiSS1 gene
expression; instead, a repressive effect was observed. We do not understand well the
physiological significance of such an inhibitory action, but speculate that EAP1 may behave
differently in the presence of partners specifically expressed in kisspeptin neurons. It was
recently shown that EAP1 physically associates with two other proteins to form a repressive
complex that inhibits the expression of a downstream transcriptional repressor (Yeung et al.
2011). These findings suggest that in some cells EAP1 functions as a repressor of
repressors. Within the hypothalamus, a function of EAP1 may be to repress genes involved
in the inhibitory control of puberty/reproductive cyclicity, so that loss of EAP1 expression
would result in pubertal delay and loss of reproductive cyclicity. This is, indeed, the case
because knock-down of EAP1 expression in either the preoptic area of rats (Heger et al.
2007) or the arcuate nucleus of nonhuman primates (Dissen G, Lomniczi A, Heger S and
Ojeda SR, in preparation) interrupts reproductive cyclicity. These findings and our own
observation that EAP1 transactivates, instead of repressing, the GnRH promoter in GT1-7

cells (Heger et al. 2007), suggest that the absence/presence of appropriate partners or

19



O © 0o N o o~ WD o=

[ S T LS TR A TR 1 T .o T Ao TR 1o T .o YN - TN GO G G U G GO QR G G §
0o N O o »~A W D =2+ O O 0o N o o b~ 0 NhD o=

downstream targets in a given cell context may determine whether EAP1 will act as a
transactivator or repressor. More work is obviously needed to clarify this issue.

In contrast to EAP1, our results show that TTF1 enhances KiSS7 expression. A
previous study showed that this trans-activation requires a TTF1 binding site located near the
TSS. TTF1 is expressed in kisspeptin neurons of the arcuate nucleus (Mastronardi et al.
2006). An earlier report showed that TTF1 expression increases in the hypothalamus during
prepubertal development (Lee et al. 2001), preceding the increase in KiSS1 expression
(Clarkson and Herbison 2006;Navarro et al. 2004;Takase et al. 2009). The possibility that
this two events are causally related is supported by the present results showing that TTF1 is
not only recruited to the KiSS1 promoter in vivo, but it also strongly trans-activates KiSS71
transcription in vitro. Unexpectedly, this trans-activational effect was observed in
GripTiteMS"293 cells, but not in GT1-7 cells, suggesting that the ability of TTF1 to trans-
activate the KiSS1 promoter is cell-dependent: Although GT1-7 cells are neuronal, they may
not have the same complement of co-activators present in GripTite"*7293 cells (and perhaps
also in kisspeptin neurons themselves).

The two TSGs we examined also displayed contrasting activities. The activity of
CUX1 was found to be isoform-dependent. Previously we showed that CUX1 mRNA
abundance increases in the monkey hypothalamus at the time of puberty, and postulated
that CUX1 acts as a central node of a TSG network that operates within the hypothalamus to
control the onset of puberty (Roth et al. 2007;0jeda et al. 2006). In general, CUX1 functions
as a transcriptional repressor (Dufort and Nepveu 1994;Superti-Furga et al. 1989;Valarche et
al. 1993; Coqueret et al. 1998). However, depending on the cellular context, CUX1 can also
act as a transcriptional activator (Harada et al. 2008;Kim et al. 1997). In our experiments we
used two different isoforms of CUX1 previously shown to have divergent transcriptional
activities (Goulet et al. 2002;Sansregret and Nepveu 2008). Our results confirm this
isoform-specific activity. While p200, the full- length form of CUX1, behaved as a
trans-activator in non-neuronal cells and displayed limited repressive activity in GT1-7 cells,

the proteolytically derived form p110 was consistently repressive. Whether p200 behaves as
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a repressor or activator in kisspeptin neurons themselves remains an open question. Our
immunohistochemical studies show that the CUX1 protein is present in kisspeptin neurons.
However, the lack of isoform-specific antibodies does not allow us to distinguish between the
predominant form or to screen for a shift in relative abundance at the time of puberty. It may
be speculated that if expression of the p200 and p110 forms decreases at puberty in
kisspeptin neurons, a potentially repressive effect of CUX1 on KiSS1 transcription ‘would be
lifted. This shift would be expected to contribute to the pubertal increase in KiSST mRNA
abundance (Clarkson and Herbison 2006;Navarro et al. 2004;Takase et al. 2009).

