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Abstract

The importance of the Kissl gene in the control of reproductive development is well documented.
However, much less is known about the transcriptional regulation of Kissl expression in the
hypothalamus. Critical for these studies is an accurate identification of the site(s) where Kissl
transcription is initiated. Employing 5’-RACE PCR we detected a transcription start site (TSS1)
used by the hypothalamus of rats, mice, nonhuman primates and humans to initiate Kissl
transcription. In rodents, an exon 1 encoding 5’-untranslated sequences is followed by an
alternatively spliced second exon, which encodes 5’-untranslated regions of two different lengths
and contains the translation initiation codon (ATG). In nonhuman primates and humans exon 2 is
not alternatively spliced. Surprisingly, in rat mediobasal hypothalamus (MBH), but not preoptic
region (POA), an additional TSS (TSS2) located upstream from TSS1 generates an exon 1 longer
(377 bp) than the TSS1-derived exon 1 (98 bp). The content of TSS1-derived transcripts increased
at puberty in the POA and MBH of female rats. It also increased in the MBH after ovariectomy,
and this change was prevented by estrogen. In contrast, no such changes in TSS2-derived
transcript abundance were detected. Promoter assays showed that the proximal TSS1 promoter is
much more active than the putative TSS2 promoter, and that only the TSS1 promoter is regulated
by estrogen. These differences appear to be related to the presence of a TATA box and binding
sites for transcription factors activating transcription and interacting with estrogen receptor alpha
(ERa) in the TSS1, but not TSS2, promoter.
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INTRODUCTION

Following the discovery ten years ago that mutations in the gene encoding the receptor
GPR54 (now termed KISS1R) resulted in hypothalamic hypogonadism and pubertal failure
in humans [1;2], much has been learned about the role of KISS1R and its ligands, the
kisspeptins (encoded by the KISSL gene), in the physiological control of reproduction
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(reviewed in [3;4]). Kisspeptins are now considered to have important roles in key aspects of
reproductive function, including the control of puberty and the implementation of estrogen
feedback mechanisms on gonadotropin-releasing hormone (GnRH) release (reviewed in

[5:6]).

The first reports describing the potential role of hypothalamic kisspeptin neurons in the
onset of puberty demonstrated that KISSL mRNA expression increases with pubertal
maturation in the POA-MBH of rats and the MBH of primates [7;8]. Subsequent studies in
rodents demonstrated the existence of two populations of neurons expressing Kissl in the
ventral forebrain. One of these populations is located in the anteroventral periventricular
(AVPV) nucleus of the preoptic region; the other is located in the arcuate nucleus (ARC) of
the medial basal hypothalamus [9-11]. The distribution of kisspeptin neurons in the
hypothalamus of other species, including nonhuman primates (NHP), humans and sheep, is
essentially the same [8;12-14]. These two populations are functionally different; while
kisspeptin neurons of the AVPV respond to estrogen with increased synthesis of kisspeptin,
production of kisspeptin is inhibited by estrogen in the ARC [15;16]. These and other
observations have led to the concept that AVPV kisspeptin neurons are involved in the
genesis of the preovulatory LH surge, whereas ARC kisspeptin neurons mediate the
inhibitory effect of estrogen on gonadotropin release [16-18].

In contrast to the plethora of reports describing the physiological role of kisspeptin in
reproductive function much less is known about the transcriptional control of the Kissl gene
in the hypothalamus in general, and contribution of this control to the timing of puberty and
the mechanisms mediating estrogen effects on the GnRH neuronal system in particular.
Important for a precise analysis of the cis/ trans-acting factors and epigenetic molecules
controlling Kissl transcription within the neuroendocrine brain is the identification of
transcription start sites (TSSs) that may be used in this brain region to set in motion the
Kissl transcriptional machinery. Thus far, the mouse is the only species in which the Kissl
TSS has been identified using hypothalamic tissue [19]. The TSS of human KISS1 was
described by four different groups [20-23], but using either placental tissue [21;23] or cell
lines [20;22]. To our knowledge no studies have been published establishing the position of
Kissl TSS in either the rat or NHP. Admittedly, the position of the Kissl TSS in different
species can be estimated from public databases depicting the beginning of exon 1 (see for
instance the track for human KISSL in http://genome.ucsc.edu or follow the UCSC Genome
browser custom track in http://fantom.gsc.riken.jp/5/suppl/Kanamori-
Katayama_et_al_2011/). However, because the TSS presumed location is based on the
alignment of transcripts sequences, instead of specific detection methods, such as Rapid
Amplification of 5’cDNA Ends (5’-RACE) PCR, S1 nuclease protection assays or Cap
Analysis of Gene Expression (CAGE) [24] the type and precise location of TSS(s) used by
different tissues to initiate Kissl transcription remains uncertain. Even more important for
the understanding of Kissl involvement in neuroendocrine reproductive function, the
information currently available in databases does not address the potentially important issue
of tissue-specific promoter usage and, in particular, whether promoter usage in the
hypothalamus is similar to that known from non-neural tissues/cells.
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In the present study we describe experiments aimed at determining the location of the TSSs
employed by the hypothalamus of different species to initiate Kissl transcription, and use
prepubertal female rats to determine the changes in alternative transcripts expression that
occur during puberty and in response to both removal of ovarian steroids and estrogen
replacement therapy.

