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Abstract Somatostatin and cortistatin exert multiple
biological actions through five receptors (sst1-5); however,
not all their effects can be explained by activation of sst1-5.
Indeed, we recently identified novel truncated but func-
tional human sst5-variants, present in normal and tumoral
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tissues. In this study, we identified and characterized three
novel truncated sst5 variants in mice and one in rats dis-
playing different numbers of transmembrane-domains
[TMD; sstSTMD4, sstSTMD?2, sstSTMD1 (mouse-vari-
ants) and sst5STMD1 (rat-variant)]. These sst5 variants: (1)
are functional to mediate ligand-selective-induced varia-
tions in [Ca”]i and cAMP despite being truncated; (2)
display preferential intracellular distribution; (3) mostly
share full-length sst5 tissue distribution, but exhibit unique
differences; (4) are differentially regulated by changes in
hormonal/metabolic environment in a tissue- (e.g., central
vs. systemic) and ligand-dependent manner. Altogether,
our results demonstrate the existence of new truncated
sst5-variants with unique ligand-selective signaling prop-
erties, which could contribute to further understanding the
complex, distinct pathophysiological roles of somatostatin
and cortistatin.
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Abbreviations

SST Somatostatin

CST Cortistatin

sst Somatostatin receptor

TMD Transmembrane domain

HPT Hypothalamus

PIT Pituitary

DIO Diet-induced obesity

MT-hGHRH Metallothionein promoter-human growth
hormone releasing hormone

SST-KO Somatostatin knock-out

3xHA 3x hemagglutinin

qrtRT-PCR  Quantitative real-time retrotranscriptase-

polymerase chain reaction
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Introduction

Somatostatin (SST) is a well-known pleiotropic polypep-
tide, which is widely distributed throughout the organism
and exerts a number of (patho)-physiological functions,
including inhibition of endocrine and exocrine secretions
and of tumoral cell growth, modulation of neurotransmis-
sion, regulation of metabolic, digestive and immune
functions. To exert its multiple functions, SST can act
through a family of five G-protein couple receptors
(GPCR) with seven transmembrane domains (TMD)
termed sst1-5 [1-5]. The ssts also seem to mediate most
actions of cortistatin (CST), a peptide with strong homol-
ogy to SST that shares the majority, but not all of the
biological actions of SST [1, 6-10]. In spite of the wealth
of knowledge gathered in recent years on the patho-phys-
iology of SST/CST and their receptors, there are still a
number of unsolved questions. This has led several authors
to propose the existence of additional SST or CST recep-
tors and/or signaling mechanisms, either related or not to
the sst family, to explain their findings, which indicated
that SST and CST can cause distinct effects at both central
and peripheral levels [7, 10-14]. However, the existence of
such postulated additional SST/CST receptors, or that of
specific receptors for SST or CST has not been clearly
demonstrated so far, although there is some evidence
suggesting that MAS related gene receptor (MgrX2) as
well as the GH secretagogue receptor (GHS-R1a) may play
such a role by selectively binding CST, and not SST [13,
15-17].

After their discovery, initial studies on seven TMD
domain GPCRs were mainly focused on the region of the
receptor with the most obvious implications in ligand
binding (i.e., the N-terminus), whereas the C-terminal
region received somewhat less attention. However, the
GPCR C-terminus is now recognized as a critical domain
for the regulation of GPCR functions, and over the last
years, it has been widely demonstrated that many splice
variants of a given GPCR show sequence variations within
the C-terminal domain, as is the case for the receptors for
growth hormone-releasing hormone (GHRH-R) and gona-
dotropin-releasing hormone (GnRH-R) [18-22]. In fact,
such a diversity of functions of the GPCR C-terminus and
its related splicing processing mechanism has led to term
this region the ‘magic tail’ [18]. Furthermore, there is
increasing evidence that the splice mechanism of GPCR at
the C-tail can also result in truncated receptors with fewer
than the typical seven TMDs, as has been shown for the
receptors for prostaglandin (EP1-4), corticotrophin-releas-
ing hormone, GHRH and gonadotropin-releasing hormone
[20-25]. In this context, our group has demonstrated
recently the existence of two new truncated but functional
splice variants of the human sst5, of five and four TMDs,

accordingly termed sstSTMDS5 and sstSTMD4. These
receptors show a unique expression pattern in normal tis-
sues as well as in different pituitary tumor types and
display distinct responses to SST and CST [26].

Laboratory rodents are widely used as animal models to
study the consequences that a patho-physiologic state (i.e.,
fasting, obesity) can cause on specific tissue and cell
functions because of their easy experimental manipulation.
Likewise, rodents, especially mice, are ideally suited to
study the pathophysiological importance of gene products
because of the feasibility to generate genetically modified
mice over- or under-expressing the product of interest (i.e.,
SST knockout). Consequently, the current study focused on
the identification of potential new sst5 variants in different
rodent models, and their characterization under normal or
pathophysiological states. The results obtained provide the
first evidence for the existence of three truncated but
functional sst5 variants in mouse (named sst5TMDA4,
sstS5TMD2 and sstSTMD1) and one in rat (named
sstSTMD1). These receptors, which show high inter-spe-
cific sequence identity, unique tissue expression patterns
and distinct ligand-selective signaling properties, may help
to better understand the complex pathophysiology of the
SST/CST/sst system.

Materials and methods
Reagents

Unless indicated otherwise, all chemical products and tis-
sue culture reagents were purchased from Sigma—Aldrich.
D-MEM was obtained from Cambrex (Milan, Italy), fetal
bovine serum (FBS) was purchased from PAA (Pasching,
Austria), tissue culture plasticware was obtained from TPP
(Trasadingen, Switzerland), mouse/rat somatostatin-14
(SST) and cortistatin-14 (CST) were purchased from
Phoenix Pharmaceuticals (Karlsruhe, Germany).

Animal models

All experimental procedures were approved by the Animal
Care and Use Committees of the University of Cordoba,
University of Illinois at Chicago and the Jesse Brown VA
Medical Center. Male and female C57Bl/6 J, Swiss and
FVB mice and Wistar rats were purchased from “Centro de
Instrumentacién Cientifica” (University of Granada, Spain)
or from Jackson Laboratories (Bar Harbor, ME). ob/ob
mice and their lean littermate controls were purchased from
Jackson Laboratories. SST-KO mice were provided by
Dr. Ute Hochgeschwender [27]. MT-GHRH mice were
provided by Dr. Robert E. Hammer [28]. All animals were
housed under standard conditions of light (12-h light, 12-h
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dark cycle; lights on at 0700 h) and temperature (22—
24°C), with free access to tap water and food (standard
rodent chow; LabDiet, Framingham, MA). All animals
were handled daily at least 1 week prior to euthanasia to
acclimate to personnel and handling procedures. Animals
were killed by decapitation, without anesthesia, under fed
conditions unless otherwise specified. Trunk blood was
collected for hormone and metabolite determinations, and
fresh tissues were collected for primary tissue cell culture
or were frozen in liquid nitrogen and stored at —80°C until
their further analysis of mRNA levels by conventional or
qrtRT-PCR (see below). Descriptions of the experiments
conducted follows:

Distribution of sst5 variants in mouse tissues

Expression of sst5 variants was screened by qrtRT-PCR in
a variety of mouse tissues using specific primers for each
transcript (Table 1; primer sets 7—10).

Effect of fasting on the hypothalamus (HPT) and pituitary
(PIT) expression of mouse sst5 variants

To evaluate the effect of fasting on sst5 variants expres-
sion, male mice (10 weeks of age) were assigned to one of
four groups (n = 5-8): 12, 24, 48 h fasting or control
feeding ad libitum and HPT and PIT were collected for
further analysis as previously reported [29].