Like CUX1 and EAP1, YY1 can display both repressive and trans-activating activities
(Shi et al. 1997;He and Casaccia-Bonnefil 2008;He et al. 2007). Qur results show that YY1 is
repressive in GripTiteMSR293 cells, but had no effect in GT1-7 cells. As in the case of TTF1,
this difference may be due to the absence of appropriate partners in GT1-7 cells. It is not
known if the repressive effect of YY1 we observed in GripTite™ 293 MSR cells occurs in
kisspeptin neurons themselves. These cells may contain a different complement of trans-
activators/repressors that may either reinforce the repressive effect of YY1 or switch it to
activation, as shown in other systems (Gordon et al. 2006). Further studies are required to
resolve this issue.

The repressive effect of YY1 on KiSS1 transcription is consistent with its well-
established gene silencing activity (He et al. 2007;Wilkinson et al. 2006;Woo0 et al. 2010),
and its contribution to the recruitment of PcG repressive proteins to gene promoters
(Schwartz and Pirrotta 2007;Woo et al. 2010). Because of its known interaction with Sp1
(Lee et al. 1993), YY1 action was analyzed in combination with Sp1 and observed that, at
least in GripTite™ 293 MSR cells, Sp1 does not alter the repressive activity of YY1. The
increase in Kiss1 mRBRNA abundance observed in the rodent hypothalamus at puberty
(Clarkson and Herbison 2006;Navarro et al. 2004;Takase et al. 2009) and the repression of
KiSS1 transcription by YY1 we observed in GripTiteVS7293 cells, suggest that this repression
is regulated developmentally. Should kisspeptin neurons expressed the appropriate partners

for YY1 to exert its well-established repressive effects, one could envision a strong
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repression taking place during early juvenile days when KiSS1 expression is low, and loss of
this inhibition near the time of puberty when KiSS1 expression increases.

Taken together, the present study provides experimental evidence supporting the in
silico prediction that upstream regulators of the pubertal process control KiSS1 transcription
by directly modifying KiSS1 promoter activity. The results also suggest that in vivo
expression of the KiSS1 gene depends on a balance between repressors and inhibitors able
to modify KiSS1 promoter activity. Although the above discussion focuses on the significance
of these interactions for female puberty, it seems reasonable to infer that the KiSS7 promoter

is similarly regulated in males.
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Table 1: Primer sequences

Name Sequence

Position according to
accession-no: NT_004487

Primer1F |5'- CGA CTG GAG CAC GAG GAC ACT GA -3
PrimeriR [5'- CTC TCG GTG CAC GGC AGG CTCT-3'

provided by GenRacer Kit
bp 54650216 - 54650237

Primer2F |5'- GGA CAC TGA CAT GGA CTG AAG GAG TA - &'
Primer2R [5' - GAG GCC CAG TTC TAG CTGCT - 3'

provided by GenRacer Kit
bp 54650254 - 54650276

Primer3F |5 - AGA ATC TCT GCC ACCACCAC-3
Primer3R |5°’- GCT GGG CTC CCG GTC TCA AG -3

bp 54656479 — 54656503
bp 54655947 - 54655966

Primer4F |5 - GGA CAG GCC AAC GTA CAC ATC ATC -3
Primer4R 5 - GCT GGG CTC CCG GTC TCAAG -3

bp 54657263 — 54657286
bp 54655947 - 54655966

Primer5F |5 - CTT GAACTT GGATCATTG GTT GAG - 3’
Primer5R |5’ - AGG GCA GAG ACT GTT TCT TCT ATC - 3

bp 54657899 — 54657922
bp 54656972 - 54656995

Position according to TSS=+1
accession-no: NM_002256

Primer6F |5 - CCC CCG CACCTT CTCCATTTGA-3
Primer6R 5’ - CCG CAC TTA GCC AGATCC CCA GAA -3

o

bp -2456 — -2434
bp -2288 — -2264

Primer7F |5’ - TGT CCC TGT CCT CAA AGT GCT GTA -8
Primer7R |5 - CTT CCT TCC TGC TTC CCT TCT TTC - 3

a

bp -839 — -816
bp -562 — -538

Primer8F |5 - CGG CCC CGG GTG TCG TT -8
Primer8R |5’ - CTG GGC AGT GTG GGG TTATTT TCT - 3

bp 11149 - 11166
bp 11225 - 11249

Primer 1F/1R and 2F/2R were used for RACE-PCR, Primer 3F/3R, 4F/4R and 5 F/5R for

promoter cloning, and Primer 6F/6R to 8F/8R for PCR detection of Chromatin

immunoprecipitated DNA.
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Table 2 Primer sequences for KiSS1 and other transcription factors in cell lines