MATERIAL AND METHODS

Animals

Upon arrival from the vendor (Charles River Laboratories international, Wilmington, MA)
immature female Sprague Dawley rats were housed at the Oregon National Primate
Research Center (ONPRC) vivarium under controlled conditions of temperature (23-25 C)
and light (14-h light, 10-h dark; lights on from 0500-1900 h), with ad libitum access to
standard chow (Purina laboratory chow; Ralston-Purina, St. Louis, MO) and tap water.

Female mice from the C57 strain (Jackson Labs, Bar Harbor, ME) were housed under
similar conditions of temperature (23-25 C), but with a different photoperiod (12:12 light-
dark cycle with lights on between 0600-1800 h), with standard pelleted food (LabDiet 5001,
PMI Nutrition International Brentwood, St. Louis, MO) and water provided ad libitum.

The NHP brain tissues used in this study were obtained from mid-pubertal (3—4 years of
age) female monkeys (Macaca mulatta) obtained through the ONPRC Necropsy Program.

All procedures performed using animals were in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care
and Use Committee of the ONPRC.

Tissue dissection

Dissection of the mediobasal hypothalamus (MBH) and preoptic area (POA) was as
previously described [25]. In brief, the POA was dissected by a transverse cut behind the
optic chiasm and two oblique cuts initiated on each lateral edge of the optic chiasm and
intersecting at a point anterior to the decussation of the optic nerves. The MBH was
dissected by two lateral cuts along the hypothalamic sulci, one posterior cut along the rostral
border of the mammillary bodies and one anterior cut immediately behind the optic chiasm.
The thickness of each fragment was about 1-2 mm. After dissection, the tissues were frozen
on dry ice and stored at —85C until RNA extraction.

RNA extraction

Total RNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA), according to
the manufacturer’s protocol. To remove DNA contamination, the RNA samples were treated
using a DNA-free DNase | kit (Ambion, Austin, TX). PCR analysis of each sample in the
absence of reverse transcription showed no amplification, confirming the absence of
contaminating genomic DNA in the RNA samples. RNA concentrations were determined by
spectrophotometric analysis (Epoch, Winooski, VT), and RNA integrity was verified using a
Bioanalyzer RNA nano kit (Agilent, Santa Clara, CA). Human hypothalamic total RNA was
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purchased from Ambion (Cat # 6864). The donor was a caucasian 23 year old male who
died of cardiac arrest. There is no information about the donor’s reproductive function.

Experimental identification of Kiss1 TSS by SMART-5-RACE

The position of the Kissl TSS was determined using the Switching Mechanism At 5" end of
RNA Transcript Rapid Amplification of cDNA Ends (SMART™ RACE cDNA
Amplification kit, Clontech Laboratories, Mountain View, CA) according to the
manufacturer’s recommendations. In brief, one microgram of total RNA from rat MBH,
POA and placenta (PLA, BioChain Institute, Newark, CA), mouse and monkey MBH, and
human hypothalamus (Ambion, Austin, TX) were reverse transcribed (RT) using a modified
oligo(dT) primer, SMARTcribe Reverse Transcriptase, and the SMARTer 11 A
Oligonucleotide, which anneals to the extended cDNA tail added by the SMART Scribe
Reverse Transcriptase to the 3" end of the first strand cDNA. The resulting cDNAs were
amplified by two rounds of PCR using HotStart Tag polymerase (QIAGEN, Valencia, CA).
For the first round, each 25 pl PCR mixture consisted of 1.25 pl RT product, 2.5 pl 10X
buffer, 1 ul 10 mM dNTPs, 0.1 ul HotStar Taq Polymerase, 2.5 ul 10 X Universal Primer A
Mix 0.4 uM from the SMARTer RACE kit, 0.5 pl gene specific primers (GSP, Table 1) and
1.25 ul DMSO. The Universal Primer (UP) recognizes the SMARTer 11 A Oligonuclectide
sequence inserted at the 5’ end of the transcript during the RT reaction. For the second
round, we used as input 1.25 pl of purified PCR product from the first round diluted 1:10, a
nested universal primer (NUP), and nested gene-specific primers (NGSP, Table 1). Both
rounds of PCR were performed on a Bio-Rad (Hercules, CA) C1000 Touch™ Thermal
Cycler using the following touchdown PCR protocol: 5 cycles of 30 sec at 94 C and 3 min at
72 C, followed by 5 cycles of 30 sec at 94 C, 30 sec at 70 C and 3 min at 72 C, and 32
cycles of 30 sec at 94 C, 30 sec at 68 C, followed by a final extension of 3 min at 72 C. The
second-round PCR products were then cloned into the plasmid pGEM-T (Promega,
Madison, WI), and positive clones were sequenced from both ends, using M13 forward and
M13 reverse primers to determine the initiation of Kissl mRNA transcription.

