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GNAS gives rise to multiple imprinted gene products, including the a-subunit of the stimulatory G
protein (Gsa) and its variant XLas. Based on genomic sequence, the translation of XLas begins from
the middle of a long open reading frame, suggesting the existence of an N-terminally extended
variant termed extralarge XLas (XXLas). Although XXLas, like Gsa and XLas, would be affected by
most disease-causing GNAS mutations, its authenticity and biological significance remained un-
known. Here we identified a mouse cDNA clone that comprises the entire open reading frame
encoding XXLas. Whereas XXLas mMRNA was readily detected in mouse heart by RT-PCR, itappeared
virtually absent in insulinoma-derived INS-1 cells. By Northern blots and RT-PCR, XXLas mRNA was
detected primarily in the mouse brain, cerebellum, and spleen. Immunohistochemistry using a
specific anti-XXLas antibody demonstrated XXLas protein in multiple brain areas, including dorsal
hippocampus and cortex. In transfected cells, full-length human XXLas was localized to the plasma
membrane and mediated isoproterenol- and cholera toxin-stimulated cAMP accumulation. XXLas-
R844H, which bears a mutation analogous to that in the constitutively active Gsa mutant Gsa-
R201H (gsp oncogene), displayed elevated basal signaling. However, unlike Gsa-R201H, which
mostly remains in the cytoplasm, both XXLas-R844H and a constitutively active XLas mutant lo-
calized to the plasma membrane. Hence, XXLas is a distinct GNAS product and can mimic Gsa, but
the constitutively active XXLas and Gsa mutants differ from each other regarding subcellular
targeting. Our findings suggest that XXLas deficiency or hyperactivity may contribute to the patho-
genesis of diseases caused by GNAS mutations. (Endocrinology 150: 3567-3575, 2009)

NAS is a complex locus giving rise to multiple gene products.

The most extensively investigated GNAS product is the a-sub-
unit of the stimulatory G protein (Gsa), which is essential for the
actions of multiple hormones and other agonists (1, 2). Heterozy-
gous GNAS mutations that impair Gsa activity and/or expression
lead to various endocrine and skeletal diseases, including pseudohy-
poparathyroidism, Albright’s hereditary osteodystrophy, and pro-
gressive osseous heteroplasia (POH). In addition, mutations caus-
ing constitutive Gsa activity (gsp oncogene) are found in a variety
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of endocrine tumors, such as GH-secreting adenomas, and some
other neoplasia including juvenile ovarian granulosa cell tumor and
clear cell renal carcinoma (1-5). Postzygotic, constitutively activat-
ing Gsamutations are also found in patients with McCune-Albright
syndrome (MAS), a disorder characterized by the clinical triad of
hyperpigmented skin lesions (café-au-lait spots), pubertal precocity,
and fibrous dysplasia of bone (1, 2).

In addition to Gsa, which is encoded by exons 1-13 (6),
GNAS gives rise to several gene products that show imprinted

Abbreviations: CTX, Cholera toxin; EST, expressed sequence tag; Gsa, a-subunit of the
stimulatory G protein; HA, hemagglutinin; MAS, McCune-Albright syndrome; MGH, Mas-
sachusetts General Hospital; ORF, open reading frame; POH, progressive osseous hetero-
plasia; polyA+, polyadenylated; RACE, rapid amplification of cDNA ends; RT, reverse tran-
scription; Sdha, succinate dehydrogenase complex, subunit A; XLas, extralarge Gsa;
XXLas, extralarge XLas.
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expression profiles (7-11). Among those is the extralarge a-sub-
unit (XLas), a paternally expressed protein that shares exons
2-13 with Gsa but uses a distinct upstream promoter and an
alternative first exon (7, 9, 12). With the exception of its N-
terminal portion, XLas is identical with Gsa, comprising most of
the functional domains shown to be important for Gsa activity.
Accordingly, XLas can mimic Gsa function in transfected cells
(13-15). On the other hand, the phenotypes of XLas and Gsa
knockout mice differ markedly from each other (16-19), thus
arguing against a role for XLas that is identical with the role of
Gsa in vivo. Based on the findings in the XLas knockout mice,
this protein is essential for postnatal adaptation to feeding and
glucose and energy metabolism (16). In humans, large chromo-
somal deletions comprising the entire paternal GNAS allele (i.e.
complete loss of XLas combined with a loss of one copy of Gsa)
results in perinatal phenotypes similar to those observed in XLas
knockout mice (20), suggesting that the cellular function of XLas
may be conserved between humans and mice. However, the sig-
nificance of this protein still remains uncertain in humans be-
cause patients with pseudopseudohypoparathyroidism, who
carry paternal inactivating GNAS mutations, are considered to
have no specific features that differ from those observed in pa-
tients with pseudohypoparathyroidism-la,who carry maternal
inactivating GNAS mutations (1, 2).

