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Abstract
Precise spatial and temporal expression of the recently identified G-protein coupled receptor GPR54
is critical for proper reproductive function and metastasis suppression. However, regulatory factors
that control GPR54 expression remain unknown. Thus, the identification of these cis-acting DNA
elements can provide insight into the role of GPR54 in reproduction and cancer. Using luciferase
reporter, electrophoretic mobility shift, and chromatin immunoprecipitation assays, we demonstrate
that three SP1 sites and a partial estrogen response element modulate mouse GPR54 (mGPR54)
promoter activity. Supporting experiments show transcription factor SP1 binds directly to the
mGPR54 promoter region and activates gene expression. In conclusion, these novel findings now
identify factors that regulate activity of the mGPR54 promoter, and these factors are highly conserved
across multiple mammalian species.
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1. Introduction
G-protein coupled receptor GPR54 (also known as KISS1R), together with its endogenous
ligand kisspeptin (KP), play pivotal roles in reproduction and cancer metastasis [1-8]. KP-
GPR54 were originally postulated to be metastasis suppressors, based on subtractive
hybridization and migration studies [4,9,10]. Clinical reports also demonstrate an inverse
correlation exists between KP-GPR54 expression levels and metastasis severity [5,11].
Subsequent to these studies, KP-GPR54 signaling in the hypothalamic-pituitary-gonadal axis
was shown to be critical for initiation of puberty, ovulation, estrous cycle, and pregnancy [2,
3,6,12-14]. Patients with inactivating mutations in GPR54 display idiopathic
hypogonadotropic hypogonadism, a condition with low levels of circulating sex hormones,
underdeveloped reproductive organs and infertility [1]. In support of these findings, GPR54
knockout (KO) mice phenocopy patients with GPR54 loss-of-function mutations [1,3] and
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have been used to study GPR54's role in ovulation and estrous cycle. These reports have spurred
intense study into this intriguing new area of reproductive and cancer biology.

To date, relatively little information is known about the mechanisms controlling expression of
GPR54. Preliminary studies suggest that tight regulation of both KP and GPR54 expression is
essential to maintain proper function of the reproductive system, and to prevent migration of
metastatic cancer cells. For example, only a few select tissues express GPR54 and KP,
including the hypothalamus, pituitary, gonads, placenta, liver, small intestine, pancreas and
spleen [5,7,15]. Moreover, KP and GPR54 expression changes dramatically during the course
of pregnancy, with striking increases observed in plasma KP and GPR54 mRNA levels,
followed by a rapid return to baseline levels post-partum [14,16]. Additionally, KP-GPR54 are
potential markers of metastasis severity as mRNA levels of both are significantly decreased in
a variety of highly metastatic cancers, including melanoma, epithelial ovarian, pancreatic,
thyroid, gastric, esophageal, choriocarcinoma, endometrial, bladder, and uveal melanoma [5,
17]. Taken together, these data demonstrate the importance for proper control of KP-GPR54
expression in cancer and reproduction, and therefore, it is highly important that we begin to
elucidate the molecular mechanisms regulating the expression of these tightly controlled genes.

Thus far, a few studies have attempted to identify the mechanisms regulating expression of the
gene encoding kisspeptin, KISS1. Interestingly, the mechanisms controlling KISS1 expression
appear to be tissue specific. For example, SP1/AP-2α increases KISS1 expression in breast
cancer cells (MCF-7), whereas estrogen receptor α (ER α) and SP1 must form a complex to
enhance KISS1 expression in hypothalamic cells (GT1-7) [18,19]. Presumably, this tissue-
specific regulation permits differential expression levels between these highly divergent
tissues, although further studies are required to validate this hypothesis. Unfortunately, little
to no information exists about the molecular mechanisms controlling expression of the GPR54
gene, KISS1R. Discovering the factors that provide tissue specific control of KP-GPR54
expression will provide knowledge that permits exogenous manipulation of KP-GPR54
expression levels in cancer and reproductive disease.

