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Abstract
Ligand binding to certain heterotrimeric guanine nucleotide–binding protein (G protein)–coupled
receptors (GPCRs) stimulates the rapid synthesis of cyclic adenosine monophosphate (cAMP)
through the G protein αs subunit, which activates adenylyl cyclase (AC). We found that the
transmembrane receptor low-density lipoprotein receptor–related protein 6 (LRP6), a co-receptor
for Wnt proteins, bound to the Gαsβγ heterotrimer and that knockdown of LRP6 attenuated
cAMP production by various GPCRs, including parathyroid hormone receptor 1 (PTH1R).
Knockdown of LRP6 disrupted the localization of Gαs to the plasma membrane, which led to a
decrease in the extent of coupling of Gαs to PTH1R and inhibited the production of cAMP and the
activation of cAMP-dependent protein kinase (PKA) in response to PTH. PKA phosphorylated
LRP6, which enhanced the binding of Gαs to LRP6, its localization to the plasma membrane, and
the production of cAMP in response to PTH. Decreased PTH-dependent cAMP production was
observed in single cells in which LRP6 was knocked down or mutated at the PKA site by
monitoring the cAMP kinetics. Thus, we suggest that the binding of Gαs to LRP6 is required to
establish a functional GPCR-Gαs-AC signaling pathway for the production of cAMP, providing
an additional regulatory component to the current GPCR-cAMP paradigm.

INTRODUCTION
Cyclic adenosine monophosphate (cAMP) acts as a second messenger in prokaryotes and
eukaryotes. The concentration of cytosolic cAMP is increased by an order of magnitude
within seconds of the activation of heterotrimeric guanine nucleotide–binding protein (G
protein)–coupled receptors (GPCRs), which typically have seven plasma membrane–
spanning domains (1–3). This large family of receptors mediates many critical signaling
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events, including the signaling of parathyroid hormone (PTH) in bone and kidney (4–6),
adrenaline in heart and muscle (7, 8), glucagon in liver and fat (9, 10), vasopressin in kidney
(11, 12), adrenocorticotropic hormone in the adrenal cortex (13, 14), and luteinizing
hormone in the ovary (15, 16). The rapid synthesis of cAMP is achieved by the
transmembrane enzyme adenylyl cyclase (AC), which is activated directly by the αs subunit
of the G protein that is associated with the GPCR.

The currently accepted paradigm for the production of cAMP is that the inactive form of
Gαs is bound to guanosine diphosphate (GDP) at its guanine nucleotide–binding pocket and
that Gαs-GDP combines with the βγ subunits of the G protein to form a heterotrimer with
an inactive configuration at the cell membrane (1–3). The heterotrimer is thought to be
attached to the cell membrane by hydrophobic interactions through lipid modifications of
the G proteins, such as palmitoylation of Gαs (17–19) and isoprenylation of Gγ (20, 21).
The binding of ligand to a GPCR alters the conformation of the associated Gαs, promoting
the release of GDP and the binding of guanosine triphosphate (GTP), as well as the
depalmitoylation and disassociation of Gαs from the βγ dimer. Gαs then associates with and
activates AC, which results in the synthesis of cAMP (22).

Low-density lipoprotein receptor–related protein 6 (LRP6) belongs to the low-density
lipoprotein receptor (LDLR) family (23, 24) and is widely abundant in human and mouse
tissues. LRP6 has a large extracellular domain that contains 1372 amino acid residues
anchored to the plasma membrane through a transmembrane domain that is followed by a
relatively short cytoplasmic domain of 207 amino acid residues. LRP6 was initially
characterized as a co-receptor that stabilizes β-catenin in the Wnt signaling pathway (25,
26), and its signaling is regulated by a large number of extracellular proteins, including
members of the Dickkopf (Dkk) family (23, 27, 28) and sclerostin (29–31). In the absence of
Wnts, β-catenin is found in a large cytoplasmic complex that consists of other proteins that
promote its inactivation by phosphorylation and proteasomal degradation. In the presence of
Wnts, Frizzled proteins, which are receptors for Wnts and share the basic structural
organization of GPCRs, form complexes with their co-receptor LRP6. Phosphorylation of
LRP6 at PPPS/TP motifs is then triggered, which is followed by the recruitment of axin to
the plasma membrane (23), leading to inhibition of the phosphorylation and degradation of
β-catenin. Stabilized β-catenin protein accumulates in the nucleus and forms complexes
with the T cell factor–lymphoid enhancer factor (TCF-LEF) family of DNA binding
transcription factors to enhance the expression of target genes to regulate cellular activities.

GPCRs other than Frizzled proteins, such as prostaglandin F2 receptor FPB (32), M1
acetylcholine muscarinic receptor (33), lysophosphatidic acid receptors (34), the
prostaglandin E2 receptor EP2 (35), gonadotrophin-releasing hormone receptor (36), and
PTH receptor 1 (PTH1R) (37), also activate β-catenin signaling. In particular, the direct
association of the active form of Gαs with the scaffolding protein axin regulates EP2-
induced β-catenin signaling (35). Free Gβγ recruits glycogen synthase kinase 3 (GSK-3) to
the plasma membrane to phosphorylate LRP6 at its PPPS/TP site, providing further evidence
for the direct involvement of G proteins in the GPCR-stimulated stabilization of β-catenin
(38). LRP6 likely acts as a common receptor in different GPCR signaling pathways
mediated by the activation of G proteins because LRP6 forms complexes with various
GPCRs in response to ligand stimulation (37). Here, we examined whether LRP6 was
involved in Gαs-mediated cAMP signaling. We found that knockdown of LRP6 inhibited
the production of cAMP in response to different GPCR ligands. Upon ligand stimulation,
LRP6 was phosphorylated by cAMP-dependent protein kinase (PKA), leading to its
association with the Gαsβγ heterotrimer, which then accumulated at the plasma membrane
to enable its coupling with GPCRs to trigger cAMP production.
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RESULTS
LRP6 is required for PTH-dependent generation of cAMP