The translation initiation site of XLas is presumed to be lo-
cated in the middle of a long open reading frame (ORF) (12, 21),
the start of which resides about 2.5 kb upstream of GNAS an-
tisense transcript exon 1 (10, 11). This long ORF suggests the
presence of an XLas mRNA variant that extends in the 5’ di-
rection, termed XXLas (Fig. 1A). Interestingly, whereas both
human (7) and rat XLas (12) lack a typical Kozak sequence at the
presumed translation initiation site, the first ATG of the ORF, i.e.
the start of XXLas, lies within a Kozak sequence in both humans
and rodents. The predicted XXLas protein thus comprises either
301 or 429 additional amino terminal residues relative to human
and rat XLas, respectively. The highly conserved regions in the
XL domain of XLas are limited to a proline-rich region, a highly
charged domain, and a conserved stretch of about 60 amino acids
at the N terminus (Fig. 1B). The sequence of the remaining por-
tion is poorly conserved (although proline and alanine rich re-
peat motifs exist in both rodents and humans). In contrast, the
sequence within the XXL domain, i.e. upstream to the presumed
start of XLas, is highly conserved, with 72% homology between
humans and mice (Fig. 1B). These structural features suggest that
XXLas may be a real product of GNAS and thatits XXL domain
may confer certain functional properties. However, little evi-
dence supports the existence of XXLas. There are few nonspliced
human and mouse expressed sequence tags (ESTs) that map to
the upstream region of the ORF, and a single study amplified, by
RT-PCR, a nonspliced portion of this region from mouse total
brain RNA (22). Itisunknown whether transcripts that comprise
the entire ORF (thus predicted to encode XXLas) really exist and
whether XXLas is a distinct GNAS product.

Based on its definition, XXLas would be completely inclusive
of XLas, and therefore, XXLas activity and/or expression is
predicted to be altered in all inz vivo XLas knockout models (16,
23, 24) and in most diseases caused by mutations within GNAS
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FIG. 1. cDNA identified in RIKEN mouse library supports the existence of full-
length XXLas. A, GNAS is a complex locus with multiple gene products. Based on
ESTs, the translational start site of human XLas (asterisk) is located at the eighth
ATG (open triangles) of a long ORF. Thus, the in-frame amino acids N terminal to
this start site can lead to an N-terminally extended XLas variant, termed XXLas.
Horizontal lines depict human ESTs that map to this genomic region. Boxes and
connecting lines depict exons and introns, respectively. Arrows indicate the
direction of transcription. Splicing pattern is shown for major Gsa and XLas
transcripts only. The GNAS antisense transcript exons are stippled and numbered
in italics. B, The XXL and the XL protein domains are depicted to indicate the
structural features. Black shaded boxes mark the highly conserved regions. The
hatched box indicates the C-terminal end of the XL domain homologous to the
exon 1 encoded portion of Gsa. PRR, Proline-rich region; HCD, highly charged
domain. C, Clone L930067C06, which gave rise to ESTs BY135711 and
CJ238191, was identified from a 17.5 d postcoitum whole-embryo library. This
clone comprises cDNA that encodes the full-length mouse XXLas protein
including the alternatively spliced GNAS exon 3. Nespas is the mouse ortholog of
the GNAS antisense transcript.

(1, 2). Thus, XXLas is a potentially important GNAS product
that may be involved in physiology and disease pathogenesis.
However, the cellular functions of XXLas are entirely unknown.
In the present study, we examined the expression of XXLas in
different tissues and addressed whether it can have a signaling
function similar to Gsa and XLas. Our findings revealed that
XXLas is a genuine GNAS product, which can be expressed
differently from XLas. We further showed that XXLas is a
plasma membrane protein with an ability to mediate adenylyl
cyclase stimulation. We also demonstrated that a constitutively
active XXLas mutant, unlike the cognate Gsa mutant, remains
associated with the plasma membrane.

Materials and Methods

Materials

All chemicals were purchased from Sigma Chemical Co. (St. Louis,
MO). Rat insulinoma-derived INS-1 cells were a kind gift of Professor
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Claes B. Wollheim (University of Geneva, Geneva, Switzerland) (25).
Gnas®>~E2~ cells, which are mouse embryonic fibroblasts homozygous
for the disruption of exon 2 and, thus, null for Gsa, XLas, and XXLas,
have been described (15). Tissues for RNA and protein analysis were
isolated from mice at different ages. The procedures for these studies
were done in compliance with the International Animal Care and Use
Convention and approved by Massachusetts General Hospital (MGH)
subcommittee on research animal care.

RNA studies

Northern blot

Total RNA was extracted by using Trizol (Invitrogen, Carlsbad, CA).
Polyadenylated (polyA+) RNA was isolated from total RNA by using
the Oligotex mRNA kit (QIAGEN, Valencia, CA). Either 15 ug total
RNA or 10 ug polyA+ RNA were separated on 1.3% formaldehyde
agarose gel and subsequently blotted on supported nitrocellulose (Os-
monics Inc., Minnetonka, MN) or ZetaProbe GT nylon (Bio-Rad, Her-
cules, CA). The XXLas hybridization probe was amplified by PCR from
mouse genomic DNA, spanning nucleotides 78 1074 with respect to the
ORF. The probe for glyceraldehyde-3-phosphate dehydrogenase was
amplified by RT-PCR using mouse heart total RNA and the following
forward and reverse primers, respectively: 5'-CGTCCCGTAGACAAAAT-
GGT-3' and 5'-TGTGAGGGAGATGCTCAGTG-3'. The Basic Local
Alignment Search Tool (BLAST) was used to verify that each probe was
highly specific for its target transcript. The probes were verified by
direct sequence analysis (MGH DNA Core Facility). Probes were
labeled with random primed labeling using **P-dCTP. Hybridizations
were carried out at 42 C with a buffer containing 50% formamide as
described (26) or the UltraHyb hybridization solution (Ambion, Austin,
TX). Blots were washed with 0.1X standard saline citrate/0.1% sodium
dodecyl sulfate at either 60 or 42 C. Autoradiography was performed to
detect hybridizing transcripts.