This manuscript provides novel information detailing the molecular mechanism controlling
mouse GPR54 (mGPR54) gene transcription. We have used promoter element prediction
software, luciferase reporter assays, electrophoretic mobility shift assays, and chromatin
immunoprecipitation to characterize the DNA elements and trans-acting factors regulating
mGPR54 expression in the mouse pituitary cell line, AtT-20, which endogenously expresses
mGPR54 at physiological levels. Using these multiple approaches, our data strongly suggest
that specificity protein-1 (SP1) and sex steroids play important but opposing roles in controlling
GPR54 expression.

2. Materials and Methods
Promoter Analysis and Constructs

Genomic sequence surrounding GPR54 in the Mus musculus genome was analyzed using
UCSC Genome Browser (http://genome.ucsc.edu/). mGPR54 is on chromosome 10qC1 from
79,379,716 to 79,384,928. This study focused on the region spanning 79,379,668 to 79,381,420
on chromosome 10, which lies 5’ to the mGPR54 gene.

Cell Culture
AtT-20/D16v-F2 cells were propagated in Dulbecco's modified Eagle's medium containing
10% horse serum, 100 μg/ml streptomycin, and 100 units/ml penicillin at 37 °C in 5% CO2.
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Luciferase Assay
Cells were seeded at 300,000 cells/well in 24 well plates. pGL3-promoter construct (400 ng)
and prL-CMV construct (4 ng) were transfected using Lipofectamine (Invitrogen, Carlsbad,
CA). In studies with SP1 overexpression (400 ng), pCDNA 3.1 + was used as negative control
and to normalize quantities of total DNA transfected. Promoter constructs were reduced to 200
ng per well with SP1 overexpression. Cells were collected after 48 hrs and assayed using the
dual-luciferase kit (Promega, Catalogue # E2940, Madison, WI). Ratio of firefly to renilla
luciferase activity was calculated, normalized to empty vector and then represented as a
percentage of full-length promoter activity.

Electrophoretic Mobility Shift Assay (EMSA)
Nuclear extracts were prepared according to [20]. Labeled probe (α -32P dCTP) was generated
via PCR with primers referenced in Supplemental Table. 10 μl binding reactions consisted of
5X buffer (50% glycerol, 250 mM KCl, 50 mM HEPES (pH 7.9), 1 mM EDTA, 25 mM
MgCl2), 5 mM DTT, 2 μg poly dI.dC dI,dC, 100 ng ssDNA, and 5 μg nuclear extract were
incubated on ice for 30 mins. SP1 probe (~30,000 cpm) was added and incubated for 20 mins
at RT. SP1 antibody (sc-59x from Santa Cruz), IgY antibody (LN050920, Genway) or cold
competitor was pre-incubated in relevant reactions (Santa Cruz, CA; San Diego, CA). Mutant
competitor (MT) had three SP1 sites where site directed mutagenesis was done
(GGGCGG→GTACGG). DNA-protein complexes were resolved on 5% TBE PAGE (Ready
Gels, Bio-Rad, Hercules, CA) at 70V in 1X TBE for 100 min at RT. The gels were dried and
exposed to CLXposure film at −80°C for 3-6 hrs (ThermoScientific, Waltham, MA).

Chromatin Immunoprecipitation (ChIP)
Preparation of chromatin and immunoprecipitation (IP) was done according to [20]. 120 μl of
chromatin was used per IP and 4μg of SP1 antibody or no antibody (ChIPAb+ from Upstate,
Lake Placid, NY). Results were analyzed via qPCR with SYBR Green (Stratagene, La Jolla,
CA) with primers from EMSA SP1 probe.

3. Results
3.1 Genomic Arrangement of GPR54

Following analysis using the UCSC genome browser, (http://genome.ucsc.edu/), we
discovered the genomic arrangement surrounding GPR54 is highly conserved between human,
rat, and mouse (Fig. 1A). Interestingly, both the gene order (Med16, C19orf22, GPR54, and
Arid3a), and positioning of CpG islands (two within the GPR54 sequence, one located in the
promoter region and one in the fifth exon) are roughly equivalent between human, rat, and
mouse. The sequence 1752 bp 5’ to the ATG of mouse GPR54 was chosen as the putative
mGPR54 promoter; this region spans the sequence from the 5’ end of C19orf22 (gene on
opposite strand of DNA), to the start site of translation for mGPR54. Preliminary sequence
analysis of the 1752 bp genomic sequence identified the following promoter elements: four
SP1 sites, one E box, one AP-1 site, and one partial estrogen response element (ERE) (Sup.
Fig.1). Interestingly, the three SP1 promoter elements clustered at the 5’ end of the promoter
region are conserved among all three species (Sup. Fig. 2.).