To examine the role of LRP6 in PTH-dependent cAMP production, we used small
interfering RNA (siRNA) to knock down LRP6 or LRP5 in UMR-106 rat osteosarcoma cells
(Fig. 1A) and C2C12 pluripotent mouse osteoprogenitor cells (Fig. 1B). We then treated the
cells with PTH(1–34), a C-terminal–truncated synthetic analog of PTH that has an anabolic
effect on bone formation in humans (39). Knockdown of LRP6 inhibited the PTH (1–34)–
stimulated accumulation of cAMP in both cell types, whereas knockdown of LRP5 did not
affect cAMP production in C2C12 cells (Fig. 1B) and only moderately inhibited cAMP
accumulation in response to PTH in UMR-106 cells (Fig. 1A). To further confirm the
requirement for LRP6 in PTH-induced cAMP accumulation in primary osteoblasts, we
isolated calvarial preosteoblasts from lrp6flox/flox or lrp6flox/flox;lrp5–/– mice (40). The lrp6
gene was deleted by adenovirus-mediated expression of the Cre recombinase gene. PTH-
stimulated cAMP accumulation in primary preosteoblastswas inhibited by deletion of LRP6,
but not of LRP5 (Fig. 1C).

Because PKA can be activated by cAMP that accumulates in response to the stimulation of
Gs-coupled GPCRs, we examined the extent of PTH-stimulated phosphorylation of cAMP-
responsive element (CRE)–binding protein (CREB), a transcription factor that is a direct
downstream target of PKA (37, 38). Simultaneous knockdown of LRP5 and LRP6 inhibited
the PTH-induced phosphorylation of CREB in UMR-106 cells (Fig. 1D). Phosphorylation of
CREB was partially inhibited when LRP6 alone was knocked down, which suggested that
LRP5 might also play a role in PTH-activated cAMP-PKA signaling specifically in
UMR-106 cells. To assess whether knockdown of LRP6 affected the temporal dynamics of
cAMP production, we monitored the kinetics of cAMP generation in live cellswith Epac
(ICUE3), a fluorescence resonance energy transfer (FRET)–based biosensor of cAMP
production (41–43). PTH(1–34) induced a rapid change in the ratio of cyan-to-yellow
emissions (an indication of cAMP production) within 30 s, which reached a plateau within
~4 to 6 min, whereas we observed a slower response to forskolin (Fig. 1E), a direct activator
of AC (44). Cells in which LRP6 was knocked down exhibited a minimum response to PTH,
whereas cells in which LRP5 was knocked down had a slightly smaller response to PTH
than that of the control cells (Fig. 1F). These results indicate that LRP6 is required for PTH-
activated cAMP-PKA signaling and that LRP5 plays a relatively minor role in this pathway.

LRP6 is required for the generation of cAMP in response to different GPCR ligands
To determine whether LRP6 was also required for the generation of cAMP by other Gs-
coupled GPCRs, we examined the effects of LRP6 knockdown on cAMP production in
various cell types by different agonists, including by isoproterenol, a β-adrenergic receptor
agonist, in C2C12 cells (Fig. 2A), by adenosine in human bronchial smooth muscle cells
(Fig. 2B), by glucagon in human embryonic kidney (HEK) 293 cells (Fig. 2C), and by
isoproterenol in primary mouse embryo fibroblasts (MEFs) (Fig. 2D). The generation of
cAMP was reduced by knockdown of LRP6 in all of these models (Fig. 2, A to D). The
effect of forskolin on the production of cAMP was also inhibited by knockdown of LRP6,
but was much less affected than was isoproterenol (Fig. 2D). By monitoring cAMP kinetics
in live cells, we showed that the knockdown of LRP6 consistently reduced the responses of
these cells to isoproterenol, but only mildly reduced the response of the cells to forskolin
(Fig. 2E), indicating that the inhibition of cAMP production that occurred through loss of
LRP6 was not primarily through the suppression of AC activity. Together, these data
suggest that LRP6 is required in the production of cAMP by Gαs-coupled GPCRs.
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PTH promotes the association of LRP6 and Gαs

To determine the mechanisms by which LRP6 was involved in cAMP production induced
by Gαs-coupled receptors, we examined the interaction of LRP6 with Gαs in a pull-down
assay. We incubated glutathione S-transferase (GST)–fused cytoplasmic domains of LRP6
or LRP5 with lysates of HEK 293 cells and found that the intracellular domains of both
LRP6 and LRP5 bound to Gαs from the cell lysates (Fig. 3A). This was further confirmed in
an immunoprecipitation experiment in which HEK 293 cells were transfected with plasmid
encoding PTH1R to render them susceptible to stimulation with PTH, together with plasmid
encoding hemagglutinin (HA)–tagged LRP5 or vesicular stomatitis virus G (VSVG)–tagged
LRP6. Immunoprecipitation followed by Western blotting analysis revealed that Gαs
formed complexes with both LRP5 (Fig. 3B) and LRP6 (Fig. 3C) in the absence of PTH,
and that PTH enhanced the interaction between Gαs and LRP6 within 5 min of treatment
and that this association was further enhanced 30 min after addition of the ligand (Fig. 3C).
In contrast, PTH did not enhance the association of Gαs with LRP5 (Fig. 3B).