5'-Rapid amplification of cDNA ends (RACE)

The GeneRacer kit (Invitrogen) was used in 5’-RACE experiments
according to the manufacturer’s instructions. Briefly, total RNA was first
treated with calf intestinal phosphatase and, subsequently with tobacco
acid pyrophosphatase. An RNA oligo, which was provided with the kit,
was then ligated to the treated RNA by using T, RNA ligase. The ligation
product was reverse transcribed by either random primers or gene-spe-
cific primers (position —335 and +413 relative to first ATG). The reverse
transcription (RT) mixture was subjected to nested PCR using forward
primers specific to the ligated RNA oligo and reverse primers specific to
XXLas. Amplicons were gel purified and subcloned into pCR4-TOPO
(Invitrogen), followed by nucleotide sequence analysis (MGH DNA
Core Facility).

Real-time RT-PCR

Total RNA was isolated from various tissues of 2-month-old mice.
After treatment with deoxyribonuclease I (Invitrogen), 1 pg total RNA
was reverse transcribed by using the first strand synthesis kit (Invitrogen)
and random hexamer primers. Real-time PCR was performed by using
the SYBR green Quantitech kit (QIAGEN). For amplification of XXLas
mRNA, the forward primer was 5'-CGAGCAAGAACCTTTGGAAG-3'
(primer a), and the reverse primer was 5'-TGATCTCACTGCCAG-
TCTCG-3' (primer b). For amplification of both XXLas and XLas mRNA,
the forward primer was 5'-CTCATCGACAAGCAACTGGA-3’ (primer c¢),
and the reverse primer was 5'-CCCTCTCCGTTAAACCCATT-3' (primer
d). For amplification of succinate dehydrogenase complex, subunit A
(Sdha) mRNA, the forward primer was 5'-AAGGCAAATGCTG-
GAGAAGA-3’, and the reverse primer was 5'-ATACACTCCCCA-
CACGGAAC-3'. The amplification efficiency of each PCR product was
about 2. Data were analyzed as previously described (27) by using the
Q-Gene module (28).
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cDNA constructs and transfections

¢DNA encoding human XXLas was constructed by PCR amplification
of the fragment encoding the XXL domain from genomic DNA and sub-
sequent ligation of the product to the 5’ end of human XLas cDNA, which
had been subcloned into pcDNA3.1_hygro(—), as described (14). Each con-
struct had an hemagglutinin (HA) epitope tag inserted within the portion
encoded by the alternatively spliced exon 3. Point mutations and the N-
terminal FLAG epitope were introduced by using standard methods. cDNA
encoding mouse XXLas was obtained from RIKEN mouse FANTOM
cDNA library and then subcloned into pcDNA3.1_hygro(—). Transfections
were performed by using either Effectene (QIAGEN) for Gnas® /52~ cells
or Fugene (Roche, Stockholm, Sweden) for HEK293 cells according to the
manufacturer’s instructions.

Generation of polyclonal anti-XXLas antiserum

Rabbit polyclonal antiserum that immunoreacts with both human
and mouse XXLas was raised against the peptide SQPPLQVPDLAPG-
GPEA, which had been synthesized and coupled to keyhole limpet he-
mocyanin via a terminally added cysteine at the MGH Biopolymer Core
Facility. Injections and serum collections were carried out by Cocalico
Biologicals Inc. (Reamstown, PA). The effectiveness of the antiserum was
tested by Western blot using membrane lysates of HEK293 cells trans-
fected with empty vector or cDNA encoding either mouse or human
XXLas. Proteins were separated by 9% SDS-PAGE. After transfer, the
blot was incubated with the antiserum (1:2000) and then peroxidase-
conjugated antirabbit IgG. Immunoreactivity was detected by chemilu-
minescence (PerkinElmer Life Sciences, Waltham, MA).

Tissue collection, preparation, and
immunohistochemistry

Paraffin tissue processing

Immediately after a 16-month-old mouse was euthanized by CO,
asphyxiation, the brain was removed. The right hemibrain was cut into
three coronal sections, 2 mm in thickness, using a coronal matrix, as
described (29). The three coronal sections, which spanned from 3 mm
anterior to the bregma to 3 mm posterior to the bregma, were fixed in 4%
paraformaldehyde at room temperature for 2 h and embedded in a single
paraffin block. The paraffin-blocks were cut serially in 10-um sections;
each section consisted of three anterior-posterior coronal levels and each
block encompassed the entire mid section of the hemibrain. Sections were
immunostained by using either the anti-XXLas antiserum or preimmune
rabbit serum (1:5000 dilution).

Sections for immunostaining were processed using the Vectastain
Elite ABC kit (Vector Laboratories, Burlingame, CA). After the appro-
priate biotinylated secondary antibody, slides were developed with dia-
minobenzidine for the exact same amount of time and counterstained
with hematoxylin and mounted.