Effect of obesity on the HPT and PIT expression of mouse
sst5 variants

To study the effect of the obese state on sst5 variant
expression, tissue samples were obtained from two models
of obesity as previously reported [30, 31]: (1) ob/ob mice
and their littermate controls (n = 6; 10 weeks of age); (2)
diet-induced obesity (DIO) mice, fed a low-fat diet (LFD)
or a high-fat diet (HFD) diet. Briefly, DIO groups of male
mice (n = 6-7) were placed at 4 weeks of age on either a
LFD (10% kcal from fat, used as control; Research Diets,
Brunswick, NJ) or HFD (60% kcal from fat) and killed at
20 weeks of age.

Effect of leptin on the HPT and PIT expression of mouse
sst5 variants

To evaluate the impact of leptin replacement on sst5
variants expression in the ob/ob mouse, HPT and PIT from
ob/ob male mice (10 weeks of age) used in a recent study
[30] were further evaluated. Briefly, groups of ob/ob mice
(n =5) were implanted with osmotic mini-pumps (sc)
containing either recombinant mouse leptin or vehicle for
7 days. This study included a group of ob/ob mice pair-fed

to match the food intake of leptin-treated mice to differ-
entiate between direct effects of leptin and those mediated
indirectly by leptin-induced reduction in food intake and
weight loss.

Expression of sst5 variants on the HPT and PIT of SST-KO
mice

To explore the potential role of endogenous SST in the
regulation of sst5 variant expression, tissues samples from
male SST-knockout (SST—/—) and SST-intact (SST+/+)
mice were used as previously reported [32, 33]. Briefly,
SST+/+ and SST—/— mice (n = 5-8 per group; 9-11
weeks old) were fed ad libitum or subjected to food
deprivation for 48 h. After this period, mice were killed by
decapitation and tissues collected for analysis.

Expression of mouse sst5 variants on PIT tumors

qrtRT-PCR was used to determine whether sst5 variants
were present in hyperplastic and adenomatous PIT samples
from male mice expressing the MT-hGHRH transgene and
normal PIT samples of age-matched wild-type controls
previously generated by our laboratory [34].

RNA isolation and reverse transcription (RT)

Tissues and cell cultures were processed for recovery of
total RNA using the Absolutely RNA RT-PCR Miniprep
Kit (Stratagene, La Jolla, CA) or Trizol reagent (Invitro-
gen, Barcelona, Spain) with deoxyribonuclease treatment
(Stratagene; Promega, Madison, WI) as previously descri-
bed [31, 32, 35]. The amount of RNA recovered was
determined using the Ribogreen RNA quantification kit
(Molecular Probes, Eugene, OR). Total RNA (1-2 pg for
whole tissue extract and 0.25 pg for primary cell cultures)
was reversed transcribed with enzyme and buffers supplied
in the cDNA First Strand Synthesis kit (MRI Fermentas,
Hanover, MD). cDNA was treated with ribonuclease H
(1U; MRI Fermentas).

Isolation and sequence of the sst5 variants
by standard RT-PCR

Initial amplification and sequencing of truncated sst5 var-
iant transcripts were performed by standard RT-PCR,
named type I, using tissue extracts (HPT and PIT) from
adult C57B1/6 J, Swiss and FVB mice and Wistar rats.
Primers used for standard PCR type I (Table 1; Primer sets
1-2) were located upstream of the start codon (sense pri-
mer: msst3-5'UTR and rsst5-5’UTR) and downstream of
the stop codon (antisense primer: msst5-3’'UTR and rsst5-
3'UTR) of the mouse and rat sst5 gene (Genbank accession



1150

J. Cérdoba-Chacén et al.

Table 1 Specific primers used for amplification of the different mouse and rat sst5 transcripts (msst5 and rsst5, respectively) in conventional
RT-PCR (RT-PCR I and II) and quantitative real-time RT-PCR (RT-PCR III)

Set no. Name Primer sequence Nucleotide position Product size (bp) Tm (°C)
RT-PCR I primers
1 msst5-5'UTR Sn: GGCTCCTCTAACATTGTCT 260 1,844 58
msst5-3'UTR As: GTCCATTCTCTTTCCAGTCTT 2,104
2 rsst5-5'UTR Sn: GCACCCTGTCCTGCACAGAGACACG 97 1,268 64
rsst5-3'UTR As: ACACTGCCACCGAGAGGAGTCCAAC 1,364
RT-PCR II primers
3 msst5-nested5’a Sn: GGTCATCTATGTGGTGTTGCGGT 491 1,617 62
msst5-nested3’a As: GTGTGTCCATTCTCTTTCCAGTCTT 2,108
4 msst5-nested5’b Sn: CTATGTGGTGTTGCGGTACG 497 1,398 60
msst5-nested3’b As: GGGCTGAACACACATGGATACCTTT 1,895
5 msst5-nested5’c Sn: CGGTATTAGTGCCTGTGCTCTACTT 429 1,045 62
msst5-nested3’c As: CTCTCATATCCCAGAAGACAACACC 1,474
6 rsst5-nesteds’ Sn: CGGCTGCTTCCAGTGGTAACCATA 197 1,164 64
rsst5-nested3’ As: TGCCACCGAGAGGAGTCCAACTTGT 1,360
RT-PCR 1II (qrtRT-PCR) primers
7 Qrt-msst5 Sn: ACCCCCTGCTCTATGGCTTT 1,215 105 61
As: GCTCTATGGCATCTGCATCCT 1,319
8 Qrt-msstSTMD4 Sn: GTCCACCCTCTCCGCTCA 415 131 61
As: GCAGGTTCGCAGAGGACATC 545
9 Qrt-msst5STMD2 Sn: CAGTTCACCCGTACTGTGGCAT 358 132 61
As: CACAGCTTCAGGGTGGGTAA 489
10 Qrt-msstSTMD 1 Sn: AACGTGTATATCCAGACAAGAGTGG 217 152 61
As: TCCCAGAAGACAACACCACA 368
11 Qrt-rsst5 Sn: GCTCATGTCTCTGCCGCTCTT 648 281 61
As: AGCCCACAAACACCAGCACCACGAC 928
12 Qrt-rsst5TMD1 Sn:ACGCCAAGATGAAGACAAGAGT 194 154 61
As:CAGAACCCAGAAGACAACACC 347
Set no. Name Primer Sequence Products size (bp) Tm (°C)
Primers to clone msst5 variants in pcDNA3.1
13 Se_Start codon Sn: ATGGAGCCCCTCTCTTTGAC 1,716 (msst5); 668 (msstSTMD4) 61
As_3'UTR As: CCTTGCTTTTCCTTGTGCTG 713 (msstSTMD?2); 938 (msstSTMD1)
14 Sense_EcoRI_Kozak Sn: TAATGAATTCCCACCATGGAGCCCCTCTC 1,187 (msst5) 61
Antisense_Xhol_msst5/TMD1  As: TAATCTCGAGTCAGCAAACTCTCAT 406 (msstSTMD1)
15 Sense_EcoRI_Kozak Sn: TAATGAATTCCCACCATGGAGCCCCTCTC 601 (msstSTMD4) 61
Antisense_Xhol_ msst5TMD4/2 As: TAATCTCGAGTCAGCAAACTCTCAT 646 (msstSTMD?2)
Primers to clone 3xHA-tagged-msst5 variants in pcDNA3.1
16  Sense_HindIII_Kozak Sn: ACTTAAGCTTGGTACCACCATGTAC 117 61
Antisense_EcoRI As: TAATGAATTCCATCAGCGTAATCTG
17 Sense_EcoRI Sn:TAATGAATTCTTATGGAGCCCCTCTC 1,184 (msst5) 61
Antisense_Xhol_ msst5/TMD1  As: TAATCTCGAGTCAGCAAACTCTCAT 403 (msstSTMD1)
18  Sense_EcoRI Sn:TAATGAATTCTTATGGAGCCCCTCTC 598 (msstSTMD4) 61