Gαs and Gβγ form a heterotrimer on the cell membrane with an inactive configuration.
Once activated, Gαs is dissociated from βγ dimer. We next performed
immunoprecipitations to examine whether LRP6 interacted with the Gαsβγ heterotrimer or
with the free active form of Gαs, and we found that LRP6 interacted with both Gαs and Gβ1
(Fig. 3D). The interaction of LRP6 with Gαs was blocked by AlF4

–, a compound that
directly activates G protein α subunits, which indicated that the active form of Gαs did not
interact with LRP6. Moreover, AlF4

– also blocked the interaction of LRP6 with Gβ1. Thus,
LRP6 formed a complex with the inactive configuration of the Gαsβγ heterotrimer, and the
interaction of LRP6 with Gβγ was mediated by the binding of Gαs to LRP6. Because the
Gαo and Gαi proteins are also involved in regulating AC activity, we examined whether
LRP6 also formed a complex with these G proteins. We found that LRP6 interacted with
Gαs, but had either an undetectable or a weak interaction with Gαo and Gαi2 (Fig. 3E),
indicating that LRP6 specifically bound to Gαs.

Gαs interacts with the β-catenin destruction complex by binding to the scaffolding protein
axin (35). We examined whether axin was involved in the interaction between Gαs and
LRP6, but found that knockdown of axin did not affect the PTH-induced interaction
between LRP6 and Gαs (Fig. 3F). Axin binds to the active rather than the inactive form of
Gαs (35); therefore, our finding suggests that inactive Gαs binds to LRP6 and that Gαs
binds to axin once it is activated. LRP6 aggregates rapidly in response to Wnt3a signaling
(45, 46). Because PTH induced the association of Gαs with LRP6, we reasoned that Gαsβγ
might be associated with LRP6 that had aggregated in response to PTH. We performed
sucrose density gradient centrifugation and found that LRP6 was detectable in the lower–
molecular mass fractions of unstimulated UMR-106 cells (Fig. 4, fractions 8 to 12). LRP6
was redistributed into the heavier fractions of samples that had been treated with PTH for 5
min (Fig. 4, fractions 6 and 7), and this redistribution was lost 30 min after PTH treatment.
We detected Gαs, Gβ1, and Gγ2 in these heavier fractions in response to PTH stimulation.
We did not observe the redistribution of these subunits into the heavier fractions in cells in
which LRP6 was knocked down by siRNA. These results support the concept that PTH
stimulated an interaction between LRP6 and the Gαsβγ heterotrimer and further suggest
that LRP6 promoted the redistribution and clustering of Gαsβγ at the cell membrane in
response to PTH. The development of localized high concentrations of Gαs could act to
enhance the coupling of PTH1Rs to G proteins and play a role in the rapid generation of
cAMP that is typical of GPCR stimulation.
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LRP6 regulates the localization of Gαs to the plasma membrane
It is well established that in the absence of GPCR stimulation, G protein α subunits are in a
complex with the β and γ subunits and are associated with the plasma membrane (17–19).
These associations are a prerequisite for the coupling of GPCRs with G proteins and the
activation of G protein α subunits in response to agonists. Moreover, the localization of G
proteins at the cytoplasmic face of the plasma membrane is essential for the coupling of
GPCRs to AC. We therefore tested whether LRP6 regulated the localization of Gαsβγ to the
plasma membrane. Both Gαs and Gβ1 were primarily localized to the plasma membrane in
control cells and LRP5-deficient cells stably expressing either green fluorescent protein
(GFP)–tagged Gαs or GFP-tagged Gβ1 (Fig. 5, A and B). A portion of Gαs and Gβ1 was
localized to the cytosol when LRP6 was knocked down (Fig. 5, A and B). To test the
possibility that PTH1R might also undergo trafficking from the plasma membrane to the
cytosol in the context of knockdown of LRP6, we performed immunofluorescence analysis
of HEK 293 cells stably expressing cyan fluorescent protein (CFP)–tagged PTH1R. PTH1R
localized primarily to the plasma membrane, and knockdown of LRP6 did not affect its
localization (Fig. 5, A and B), indicating that the amount of Gαsβγ that resided at the
plasma membrane and that colocalized with plasma membrane–bound PTH1R was largely
reduced when LRP6 was absent.

To confirm this observation in vivo, we generated osteoblast-specific LRP6 knockout mice
by crossing lrp6flox/flox mice with OC-Cre mice. Immunohistological analysis of bone
sections revealed that Gαs was localized primarily at the plasma membrane of osteoblasts in
wild-type mice, whereas Gαs was found largely in the cytosol of osteoblasts from LRP6
knockout mice (Fig. 5, C and D). Furthermore, we examined whether LRP6 was also
involved in the coupling of PTH1R to Gαs, because we previously demonstrated that PTH
induces the formation of a complex between LRP6 and PTH1R (37). The formation of the
PTH1R-Gαs complex could be estimated by immunoprecipitation of PTH1R from lysates of
HEK 293 cells that were stably transfected with a plasmid encoding HA-tagged PTH1R
followed by Western blotting analysis for Gαs, or vice versa. We found that the amount of
the PTH1R-Gαs complex was reduced in cells in which LRP6 was knocked down compared
to that in control cells (Fig. 5, E and F), but that knockdown of LRP5 had no effect (Fig.
5E), suggesting that LRP6 played a role in the formation of this complex. Together, these
results indicated that LRP6 regulated the localization to the plasma membrane of a Gαs
complex to enable its coupling with GPCRs to trigger the production of cAMP.