Frozen tissue processing

After removal and overnight fixation with 4% paraformaldehyde,
the brain was dissected and cryoprotected in 10% and then 20% glycerol
in dimethylsulfoxide/PBS. Coronal sections were obtained on a freezing
microtome at 60 um and stored in phosphate buffer with 0.01% sodium
azide at 4 C.

Free-floating sections were subsequently incubated overnight with
the anti-XXLas antiserum or the preimmune serum (1:10,000 dilution)
in primary diluent (0.3% Triton X-100, 0.01% sodium azide, and 2%
goat serum in PBS) followed by PBS washes and incubation in peroxi-
dase-conjugated secondary antibody and developed using diaminoben-
zidine as a chromagen.

Subcellular localization

For determining the localization of XXLas alone, HEK293 cells were
transfected with plasmids encoding native XXLas, XXLas-M302V, or
N terminally FLAG-tagged XXLas. For comparing the localizations of
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native and constitutively active forms of XXLas, Gsa, and XLas,
HEK293 cells were transfected with plasmids encoding these proteins in
addition to plasmids encoding GB1 and Gy2. Cells were analyzed 72 h
after transfection by confocal indirect immunofluorescence microscopy.
After fixation with 4% paraformaldehyde, cells were incubated with
rabbit anti-HA (Santa Cruz Biotechnologies, Santa Cruz, CA) or mouse
anti-FLAG antibody (Sigma). Immunoreactivity was detected after in-
cubation with Cy3-conjugated antirabbit IgG or Alexa Fluor488-con-
jugated antimouse IgG. Laser confocal microscopy was performed at
X 75 magnification, as described previously (14). For Western blot anal-
ysis, particulate and soluble fractions of cell lysates were prepared as
described previously (30). Upon separation of proteins by either 10%
(Gsa) or 6% (for XLas and XXLas) SDS-PAGE, Western blot was per-
formed by using either rabbit anti-HA antibody (AbCam, Cambridge,
MA) or a rabbit antibody against the C terminus common to Gse, XLas,
and XXLas (Upstate Biologicals, Lake Placid, NY). Proteins were visu-
alized by goat antirabbit secondary antibody conjugated to horseradish
peroxidase and a chemiluminescence detection system (PerkinElmer Life
Sciences).

cAMP measurements

cAMP accumulation was determined 72 h after transfection of
Gnas®> 722~ cells. Cholera toxin (CTX) treatment was performed for
4 h, after which the cells were incubated 15 min in a buffer containing 2
mM isobutyl methylxanthine at 37 C. Basal and agonist (10 uM isopro-
terenol)-stimulated cAMP levels were after incubation in the presence of
2 mM isobutyl methylxanthine for 15 min at 37 C. After stimulation, the
medium was removed and cells were lysed with 50 mm HCI. RIA was
performed to determine the amount of cAMP, as described (31).

Results

A mouse cDNA clone is predicted to encode full-length
XXLas

Despite the potential biological importance of XXLas, the
existence of this GNAS product is supported by little evidence.
To determine whether a full-length XXLas transcript really ex-
ists, we searched the databases for ESTs derived from cDNA
clones that comprise the entire ORF (i.e. predicted to encode full
length XXLas). In the mouse, we identified ESTs BY135711 and
CJ238191, which were derived from the 5'- or 3'-end sequences
of clone L930067C06 and aligned to the genomic region imme-
diately upstream of the first ATG of the ORF and to the terminal
Gnas exon (exon 12 in mouse), respectively. We acquired this
RIKEN mouse FANTOM ¢DNA clone, which was derived from
17.5 d postcoitum whole embryo (32). Sequence analysis of this
clone revealed a 4015-bp insert comprising the entire XXLas
OREF (Fig. 1C); the sequence included exon 3, which is known to
be alternatively spliced in Gsa and other transcripts derived from
this locus. The 5’ end of the insert was 257 bp upstream of the
first ATG for XXLas.

XXLas and XLas are expressed differentially in newborn
heart and pancreatic INS-1 cells, respectively

An undefined transcript larger than XLas has previously been
detected by an XLas-specific probe in Northern blots, and this
transcript was abundantin heart from 4-d-old mice (16). Because
this large transcript could conceivably reflect XXLas, we tried
amplifying XXLas mRNA from this tissue by quantitative real-
time RT-PCR. The amount of mRNA relative to Sdha mRNA
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FIG. 2. XXLas transcript is expressed differently from XLas transcript. A, Left,
Amplification of XXLas and XLas transcripts by RT-PCR. Primers (arrows) used for
quantitative real-time RT-PCR to amplify XXLas alone (a and b) or XXLas and
XLas together (c and d) from either newborn mouse heart (H) or INS-1 cells, an
insulinoma-derived cell line, are shown above the schematic of the relevant
GNAS exons (boxes). Representative ethidium bromide-stained agarose gel shows
RT-PCR amplicons generated by using primers a and b or primers c and d. Sdha
transcript was amplified as control. Right, Expression of XXLas and XLas mRNA
normalized to Sdha mRNA. Data are mean = sem of three or more independent
experiments. B, The origin of XXLas and XLas transcription. The most 5’ location
(vertical arrows) in either newborn mouse heart or INS-1 cells was determined by
5'-RACE. The gene-specific primers used for RT are indicated by horizontal
arrows; ethidium bromide-stained agarose gels show the amplicons (arrowheads)
that were cloned and sequenced. Open triangles depict the approximate
locations of the ATG triplets in the XXLas ORF. Nespas exon and the germline
imprint mark are indicated. NS, Non-specific.