Antisense_Xhol_ msst5STMD4/2 As: TAATCTCGAGTCAGCAAACTCTCAT

643 (msstSTMD?2)

GenBank accession numbers used were NM_011425.1, GQ359775, GQ359776, GQ359777, NM_012882 and GQ359778 for full-length sst5,
sstSTMD4, sstSTMD?2, sstSTMD1 (mouse variants) and full-length sst5 and sstSTMDI1 (rat variants), respectively

bp base pairs, Sn sense, As antisense
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no. NM_011425.1 and NM_012882, respectively). PCR
reactions (type I) were performed using the iCycler IQTM
system (BioRad, Madrid, Spain), 1.25U EcoTaq polymer-
ase (Ecogen, Barcelona, Spain), 200 pM dNTPs, 2 mM
MgCl, (Ecogen), 0.2 uM of primers, 1 M betaine and
100 ng of cDNA as template in a 25 pl-volume reaction
with a program consisting of the following steps: (1) 95°C
for 10 min, (2) 38 cycles of denaturation (95°C for 30 s),
annealing (58-64°C for 30 s) and extension (72°C for 30—
120 s), and (3) final extension of 10 min at 72°C. All PCR
products were run on agarose gel, stained with ethidium
bromide and column-purified using QuiaQuick gel extrac-
tion kit (Qiagen, GmBH, Germany). All PCR products
were sequenced to confirm target specificity at the Geno-
mic Unity of the University of Cordoba using an ABI
Prism 3130XL Genetic analyzer (Applied Biosystems,
Madrid, Spain). Bioinformatics analyses of the isolated
fragments were performed to blast the sequences and
deeply analyze the novel spliced sst5 transcripts. Then, a
second nested PCR (named type II) was carried out to
re-amplify single PCR products with nested primer
pairs (Table 1; primer sets 3-6) located more internally
in the mouse and rat sst5 gene than the primers used in
PCR type 1.

Verification and quantification of the truncated sst5
variant expression using qrtRT-PCR

Primers used for standard and qrtRT-PCR (Table 1;
primers sets 7—12) were selected using Oligo 6.0 (Molec-
ular Biology Insights, Inc., Cascade, CO) and Primer3
(http://frodo.wi.mit.edu/primer3/input.htm) software [36].
Details regarding the development, validation and appli-
cation of a qrtRT-PCR to measure expression levels of
mouse transcripts, including full-length sst5, have been
reported previously [29, 31, 32]. Similarly, sets of primers
were designed and validated to specifically amplify and
quantify the truncated sstSTMD4/2/1 variants in different
RT-PCR samples. Specifically, to determine the starting
copy number of cDNA, RT samples were PCR amplified,
and the signal was compared with that of a standard curve
run on the same plate. Specific standard curves consisted of
1, 10%, 102, 103, 104, 10° and 10° copies of synthetic cDNA
template for each of the transcripts of interest (full-length
and truncated sst5 variants) were constructed. In addition,
total RNA samples that were not reversed transcribed and a
no DNA control were run on each plate to control for
genomic DNA contamination and to monitor potential
exogenous contamination, respectively. Also, to control for
variations in the amount of RNA used in the RT reaction
and the efficiency of the RT reaction, the mRNA copy
number of the transcript of interest was adjusted by the

mRNA copy number of cyclophilin A (used as house-
keeping gene), where cyclophilin A mRNA levels did not
significantly vary between experimental groups within
tissue type (data not shown).

Cloning, epitope-tagging and transfection
of mouse sst5 variants

cDNA sequences encoding the whole open reading frame
(ORF) of all mouse sst5 variants (full-length and truncated
sst5) were generated by a RT-PCR strategy using mouse
RNA (pituitary and fat) as a template, the iMAX-II poly-
merase kit (iNtRON Biotechnology, Seongnam, Korea)
and 0.2 uM of primers (Table 1; primer sets 13—18). The
PCR products were amplified and purified from the gel and
then fragments were sequenced at least three times to
verify the correct ORF. These fragments were subsequently
used for two sets of studies:

Functional studies

PCR fragments of the sst5 variants were introduced into the
pCDNA3.1 vector using specific primers containing a
Kozak sequence and a EcoRI site (sense primer) and a
Xhol site (antisense primer) (Tablel; primer sets 14—15)
and then stable transfected into CHO-K1 cells as previ-
ously described [26, 37]. Cells stable transfected with each
sst5 variant were used to evaluate the modulation of free
cytosolic [Ca®T]; in single cells by microfluorimetry and
the measurement of cAMP levels in response SST-14 and
CST-14 (see below).

Cellular localization studies

PCR fragments of the sst5 variants were introduced into
pCDNA3.1 vector using specific primers containing EcoRI
and Xhol sites (Tablel; primer sets 17-18), and a 3xHA tag
was synthesized (Table 1; primer set 16), self-annealed and
inserted (in phase upstream of the sst5 variant fragments)
into the HindIIl and EcoRI sites acquiring the different
mouse 3xHA-tag-sst5 expressing vectors. The triple liga-
tion of all sst5 variants was validated by PCR sequence.
These 3xHA-tag-sst5 vectors were transiently transfected
into CHO-K1 cells as previously described [37], and then
cells were used for confocal localization assays (see
below).

In both sets of studies, the cloning and transfection of
sst5 variants were performed employing the reagents and
methods reported previously [26, 37]. Expression analysis
validations in CHO-K1 cells transfected with each sst5
variant by qrtRT-PCR showed an equally high transfection
efficiency level (data not shown).
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Cell culture models
CHO-K]1 cells

Transient and stable cells transfected with sstS variants
were cultured as previously described [37].

Primary PIT cell and HPT N6 cell cultures

PIT of adult male C57B1/6 J mice (10 weeks of age) were
dispersed into single cells and cultured in serum containing
o-medium, as previously described [30, 31]. N6 cells, a
mouse HPT cell line originally developed by Belsham et al.
[38], were cultured in monolayer in serum containing o-
medium, as previously described [39, 40]. After 24 h of
culture (200,000 cells/well, 24-well plates), media was
removed, and wells were washed in serum free media and
subsequently treated with SST-14 and CST-14 (100 nM)
for 24 h, and then total cellular RNA was extracted for
determination of sst5 variant expression by qrtRT-PCR.

Measurement of free cytosolic calcium concentration
([Ca®™,) in single cells

CHO-K1 cells stably transfected with each of the sst5
variants were grown onto 25 mm-@ glass coverslips for
24 h (50,000 cells/coverslip, 35-mm plates) and incubated
for 30 min at 37°C with 2.5 pM of the Ca®" indicator dye
Fura-2 AM (Molecular Probes) in phenol red-free DMEM
containing 20 mM NaHCO; (pH 7.4). Coverslips were
washed with phenol red-free DMEM, mounted on the stage
of a Nikon Eclipse TE200-E microscope (Nikon, Tokyo,
Japan) with an attached back thinned-CCD cooled digital
camera (ORCAII BT; Hamamatsu Photonics, Hamamatsu,
Japan). Cells were examined under a x40 oil immersion
objective during exposure to alternating 340- and 380-nm
light beams, and the intensity of light emission at 505 nm
was measured every 5 s as previously reported [35, 37].
Changes in [Ca”]i after SST-14 and CST-14 (100 nM)
administration were recorded as background substrate
ratios of the corresponding excitation wavelength (F340/
F380) using MetaFluor Software (Imaging Corp., West
Chester, PA).

cAMP measurements

To investigate the responsiveness of CHO-K1 cells stably
transfected with each of the sst5 variants or transfected
with the empty vector (used as a control), cells were plated
(10,000 cells/well, 96-well plates) and cultured in serum
containing F12 media. After 24 h of culture, media was
removed and cells washed in serum-free media for 40 min,
and then preincubated with F12 containing 1 nM of

3-isobutyl-1-methylxanthine (IBMX) to prevent enzymatic
degradation of cAMP. After 30 min of preincubation with
IBMX, cells were incubated for an additional 30-min
period with control (media), SST-14 or CST-14 (100 nM)
in the presence of IBMX and 100 nM of forskolin to
evaluate the ability of SST and CST to inhibit forskolin-
stimulated cAMP production. The experiment was termi-
nated by adding lysis reagent to each well, and lysates were
recovered and stored at —80°C for analysis of intracellular
cAMP accumulation, as assessed by cAMP Biotrack EIA
system following Protocol 3 of the manufacturer’s
instructions (GE Healthcare, Barcelona, Spain).