PTH induces the phosphorylation of LRP6 at a PKA target site
Sequence analysis of the intracellular domain of LRP6 revealed several consensus
phosphorylation sites for PKA (RR/K-S*/T*; R-X2-S*/T*; and R-X-S*/T*) (Fig. 6A, upper
panel) (47). We therefore examined whether PKA directly phosphorylated LRP6. In vitro
kinase assays demonstrated that the intracellular domain of LRP6 (LRP6C) was
phosphorylated by PKA (Fig. 6A, lower panel). In contrast, the intracellular domain of
LRP5 was not phosphorylated, which, together with our observation that PTH did not induce
the aggregation of LRP5 or promote its interaction with Gαs, further suggests that LRP6
plays the predominant role in regulating PTH1R signaling and that phosphorylation of LRP6
by PKA in turn may affect cAMP-PKA signaling. To test this directly, we first used site-
directed mutagenesis to modify the individual putative PKA phosphorylation sites in
LRP6C. Only alteration of Thr1548 abolished the phosphorylation of LRP6C by PKA (Fig.
6B), and mass spectrometry analysis confirmed that Thr1548 was the PKA phosphorylation
site in LRP6C (fig. S1). We then transfected HEK 293 cells with plasmid encoding the HA-
tagged cytoplasmic domain of wild-type LRP6 or a HA-tagged cytoplasmic domain of
LRP6 from which the PKA site was deleted (fig. S2), and we analyzed the interaction
between Gαs and LRP6 by immunoprecipitation and Western blotting. Deletion of the PKA
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phosphorylation site (in the mutants LRP6Δ108 or LRP6Δ78) from LRP6 reduced the
extent of the interaction with Gαs compared to that between wild-type LRP6 and Gαs,
whereas the addition of this site (LRP6Δ58) rescued, at least partially, the interaction (fig.
S2), which suggested that phosphorylation of the PKA site enhanced the binding of Gαs to
LRP6. The reason the extent of binding of Gαs to the LRP6Δ58 mutant was less than that
with wild-type LRP6 (fig. S2) may be because the basal extent of binding between Gαs and
LRP6 in the absence of ligand or agonist was independent of the phosphorylation state of
LRP6. Removal of 58 amino acid residues from the C terminus of LRP6 might change the
conformation of the protein and affect the basal binding to Gαs.

GSK-3 is a regulatory kinase that preferentially phosphorylates proteins that have been
already phosphorylated at other sites (47). Examination of the amino acid sequence adjacent
to Thr1548 in LRP6 revealed a GSK-3 consensus site (Ser1544) (Fig. 6C, upper panel). In an
in vitro kinase assay, we confirmed that pretreatment with recombinant PKA enhanced the
phosphorylation of LRP6 by GSK-3 (Fig. 6C, lower panel). We generated two LRP6C
mutants, LRP6CmPKA and LRP6CmGSK3, in which the PKA phosphorylation site (Thr1548)
or the GSK-3 phosphorylation site (Ser1544) was mutated, respectively. Both mutants
abolished the phosphorylation of LRP6 by GSK-3 (Fig. 6D). Thus, these data suggest that
LRP6 was sequentially phosphorylated by PKA and GSK-3 at Thr1548 and Ser1544.

Phosphorylation of LRP6 by PKA promotes its binding to Gαs

We then examined the role of the PKA site of LRP6 in PTH signaling. Our earlier data
provided the framework for further analysis of the effects of the PKA-mediated
phosphorylation of LRP6 on the binding of Gαs to LRP6 and on its subcellular location, as
well as its role in PTH-induced cAMP production. Sequential phosphorylation of LRP6 by
PKA and GSK-3 stimulated the binding of Gαs to LRP6C, and mutation of the PKA site
abolished the enhanced binding (Fig. 7, A and B). Moreover, PTH failed to stimulate the
association of Gαs with a mutant LRP6 that was missing the PKA phosphorylation site
(LRP6mPKA) (Fig. 7C). To test whether the phosphorylation of LRP6 by PKA or GSK-3
regulated the subcellular localization of Gαs, we transfected a stable cell line containing
GFP-Gαs with plasmid encoding wild-type LRP6 or LRP6 mutants in which the mutation
was at either the PKA (LRP6mPKA) or the GSK-3β (LRP6mGSK3) phosphorylation site. Gαs
was primarily localized to the cell membrane in cells transfected with empty vector or
plasmid encoding wild-type LRP6, but a portion of total Gαs was translocated to the cytosol
in cells that expressed either LRP6mPKA or LRP6mGSK3 (Fig. 7, D and E). As a result,
isoproterenol-stimulated cAMP production was reduced in cells expressing either mutant
compared to that in cells expressing wild-type LRP6 (Fig. 7F). To further examine the role
of phosphorylation of LRP6 by PKA in the dynamics of cAMP production, we monitored
cAMP kinetics in live cells. The production rate of cAMP at 2 min after isoproterenol
stimulation was similar in cells that contained either wild-type LRP6 or LRP6mPKA (Fig.
7G). There was a much smaller response in cells expressing LRP6mPKA compared to that in
cells expressing wild-type LRP6 at ~2 to 8 min after isoproterenol stimulation. Together,
these results support the idea that phosphorylation of LRP6 at the PKA site enhances the
binding of Gαs to LRP6 and accelerates the localization of Gαs to the plasma membrane to
enable rapid signal amplification.

DISCUSSION
Although studies have shown that LRP6 is involved in the stabilization of β-catenin in
response to GPCR stimulation, how LRP6 integrates the signaling of G proteins and β-
catenin remains poorly understood. We propose a mechanism for the role of LRP6 in Gαs-
coupled, GPCR-stimulated production of cAMP in which LRP6 binds to the Gαsβγ
heterotrimer and the ligands of GPCRs, such as PTH, promote this binding. The interaction
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between LRP6 and Gαsβγ induced by PTH would cause the local accumulation of Gαsβγ
at the plasma membrane to set up a functional GPCR-Gαs-AC complex for the rapid
production of cAMP and subsequent PKA activation. Activated PKAwould in turn
phosphorylate LRP6 at its cytoplasmic domain and enhance its association with Gαs and the
accumulation of Gαsβγ to amplify the signal (Fig. 8). Thus, the association of Gαs with
LRP6 adds another dimension to the regulation of GPCR-mediated cAMP production.