(used as control) appeared comparable regardless of whether the
amplification primers were specific only to XXLas (primers a
and b) or both XXLas and XLas (primers ¢ and d) (Fig. 2A). In
contrast, when we used total RNA isolated from INS-1 cells, a
cell line of rat pancreatic B-cell origin (25), primers specific to
both XXLas and XLas (primers ¢ and d) showed markedly
higher mRNA levels (>1000-fold) than primers specific only to
XXLas (primers a and b) (Fig. 2A). These findings thus indicated
that, whereas newborn heart expresses predominantly XXLas,
INS-1 cells express predominantly XLas.

The 5’-untranslated region of XXLas mRNA extends into
a germ-line imprint mark in newborn mouse heart

Both the Nespas promoter and XL exon reside in a single
differentially methylated region (10, 11, 33), but only the portion
of this region that comprises the Nespas promoter constitutes a
germ-line imprint mark, i.e. methylated in the oocyte but not
sperm (34) (Fig. 2B). The first ATG of the XXLas ORF in the
mouse is located 389 bp downstream from the apparent telo-
meric boundary of this imprint mark (34). To determine whether
the 5'-untranslated region of XXLas mRNA extends into this
region, we performed 5'-RACE using total RNA from newborn
mouse heart and various reverse primers located upstream or
downstream of XXLas ATG. The RT was performed by random
primers but the forward primer was specific to the RNA oligo
ligated to the 5’ end before RT, thereby providing amplification
of the sense transcript only. We also repeated 5'-RACE, using a
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gene-specific primer for RT (position —335 relative to ATG)
(Fig. 2B). Cloning and subsequent sequencing of the 5'-RACE
products showed that the 5’-untranslated region of XXLas
mRNA varies between 513 and 615 nucleotides in newborn
heart, indicating that the XXLas transcript originates from
within the germ-line imprint mark (Fig. 2B). According to these
results, the start of the XXLas transcriptand Nespas exon 1 were
~1.8 kb apart. We also performed 5’'-RACE, using total RNA
extracted from INS-1 cells, but the same gene-specific and re-
verse amplification primers used for amplifying the 5’ end of
XXLas transcript in newborn heart did not lead to any specific
amplicons. On the other hand, primers located within the ORF,
i.e. downstream of the first ATG, resulted in specific amplifica-
tion products when 5'-RACE was performed on INS-1 total
RNA. Based on experiments using RT derived from random
primers or a gene-specific primer (position +413 relative to
ATG), the longest transcript originated from 266 bp down-
stream of the first ATG, thus excluding the first four translation
initiation sites of the ORF (Fig. 2B).

XXLas mRNA is expressed in various newborn and adult
mouse tissues

To determine the tissue distribution of XXLas mRNA, we
examined XXLas transcript expression in various adult mouse
tissues. RT-PCR and real-time quantitative RT-PCR analyses
demonstrated that the XXLas transcript is abundant in cerebel-
lum, followed by brain and spleen, although expression could be
detected in multiple other tissues (Fig. 3A). We next performed
Northern blot analysis with a probe specific to XXLas and were
able to detect a hybridization signal when we used RNA isolated
from newborn mouse tissues. A hybridizing band slightly shorter
than 28S rRNA (4.7 kb) was prominent in the brain, whereas no
specific hybridization signal was detectable in heart, kidney, and
liver (Fig. 3B). A shorter transcript was also observed in total
brain RNA, but it appeared markedly lower in abundance than
the large transcript (Fig. 3B). We repeated the Northern blots
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FIG. 3. Tissue distribution of XXLas mRNA. Panel A, Top, RT-PCR analysis for
examining the expression of XXLas mRNA in various adult mouse tissues
including white adipose tissue (A), brain (B), cerebellum (C), heart (H), small
intestine (1), kidney (K), liver (L), lung (N), skeletal muscle (M), and spleen (S).
Bottom, Real-time RT-PCR using Sdha mRNA as a reference control was used to
assess relative expression. Data are mean = sem of triple measurements. Results
are representative of two experiments with similar results. Panel B, Northern blot
analysis of XXLas transcript by using 15 ug per lane total RNA or 10 ug polyA+
RNA isolated from newborn mouse whole brain (B), heart (H), kidney (K), and
liver (L). The locations of 28S and 18S rRNA are indicated. Glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) probe was used as control.
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with polyA+ RNA from newborn mouse tissues and confirmed
the presence of XXLas transcript in the brain (Fig. 3B). This
analysis also revealed a hybridizing transcript in heart, which
appeared to be significantly less abundant than in brain (Fig. 3B).