Subcellular localization and confocal microscopy

Transiently transfected CHO-K1 cells with each sst5 var-
iant plasmids containing a 3xHA epitope were cultured on
round 18-mm @@ glass coverslips (50,000 cells/well,
12-well plates) in serum containing media, as previously
described [37]. After 24 h of culture at 37°C, media was
removed and cells washed in serum free media and fixed in
4% paraformaldehyde for 10 min at room temperature.
After fixation, cells were rinsed sequentially with PBS
(three times, 5 min each), permeabilized with 50% meta-
nol-PBS (3 min at —20°C) and 100% metanol (3 min at
—20°C), blocked with PBS-0.5% BSA (2 h at 4°C) and
then incubated overnight (4°C) with primary antibody for
3xHA epitope (1:1,000; self-made) [26]. Finally, cells were
incubated with secondary antibody (Alexa Fluor 488 goat
anti-rabbit IgG; 1:500 in PBS; 2 h at 4°C; Invitrogen,
Eugene, OR), washed in PBS and mounted with glycerol
PBS. The signal was visualized using a Leica Espectral
TCS-SP2-AOBS confocal scanning microscope (Leica
Corp., Heidelberg, Germany) and then analyzed with
ImageJ software (National Institutes of Health, Bethesda,
MD). Controls consisted of transiently transfected CHO-
K1 cell preparations processed as described above with the
exception of excluding primary antibody to 3xHA epitope.

Statistical analysis

Samples from all groups within an experiment were pro-
cessed at the same time; therefore, the in vivo effects of
genotype/fasting/obesity and the in vitro effects of SST/
CST were assessed by one- or two-way ANOVA followed
by a Newman-Keuls test for multiple comparisons or by
Student’s ¢ test, as appropriate. P < 0.05 was considered
significant. All data are expressed as means = SEM. The
in vivo effects of genotype/fasting/obesity were obtained
from a minimum of five animals per group. Results from in
vitro studies were obtained from at least three separate,
independent experiments carried out on different days and
with different cell preparations. For single cell analysis, a
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minimum of 20 cells were analyzed per experiment. All
statistical analyses were performed using the GB-STAT
software package (Dynamic Microsystems, Inc. Silver
Spring, MD).

GenBank submission

The new sequence of the mouse and rat sst5 variants were
submitted to Genbank (accession nos. GQ359775,
GQ359776, GQ359777 and GQ359778 for the mouse
sstSTMD4, sstSTMD2, sstSTMD1 and rat sstSTMDI1
variants, respectively).

Results

Identification of mouse and rat sst5 variants
using standard RT-PCR

Three specific bands in mouse tissues and one band in rat
tissues corresponding to novel variants of the sst5 gene
were obtained by standard RT-PCR (type I and II, see
“Materials and methods” section) using primers specified
in Table 1. Each sst5 variant was separately amplified by
RT-PCR (type III) using selective-sstS variant primers (see
below). All PCR products did not appear using total RNA
samples that were not reversed transcribed or in PCR that
did not contain samples, indicating that they were not the
result of genomic contamination or potential exogenous
contamination, respectively. cDNA sequencing and bioin-
formatic analysis of the isolated fragments revealed that
these products have a complete identity with discontinuous
segments of the mouse and rat sst5 gene with full identity
against two different and distant areas of the sst5 genomic
sequence [GenelD nos. 20609 (mouse) and 25354 (rat);
Fig. la and supplemental Figs. 1a, 2a]. The new truncated
sst5 variants described herein are not generated by a
classical alternative splicing mechanism since the sst5
gene lacks canonical introns within its coding sequence
(CDS), which is fully encoded within the exon-3 (mouse)
or the exon-2 (rat) of the sst5 genomic sequences published
to date in the NCBI website (GeneID nos. 20609 and
25354, respectively). Thus, the generation of new trun-
cated sst5 variants should involve the presence of cryptic
introns with non-canonical donor and acceptor splice
sites within the CDS and the 3'UTR region, resulting in
new receptors that maintain the same N-terminal region
(CDS-1; Fig. 1b—d, left panel) as full-length sst5 isoform
(Fig. 1a, left panel), but have different, shorter C-terminal
tails (CDS-2; Fig. 1b—d, left panel) with 4 (mouse
sstS5TMD4), 2 (mouse sstSTMD?2) and 1 (mouse and rat
sstS5TMD1) TMD (Fig. 1b—d, middle and right panels and
supplemental Fig. 1a, 2a, b). Therefore, assuming that the

start of the transcription is unaltered in the novel sstS
variants, the complete CDS of 576, 621 and 384 nucleo-
tides (for the mouse sstSTMD4, sstSTMD?2 and sstSTMD1
variants, respectively), and of 348 nucleotides (for the rat
sst5STMD1 variant) would encode proteins of 191, 206, 127
and 115 amino acids, respectively (Supplemental Fig. 1a,
2). It is interesting to note that the mouse and rat
sstS5TMD1 variants showed high interspecific nucleotide
(87%) and amino acid (86%) sequence identity (Supple-
mental Fig. 2c—d).

Verification and quantification of the mouse sst5 variant
expression in different tissues using qrtRT PCR