3.2. Features of the 5’- flanking promoter region
Next, we addressed the relative contribution of the identified elements to control mGPR54
promoter activity using a dual-luciferase assay. AtT-20 cells were used as the model cell line
for these experiments. These cells are a mouse pituitary adenoma derived cell line that express
low levels of mGPR54, which we confirmed using quantitative reverse-transcriptase
polymerase chain reaction (data not shown). Following transfection into AtT-20 cells, we
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observed that the full-length putative mGPR54 promoter increased luciferase reporter activity
~15-fold over activity observed with empty vector. The activity of the full-length promoter
was used to normalize all subsequent experiments and data are expressed as percentage of full-
length promoter. To assess the potential importance of the elements identified in the putative
promoter for regulating mGPR54 gene activity, we sequentially truncated the promoter into
constructs T-1 (−1082 to +1), T-2 (−781 to +1), and T-3 (−479 to +1) and measured the ability
of each construct to drive luciferase activity in comparison to full-length construct. First, we
found that the T-1 construct displayed significantly decreased promoter activity, suggesting
that activating elements are located within the region −1752 to −1083 of the promoter (Fig.
1B). Indeed, sequence analysis revealed that three SP1 sites and a single E box are found
between bps −1752 to −1083. Next, we observed that the T-2 construct showed a similar level
of promoter activity compared to T-1, suggesting that no elements are located between bps
−1082 to −782 that contribute to promoter activity. However, we found that construct T-3
caused a significant increase in luciferase activity, suggesting a repressive element exists
between bps −781 to −480. Further sequence examination revealed the presence of a partial
ERE and a single AP-1 binding site in this region. To test the contribution of the partial ERE
to promoter activity, we destroyed the consensus sequence (AGGTCA→ACATCA) [21].
Construct ΔERE showed increased promoter activity, suggesting estrogen receptor (i.e. ER-
α, ER-β)-mediated transcriptional repression (Fig. 2A).

3.3 Role of SP1 sites in mGPR54 expression
Thus far, our data suggest that SP1 may be involved in regulating mGPR54 gene transcription
because removal of bps −1752 to −1083 containing three SP1 sites caused a decrease in reporter
activity. The first construct we created to test this hypothesis involved deletion of the first SP1
site at −1735 (SP1Δ1), which resulted in ~40% decrease in activity relative to full-length
promoter. Next, we deleted all three SP1 sites located at bps −1735, −1713, and −1639
(SP1Δ3). If multiple SP1 sites are involved in regulation of mGPR54 gene activity, we would
expect to observe a further reduction in activity. Indeed, we observed a further 10% decrease,
suggesting that multiple SP1 sites are involved (Fig. 2A). We confirmed these results by
creating a construct that only contains the three SP1 sites (SP1x3, bp −1752 – −1634). This
construct caused a significant increase in gene activity greater then that observed in full-length
promoter alone (Fig. 2A). This intriguing result strongly suggests that opposing elements are
located within the putative promoter, presumably to permit dual control of GPR54 gene activity
and precise regulation of expression levels in a tissue-selective manner.

Our deletion constructs suggest SP1 increases mGPR54 gene activity, and if so, one would
expect that we can exogenously drive GPR54 gene expression by overexpressing SP1. To test
this possibility, we co-transfected AtT-20 cells with saturating concentrations of SP1 cDNA
and full-length GPR54 promoter. We observed an approximate 200% increase in activity of
the full-length promoter following co-transfection with SP1. Conversely, we would expect SP1
overexpression to have no effect when SP1 sites are deleted. Indeed, co-expressing SP1 cDNA
with the SP1Δ3 construct resulted in no detectable differences in gene activity (Fig. 2B). Taken
together, these results strongly imply that SP1 functions as an activator of mGPR54 gene
transcription.