Primer for PCR amplification in

Name Sequence
different cell lines:
KiSS1
Primer9F |5’ - ACC TGC CGA ACT ACAACT GG -3’
human bp 477- 697 (NM_002256.3)
Primer9R |5’ - CTT TTATTG CCT CGG GTT GG - 3

KiSs1

Primer 10F|5’ — GAG CCG CTG GCA AAAGTG - 3’
mouse bp 124— 187 (NM_178260.3)
Primer 10R[ 5 — GCA TAC CGC GATTCC TTTTC - 3

EAP1 human bp 937 — 1063 (NM_024496)
Primer11F|5 - CTT GCT ACC TGT GCG AC - 3 mouse bp 952 — 1077 (AF525300)
Primer11R|5 - GTG CTG TCT CGATCA CG - 3’ rat bp 366 — 491 (AY879229)

CuUX1 human bp 1574— 2705 (NM_181552)
Primer12F|5' - CAG CAC AAA CTC CAT ATC - 3' mouse bp 1454— 2576 (NM_009986)
Primer12R|5' - GTA TGG GGA CTC AGC G - 3 rat bp 1825—- 2947 (XM_347163)

YY1 human bp 826— 940 (NM_003403.3)
Primer13F |5’ - GAC GAC TCG GAC GGG - & mouse bp 454— 568 (NM_009537.3)
Primer13R|5 - CCA CGG TGA CCAGCG -3’ rat bp 343— 457 (NM_173290.1)

TTF1 human bp 203- 278 (NM_001079668)
Primer14F |5 - AGC ACACGA CTCCGTTCTCA-3 mouse bp 630- 705 (NM_009385.3)
Primer14R|5 - CCC TCC ATG CCC ACTTTC TT -3 rat bp 17— 92 (NM_013093.1)
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Table 3: Expression of KiSS1 and transcription factor mRNAs in different cell lines

KiSS1

EAP1

TTF1

CuXxi1

YY1

GripTite™'293 MSR

+

+

GT1-7

+

+

+

Hela

+

+

+

+= expressed; -= not expressed

The non-neuronal cell line GripTiteTM293 MSR expresses EAP1, CUX1, and YY1,
whereas neuronal GT1-7 cells express KiSS1, EAP1, and YY1. Only Hela cells

express all four transcription factors examined in this study, in addition to KiSS1.
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Legends to Figures:

Figure 1: /dentification of the KiSS1 transcription start site (TSS), and in silico prediction of
transcription factor recognition sites in the KiSS1 5’-flanking region. A, The KiSS1 gene is
transcribed from a single TSS. The translational start site (“ATG”) is located within exon 2 (at
nt +155 from the TSS) and the translational stop codon is located in exon 3 (at nt +571 from
the TSS). Vertical arrows and the table below the sequence illustrate the TSSs found by
RACE-PCR. The bold arrow denotes the nucleotide most frequently used as a TSS. B, Three
constructs containing KiSS1 5'-flanking region segments of different lengths (KiSS1p556,
KiSS1p1339, and KiSS1p1975) were generated to assess KiSS1 transcriptional activity.
Putative binding sites for three transcription factors (TTF1, CUX1 and YY1) implicated in the
control of puberty were identified in silico (TESS, Vector NTI) and are shown by horizontal
wide arrows. The direction of each arrow indicates the presence of each binding site on
either the sense or antisense DNA strand. EAP1 binding sites, if present, are currently

unknown.