Semiquantitative RT-PCR

Five hundred nanograms of total RNA were reverse transcribed using the Omni RT kit
(QIAGEN, Valencia, CA) following the manufacturer’s recommendations. Quantification of
the different Kiss1 mRNA transcripts (Ela, E1b-E2a and E1b-E2b) was assessed by
semiquantitative PCR, using the primer pairs and conditions shown in Table 2. As an
internal control, PCR amplification of peptidylprolyl isomerase A (Ppia) mMRNA was carried
out in parallel. The PCR reactions consisted of a first denaturing step at 95 C for 5 min,
followed by a variable number of cycles of amplification, each consisting of a denaturation
step at 95 C for 30 sec, annealing for 30 sec, and extension at 72 C for 30 sec. A final
extension step at 72 C for 5 min was also included. Annealing temperature was adjusted for
each target and primer pair: 60 C for each Kissl mRNA variant and 55 C for Ppia mRNA.
PCR-generated DNA fragments were resolved by electrophoresis in Tris-borate-buffered
1.5% agarose gels and visualized by ethidium bromide staining. Intensity of the RT-PCR
signals was quantified by densitometric scanning using AlphaEaseFC software (Alpha
Innotech, San Leandro, CA), and values for each Kiss1 mRNA transcript were normalized
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using the PCR signals derived from Ppia mRNA. The final values are expressed as Kissl/
Ppia mRNA ratios.

In silico analysis of transcription factor binding sites in the 5’-flanking region of the Kissl

gene

Plasmids

Cell culture,

We used the TRANSFAC database of transcription factor binding site matrices and the
accompanying MATCH tool [26;27] to predict the location of estrogen-responsive elements
and binding sites for activators of Kissl transcription known to interact with estrogen
receptor alpha (ERa) in a DNA segment comprising 1000 bp of the Kissl 5’-flanking
region. We used the high-quality matrices included in TRANSFAC’s non-redundant
vertebrate profile and selected cutoffs to optimize the sum of false positive and false
negative rates (minSUM).

To investigate the basal and estrogen-dependent changes in transcriptional activity of both
Elaand E1b promoters, we cloned two genomic fragments containing either TSS2 (rKiss1
TSS2, =557 to —207) or TSS1 (rKissl TSS1, —259 to +71) into the luciferase reporter
plasmid pGL2-Basic (Promega). The position of the TSS1 detected by 5’-RACE PCR (see
figure 1b) was used as +1. To PCR amplify the DNA fragments containing TSS2 and TSS1
we used 100ng of rat genomic DNA and the primer pairs shown in Table 3. PCR
amplification consisted of a first denaturing step at 95 C for 5 min, followed by 34 cycles of
amplification, each consisting of a denaturation step at 95 C for 30 sec, annealing for 30 sec,
and extension at 72 C for 30 sec. A final extension step at 72 C for 5 min was also included.
PCR-generated DNA fragments were resolved by electrophoresis in Tris-borate-buffered
1.5% agarose gels and visualized by ethidium bromide staining. PCR products were column
purified (QIAGEN, Valencia, CA) and ligated into the Sacl-Smal sites of pGL2-Basic using
an In-Fusion HD Cloning Kit (Clontech). The sequences of the cloned DNA fragments were
verified by sequencing.

E, stimulation and promoter assays

HEK 293T cells were grown in Dulbecco’s modified Eagle medium (DMEM, Sigma
Chemicals, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS, Hyclone,
Logan, UT), 100ug/ml penicillin, and 100ug/ml streptomycin. For promoter assays, cells
were seeded in 6 well plates (at a 2,000,000 cells/well), and grown in DMEM without
phenol red or antibiotics, containing 10% charcoal-stripped FBS (Bioworld, Dublin, OH)
and Na Pyruvate (ImM). Twenty-four hours after seeding, Lipofectamine 2000 (Invitrogen)
was premixed for 30 min with the various reporter gene constructs at a ratio of 1 pg DNA to
2.5 pl transfection reagent before the mixture was added to the cells. Transfection efficiency
was normalized by cotransfecting the plasmid CMV-Sport-B-gal (Invitrogen) at 10 ng/ml
and determining B-galactosidase activity using the Tropix Galacto Reaction (ABI).

To examine the effect of estradiol (Ep) on Ela and E1b promoter activity, HEK 293T cells
were transiently transfected with the control plasmid (pGL2, 1pg/ml), 1pg of human
pcDNA-ERa (a kind gift from Dr. Robert A. Shapiro, Department of Physiology and
Pharmacology, Oregon Health and Science University, Portland, Oregon), and 1ug/ml of
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either rKiss1 TSS2-pGL2 or rKissl TSS1-pGL2. Twenty-four hours after transfection, the
medium was replaced with fresh medium containing the E, vehicle (ethanol, 0.1 pl/ml
medium) or 100nM 17 B-Estradiol (Sigma). The cells were harvested 24 h later for
luciferase and p-galactosidase assays. Luciferase activity was expressed as percent of the
activity detected in control cells transfected with pGL2 and pcDNA-ERa.