Our aim was to accurately compare the level of expression
of the new truncated sst5 variants with that of full-length
sst5 in various tissues. Therefore, sets of primers were
designed and validated to amplify specifically the truncated
mouse sstSTMD4, 2 and 1 variants by qrtRT-PCR. To this
end, one of the primers was designed to span the two
partial coding regions (CDS-1/CDS-2) of the different
truncated sst5 variants [on top of the joining site (open
arrows in Fig. 2a)]. Using these new sets of primers and the
one previously validated to amplify sst5 [29], a single PCR
product was consistently obtained, which was found to be
of the expected size (105 bp for full-length sst5, 131 bp for
sstSTMD4, 132 bp for sstSTMD2 and 152 bp for
sstS5TMD1 by separation in agarose gel; Fig. 2b) in all
tissues analyzed. The temperature of dissociation of these
PCR products differed (Fig. 2c), indicating that distinct
products were generated as confirmed by the sequencing
analysis. Analysis of the expression pattern of the sst5
variants in normal tissues shows that full-length and trun-
cated sst5 variants are widely and differentially expressed
in the mouse tissues tested (Fig. 2d and supplemental
Fig. 3). Specifically, we found that sst5 was predominantly
expressed in the pituitary (PIT) and hypothalamus (HPT)
(21,163 £+ 4,343 and 4,638 £ 473 copies, respectively;
Fig. 2d). Similarly, sst5TMD?2 and sstSTMD1 were highly
expressed at the PIT and HPT level compared with other
tissues (PIT: 15,185 + 3,437 and 1,044 + 207 copies;
HPT: 2,950 £ 490 and 197 £ 35 copies, respectively). In
contrast, the expression level of sstSTMD4 variant was
very low in those tissues (PIT: 15 &+ 2 and HPT: 5 & 2).
Analysis of the other tissues revealed a heterogeneous
pattern of expression depending on the sst5 variant and the
tissue screened. Thus, sst5 and sstSTMD?2 are the most
represented variants at the systemic level, whereas
sstSTMD4 is scarcely expressed, being only detectable in
the gut, ovary, uterus, fat and mammary gland, and
sstS5TMD1 was preferentially found in heart and at low
levels in other tissues where sst5 and sstSTMD2 are
expressed (Fig. 2d and supplemental Fig. 3).
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Fig. 1 Molecular identification and characterization of novel trun-
cated mouse sst5 variants. a Left panel schematic representation of
the full-length sst5 mRNA constituted by three exons: exon 1 (Ex1;
white box; nucleotide nos. 1-132), exon 2 (Ex2; black box: nucleotide
nos. 133-284) and exon 3 (Ex3; grey box; nucleotide nos. 285-2698).
Coding region (CDS) is located and codified within the Ex3
(nucleotide nos. 320-1408). b, ¢ Left panel, schematic representation
of the truncated sst5 variant mRNA constituted by the same 5'UTR
sequence (straight black line on the left) as full-length sst5 (including
Ex1, Ex2 and first 34 bp of Ex3), two coding regions (CDS_1 and
CDS_2) and a 3'UTR sequence (straight black line on the right). The
N-terminal regions of the CDS_1 (grey boxes) are similar in all sst5
variants (full-length and truncated) but have different length (nucle-
otide nos. 320-857 in sst5TMD4, 320-685 in sst5TMD?2 and 320-548

Subcellular localization of mouse sst5 variants
in Chinese hamster ovary (CHO)-K1 cells

Analysis of the subcellular localization of each of the sst5
variants (3xHA-tagged receptors; Fig. 3) in CHO-K1 cells
by confocal microscopy revealed that whereas the full-
length sst5 variant is preferentially located at the plasma
membrane (Fig. 3a), the truncated sst5 variants are mainly
located at intracellular compartments (Fig. 3b—d). None-
theless, a proportion of all of the truncated sst5 variants
was also located at the plasma membrane (Fig. 3b—d).

outer

inner

in sstSTMDI1), while CDS_2 of each truncated sst5 variant (white
boxes) is constituted by unique sequences originating by splicing of a
portion of the CDS and/or 3-UTR of the full-length sst5. The
nucleotide and amino-acid sequences of the junction between the
CDS_1 and CDS_2 of the different truncated sst5 variants are shown
below the corresponding schematic representation of each sst5
variant. a—-d Middle panel hydrophobicity profiles of full-length and
truncated sst5 variants obtained from the program TMHMM Server
v.2.0 (http://www.cbs.dtu.dk/servicessy TMHMM-2.0) (CBS, Den-
mark) and right panel predicted transmembrane domain structure of
full-length and truncated sst5 variants. In grey are shown the different
C-terminal tails of each truncated sst5 variant compared with full-
length sst5 variant

Measurement of free cytosolic Ca®* concentration
2
([Ca™" )

The ability of each sst5 variant to modify the [Ca2+]i kinetics
in response to their natural ligands, SST and CST, was
evaluated in CHO-K1 cells stably transfected with full-
length sst5, sstSTMD4, sstSTMD?2 or sstSTMD1 (Fig. 4a, b).
This approach demonstrated that cells transfected with sst5
responded to SST and CST in a similar manner in terms of the
proportion of responsive cells (47 and 40% respectively) and
the profile of the response evoked, which showed
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Fig. 2 Verification and quantification of the full-length and truncated
mouse sstS variants in mouse tissues. a Schematic representation of
the full-length sst5 and novel truncated sst5 variant transcripts. CDS
are shown by boxes (grey boxes CDS of sst5 or CDS_1 of each
truncated sst5 variant; white boxes CDS_2 of each truncated sst5
variant). Arrowheads are used to indicate the relative positions of
primers sets used in quantitative real-time RT-PCR (qrtRT-PCR;
closed arrows indicated primers within a CDS, while open arrows
indicate primers spanning CDS_1 and CDS_2). b Representative
agarose gel showing PCR products amplified by qrtRT-PCR using
mouse pituitary as template. All products (sst5 variants and cyclo-
philin used as a housekeeping gene) were size separated on an agarose
gel containing EtBr, column-purified and sequenced to confirm target

comparable temporal and quantitative features (Fig. 4a).
Similar to sst5, cells transfected with sstSTMD1 showed a
comparable, albeit lower proportion of cells responsive to
SST and CST (20 and 11%, respectively). In striking con-
trast, cells transfected with sstSTMD4 responded almost
exclusively (48%) to SST, since only 2% of those cells
responded to CST. Interestingly, an opposite situation was
observed for sstSTMD?2, in that only 13% of the cells
responded to SST by showing delayed responses (28 s),
whereas CST evoked rapid and clear [Ca2+]i increases in
51% of the cells transfected with this receptor. SST or CST
treatment did not evoke any changes in [Ca®**); in non-
transfected CHO-K1 cells or in cells transfected with the
empty vector (used as controls; data not shown).

cAMP measurement
To further analyze the functionality of the truncated sst5

variants, we examined the ability of SST and CST to
modify  forskolin-stimulated c¢AMP production in
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specificity. PCR product of the sstS5TMD4 variant could not be
amplified if pituitary cDNA was used as a template, indicating that
this variant was not present in this tissue; however, the sstSTMD4
variant transcript was detected in other tissues (i.e., fat; Supplemental
Figure 3). ¢ Melting curves of qrtRT-PCR products with different Ty,
of dissociation (80.9°C for full-length sst5, 79.4°C for sstSTMD2 and
86.8°C for sst5TMDI1) generated from the same mouse pituitary
sample. d Absolute cDNA copy number/0.1 pg total RNA of full-
length and truncated sst5 variant transcripts in the pituitary, hypo-
thalamus, cortex and cerebellum of male C57B1/6 mice, as
determined by qrtRT-PCR. Values represent means &= SEM (n = 5
mice)

transfected CHO-K1 cells. As shown in Fig. 4c, SST sig-
nificantly diminished cAMP production in cells expressing
sstS5TMD2 or sstS5TMD1 (20% and 40% respectively
compared with control). In marked contrast, we observed
a trend toward an opposite, stimulatory effect of SST in
cells transfected with full-length sst5 or with truncated
sstSTMD4 (45% and 36%, respectively, compared with
control), although these differences did not reach statistical
significance. On the other hand, CST did not cause any
significant effect in cells transfected with full-length or
truncated sst5 variants (Fig. 4c).