3.4 SP1 directly binds to mGPR54 promoter
Thus far, we have found that deleting SP1 sites or overexpressing SP1 affects GPR54 gene
activity. Our working hypothesis is that SP1 is binding directly to the mGPR54 gene promoter
to increase transcription, although we can not rule out the possibility that SP1 indirectly
regulates mGPR54 activity. Therefore, we tested the ability of SP1 to interact with the mGPR54
putative promoter using electrophoretic mobility shift assays (EMSAs). A 151 bp probe with
the three SP1 elements located between bps −1752 to −1601 of the mGPR54 promoter was

DeFino et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



used for these experiments (Fig. 3A). Following incubation of AtT-20 nuclear extract with [α
−32P] labeled probe, we observed formation of a specific complex that increased with
increasing concentrations of nuclear extract (Fig. 3B). Next, we tested if SP1 was present in
the mobility shift complex using a commercially available SP1 antibody. A modest, but
significant super-shift of the DNA-protein complex was noted with the SP1 antibody. As a
negative control, we demonstrated that anti-IgY antibody is unable to supershift the complex
(Fig. 4A). The specificity of the binding activity was further investigated using competition
assays. A significant reduction in DNA-protein complex formation was observed when
saturating concentrations of cold competitor containing SP1 sites was added to the reaction.
No such competition was detected with neither a nonspecific fragment lacking SP1 sites (NS),
nor a fragment with mutated SP1 sites (MT) (Fig. 4B).

Finally, we wished to confirm that SP1 binds to the mGPR54 promoter in vivo using chromatin
immunoprecipitation. Sheared chromatin purified from AtT-20 cells was incubated with either
SP1 antibody or no antibody, and the amount of mGPR54 promoter DNA encompassing the
three SP1 sites (−1752 to −1601) was assessed by quantitative-PCR. A ~25% enrichment in
mGPR54 promoter DNA was observed in the SP1-antibody immnuoprecipitates in comparison
to immunoprecipitates containing no antibody (Fig. 4C). Taken together, our data strongly
suggest that SP1 specifically binds to the proximal promoter region of mGPR54 in AtT-20
cells and directly regulates GPR54 transcription.

4. Discussion
To date, few studies have identified factors controlling GPR54 gene expression. Our
experiments have identified a 1752 bp region as the mGPR54 promoter, shown repression of
mGPR54 promoter activity by a partial ERE, and activation of mGPR54 expression by
transcription factor SP1 via three SP1 binding sites clustered at the 5’ end. Additionally, the
arrangement of the SP1 binding sites is conserved across species, suggesting their key part in
GPR54 regulation.

Our studies demonstrate that SP1 regulates GPR54 gene activity by binding directly to GC
boxes in the promoter region [22]. Several of the known characteristics of SP1 indicate this
transcription factor uses a complex mechanism to control the expression of genes important in
reproduction and cancer [6,23]. For example, activation of SP1 increases the expression of
VEGF and EGFR, two proteins important for angiogenesis [24-26]. Also, SP1 can regulate the
methylation state of CpG islands in promoter regions [27]. Interestingly, a recent study
examined the methylation status of CpG islands in highly metastatic cancer cell biopsies to
determine which genes were highly repressed [28]. Both KISS1 and GPR54 genes were found
to be CpG methylated and repressed, in agreement with the hypothesis that these genes must
be inactivated to suppress their anti-metastatic properties. Thus, it would be interesting to
determine in future studies if SP1 is involved in controlling the methylation status of the KISS1
and GPR54 genes, and to understand the molecular mechanism by which this process occurs
in both reproductive and cancer cells.