Evaluation of sexual maturation

To determine the changes in hypothalamic expression of Kiss1 mRNA transcripts during
female pubertal development, rats were euthanized at four different stages: early juvenile
(EJ), late juvenile (LJ), early proestrus (EP) and late proestrus (LP), according to previously
reported criteria [28;29]. According to these criteria, 21-d-old animals are considered to be
in the early juvenile (EJ) phase of prepubertal development. At this time, the vagina is not
yet patent, the uterine weight is 60 mg or less, and there is no intrauterine fluid. At 28d days
of age, the rats are considered to be late juveniles (LJ); their vagina is closed and there is no
intrauterine fluid accumulation. Pulsatile LH release in these animals is more pronounced in
the afternoons [30]. As in humans and monkeys, this is the first hormonal manifestation of
the increase in central drive that initiates puberty [31]. Older rats with a closed vagina,
intrauterine fluid, and a uterine weight less that 200 mg are considered to be in the early
proestrous (EP) phase of puberty. During this transition period the rising estrogen levels
result in increased uterine weight, accumulation of intrauterine fluid [28], and generation of
minisurges of LH secretion [30]. Finally, rats with a closed or open vagina, but showing a
uterus filled with fluid and a uterine weight of at least 200 mg are considered to be in late
proestrus, i.e. the phase of puberty when the first preovulatory surge of gonadotropins takes
place. These animals are considered to be in mid-puberty because ovulation has not occurred
yet. The first ovulation occurs the following day. All animals were euthanized between 1600
and 1700 h, and the MBH and POA were immediately dissected and collected as described
above.

Ovariectomy and steroid treatment

Rats were ovariectomized (OVX) on postnatal day 23, under isoflurane anesthesia, via a
dorsal approach. All animals were given carprofen (4 mg/kg) as an analgesic prior to
surgery. Five days after OV X, the rats were injected with estradiol benzoate (E,) (100 pg/kg
body weight, sc) (SIGMA, St Louis, MI) or vehicle alone (100 pl corn oil) and housed with
intact animals (two OV X and two intact rats per cage). Starting on the same day (d 28), the
intact animals were inspected daily for vaginal opening. Upon detection of swelling and
hyperemia of the genital area (usually between postnatal day 30 and 32), both the intact rats
entering puberty and the co-housed OV X animals were euthanized and the MBH was
collected as described above.

Presentation of data and statistics

Semiquantitative PCR results are presented as the mean £ SEM from at least four animals
per group. The data were first subjected to a normality test. Data passing this test, were
analyzed by ANOVA followed by the Student-Newman-Keuls multiple comparison test
(GraphPad PRISM version 5 software, USA). P < 0.05 was considered significant.
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RESULTS

Identification of the Kiss1 TSS in rat POA, MBH and placenta

To determine if the 5’-end of Kissl mMRNA in rat hypothalamus is similar to that described
in humans (GenBank accession no. AK291695.1) and mice (GenBank accession no.
AB666166.1) we subjected total RNA isolated from rat POA and MBH to SMART 5’
RACE PCR. After reverse transcription using primers provided with the RACE PCR Kkit, the
initial PCR reaction was performed using a reverse GSP complementary to a sequence
located on exon 3 (Table 1) and the forward UP provided by the kit (Fig. 1a). This primer is
complementary to an oligonucleotide sequence added to the 3’ end of the first-strand cDNA
during the reverse transcription reaction. The products of this reaction were then subjected
to nested PCR using a forward NUP provided by the kit and NGSPs (Fig. 1a; primers
sequences listed in Table 1). The rat POA showed two different PCR products with
approximate sizes of 373 (E1b-E2a-E3) and 296 bp (E1b-E2b-E3) (Fig. 1b). Rat MBH
yielded a third PCR product with an estimated size of 575 bp (Ela-E2b-E3) (Fig. 1c). In
POA, combination of the short exon E1b with either a long exon E2a or a short exon E2b
results in two alternative transcripts. In MBH, in addition to these two variants a long exon
Ela was found only in combination with short exon E2b. Based on the relative intensity of
the PCR products it appears that the most abundant transcript is that containing the long E2a
exon. The Ela-E2b-E3 transcript appeared to be the least expressed. Sequence and genomic
analysis of these transcripts revealed that, as in humans and mice, the Kissl gene in rats is
composed of three exons. However, in rat MBH transcription is initiated from two
alternative TSSs (Fig.1c), which generate either a long (Ela: 377bp) or a short (E1b: 98bp)
exon 1. In addition, the second exon (which contains the ATG translational initiation site)
shows two 5"UTRs of different lengths, resulting in an exon of either 215 bp (E2a) or 138
bp (E2b) (Fig. 1c). Alternative use of these variants results in three different combinations of
exons 1 and 2 (Fig. 1).

Because the only Kissl gene sequence reported in rat is from placenta (NM_181692.1), and
this sequence lacks an experimentally verified TSS, we sought to determine if Kissl TSS(s)
in placenta is similar to either the TSSs detected in rat MBH or the single TSS seen in rat
POA. Although several PCR products were identified by SMART 5’ RACE PCR (Fig. 1d,
gel image), only one of these products (E1-E2: 210 bp) corresponded to a Kissl transcript.
All other PCR products were identified as segments of Goltla (NM_001109070), which is
located in chromosome 13q13 directly upstream from Kissl (Fig. 1d and Supplementary
Table 1). This finding confirms the existence of the two Kissl exons previously described in
rat placenta, and identifies the existence of a single TSS used by placental cells to initiate
Kissl transcription (Fig. 1d). In addition, our results show that exon 3 of Kissl also serves as
exon 6 in Goltla (Fig. 1d).