Specific immunostaining for XXLas is detected in mouse
dorsal hippocampus and brain cortex

To detect the XXLas protein, we developed a rabbit poly-
clonal antiserum targeted to an epitope within the XXL domain
of mouse XXLas. Western blots using the anti-XXLas antiserum
detected both mouse and human XXLas in lysates of HEK293
cells transiently transfected with cDNA encoding either of these
proteins (Fig. 4A), consistent with the high homology between
the mouse and human XXL domains; the homology is particu-
larly high within the epitope used to raise the antiserum, with 14
of 17 residues being identical. In contrast, no immunoreactive
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FIG. 4. Anti-XXLas antiserum detects expression of this protein in specific areas
of mouse brain. A, Rabbit polyclonal antiserum raised against an epitope within
the XXL domain of mouse XXLas was characterized by Western blot using lysates
of HEK293 cells transiently transfected with empty vector (EV), mouse XXLas (m),
or human XXLas (h). Equal volumes of lysates derived from confluent cells grown
in six-well dishes were loaded in each lane. Signal intensity from human XXLas-
transfected cells was markedly higher than that from mouse XXLas-transfected
cells, and therefore, an image obtained with lower exposure time is shown for
human XXLas. B-M, Coronal sections of wild-type mouse brain were
immunostained with anti-XXLas antiserum (B-G) or preimmune rabbit serum
(H-M) at two levels anterior (B and H) and posterior (C and I) to bregma. Dorsal
hippocampus dentate gyrus (DG) shows intense staining for XXLas in subiculum
(S), CA1, CA2, and CA3 subfields. Sections of secondary somatosensory cortex
show intensely stained neurons interspersed with lightly stained neurons; staining
extends into the apical dendrites (D, original magnification, X400; E, original
magnification, X 1000). Hippocampus shows intensely stained neurons as well as
diffuse dendritic staining (F, original magnification, X400; G, original
magnification, X 1000). No positive staining was observed in any of the regions
studied with the preimmune serum (H-M). Squares indicate the areas in which
images with higher magnification are presented in panels D-G and J-M. Arrows
indicate examples of structures showing specific staining. CPu, Caudate putamen
(striatum); Pir, piriform cortex; ec, external capsule; amg, amygdala.
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bands were detectable in lysates of HEK293 cells transfected
with the empty vector (Fig. 4A). Similar to the previous findings
with rat and human XLas (335), the electrophoretic mobility of
XXLas appeared slower than its predicted molecular mass (122
and 110 kDa for mouse and human XXLas, respectively). On
immunohistological analysis of coronal brain sections from
mice, there was no immunoreactivity for the preimmune serum
in any of the anterioposterior levels (Fig. 4, H-M), whereas clear
immunoreactivity was observed for the anti-XXLas antiserum in
dorsal hippocampus, in subiculum, CA1, dentate gyrus subfields
extending into the CA3 subfield as well as diffuse dendritic stain-
ing in the hippocampus and cortical subfields (Fig. 4, B-G). Sec-
tions of the cortex showed intense, specificimmunostaining with
the anti-XXLas antiserum, demonstrating, in some neuronal
bodies, peripheral staining suggesting plasma membrane local-
ization (Fig. 4, B-G).

XXLas is localized to the plasma membrane in
transfected cells

Toinvestigate the functional properties of XXLas protein, we
engineered cDNA encoding human XXLas with an HA-epitope
tag located within the portion encoded by the alternatively
spliced exon 3. This HA tag has been previously inserted into the
Gsa and XLas backbones (14, 36, 37) and is not predicted to
alter activity regarding basal and receptor-activated adenylyl cy-
clase stimulation. To determine the subcellular localization of
XXLas, we transfected HEK293 cells with XXLas cDNA and
performed confocal indirect immunofluorescence microscopy.
In cells transiently expressing XXLas, anti-HA antibody de-
tected specific immunostaining at the plasma membrane (Fig.
5A); there was no immunostaining in cells transfected with
empty vector (data not shown). To ensure that the observed
immunostaining resulted from the expression of XXLas and not
from the expression of XLas, we generated a mutant XXLas in
which a valine residue was substituted for the methionine cor-
responding to the initiator of XLas (XLas-M302V). We also
generated an XXLas variant tagged with a FLAG epitope in its
N terminus. In cells transiently expressing either of these vari-
ants, immunostaining was also localized to the plasma mem-
brane (Fig. SA).

XXLas can mimic Gs« in mediating stimulation of cAMP
generation

To determine whether XXLas, like XLas and Gsa, can me-
diate cAMP formation, we transfected Grnas™ %>~ cells (mouse
embryonic fibroblasts null for XLas, Gsa, and XXLas) with
c¢DNA encoding XXLas. Isoproterenol (agonist for the endog-
enous B-adrenergic receptor) or CTX stimulation of cells tran-
siently expressing XXLas resulted in a 5.6 = 1.5- and 19 =
4.5-fold increase in intracellular cAMP accumulation, respec-
tively (Fig. 5B). Cells transiently expressing XXLas-M302V also
exhibited a robust cAMP response to isoproterenol or CTX stim-
ulation (4.7 * 1.9- and 14.9 * 3.3-fold, respectively). In cells
transiently expressing XXLas-R844H, which is analogous to the
constitutively active Gsa-R201H mutant (38, 39), the basal
cAMP levels peaked 7.6 = 2.9-fold higher than in cells tran-
siently expressing native XXLas (Fig. 5B).
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FIG. 5. XXLas localizes to the plasma membrane and can mediate CAMP
accumulation in response to CTX or isoproterenol. A, HEK293 cells were
transfected with a plasmid encoding wild-type human XXLas (hXXLas), a mutant
XXLas in which the methionine residue corresponding to the initiator of XLas
was changed to a valine (M302V), or an N terminally FLAG-tagged XXLas. Cells
were fixed and analyzed 3 d later by indirect confocal immunofluorescence
microscopy. Wild-type and the M302V mutant carried an HA tag, which was
used for immunodetection. B, Intracellular cAMP accumulation was measured in
Gnas®? /82~ cells transfected with a plasmid encoding wild-type human XXLas
(wt), a mutant XXLas in which the methionine residue corresponding to the
initiator of XLas was changed to a valine (M302V), a mutant XXLas analogous to
the constitutively active Gsa mutant R201H (R844H), or with empty vector (EV).
Data represent mean = sem of four independent experiments after each
experiment was normalized to the basal cCAMP value obtained in XXLas
expressing cells (3.1 = 0.9 pmol/well). *, P < 0.05 compared with basal;