The discovery that a partial ERE can regulate GPR54 gene expression supports the findings
of previous studies in the field. For example, estradiol has been implicated in repression of
GPR54 expression in several studies performed in vivo and in vitro. Navarro et al., recently
showed that GPR54 transcript levels in the hypothalamus increased in female rats following
ovariectomization, and more conclusively, GPR54 expression then decreased upon estrogen
replacement [6]. Additionally, Richard et al. revealed GPR54 expression in the female rat
pituitary can be repressed by administering estradiol [29]. Moreover, estradiol treatment of
human fetal GnRH neuroblasts causes a dose-dependent decrease in both KISS1 and GPR54
expression levels [30]. Our data both support and extend these previous findings suggesting
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that estrogen acts as a repressor of GRP54 gene activity, because disruption of the partial ERE
resulted in an increase in GPR54 promoter activity. Future studies will determine the subtype
of estrogen receptor involved in this mechanism, and if these effects are tissue specific.

Numerous studies have implied that GPR54 and KISS1 are co-regulated with precise temporal
and spatial accuracy, as both partners in this signaling system are required for the estrous cycle,
ovulation, pregnancy, and reproduction [5,6,8,31]. Here, we have characterized the promoter
elements that contribute to regulation of GPR54 expression. Consistent with KISS1 regulation
[18,19,32], we have found that a partial ERE represses expression and that SP1 elements recruit
SP1 to activate transcription of GPR54, and these findings are the first documenting cis-acting
DNA regulatory elements for GPR54. This information provides a starting point for
understanding the precise regulation of KP-GPR54 signaling system in reproduction and
cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analysis of the mGPR54 gene
A, Mus musculus chromosome 10qC1 genomic arrangement is presented. The gene order is
conserved between mouse and human (Med16, C19orf22, GPR54, and Arid3a). Two CpG
islands are contained within the GPR54 sequence, one in the promoter region and one in the
fifth exon. The sequence 1752 bp 5’ to the ATG of mouse GPR54 was chosen as the putative
mGPR54 promoter; this region spans the sequence from the 5’ end of C19orf22 to the start site
of translation for mGPR54 (N.B. C19orf22 is on opposite strand of DNA). Preliminary analysis
identified the following promoter elements: four SP1 sites, one E box, one AP-1 site, and one
partial estrogen response element (ERE). The SP1 and partial ERE sites are conserved in both
the mouse and human promoters. (not shown here, see Sup. Fig. 2.). B, Activity of mGPR54
truncation constructs were examined using luciferase reporter assays. Activity was normalized
to % of full-length construct in each assay, (n = 2-5, 3 replicates each, and expressed as average
± SEM).
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Figure 2. Contribution of SP1 elements and partial ERE to mGPR54 promoter activity
A, Activities of mGPR54 deletion constructs were examined in AtT-20 cells. Data are
normalized to % of activity observed using full-length mGRP54, (n = 2-3, 3 replicates each
and expressed as average ± SEM). B Activity of full-length mGPR54 promoter construct or
SP1Δ3 construct co-transfected with 0 or 400 ng SP1 in AtT-20 cells. Data are normalized to
% of activity observed using full-length promoter, (n=3, 3 replicates each and expressed as
average ± SEM).
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Figure 3. AtT-20 Nuclear Extract binds to mGPR54 gene
A, Nucleotide sequence of the SP1 probe used for EMSA. B, Increasing concentrations of
AtT-20 nuclear extract (NE) were tested to determine optimal concentration for maximum
EMSA shift. (-) does not contain AtT-20 NE.
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Figure 4. SP1 binds directly to mGPR54 gene
A, SP1 probe was incubated without (-) or with (+) 5 ug of AtT-20 nuclear extract (NE)
containing SP1 antibody (SP1) or IgY antibody (IgY). EMSA reveals a supershift in the
presence of SP1 antibody, but not IgY. DNA-protein complex indicated by unlabeled arrow.
B, SP1 probe was incubated without (-) or with (+) 5 ug of AtT-20 NE containing wild type
(WT), nonspecific (NS), or mutant SP1 sites (MT) cold probe. 10X and 25X concentrations of
cold competitors were used where indicated. C, Chromatin isolated from AtT-20 cells was
incubated with no antibody or SP1 antibody, Enrichment at SP1 sites was calculated as % of
input. Data presented are from 2-3 replicates within one chromatin preparation and
representative of 2 experiments.
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