Metabolic regulation of the HPT and PIT expression
of mouse sst5 variants

Given the fact that the PIT and HPT full-length sst5 mRNA
levels can be regulated under different states of energy
balance and by different metabolic signals [2, 29], we
sought to study the PIT and HPT transcriptional regulation
of the new truncated sst5 variants in a series of mice
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Fig. 3 Subcellular localization of full-length and truncated mouse
sst5 variants. Top panel Schematic representation of the recombinant
protein of full-length (a) and truncated sst5 variants [sst5TMD4 (b),
sst5STMD2 (c¢) and sstSTMDI1 (d)] containing the 3x hemagglutinin
(3xHA) epitope in the N-terminal domain. Black boxes represent
3xHA epitope, and grey and white boxes represent CDS_1 and
CDS_2, respectively. Bottom panel Representative images of the
subcellular localization of the full-length (a) and truncated sst5
variants [sstSTMD4 (b), sstSTMD2 (c¢) and sstSTMDI1 (d)] transfec-
ted in CHO-K1 cells using confocal microscopy. White arrows
indicate regions of plasma membrane where truncated sst5 variants
are visualized. Scale bar 10 pm

models under different metabolic/pathologic conditions
previously characterized in our laboratory, which include:
fasting, diet-induced obesity (DIO), obese mice due to
leptin-deficiency (ob/ob), mice expressing the metallothi-
onein promoter-human GHRH transgene (MT-hGHRH)
and somatostatin knockout mice (SST-KO) [29-33]
(Fig. 5a and Supplemental Figure 4). In addition, changes
in the expression levels of all sst5 variants were evaluated
in primary PIT cell cultures as well as in the murine
hypothalamic cell line N6 [38] in response to treatments
with endogenous ligands for these receptors (SST and CST;
Fig. 5b, c, respectively). It should be noted that, as men-
tioned above, expression levels of sstSTMD4 were not
detected or were extremely low in the normal mouse PIT

and HPT; therefore, the analysis of this variant was not
included in the corresponding figures.

Effect of negative energy balance conditions
(fasting time-course)

Fasting evoked a significant marked decrease in the
expression levels of all sst5 variants in the PIT, but did not
significantly alter HPT mRNA levels (Supplemental
Fig. 4a)

Effect of conditions of positive energy balance (obesity)

No significant differences were observed in expression
levels of sst5 variants in PIT or HPT between obese mice
fed on a high-fat diet (HFD) as compared with mice fed on
a low-fat diet (LFD) used as control (Supplemental
Fig. 4b). Likewise, no differences were found between ob/
ob mice and lean control animals (Supplemental Fig. 4c).
Moreover, when the effect of leptin replacement on the PIT
and HPT expression of sst5 variants was analyzed in ob/ob
mice, we found that leptin infusion did not significantly
alter the expression levels of PIT and HPT sst5 variants
(vehicle control ob/ob compared with leptin-treated ob/ob
and pair-fed ob/ob mice; Supplemental Fig. 4d).

Presence of sst5 variants in PIT tumors (MT-hGHRH
transgenic mice)

We have previously observed that the full-length sst5
variant is highly expressed in PIT tumors of MT-GHRH
mice and that the expression levels of this receptor are
upregulated in the hyperplastic PIT (4 month-old) com-
pared to age-matched controls, while adenoma formation
(mice >10 months of age) is associated with a decline in
sst5 expression compared to WT levels (Supplemental
Fig. 4e, left panel) [34]. Therefore, we sought to determine
if the novel truncated sst5 variants were also present in
mouse PIT tumors and whether the expression levels of
these variants were regulated in the hyperplastic and ade-
nomatous state. Our results demonstrate that, similar to that
found in normal pituitaries, sst5TMD2 and sstSTMD1 are
present in both hyperplastic and adenomatous PIT tumors
of MT-GHRH mice. In striking contrast to that found for
full-length sst5, we found that expression levels of
sstSTMD?2 or sstSTMD1 were not altered in hyperplastic or
adenomatous pituitaries compared with their respective
controls (Supplemental Fig. 4e, middle and right panels).

Effect of lack of SST (SST-KO mice)

Given the essential role of SST in regulating the expression
levels of its own receptors [2], we also sought to determine
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Fig. 4 Functional characterization of full-length sst5 and truncated
variants in terms of activation of signal transduction ([Ca®"]; and
cAMP) in response to somatostatin (SST) and cortistatin (CST). CHO-
K1 cells were stable-transfected with full-length or truncated sst5
variants, and the effect of SST and CST challenge (100 nM) was
evaluated. a Percentage of transfected cells showing changes in
[Ca®"]; in response to SST and CST. Percentage of maximum

the potential function of SST as a modulator of the
expression levels of the new truncated sst5 variants. To this
end, PIT and HPT of SST-KO mice were analyzed. We
observed that lack of endogenous SST did not modify PIT
or HPT mRNA levels of any sst5 variant under normal-fed
conditions (Fig. 5a). Similarly, food deprivation for 48 h
did not alter HPT expression levels of sst5 variants in SST-
KO as compared with wild-type control mice. Of note,
however, whereas 48 h-fasting decreased PIT mRNA lev-
els of all sst5 variants (full-length and truncated) in wild-
type (control) animals, in SST-KO mice full-length sst5
expression was not reduced, while the mRNA levels for the
two truncated variants did decrease in fasted SST-KO
(Fig. 5a).

response (%Max) and time of response to SST and CST administra-
tion are also indicated. b Representative profiles of changes in [Ca®™];
in transfected cells in response to SST and CST administration
(arrow). ¢ Effect of SST and CST treatment on the forskolin-induced
cAMP production in transfected cells (C control, n = 4 experiments).
Asterisk (*P < 0.05) indicates values that differ from control-treated
cells

Analysis of sst5 variant expression in PIT and HPT mouse
cell cultures

Finally, to address the potential direct regulatory actions of
SST and CST, we examined their effects on the expression
levels of sst5 variants in primary PIT cell cultures (Fig. 5b)
and in the mouse HPT cell line N6 (Fig. 5c¢). Use of qrtRT-
PCR indicated that sst5 and sstSTMD2 mRNAs were
expressed in both PIT and HPT cell cultures (Fig. 5b, c,
respectively), whereas mRNA for sstSTMD4 and
sst5STMD1 were not detected in cultured cells, in line with
the low levels of expression for these variants observed in
whole PIT and HPT extract compared to those of sst5 and
sstS5TMD2  (Fig. 2d). Interestingly, results from these
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Fig. 5 Regulation of hypothalamic and pituitary mRNA levels of
full-length and truncated mouse sst5 variants by their endogenous
ligands, somatostatin (SS7) and cortistatin (CST). a sst5, sstSTMD2
and sstS5TMD1 mRNA levels in the hypothalamus (top panel) and
pituitary (bottom panel) of fed and fasted (48 h) SST+/+ (WT) and
SST—/— (SST-KO) male mice (n = 5-8 mice/group). b, ¢ Effects of
24-h treatment of SST or CST (100 nM) on sst5 and sstSTMD2
mRNA levels in primary pituitary cell cultures from male mice (b)
and in the murine hypothalamic cell line N6 (c¢). The mRNA copy

treatments indicated a differential regulatory ability for
SST and CST. Indeed, SST treatments did not significantly
modify PIT or HPT mRNA levels of sst5 and sstSTMD2
variants in cultured cells, a situation similar to that found in
whole PIT and HPT of wild-type controls compared with
SST-KO mice (Fig. 5b, c¢). In contrast, CST treatments
reduced by half the PIT mRNA levels of both sst5 and
sstSTMD2 variants (Fig. 5b), while having no effect on
HPT sst5 variants (Fig. 5c¢).