Identification of the Kiss1 TSS in mouse and rhesus monkey MBH and human
hypothalamus

A single TSS has been shown to initiate transcription of the KISSL gene in human placenta
[21;23] and human cell lines [20;22]. With the exception of a very recent study [19]
describing the Kissl genomic structure and TSS used in mouse hypothalamus (AB666166),
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it is not known if this or other potential TSSs initiate KISSL transcription in the
hypothalamus of human and nonhuman primates. To address this issue, we subjected total
RNA extracted from the mouse and rhesus monkey MBH, and human hypothalamus to
SMART 5’ RACE.

The results confirmed the existence of a major TSS in mouse MBH and the presence of two
transcripts, both using the same TSS and containing a short (84 bp) exon 1 (Fig. 2a).
Transcript 1 (E1-E2a-E3) is composed of exon 1, a long exon 2 (E2a) and the well-known
exon 3. As in the rat MBH, transcript 2 (E1-E2b-E3) contains a short exon 2 (E2b) instead
of the longer E2a exon. Both variants are reported in the Ensembl and NCBI genome
databases (Ensembl ENSMUST00000007433 and GenBank AB666166), and were recently
described in mouse hypothalamus [19].

In monkey MBH, nested PCR yielded two different bands (Fig. 2b, gel images). However,
only the upper band contained a KISS1 sequence (E1-E2-E3) with the other band
representing a non-specific PCR product. Only a single KISSL transcript similar in size to
the monkey transcript was detected in human hypothalamus (Fig. 2c, gel image). In both
cases the sequence obtained corresponded to the KISSL sequences reported in the Ensembl
and NCBI genome databases (Human: Ensembl ENST00000367194 and GenBank
AK?291695.1; monkey: Ensembl ENSMMUT00000045110). Thus, as it occurs in human
placenta and human cell lines, KISSL mRNA is transcribed from a single TSS in both the
monkey MBH and human hypothalamus.

Expression profile of Kissl transcriptional variants in rat MBH and POA during female
peripubertal development

We next used exon-specific primers (Fig. 3a) to define the expression profile of the three
Kissl transcripts identified in the rat MBH during pre and peripubertal development of the
female rat. The results showed that the abundance of the transcripts containing the
combination E1b-E2a or E1b-E2b increased ~2-fold in POA and slightly less in MBH
during juvenile development (EJ-LJ phases), and then more than 15-fold in POA and ~5-
fold in MBH at the time of puberty (EP-LP phases) (Fig. 3b).

Because Ela, the long exon 1, was only detected by 5"RACE PCR in rat MBH, the
expression analysis of Kissl transcripts containing this exon were carried out only in the
MBH. Contrary to the puberty-related changes in E1b-E2a and E1b-E2b mRNA abundance
observed earlier, no changes in Ela expression were detected throughout pre and
peripubertal maturation (Fig. 3c), indicating that expression of this transcript is not
developmental regulated.

Changes in Kissl transcript abundance in the rat MBH in response to OVX and estradiol
treatment at the expected time of puberty

Because estrogen has been repeatedly shown to repress Kissl expression in the MBH
[16;32-34] we carried out a study to determine if OV X and treating OV X juvenile rats with
estradiol would alter the expression of the three Kissl transcripts detected in rat MBH. As
previously observed using primers that detect the Kissl coding region [33] or cRNA probes
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complementary to this region [15;16;32;34], OV X (on postnatal day 23) resulted 7-9 days
later in a significant increase in both E1b-E2a and E1b-E2b-containing transcripts as
compared with LP controls (Fig. 4a, b). A single EB injection (100ug/kg BW) administered
to 28-d-old rats OV X five days earlier led to a significant decrease in the content of both
transcripts 48 h later (Fig. 4a, b). In contrast, neither OVX nor EB treatment altered the
abundance of Ela-containing transcripts (Fig. 4c), suggesting that neither the ovary nor
estradiol regulates transcription of this variant. In keeping with this conclusion, basal levels
of Ela-containing transcripts in intact LP rats were 10 times lower in the MBH than that of
transcripts containing the short E1b exon (Fig. 4a—c).

The proximal promoter of E1b-containing transcripts, but not that of Ela, has the
architecture of promoters displaying a single dominant TSS

In silico analysis of the Ela and E1b proximal promoters demonstrated that the E1b
promoter behaves like promoters exhibiting a single dominant TSS [24], with a preferential
CA dinucleotide initiator, a TATA box signature near the TSS (-27 to —23 bp), and multiple
binding sites for transcription factors able to tether ERa to the promoter, including Sp1, Sp3
and AP-2a [35-37], all of them located within 84 bp upstream of the TSS (Fig. 5a). The
presence of these sites within —93 to 58 bp from the TSS of human KISSL has been shown to
be required for Sp1/AP-2a-mediated regulation of Kissl promoter activity [35;36].
Although the proximal promoter of Ela-containing transcripts also has a single dominant
TSS, and like TSS1 uses the dinucleotide CA as initiator, it does not contain a TATA box. It
also lacks Sp1, Sp3 and AP-2a binding sites near the TSS, with only one AP-2a binding site
present at position —193 bp. The promoter region upstream, from TSS2 (-279bp) to 1000bp,
contains a cluster of 4 binding sites for half-estradiol response elements (1/2ERE) and seven
binding sites for AP-2 rep, a Kruppel-related zinc finger protein involved in gene repression
[38;39]. The latter suggest that this region plays a role in repressing Kiss1 expression.