#, P < 0.05 compared with the basal in wt XXLas expressing cells according to
Student’s t test.

cAMP (relative to wt basal)

Constitutive activation of Gsa, but not XXLas or XLas,
results in localization to cytoplasm

GNAS mutations that cause constitutive cyclase stimulation,
such as those found in various endocrine and nonendocrine tu-
mors (3) and in patients with MAS (38) result in the localization
of Gsa primarily in the cytoplasm (36). Because these mutations
are located in exons 8 or 9 and thus affect XXLas, we asked
whether their effect on XXLas regarding subcellular trafficking
is the same as their effect on Gsa. Surprisingly, the constitutively
active XXLas-R844H mutant, like native XXLas, localized to
the plasma membrane in transfected HEK293 cells (Fig. 6A).
This was in contrast to the cognate Gsa mutant Gsa-R201H,
which, unlike native Gsa, localized primarily to the cytoplasm
(Fig. 6A). We then addressed whether XLas would also remain
in the membrane despite constitutive activation. Immunostain-
ing for both native XLas and XLas-R543H, which is also anal-
ogous to Gsa-R201H and mediates constitutive cAMP signaling
(data not shown), was detected at the plasma membrane (Fig.
6A). Furthermore, Western blot analysis showed that both wild-
type and constitutively active forms of XXLas and XLas were
present more abundantly in the particulate fraction than the sol-

The Endocrine Society. Downloaded from press.endocrine.org by [${individua User.displayName}] on 23 June 2014. at 11:44 For persona use only. No other uses without permission. . All rights reserved.



Endocrinology, August 2009, 150(8):3567-3575

A  nXXLos

Gsa

hXLas

hXXLas-R844H Gsa-R201H hXLas-R543H

B XLos XXLas Gsa
XLas XXLas R543H R844H  Gso R201H
PSPSPSPS PS PS

R e —

_AR e

& -

FIG. 6. Constitutively active XXLas remains associated with the plasma
membrane. A, Confocal immunofluorescence analysis of HEK293 cells transiently
expressing wild-type or constitutively active forms of Gsa, XLas, and XXLas. Fixed
and permeabilized cells were incubated with a polyclonal anti-HA antibody. B,
Western blot analysis of transfected HEK293 cells. Relative abundance of each
wild-type and constitutively active protein was determined in the particulate (P)
and the soluble (S) fractions, as indicated. Equal volumes of particulate and
soluble fractions were loaded on the gel. Anti-HA antibody was used to detect
the transiently expressed Gsa and Gsa-R201H, whereas an antibody against the
common C terminus of all these proteins was used to detect the transiently
expressed XLas, XXLas, XLas-R543H, and XXLas-R844H.

—

uble fraction of transiently transfected HEK293 cell lysates (Fig.
6B). In contrast, most Gsa-R201H immunoreactivity was
present in the soluble fraction, whereas wild-type Gsa was pre-
dominantly in the particulate fraction (Fig. 6B).

Discussion

In this study, we demonstrated that XXLas is a distinct GNAS
product and that it is capable of mediating cAMP signaling. We
also revealed differences between the subcellular localizations of
constitutively active XXLas, XLas, and Gsa mutants.
Consistent with previous data showing expression of XLas in
the pancreas (16, 21), we determined that INS-1 cells express
XLas. In fact, XLas rather than XXLas is found in these cells.
These findings indicate that transcripts encoding these two
GNAS products can be expressed in a tissue-specific manner.
Our results show that XXLas transcript is expressed predomi-
nantly in brain, cerebellum, and spleen, although lower levels
were also detectable in other tissues. Consistent with the pre-
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dominant expression of XXLas in brain, the RT-PCR that am-
plified a nonspliced portion of XXLas transcript was performed
on RNA isolated from whole brain (22). Also, the ESTs that map
specifically to XXLas are derived from cells or tissues of neu-
ronal origin, such as the NT2 neuroprogenitor cell line and
neuroblastoma. Our immunohistochemical analysis revealed
XXLas protein in distinct regions of the mouse brain, particu-
larly in the dorsal hippocampus and the cortex. The functional
role of XXLas in the central nervous system remains to be de-
termined. Similar to XXLas, significant XLas expression has
been documented in cerebellum (12, 21), indicating that both
GNAS products are coexpressed in this tissue. I situ hybrid-
ization experiments has demonstrated XLas expression in other
brain regions, particularly in pons and medulla oblongata (16),
and itremains to be determined whether XXLas is also expressed
at these sites.