Discussion
The GPCRs superfamily of receptors, which includes the

sstl-5 family, is associated with a number of important
physio-pathological functions [41-43]. This explains the

number was determined by qrtRT-PCR, and the values were adjusted
by cyclophilin A copy number as an internal control. Values are
expressed as % of fed WT mice (a set at 100%) or as % of control-
treated cells (b, ¢ set at 100% within experiment). Values represent
the mean £ SEM of n = 5-7 mice/group (a) or three independent
experiments (b, ¢ 3—-4 replicates/treatment/experiment). Asterisks
(*P < 0.05; **P < 0.01) indicate values that differ within genotype
in response to fasting (a) or from control-treated cells (b, ¢)

increasing interest in this research area, which is also
supported by the fact that roughly 30% of marketed drugs
target GPCRs, as is the case for synthetic SST analogs used
to control cell growth and hormonal hypersecretion in
pituitary adenomas and other neuroendocrine tumors [44,
45]. However, despite their biological importance and
extensive study, there are still functions associated with
these receptors that cannot be explained by the GPCRs
known to date. Accordingly, over the last years several
laboratories have been searching for novel, additional
GPCR variants, and this has led in some cases to the
identification of new, functional variants of GPCR bearing
fewer than the typical seven TMDs that constitute the
hallmark for this receptor superfamily [21, 22, 46, 47]. In
particular, our laboratory has recently identified two new
spliced variants of the human sst5 with unique properties



Novel functional truncated rodent sst5

1159

that could contribute to mediate SST and CST signaling in
normal and tumoral cells [26]. Given that rodents are
widely used to study the physiological importance of gene
products, in the present study we followed the lead of our
previous work on human sst5 and focused our efforts on the
identification and characterization of new variants of sst5
in rats and mice. As a result, we have isolated, for the first
time, novel variants of rodent sst5 with different size and
sequence as compared to the full-length sstSs that are
generated by splicing of cryptic introns at the sst5 mRNA.
Specifically, we have identified three truncated sst5 vari-
ants in mouse (named sstSTMD4, sstSTMD2 and
sstS5TMD1) and one in rat (named sstSTMD1), displaying
unique properties and the latter, mouse and rat sstSTMD1
showing high inter-specific nucleotide and amino acid
sequence identity.

GPCRs are commonly encoded by genes with an exon-
intron gene structure, wherein alternative splicing, espe-
cially within the C- and N-terminal tails, originates
proteins with different lengths and sequences, although
generally conserving the typical seven TMDs [48, 49]. In
striking contrast, the new truncated sst5 variants described
herein are not originated by classical alternative splicing,
since the sst5 gene lacks canonical introns (starting with
GT and ending with AG, the so-called GT-AG rule) within
its CDS [50]. Thus, the generation of new truncated sst5
variants involves the presence of cryptic introns with non-
canonical donor and acceptor splice sites resulting in new
receptors that maintain the same N-terminal region as full-
length sst5s, but bear different, shorter C-terminal tails
with 4, 2 or 1 TMD (mouse sstSTMD4, sstSTMD2 or
mouse and rat sstSTMDI, respectively) arising from a
splicing of a portion of the canonical CDS and a portion of
the 3’-UTR. These findings were not completely unex-
pected based on the fact that previous results from other
laboratories studying different systems had suggested the
existence of additional sst5 variants [12, 51]. Also, gener-
ation of gene products involving non-canonical cryptic
introns is not rare, and over the last years several gene
products derived from this type of splicing are being
identified [52, 53], including the new truncated human sst5
variants reported by our group [26]. Interestingly, genera-
tion of this type of spliced proteins has been shown to
involve new signals and mechanisms, which are still poorly
understood and require further study [54, 55]. These
include the presence of GC-rich motifs in the spliced
genes, which could enhance the recognition of non-
canonical introns resulting in new gene products [53, 56].
In fact, it has been reported that the relative gene density
increases more than tenfold as GC content increases from
30 to 50% [56], as is the case for the sst5 gene in several
species [66.3%, 64.8%, 64.4%, 58.16% and 55.07% for
human, baboon, pig, rat and mouse, respectively (Genbank

accession nos. NM_001053, EF639293, NM_001038229,
NM_012882 and NM_011425.1, respectively)]. Indeed,
while the overall GC content of the human and mouse
genome is ~40%, it is noteworthy that the GC content in
the full-length and truncated sst5 variants spans from 55 to
60%, thus supporting the idea that the sst5 gene is a suit-
able target for the splicing machinery of non-canonical
events.

An initial analysis of the expression pattern of the full-
length and truncated sst5 variants in normal and tumoral
tissues showed a wide but differential distribution of these
receptors, which was tissue- and variant-dependent. Spe-
cifically, our results using qrtRT-PCR show that the overall
predominant sst5 variants at the central and peripheral
levels are full-length sst5 and sstSTMD2, which are highly
expressed in endocrine/metabolic tissues as HPT, PIT,
digestive tract, etc., whereas the other truncated receptors
were less frequently and abundantly expressed. In fact, at
the central level (HPT, cortex and cerebellum), we found
that the expression of sst5 variants were also differentially
distributed, with sst5 being the most abundant receptor
in HPT and cerebellum, followed by sstSTMD2 and
sst5STMD1, while mRNA levels of sstSTMD4 were not
detected in those tissues. Interestingly, and similar to
the results shown previously by others [57], sst5 mRNA
levels were not detected in mouse cortex; however, quite
interestingly, all truncated sst5 variants were present at
different levels in this tissue (sst5TMD2 >> sst5STMD4 >
sstSTMD1), suggesting that truncated sstS variants may
play a physiologically important role in this tissue.
Therefore, future studies need to be performed to elucidate
the possible function of the truncated variants in these
tissues.

Examination of the subcellular distribution of 3xHA-
tagged receptors expressed in CHO-KI1 cells by confocal
microscopy indicated that all truncated sst5 variants dis-
play a predominant cytoplasmic localization, whereas full-
length sst5 is mainly located at the plasma membrane, a
situation that closely mimics that found recently for human
sst5 variants [26]. Nonetheless, a proportion of all of the
truncated sst5 variants were also located at the plasma
membrane in an amount that seems sufficient to convey a
potent ligand-induced response that is comparable to that
exerted through the full-length receptor (see below).
Although intracellular localization of GPCR is a common
transient event due to the typical process of ligand-induced
endocytosis or heterotypic interaction of receptors [58, 59],
the question arises, why do truncated sst5 variants have a
different subcellular localization than full-length sst5? A
plausible explanation could be related with recent data
showing that the signaling properties and cellular distri-
bution of GPCR can be influenced by GPCR interacting
proteins (GIP) that assemble with the intracellular regions
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of the receptors, most notably with the C-terminal tail [18,
19, 60-62]. Although the C-terminal tails of GPCRs were
promptly recognized as being important for the fine-tuning
of G protein activation, their roles as ‘magic’ hooks to fish
for GPCR-associated proteins have only recently been
established. In this scenario, it seems reasonable to link this
property with the observation that many GPCR splice
variants [46, 63—65], including the human [26], mouse and
rat sst5 variants (this study), differ in their C-terminal tail,
and therefore, it could be speculated that the C-termini of
these truncated sst5 variants could associate with distinct
intracellular scaffolding/signaling molecules, which would
selectively define their specific subcellular localization and
signal transduction properties. Although additional studies
are obviously required to validate this idea, our hypothesis
is supported by recent functional and immunolocalization
studies using AtT20 and HEK293 cells expressing the full-
length sst5 or truncated C-terminal mutants of the receptor,
indicating that the C-terminal tail motifs are crucial in the
intracellular localization and trafficking regulation of the
sst5 [61, 66] and also by a recent study showing that dif-
ferent regions of the sst5 are associated with the activation
of different signaling pathways [67].