The model that we propose also provides a better understanding of the roles of LRP6 in
GPCR-dependent stimulation of two distinct signaling pathways, that is, β-catenin signaling
and Gαs-cAMP signaling. We identified a specific PKA phosphorylation site (Thr1548) in
the cytoplasmic domain of LRP6, phosphorylation of which “primed” the sequential
phosphorylation of an adjacent site (Ser1544) by GSK-3. Mutation of these phosphorylation
sites inhibited the binding of LRP6 to Gαs, disrupted the localization of Gαs at the plasma
membrane, and reduced the amount of cAMP produced in response to PTH. Therefore, the
PKA phosphorylation site within LRP6 is critical for the amplification of Gαs signaling.

Several lines of evidence indicate that activation of GPCRs also activates β-catenin
signaling (32–37). A study demonstrated that free Gβγ subunits recruited GSK-3β to the
plasma membrane to promote the phosphorylation of LRP6 at its PPPS/TP sites and
subsequent β-catenin signaling (38), suggesting that free Gβγ is a critical component in
GPCR-activated β-catenin signaling. We previously found that PTH induces the
phosphorylation of LRP6 at its PPPS/TP sites and that PKA also regulates this
phosphorylation event (37). Here, we suggest that the increased binding of Gαsβγ to PKA-
phosphorylated LRP6 accelerates the activation of G proteins, which would result in the
increased release of free Gβγ. The enhanced recruitment of GSK-3β to the plasma
membrane by free Gβγ and the subsequent phosphorylation of LRP6 at the PPPS/TP sites
could be one of the reasons for the involvement of PKA in GPCR-activated β-catenin
signaling. The direct binding to axin of the free active form of Gαs is also a critical element
for the activation of β-catenin signaling (35). Together, this suggests that LRP6 activates
Gαs-cAMP signaling and β-catenin signaling sequentially. LRP6 recruits Gαsβγ to the
plasma membrane to accelerate the activation of Gαs and its dissociation from Gβγ, and the
free Gαs and Gβγ subunits promote the activation of β-catenin signaling through two
different pathways.

LRP6 interacts with an inactive conformation of Gαsβγ. In response to PTH, Gαs, Gβ1, and
Gγ2 form aggregates with LRP6 in fractions of the same molecular mass in
ultracentrifugation gradients. The interaction of LRP6 with Gαsβγ was blocked by AlF4

–,
suggesting that Gαs mediated the interaction between LRP6 and the heterotrimer and that
LRP6 did not bind to the active form of Gαs. In addition, both Gαs and Gβ1 translocated
from the plasma membrane to the cytosol in cells in which LRP6 was knocked down,
providing further evidence to support the idea that the Gαsβγ heterotrimer, but not the free
active form of Gαs, was the target of LRP6. The enriched Gαsβγ heterotrimer on the cell
membrane would provide sufficient amounts of the inactive form of Gαs, leading to
accelerated activation of Gαs and the subsequent production of cAMP in response to
agonist. We found that the interactions between LRP5 or LRP6 and the Gαs complex were
different. PTH stimulated the binding of Gαs to LRP6, but not LRP5, and PKA
phosphorylated LRP6, but not LRP5, in response to PTH. Therefore, the basal interaction of
Gαs with LRP5 or LRP6 was independent of phosphorylation status, and phosphorylation
enhanced the binding of Gαs to LRP6.

Gαs translocated from the plasma membrane to the cytosol in LRP6-deficient cells and in
osteoblasts in the trabecular bone tissue of LRP6 knockout mice. Moreover, mutation of
LRP6 at its PKA phosphorylation site reduced the amount of Gαs localized to the plasma
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membrane and increased the cytosolic localization of Gαs. Gαs is an essential component of
the cAMP production system on the plasma membrane. Thus, LRP6-mediated trafficking of
Gαs to the plasma membrane could set up a functional GPCR-Gαs-AC complex for the
rapid production of cAMP. Gαs is bound to the plasma membrane through a combination of
lipid modification and its association with the Gβγ subunits (48). Although a family of
palmitoyl acyltransferases (PATs) has been identified (49), the mechanisms by which Gαs is
palmitoylated are unclear. Loss of LRP6 might disrupt lipid modification of Gαs and
indirectly affects its localization to the plasma membrane.

The central role of LRP6 in the Gαs-associated production of cAMP in response to GPCR
stimulation in mammalian cells has a number of implications. Regulation of the production
of cAMP by LRP6 may represent a previously uncharacterized control point that modifies
the effects of ligand binding by Gαs-associated GPCRs on transcription and other cell
functions. This mechanism could potentially integrate hormonal and other Gαs-coupled
GPCR signals with other extracellular signals. Modulation of cAMP production through
agents that target intracellular AC activity is targeted clinically in the treatment of many
different diseases (50, 51). Targeting of LRP6 by its agonists or antagonists to modulate Gαs
activity could provide another potential therapeutic approach.