Transcriptional activity of the Ela and E1b promoters

To assess the basal activity and the potential effects of E; on Ela and E1b promoter activity,
HEK 293T cells were cotransfected with pcDNA-ERa and either rKissl TSS2-pGL2 or
rKissl TSS1-pGL2. Twenty-four hours after transfection, cells were treated with 100 nM
17p-Estradiol or the vehicle (ethanol) as a control. In good agreement with our expression
data (see Fig. 3 and Fig. 4), the results showed that basal activity of the E1b promoter was
much greater (~10-fold) than that of Ela, and that only the E1b promoter was responsive to
estradiol (Fig. 5b). However, contrary to the changes in E1b-containing transcripts in
response to OVX and estradiol treatment observed in vivo, E, increased - instead of
decreasing - the transcriptional activity of the E1b promoter.

DISCUSSION

The present study identifies the start site used by the hypothalamus of rats, mice, nonhuman
primates and humans to initiate transcription of the KISSL gene. Our results indicate that in
all these four species there is a single dominant KISS1 TSS on the 5’ end of a short exonl
(ranging from 84 bp in mouse hypothalamus to 115 bp in human hypothalamus). These
findings are entirely consistent with earlier reports describing the structure of the KISS1
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gene in human placenta [21;23], human cell lines [20;22], and mouse hypothalamus [19]. As
already known, exon 1 encodes only untranslated sequences. This feature is similar to that of
KISS1 mRNA in human placental tissue, but surprisingly, it differs from Kiss1 mRNA in rat
placenta. Because exon 1 is not transcribed in this tissue, the TSS is located at the beginning
of exon 2, which then becomes exon 1 and contains both the ATG translation initiation site
and a short untranslated sequence.

In addition to this tissue-specific difference in promoter usage, the splicing pattern of the
Kissl mRNA primary transcript is different in the hypothalamus of rodents as compared
with primates. As recently reported for the mouse hypothalamus [19], the rat hypothalamus
expresses two variants derived from the alternative splicing of exon 2, which contains the
ATG translational start site. As a result, the 5’-untranslated region encoded by exon 2
displays two different lengths. In humans and nonhuman primates such splicing variants do
not exist. The biological consequences of this difference are not known.

Perhaps the most surprising observation of our study is the presence in rat MBH, but not in
rat POA or the MBH of mice, NHP and human hypothalamus, of an alternative TSS, which
results in an exon 1 (E1a) that is 279 bp longer than the canonical exon 1 (E1b). Expression
of transcripts containing the Ela exon is low and subjected to neither developmental control
around the time of puberty nor steroid regulation. Specifically, the abundance of Ela-
containing transcripts remains at low levels in the MBH during the juvenile-pubertal
transition and does not change in response to either ovariectomy or estrogen treatment.
Analysis of the underlying genomic structure provides a reasonable explanation for this
behavior. While the proximal promoter of TSS1, the preferred TSS used by the
hypothalamus of all four species analyzed, contains a canonical TATA box and a cluster of
SP1, SP3, and AP-2a binding sites able to activate (SP1/AP-2a) or repress (SP3) Kissl
transcription [35-37], the alternative TSS2 lacks these features. In addition to enhancing
KISS1 promoter activity, Spl and AP-2a binding sites have been shown to physically
interact with ERa to tether the receptor to DNA regions containing Sp1l/AP-2a binding sites
[35-37] in the absence of estrogen response elements (ERES) able to bind ERa.

Consistent with our expression data showing that E1b-containing transcripts are much more
abundant than Ela-containing transcripts in rat MBH, we observed that the basal activity of
the E1b promoter measured in reporter assays is strikingly greater than that of the Ela
promoter. These results are in keeping with previous reports showing that human and mouse
genomic regions equivalent to that comprising the E1b promoter fragment used in our
transfection assays effectively drive Kissl transcription [19;35;36;40]. In fact, the strongest
transcriptional activity of the mouse Kissl 5°-flanking region resides in a segment
immediately upstream from the TSS (-180 bp to +1) [19], similar to the rat E1b promoter
(=259 bp to +71).

We also observed that only the activity of the E1b promoter changes in response to E,, but
that in contrast to the in vivo expression data, promoter activity increases in response to
estrogen. These findings are similar to earlier reports showing that human Kissl mRNA
expression is up-regulated by E, in ERa-positive GT1-7 [41;42] and 293T cells transfected
with an ERa expression vector [41]. However, they differ from two other studies reporting
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that E, either does not affect Kissl transcription in neural N7cells [19] or represses it in a
MDA-MB-231 breast cancer cell line stably expressing ERa [22]. The reasons for these
discrepancies are unknown.

A potential repressive effect of E; on Kissl transcription may involve both interactions with
Sp3 protein complexes [41] and loss of RNA polymerase 11 binding to the Kissl promoter
[22]. It may not involve a direct interaction of ERa with SP1-containing complexes because
estrogen can decrease KISSL transcriptional activity in the absence of Sp1 sites [22], and the
association of ERa to Spl appears to mediate estrogen-dependent activation of Kissl
transcription instead of inhibition [35;36;41]. Future experiments are obviously required to
address this important issue.