The genomic region encompassing GNAS antisense exon 1
and exon XL exhibits complex epigenetic features (7, 10, 34, 40).
Based on our findings, XXLas mRNA extends into a germline-
specific imprint mark (34), suggesting that the XXLas transcript
could have roles in the regulation of imprinting at the GNAS
locus. Consistent with this prediction, it has recently been shown
that the CCCTC binding factor, an insulator binding protein
critical for regulation of imprinting (41, 42), binds to the region
immediately upstream of the ORF encoding human XXLas (43).
However, disruption of XXLas (together with XLas) is not as-
sociated with any changes in Gnas imprinting (16), thus refuting
the possibility that XXLas protein or its transcript plays a role in
the imprinting of this locus.

Functionally, XXLas appears to be able to mimic Gsa. It can
mediate basal as well as agonist- and CTX-stimulated accumu-
lation of cAMP. Consistent with this signaling activity, XXLas
is localized to the plasma membrane. However, we detected clear
differences between the constitutively active forms of XXLas
and Gsa with respect to subcellular localization. Interaction with
Gpy is critical for membrane targeting of native Gsa (44), and
activation of the latter, induced by receptor activation, CTX
treatment, or mutations that inhibit the intrinsic GTPase activity,
results in a loss of membrane avidity (30, 36, 45). Because con-
stitutively active XXLas and XLas mutants, unlike constitu-
tively active Gsa mutants, are targeted to the plasma membrane,
XXLas and XLas may differ from Gsa with respect to the mech-
anisms governing membrane targeting. Further studies are
needed to elucidate the molecular mechanisms underlying the
subcellular targeting of these proteins.

Our finding that constitutively active XXLas can cause ele-
vated basal cAMP accumulation and that it mostly localizes,
unlike the cognate Gsa mutant, to the plasma membrane may
have importantimplications in disease pathogenesis. Because the
maternal XXLas promoter lies within a methylated region and
is thus predicted to be silenced, this is particularly true regarding
mutations located on the paternal GNAS allele. In GH-secreting
somatotroph adenomas and in MAS patients with acromegaly,
the constitutively activating GNAS mutations are predomi-
nantly on the maternal allele (46, 47). On the other hand, pa-
ternal constitutively activating mutations have been found in
other hyperfunctioning adenomas and in some MAS patients

The Endocrine Society. Downloaded from press.endocrine.org by [${individua User.displayName}] on 23 June 2014. at 11:44 For persona use only. No other uses without permission. . All rights reserved.



3574 Aydin et al. Extralarge XLas Is a Distinct GNAS Product

withoutacromegaly (47). Sustained signaling from XXLas in the
latter cases may thus contribute to the molecular pathology. In
wild-type and fibrous dysplastic stromal cells from patients with
fibrous dysplasia, who are mosaic for the same GNAS muta-
tions, XLas has been shown to be biallelic, but this was done
through the use of primers common to XXLas and XLas (48).
Thus, constitutively active forms of XXLas may play roles in
the pathogenesis of fibrous dysplasia regardless of the paren-
tal origin, although this possibility needs to be revisited upon
more rigorous determination of allelic XLas/XXLas expres-
sion in stromal cells.

Ablation of XLas in mice results in multiple postnatal defects
including a failure in postnatal adaptation to feeding, postnatal
growth retardation, and abnormalities in glucose and energy
metabolism (16, 19, 23, 24, 49). Two unrelated children with
large paternal GNAS deletions have also been reported to have
early postnatal defects that are similar to those observed in XLas
knockout mice (20). Importantly, both XLas and XXLas are
disrupted in all of the available iz vivo mouse models and the
children with the paternal GNAS deletions. XXLas deficiency
may thus be involved in the molecular events that lead to the
XLas knockout phenotype. Likewise, impaired expression
and/or activity of XXLas may account for the clinical pheno-
types of patients carrying inactivating mutations within the pa-
ternal GNAS allele with the exception of mutations in exon 1.
POH, a disorder of severe ectopic bone formation (50), is asso-
ciated with paternally inherited, inactivating GNAS mutations,
and no isolated POH case with a mutation in exon 1 (which is not
used by XXLas or XLas) has thus far been described (51-54).
Thus, XXLas and/or XLas deficiency could contribute to the
pathogenesis of POH, and this possibility remains to be inves-
tigated. Of note, however, severe ossifications similar to those
seen in POH can be found in patients who carry maternal inac-
tivating GNAS mutations (55, 56), indicating that additional
factors, such as genetic background and modifier loci, are also
involved.

In summary, XXLas is a bona fide GNAS product that is
distinct from XLas. Like Gsa and XLas, XXLas is localized to
the plasma membrane and is able to mediate adenylyl cyclase
stimulation. However, whereas constitutively active XXLas be-
haves similarly to constitutively active XLas, it differs dramat-
ically from constitutively active Gsa regarding subcellular local-
ization. Although the unique cellular functions of XXLas (and
XLas) are currently unknown, deficiency or constitutive activa-
tion of XXLas may contribute to the pathogenesis of human
diseases caused by GNAS mutations.
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