MATERIALS AND METHODS
cDNA constructs

The complementary DNA (cDNA) sequence encoding PTH1R was subcloned into the
plasmid pCDNA1 (52), the cDNA sequence encoding Gαs was subcloned into pCMV5B,
the Gαs-GFP cDNA was subcloned into the plasmid pCDNA3 (53), whereas the cDNA
encoding VSVG-tagged LRP6 was subcloned into the plasmid pCS2+(26). We purchased
siRNAs specific for GFP (sc-45924), mouse LRP5 (sc-149050), human LRP5 (sc-43900),
mouse LRP6 (sc-37234), and human LRP6 (sc-37233) from Santa Cruz Bio-technology Inc.
We generated cDNAs encoding VSVG-tagged LRP6mGSK3 and LRP6mPKA by mutagenesis
of the codons encoding Ser1544 or Thr1548 to a codon encoding alanine. Sequences encoding
the cytoplasmic domain of LRP5 (amino acid residues 192 to 566, LRP5C) and the
cytoplasmic domain of LRP6 (amino acid residues 461 to 593, LRP6C) were fused with
cDNA encoding GST in the pGEX-KG prokaryotic gene fusion vector (Pharmacia). The
mutants GST-LRP6CmGSK3 and GST-LRP6CmPKA were generated by primer-mediated
polymerase chain reaction (PCR) mutagenesis and verified by DNA sequencing. Sequences
encoding FLAG-tagged Gαs and HA-tagged Gβ1 at their N termini were subcloned into the
plasmids pCMV5B and pCDNA3, respectively. The sequence of the siRNA specific for
human axin (5′-UGCCAAGAAGGCUGAGUCG-3′) was designed as described previously
(54).

Detection of cAMP
The amount of cAMP produced by cells in response to PTH or other GPCR agonists was
determined with a 3H-labeled cAMP assay, as described previously (55, 56). Briefly, cells
were plated into six wells and incubated with 25 mM Hepes and [3H]adenine (2 μCi/ml) at
37°C for 2 hours. After the isotope was removed by washing, cells were stimulated for 20 to
30 min at 37°C with PTH or other GPCR agonists in the presence of 1 mM IBMX (3-
isobutyl-1-methylxanthine) and 0.4 mM ascorbate. Forskolin (10 μM) was used as a positive
control. To terminate stimulation, we aspirated the media, added 1 ml of 5% trichloroacetic
acid to each well, and stored the plates at 4°C overnight to collect the extracts. Separation of
[3H]cAMP from [3H]ATP (adenosine 5′-triphosphate) was performed by chromatography
on Dowex and alumina columns, according to the method of Salomon et al. (57). The
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amount of cAMP formed from ATP was calculated as follows: % conversion = [3H]cAMP/
([3H]cAMP + [3H]ATP) × 100 per 20 or 30 min.

Detection of the temporal dynamics of cAMP signaling in living cells
The binding of cAMP to Epac induces a conformational change that liberates the catalytic
domain of Epac from intrasubunit allosteric inhibition (42). A chimeric protein (ICUE3)
generated by fusing the N terminus of a truncated form of Epac to enhanced CFP (ECFP)
and the C terminus of Epac to citrine, an improved version of yellow fluorescent protein
(YFP), was produced as previously described (43). Sandwiching these conformationally
responsive elements of Epac between a FRET pair (citrine and ECFP) enables cAMP
production and degradation to be monitored by detecting changes in FRET. Therefore,
changes in cAMP could be monitored in real time in single live cells. Experiments were
performed as previously described (41). HEK 293 cells plated on glass-bottom petri dishes
(MatTek Corporation) were washed twice with buffer containing Hanks’ balanced salt
solution (HBSS) and placed on a Zeiss Axiovert 200M inverted microscope with a cooled
charge-coupled device camera (MicroMAX BFT512, Roper Scientific). Cells were
maintained in HBSS-containing buffer in the dark with the addition of PTH, isoproterenol,
or forskolin as indicated in the figure legends. Cells were imaged with METAFLUOR 6.2
software (Universal Imaging) as the ratio between emission at 535 nm with a 535DF25
band-pass filter for citrine and emission at 475 nm with a 475DF40 bandpass filter for
ECFP, upon excitation at 420 nm with a 420DF20 band-pass filter. Images were acquired
every 30 s with an exposure time of 100 to 500 ms, which resulted in negligible
photobleaching over a 30-min observation time. Fluorescent images were corrected for
background by subtracting the autofluorescence intensities of untransfected cells (or the
background with no cells) from the emission intensities of fluorescent cells that contained
reporter constructs. The ratios of cyan-to-yellow emissions were then calculated at different
time points and normalized by dividing all of the ratios by the emission ratio just before
stimulation, thereby setting the basal emission ratio to 1. Citrine was photobleached at the
end of the experiment by intense illumination with a 525DF40 filter. The fluorescence
intensities of ECFP before (Fda) and after (Fd) citrine photobleaching and the equation E = 1
– (Fda/Fd) were used to calculate the FRET efficiency.

Cell culture, transfections, coimmunoprecipitations, and Western blotting analysis
HEK 293, UMR-106, C2C12, and MEF cells were maintained in Dulbecco's modified
Eagle's medium (DMEM) with 10% fetal calf serum (FCS). Transfections were performed
with Lipofectamine reagent (Invitrogen). Immunoprecipitations and Western blotting
analysis of cell lysates were performed as described previously (37). Briefly, cells were
lysed in immunoprecipitation buffer [50 mM tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton
X-100, and 0.5% sodium deoxycholate] containing protease inhibitors. The lysates were
subjected to immunoprecipitation by incubation with the appropriate antibodies followed by
absorption on protein G–Sepharose. The immunoprecipitates were separated by SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitrocellulose
membrane. Western blots were characterized with the SuperSignal West Femto Substrate
system (Pierce, Thermo Fisher Scientific Inc.). Primary antibodies used for Western blotting
analysis and immunoprecipitations included mouse antibody against the FLAG tag (M2,
Sigma-Aldrich), rabbit antibody against VSVG (Covance), mouse antibody against the HA
tag (16B12, Covance), rabbit antibody against PTH1R (PRB-640P, Covance), rabbit
antibodies against CREB and phosphorylated CREB (pCREB) (both from Upstate), and
rabbit antibody against Gαs and mouse antibody against Gβ1 (both from Santa Cruz
Biotechnology).