Figure 2: Assessment of transcriptional activity of three KiSS1 promoter constructs using
Griptite™ 293 MSR, -and GT1-7 cells, and a luciferase reporter system. Luciferase activity is
shown as percent of the activity displayed by pGL4.10 basic, the luciferase reporter plasmid
in which the three KiSS71 constructs were cloned. Bars are means and vertical lines
represent SEM. Griptite™ 293 MSR cells n = 3, GT1-7 cells n = 3; *** = P<0.001 compared

to pGL4.1 basic vector.

Figure 3: CUX1, YY1, EAP1 and TTF1 are recruited to the KiSS1 promoter in Hela cells, as
assessed by ChIP assays. Endogenous CUX1 and YY1, as well as transfected HA-tagged
EAP1 and untagged TTF1, are recruited to the proximal promoter region of the KiSS71 gene
(Amplicon 2). An upstream region (Amplicon 1) showed Cux1 association, some YY1

binding, and neither EAP1 nor TTF1 association. A downstream region localized in intron 2
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(Amplicon 3) showed no binding of any of the four proteins examined. When endogenous
proteins (CUX1 and YY1) were immunoprecipitated, we used monoclonal antibodies against
each of these proteins and mouse IgGs as a negative control for the immunoprecipitation.
When the immunoprecipitating proteins derived from transfected expression vectors (EAP1-
HA and TTF1), immunoprecipitation was performed using a mouse monoclonal antibody
against HA (for EAP) or rabbit polyclonal antibodies against TTF1. Chromatin prepared from
cells transfected with the empty expression vector was used as the negative control. Inp:
input DNA, chromatin precleared with protein A beads before immunoprecipitation. Transf =

transfected.

Figure 4: CUXT1 regulates KiSS1 gene expression dually. A, The p110 isoform of CUX1
inhibits, whereas the full-length CUX1 isoform (p200) trans-activates KiSS1 transcription in
GripTite™ 293 MSR cells, n = 3. B, Both isoforms repress KiSS1 transcription in GT1-7 cells,
n = 3. Bars are mean and vertical lines are SEM; * = P< 0.05, ** = P< 0.01 and *** = P<0.001

compared to KiSS1 promoter alone.

Figure 5: YY1 inhibits KiSS1 transcriptional activity. A, YY1 inhibits KiSS1 transcription in
GripTite™ 293 MSR cells, n= 3, B, YY1 does not modify KiSS7 transcription in GT1-7 cells.
Bars are mean and vertical lines are SEM, n = 3; * = P< 0.05 compared to KiSS1 promoter

alone.

Figure 6: EAP1 represses KiSS1 transcriptional activity in non-neuronal and neuronal cell
lines. A, EAP1 represses transcription of all three KiSS1 promoter constructs in non-neuronal
(GripTite™ 293 MSR ) cells, n=3, B, EAP1 represses the activity of two of the three
constructs in the neuronal (GT1-7) cell line, n=3 . C, The repressive effect of EAP1 is
abolished in both cell lines by deletion of the EAP1 RING finger domain. Bars are mean and
vertical lines are SEM, n = 3; * = P<0.05, and *** = P<0.001 compared to KiSS1 promoter

alone.
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Figure 7: TTF1 enhances KiSS1 transcription in a non-neuronal cell line, but not in GT1-7
cells. A, TTF1 trans-activates transcription of each KiSS1 construct tested in GripTite™ 293
MSR cells, n = 3, B, TTF1 does not modify KiSS1 promoter transcription in GT1-7 cells. Bars
are mean and vertical lines are SEM, n=3; *= P<0.05, and ** = P<0.01 compared to

KiSS1 promoter alone.

Figure 8: Kisspeptin neurons of the prepubertal female rat hypothalamus contain Eap1, Yy1
and Cux1 as detected by double immunohistofluorescence. A-D, Yy1. E-H, Eap1. I-L, Cux1.
Arrows point to examples of colocalization. Arrowhead in J-L points to a kisspeptin positive
neuron lacking detectable Cux1 immunoreactivity. Notice the nuclear localization of Eap1,

Yy1 and Cux1. Bar =10 pym.
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Kisspeptin is akey component that controls puberty and reproductive development
Transcription of KiSS1 mRNA isinitiated at a single transcription start site

KiSSL promoter is activated by TTF1 and CUX1-p200

KiSS1 promoter isrepressed by EAPL, YY1, and CUX1-p110

All four TFs are recruited in vivo to the KiSSL promoter and are expressed in kisspeptin neurons