In spite of the fact that all novel sst5 variants possess
less than seven TMDs and display different C-terminal tails
than the full-length sst5, these truncated receptors maintain
an intact N-terminus that has also been found to contribute
to the ligand-induced activation mechanism. In fact, pre-
vious results of our laboratory have shown that human sst5
truncated variants exhibit a similar, but reduced ability to
be activated by SST and CST compared with the full-
length sst5 [26]. Therefore, to investigate whether the
rodent sst5 variants were functional, we analyzed the cel-
lular response ([Caz+]i and cAMP measurement) of CHO-
K1 cells transfected with each of the sstS variants after
treatment with the endogenous ligands, SST and CST.
Application of a Ca®" imaging approach demonstrated
that, despite their truncated nature, sstSTMD4/2/1 variants
were functional receptors able to mediate increases in
[Ca2+]i. Specifically, [CaH]i levels were increased with
SST and CST treatment in ~40-45% of the cells trans-
fected with full-length sst5, which is consistent with
previous reports showing a similar [Ca®"]; increase in
response to SST or a specific sstS agonist in AtT-20 cells
expressing sst5, as well as in cell lines transfected with
human sst5 [68, 69]. Interestingly, only a minor percentage
of cells transfected with sstSTMDI1 (~ 11-20%) responded
to SST and CST showing similar profiles. In clear contrast,
whereas sstSTMD4 was almost exclusively activated by
SST and not by CST (48% vs. 2%), cells transfected with
sstSTMD?2 responded quite selectively to CST and not to
SST (51% vs. 13%). These results closely resemble those
found for human truncated sstSTMDS5 and sst5STMD4,

which, despite not being orthologues for the mouse
receptors, displayed a strong functional analogy in that they
were selectively activated by SST and CST, respectively
[26]. This suggests that shortening of sst5 unveils molec-
ular features that enable the selectivity of the responses to
these strikingly similar ligands, although this seems to
include species-specific features, which will require addi-
tional detailed analysis.

To further investigate the functionality of the truncated
sst5 variants, we studied the levels of sst5-mediated cAMP
accumulation after SST and CST challenge. Our results
showed that SST but not CST significantly inhibited for-
skolin-induced cAMP production in cells transfected with
sstS5TMD2 and 1. In clear contrast, SST tended to poten-
tiate forskolin-induced cAMP accumulation in cells
transfected with full-length sst5 and sst5TMD4. Although
this latter observation did not reach statistical significance,
this trend is in line with previous data showing that mouse
and human sst5 could cause a stimulatory effect on cAMP
accumulation in response to SST or specific sst5 agonists in
some [68, 70, 71], but not all [70] cellular systems. All
together, our results clearly demonstrate that truncated sst5
variants are functional, as shown by their ability to mediate
selective, ligand-induced regulation in [Ca®"]i and cAMP
levels in transfected cells, and that the different structure/
sequence of each variant could result in the distinct func-
tional properties shown by each individual receptor.
Nevertheless, although these functional results are not
conclusive, they provide primary, convincing evidence for
the relevant ability of the new truncated sst5 receptors with
4,2 and 1 TMD to mediate selective activation of intra-
cellular signaling pathways in response to specific ligands
(SST vs. CST). In fact, these results are consistent with
previous findings showing that comparable splice variants
with less than seven TMDs, such as the human truncated
sstS variants sstSTMD3S and sst5STMD4 [26], conserve the
ability to convey selective ligand-induced responses. Fur-
thermore, even receptor variants containing only the
extracellular region of TMD receptors [i.e., corticotrophin-
releasing factor receptor type 2 o (CRFR2x)] [23] have
been reported to be capable of binding and modulating
ligand activity.

SST and CST mediate a variety of biological effects, but
the most well known are those occurring at the HPT and
PIT level (i.e., inhibition of GH, TSH and ACTH release)
[2, 5, 43]. Our results using qrtRT-PCR show, for the first
time in mice, that the expression levels (copy number/
0.1 pg total RNA) of the full-length sst5 are the highest in
the PIT and HPT compared with other tissues. A similar
situation was found for the truncated sst5TMD2 and
sstSTMD1 receptors, whereas the expression levels of the
sst5STMD4 variant were extremely low at the HPT and PIT
level. Subsequently, use of different mice models under
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distinct metabolic conditions revealed that truncated sst5
variants are differentially regulated in the PIT and HPT
depending of the metabolic insult considered (i.e., fasting
and obesity). Specifically, we observed that the expression
level of both sstSTMD?2 and 1 variants were downregulated
in the PIT after a 12 h-fasting period, whereas HPT mRNA
levels were unresponsive to this metabolic insult similar to
that previously observed with the full-length sst5 variant
[29]. However, we cannot exclude the possibility that our
measurement of whole hypothalamic extracts may have
masked nuclei-specific changes (arcuate, paraventricular,
ventromedial) in sst5 variant expression in the different
mouse models analyzed in the present study. Of note, other
studies have also reported similar changes in pituitary sst
expression in the fasted male rat [72], suggesting that
fasting-mediated changes in pituitary sst5 responsiveness
(plausibly including truncated receptor variants) could be
common across species and thus that this phenomenon is
likely to be of functional relevance. Actually, in contrast to
the parallel regulation of full-length and truncated sst5
variants in the PIT in response to fasting, obesity (DIO and
ob/ob mice) did not alter expression levels of sst5 variants
in the HPT and PIT, indicating that, depending on the
metabolic insult (fasting vs. obesity), sst5 variants are also
differentially regulated in a tissue-specific manner.

These results raised the question of which factors may
contribute to the regulation of PIT and HPT sst5 variants
expression in response to metabolic stress. One factor may
be endogenous SST, because previous studies have indicated
that fasting and obesity could be associated with changes in
SST tone [2, 32, 73-75], and SST can directly regulate the
expression of its own receptors [4, 76, 77]. Therefore, we
sought to determine if loss of endogenous SST (SST-KO
compared with SST-intact control mice) could modulate the
expression of truncated sst5 variants in PIT and HPT. We
found that, similar to that seen with full-length sst5, mRNA
levels of truncated sstSTMD2 and 1 variants were not altered
in HPT and PIT of SST-KO mice under fed conditions
compared with SST controls. These observations are also
consistent with the in vitro results showing that SST did not
alter mRNA levels of full-length sst5 or truncated sstSTMD2
in mouse primary PIT cell cultures and HPT N6 cells. In
contrast, CST significantly decreased both full-length sst5
and truncated sstSTMD?2 in PIT cell cultures, demonstrating,
for the first time, that the modulation of full-length and
truncated sst5 variants synthesis is ligand (SST vs. CST)-
and tissue (PIT vs. HPT)-dependent in mouse. On the other
hand, 48 h-fasting resulted in a significant decrease of
truncated sstSTMD2 and 1 mRNA levels in the PIT of both
SST-intact and SST-KO mice, whereas fasting inhibited
full-length sst5 mRNA levels only in the PIT of SST-intact
but not in SST-KO mice [29]. Therefore, our results dem-
onstrate that the fasting-induced suppression of sstS variants

is variant-specific and that, at the PIT level, endogenous SST
tone is a critically required regulator for the fasting-induced
fall observed in the full-length sst5 synthesis, but not for the
truncated sst5 variants.

In summary, we report for the first time the existence of
truncated variants of the rodent sst5, one in rat and three in
mouse, which may be of pathophysiological relevance
because they: (1) are widely and distinctly expressed across
tissues and they also display differential subcellular distri-
bution compared to the full-length sst5; (2) are functional as
shown by their ability to mediate ligand-selective changes
in [Ca*"]; and cAMP production; (3) their expression is
regulated in a tissue-specific manner (central vs. systemic)
by changes in hormonal and metabolic environment (i.e.,
fasting and lack of endogenous SST); (4) their expression is
also regulated in a ligand-dependent manner, since CST but
not SST was able to induce a downregulation on the sst5
variant mRNA levels in primary PIT cell cultures. The
increasing multiplicity of protein networks associated with
GPCRs generates more complexity in the understanding of
the physiology, pharmacology and pathology related to this
receptor family. However, the diversity of new functional
sst may also shed some light into this complexity and could
pave the way to discover novel drugs and tools to treat some
endocrine pathologies associated with the SST- and CST-
axis such as pituitary and other neuroendocrine tumors,
cancer, immune disorders, etc.
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