Wan et al. Page 9

Sci Signal. Author manuscript; available in PMC 2013 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GST fusion protein expression, pull-down assays, and in vitro kinase assays
The GST-tagged cytoplasmic domains of LRP5 (amino acid residues 192 to 566) and LRP6
(residues 461 to 593) and its mutant fragments were expressed in BL21 (DE3) Escherichia
coli cells. The GST fusion proteins were then purified, and pull-down assays were
performed as outlined previously (58). In vitro kinase assays were performed by the addition
of bead-bound GST fusion proteins to buffer that contained 50 mM tris-HCl (pH 7.5), 10
mM MgCl2, and 200 mCi [γ-32P]ATP, together with the catalytic subunits of PKA,
GSK-3β, or both in a volume of 30 μl. Reaction mixtures were incubated at room
temperature for 30 min before the samples were resolved by 10% SDS-PAGE. The amount
of protein-associated radiolabel was determined by PhosphorImager analysis (Molecular
Dynamics).

Immunofluorescence detection of the localization of Gαs, Gβ1, and PTH1R
Cells stably expressing GFP-Gαs (53), GFP-Gβ1 (59), or CFP-PTH1R were fixed with
100% methanol, permeabilized with 0.5% Triton X-100, and blocked in 2% bovine serum
albumin in tris-buffered saline (TBS) containing 0.1% Tween 20. Digital pictures were
taken with an Olympus IX TRINOC camera under an Olympus IX70 Inverted Research
Microscope with a 10× objective lens and Hoffman modulation contrast at room temperature
and processed with MagnaFire SP imaging software (Optronics). The numbers of cells with
membrane-bound fluorescent protein or cytosolic fluorescent protein were quantified. For
each treatment, 100 cells in three different slides were analyzed. The ratios of the number of
cells with membrane-bound fluorescent protein or cytosolic fluorescent protein to the total
cell numbers were calculated and expressed as a mean percentage ± SD.

Isolation and culture of primary mouse osteoblasts
Primary osteoblasts were obtained through serial digestion of calvaria of newborn mice in
collagenase type I (1.8 mg/ml; Worthington Biochemical Corp.), as described previously
(60). Briefly, calvaria from micewere digested in 10 ml of digestion solution for 15 min at
37°C with constant agitation. The supernatant was collected and replaced with fresh
collagenase, and the digestion was repeated an additional four times. Final digestion
solutions containing the osteoblasts were collected and centrifuged at 500g for 10 min at
room temperature, and the osteoblasts were cultured in α-minimal essential medium (α-
MEM) containing 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin at
37°C in a humidified incubator supplied with 5% CO2.

Generation of conditional lrp6 knockout mice and bone immunohistochemistry analysis
The genotype of transgenic mice was determined by PCR analysis of genomic DNA isolated
from mouse tails. Mice with osteoblast-specific inactivation of lrp6 (lrp6 knockouts) were
generated by crossing OC-Cre mice with mice homozygous for a floxed lrp6 allele. All mice
were given a standard chow diet and water. Procedures involving mice were approved by the
Institutional Animal Care and Use Program of the Johns Hopkins University. The mice were
killed, and femora were resected and fixed in 10% buffered formalin for 48 hours,
decalcified in 10% EDTA (pH 7.0) for 20 days, and embedded in paraffin. Immunostaining
was performed with a standard protocol, as described previously (61). Sections were
incubated with a 1:50 dilution of antibody against Gαs (Santa Cruz Biotechnology Inc.)
overnight at 4°C. A horseradish peroxidase (HRP)–streptavidin detection system (Dako) was
used to detect immunoreactivity, followed by counterstaining with methyl green (Sigma-
Aldrich).
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Fig. 1.
LRP6 is required for PTH-induced production of cAMP. (A) LRP6-specific siRNA inhibited
PTH-induced cAMP accumulation in UMR-106 cells. Cells were transfected with siRNAs
specific for GFP, LRP5, or LRP6 or with siRNAs against LRP5 and LRP6. Cells were
treated with PTH(1–34) (50 nM) for 30 min and collected, and the amount of accumulated
[3H]cAMP was measured. Data are the means ± SD from three experiments. #P < 0.05, *P <
0.001 relative to the control cells treated with siRNA against GFP. (B) LRP6-specific
siRNA inhibited PTH-induced cAMP accumulation in C2C12 cells. Cells were transfected,
treated, and analyzed as described for (A). Data are the means ± SD from three experiments.
*P < 0.001 relative to control cells treated with siRNA against GFP. (C) Accumulation of
cAMP in response to PTH was abolished in LRP6-deficient primary calvarial preosteoblasts.
Calvarial preosteo-blasts were isolated from lrp6-floxed or lrp5–/–;lrp6-floxed newborn
mice, infected with adenovirus expressing GFP or Cre, and treated with PTH(1–34) (50 nM)

Wan et al. Page 15

Sci Signal. Author manuscript; available in PMC 2013 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