Our results show that the abundance of E1b-containing transcripts, measured by semi-
quantitative PCR, increases not only in the POA but also the MBH during the juvenile-
peripubertal period of the female rat, with maximal levels observed on the day of the first
preovulatory surge of gonadotropins. The increase in Kiss1 mRNA content detected in the
MBH is in keeping with earlier reports that also used qPCR to quantify changes in Kissl
mMRNA abundance in the female rat MBH at the time of puberty [33;43-45], but not with
reports in which such changes were estimated in female mice using immunohistochemistry
[11], in situ hybridization [46], or gPCR [47]. The reasons for this discrepancy are not
readily apparent, especially because both PCR and in situ hybridization-based methods
detect an increase in Kiss1 mRNA abundance in the MBH after ovariectomy and reversal of
this change by estradiol treatment [16;33;34]. These considerations bring up another issue
that has not been adequately addressed in the literature: why Kissl mRNA expression
increases in the MBH [33;43-45] or remains unchanged [11;46;47] at puberty (when
estradiol levels are high) but also increases after OV X (when estradiol levels are low)?
Estrogen treatment of OV X animals is very effective in reducing Kiss1 mRNA levels in the
MBH. Why it does not do that around the time of puberty? There must be another
component or mechanism influencing the response of the Kiss1 gene to estrogen action.

The functional significance of an alternative TSS in rat MBH is unclear, as the resulting
transcript does not appear to be developmental regulated or subject to ovarian feedback
regulation. It does appear to be much less frequently used than the “canonical” TSS1, and
although we could not detect it by RACE PCR in the rat POA, we have occasionally
observed low levels of Ela-containing transcripts in the POA of some animals using the
same primers that detect these transcripts in the rat MBH (data not shown). It is possible that
because of its proximity to a cluster of AP-2rep binding sites located >500 bp upstream from
TSS1 (but only 200-300 bp upstream from TSS2), transcription initiation at TSS2 is more
susceptible to AP-2rep-mediated repression than that at TSS1. AP-2rep is a transcriptional
inhibitor encoding a Krippel-related zinc finger protein with homology to the wtl/egrl
family of transcription factors [38].

Rather than being an exception, the use of alternative TSSs is a common feature of the
mammalian genome as it is found in most protein-encoding genes [24;48]. Increasing
evidence exists supporting the role of 5’-UTR’s in events such as RNA stability and
translational efficiency [49;50], subcellular localization [51;52] as well as differential
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coupling to cellular signals [53;54]. Although we have not analyzed any of these features,
they stand out as a possibility for future studies. The Kissl Ela and E1b promoters behave
like most alternative promoters in that they generate alternative 5’ exons that splice into a
common second exon [48]. Even if it not preferentially used, transcription initiated at TSS2
would necessarily be accompanied by recruitment of a host of accessory proteins required
for transcription initiation and elongation [48;55]. The presence of these multiprotein
complexes would limit the access of TATA binding proteins to this genomic region, thereby
reducing the ability of these proteins to initiate transcription from TSS1. Based on these
considerations it might be speculated that TSS2-initiated transcription, though weak, may
serve to modulate the most active transcriptional activity of the TSS1 promoter, and/or play
a role in terminating physiological episodes of TSS1-mediated transcriptional activation.
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Figure 1.

Identification of Kissl TSS in the rat POA, MBH and placenta. (a) Schematic diagram
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............

showing locations of RACE-PCR primers used for the identification of Kissl TSSs. (b—d)
Structure of the Kissl gene 5’-end and transcriptional variants detected by RACE-PCR in rat
POA (b), MBH (c) and placenta (d). Representation of exon 3 (E3) in rat POA and MBH
and exon 2 (E2) in rat placenta is based on the reported rat and mouse Kiss1 mRNA
sequences (rat: Ensembl accession no. ENSRNOTO00000035583; mouse: Ensembl accession

no. ENSMUST00000007433). The gel images shown on each diagram depict the PCR
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products derived from RACE PCR using the nested universal primer (NUP) and the nested
gene specific primer (NGSP) shown in panel a. Boxes and lines represent exons and introns,
respectively. 5’-untranslated regions are represented by white boxes, coding regions are
shown in gray and potential 3’-untranslated regions (88% homology with mouse sequence)
are represented by white boxes with dotted outline. Numbers indicate the size of the exons
and introns (in base pairs, bp). SO: Smarter Oligonucleotide; TSS: Transcription start site;
UP: Universal primer; NUP: Nested universal primer; GSP: Gene specific primer; NGSP:
Nested gene specific primer; ATG: Translation start codon; TGA: Translation stop codon;
Ela: Long version of exon 1 in rat MBH; E1b: Short version of exon 1 in rat POA and
MBH; E1: Exonl in rat placenta; E2a: Long version of exon 2 in rat POA and MBH; E2b:
Short version of exon 2 in rat POA and MBH; E2: Exon 2 in rat placenta; Ela-E2b-E3E1b-
E2a-E3E1b-E2b-E3 and E1-E2: Transcriptional variants of KissL mRNA detected by
RACE-PCR in rat POA and MBH. In rat placenta Goltla was detected as containing 6
exons: exon 1 to 5 (from ENSRNOTO00000003918) and a sixth untranslated exon equivalent
to Kissl exon 3.
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Identification of the Kissl TSS in the mouse and monkey MBH and human hypothalamus.
(a—c) Structure of the Kissl gene 5’-end and transcriptional variants detected by RACE-PCR
in mouse (a), monkey MBH (b) and human hypothalamus (c). Representation of exon 3 (E3)

in mouse and monkey MBH and human hypothalamus is based on the reported Kissl
MRNA sequences for each of these species (mouse: Ensembl accession no.
ENSMUST00000007433; monkey: Ensembl accession no. ENSMMUT00000045110;

human: Ensembl accession no. ENST00000367194). The gel images shown on the right of
each diagram depict the PCR products derived from RACE PCR using the nested universal
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primer (NUP) and the nested gene specific primer (NGSP) shown in Figure 1, panel a.
Boxes and lines represent exons and introns, respectively. Untranslated regions are
represented by white boxes and coding regions are shown in gray. Numbers indicate the size
of the exons and introns (in base pairs, bp). TSS: Transcription start site; ATG: Translation
start codon; TGA: Translation stop codon; E1: Exon 1 in mouse and monkey MBH and
human hypothalamus; E2a: Long version of exon 2 in mouse MBH; E2b: Short version of
exon 2 in mouse MBH; E2: Exon 2 in mouse and monkey MBH and human hypothalamus;
E1-E2a-E3E1-E2b-E3E1-E2-E3: Transcriptional variants of KissL mRNA detected by
RACE-PCR in mouse and/or monkey MBH and human hypothalamus.

Neuroendocrinology. Author manuscript; available in PMC 2015 March 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Castellano et al.

Page 20

a
E1b E2a Amplicon size
: [ | 289bp
rKissTE2 f ipn! rKissTE2 r
213bp
E2b
Ela
249bp
rKiss1E1a f _> 4_ rKiss1E1ar
b
POA MBH
25 10
- {E1b-E2a - E1b-E2a
< 20: Kk L < 81
S 15 S 6
4 ] 4 *kk *kk
E 101 E 4
~ ~
g 3
E 54 E 2 -
0- 0-
25 10
|E1b-E2b E1b-E2b
2 204 KKk <D( 81
<Z(' 15: *kKk <Zf 6 ok ek
x 1 o
€ 104 E 44
S < 2]
0- 0
EJ LJ EP LP EJ LJ EP LP
Cc
20 MBH
Ela
D
< 1.5-
:‘ZC( 1.0 T
£ T
3 054
X
0
EJ LJ EP LP
Phase of Puberty
Figure 3.

Expression profile of Kiss1 mRNA transcriptional variants in rat POA and MBH during
female peripubertal development. (a) Schematic diagram showing locations of RT-PCR
primers used for the analysis of Kiss1 mRNA expression. Boxes and lines represent exons
and introns, respectively. Untranslated regions are represented by white boxes and coding
regions are shown in gray. (b) The abundance of E1b-E2a and E1b-E2b mRNA transcripts
increases in both rat POA and MBH during pre-and peripubertal development (c)
Expression of the alternatively transcribed Ela-containing transcript does not change during
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female peripubertal development. The results are expressed in arbitrary units (ratios between
Kissl mRNA and Ppia mRNA). Vertical bars represent the mean + SEM; n = 4-9 animals
per group. *** P < 0.001 vs. EJ and LJ groups (ANOVA followed by the Student-Newman-
Keuls multiple comparison test). f = forward; r = reverse.
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Figure 4.

Expression profile of Kiss1 mRNA transcriptional variants in rat MBH of pubertal rats (30—
32 days old), after ovariectomy (OVX) alone or OVX followed by E, treatment. (a) The
abundance of both E1b-E2a and (b) E1b-E2b mRNA transcripts increases after OVX and is

restored to pre-OVX levels by E; treatment. (c) The abundance of Ela-containing

transcripts does not change after OV X or estrogen treatment. The results are expressed in
arbitrary units (ratios between Kissl mRNA and Ppia mRNA). Vertical bars represent the
mean + SEM; n = 4-9 animals per group. ***, P < 0.001 vs. intact LP controls and OVX +
E, group (ANOVA followed by the Student-Newman-Keuls multiple comparison test).
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Figure 5.

B2 +e2

The 5’-flanking region of rat Kissl. (a) In silico prediction of recognition sites for
transcription factors involved in the regulation of the Kissl gene in rats. The analysis of 1Kb
upstream from the TSS1 detects several motifs implicated in estrogen-dependent and
independent mediated transcriptional activation, including four incomplete EREs (1/2ERE),
three SP1, six SP3, and four AP-2q sites. Binding sites for SP1 (n =2), SP3 (n = 4) and
AP-2a (n =3) are overrepresented in the proximal promoter (-279 bp to +1) of TSS1, which
also contains a canonical TATA box. In contrast, these binding sites are essentially absent
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from the proximal promoter of TSS2 (-558 to =279 bp from TSS1). An upstream genomic
region located between —1000 to —600 bp (from TSS1) contains a cluster of binding sites (n
=7) for the transcriptional repressor AP-2rep, in addition to four half ERE sites. (b) HEK
293T cells were co-transfected with a luciferase vector containing either the proximal
promoter region of Ela (rKiss1 TSS2-pGL2) or E1lb (rKissl TSS1-pGL2) and a vector
expressing estrogen receptor a (ERa). Twenty-four hs later they were exposed to 100 nM E,
and were collected after an additional 24h period for luciferase assays.
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