for 30 min. Cells were collected, and the amount of accumulated [3H]cAMP was measured.
Data are the means ± SD from three experiments. *P < 0.001 relative to wild-type (WT)
cells. (D) LRP6-specific siRNA attenuated the PTH-induced phosphorylation of CREB in
UMR-106 cells. Cells were transfected and treated as described for (A). Cells were then
collected and subjected to Western blotting analysis with antibodies against pCREB and
total CREB. Data are representative of three experiments. (E) Representative emission ratio
time courses (from six experiments) of ICUE3 stimulated with PTH(1–34) (50 nM) or
forskolin (50 μM). (F) Representative emission ratio time courses (from six experiments) of
ICUE3 stimulated with PTH(1–34) (50 nM) in control, LRP5 knockdown, or LRP6
knockdown cells.
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Fig. 2.
LRP6 is required for receptor-induced, Gαs-coupled cAMP production. (A) LRP6-specific
siRNA abolished isoproterenol-induced cAMP accumulation in C2C12 cells. Cells were
trans fected with siRNAs against GFP, LRP5, or LRP6 or with siRNAs specific for LRP5
and LRP6. Cells were treated with isoproterenol (Iso, 10 nM) for 20 min, and the amount of
accumulated [3H]cAMP was measured. Data are the means ± SD from three experiments.
*P < 0.001 relative to control cells treated with siRNA against GFP. (B) LRP6-specific
siRNA abolished adenosine-induced cAMP accumulation in bronchial smooth muscle cells.
Cells were transfected as described for (A) and treated with adenosine (10 nM) for 30 min,
and the amount of accumulated [3H]cAMP was measured. Data are the means ± SD from
three experiments. *P < 0.005 relative to control cells treated with siRNA against GFP. (C)
LRP6-specific siRNA abolished glucagon-induced cAMP accumulation in HEK 293 cells.
Cells were transfected with plasmid encoding the glucagon receptor and with siRNAs
specific for GFP, LRP5, or LRP6 or with siRNA against the common region of LRP5 and
LRP6, treated with glucagon (50 nM) for 30 min, and the amount of accumulated
[3H]cAMP was measured. Data are the means ± SD from three experiments. *P < 0.005
relative to control cells treated with siRNA specific for GFP. (D) The accumulation of
cAMP in LRP6-deficient MEFs in response to forskolin was less affected than that induced
by isoproterenol. MEFs were isolated from lrp6-floxed or lrp5–/–;lrp6-floxed newborn mice,
infected with adenovirus expressing GFP or Cre, and treated with isoproterenol (Iso, 10 nM)
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or forskolin (Fors, 50 μM) for 30 min. Cells were collected, and the amount of accumulated
[3H]cAMP was measured. Data are the means ± SD from three experiments. #P < 0.05, *P <
0.001 relative to WT. (E) Representative emission ratio time courses (from six experiments)
of ICUE3 stimulated with isoproterenol (10 nM) or forskolin (50 μM) in control and LRP6
knockdown cells.
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Fig. 3.
PTH promotes the association of LRP6 and Gαs. (A) Gαs interacts with the cytoplasmic
domain of LRP5 (LRP5C) and LRP6 (LRP6C). GST, GST-LRP5C, or GST-LRP6C was
incubated with HEK 293 cell lysates. Bound Gαs was detected by Western blotting analysis
with an antibody against Gαs (upper panel). Gαs in cell lysates was detected by Western
blotting analysis with an antibody against Gαs (middle panel). The GST proteins were
visualized by Coomassie brilliant blue staining (lower panel). (B) PTH does not affect the
interaction between Gαs and LRP5. HEK 293 cells were transfected with plasmid encoding
HA-tagged LRP5, deprived of serum for 14 hours to avoid protein phosphorylation by
serum-derived hormones or growth factors, and treated with PTH(1–34) (50 nM). LRP5-
associated Gαs was detected by Western blotting analysis of samples that were subjected to
immunoprecipitation (IP) with an antibody against HA. Immunoprecipitation with a mouse
preimmune antibody (Pre) was also performed as a negative control. WCL, whole-cell
lysate. (C) PTH increases the extent of the interaction between Gαs and LRP6. HEK 293
cells were transfected with plasmid encoding VSVG-tagged LRP6, deprived of serum for 14
hours, and treated with PTH(1–34) (50 nM). LRP6-associated Gαs was detected by Western
blotting analysis of samples immunoprecipitated with antibody against VSVG. (D) The
interactions of LRP6 with Gαs and Gβ1 are blocked by AlF4

–. HEK 293 cells were
transfected with plasmid encoding VSVG-tagged LRP6 together with plasmids encoding
FLAG-tagged Gαs, HA-tagged Gβ1, and Gγ2 and were lysed in lysis buffer containing
AlF4

– (100 μM AlCl3, 10 mM NaF). LRP6-associated Gαs and Gβγ were detected by
Western blotting analysis of samples immunoprecipitated with antibody against VSVG. (E)
LRP6 does not bind to Gαo or Gαi2. HEK 293 cells were transfected with plasmid encoding
VSVG-tagged LRP6. LRP6-associated Gαs, Gαo, and Gαi2 were detected by Western
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blotting analysis of samples immunoprecipitated with antibodies against Gαs, Gαo, and
Gαi2. Immunoprecipitation with a mouse preimmune antibody (Pre) was also performed as
a negative control. (F) The PTH-induced interaction between Gαs and LRP6 was not
affected by knockdown of axin. HEK 293 cells were transfected with scrambled control
siRNA or siRNA specific for axin together with the indicated plasmids and treated with
PTH(1–34) (50 nM). LRP6-associated Gαs was detected by Western blotting analysis of
samples immunoprecipitated with antibody against VSVG.
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Fig. 4.
PTH induces LRP6 aggregation and Gαsβγ accumulation in UMR-106 cells, as analyzed by
sucrose gradient sedimentation. UMR-106 cells were transfected with siRNAs specific for
GFP or LRP6, and were treated with PTH(1–34) (50 nM) for the indicated time periods. Cell
ly-sates were subjected to sucrose density-gradient ultracentrifugation, and fractions were
analyzed by Western blotting with antibodies against LRP6, Gαs, Gβ1, and Gγ2. Data are
representative of three experiments.
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Fig. 5.
Knockdown of LRP6 impairs the targeting of Gαs to the plasma membrane. (A)
Localization of Gαs and Gβ1 to the plasma membrane is impaired by knockdown of LRP6.
Stable HEK 293 cell lines expressing GFP-Gαs, GFP-Gβ1, or CFP-PTH1R were transfected
with siRNAs specific for LRP5 or LRP6 or with siRNA containing a random sequence
(Ctrl). Green fluorescence was visualized by fluorescence microscopy. (B) Cells from (A) in
which Gαs, Gβ1, or PTH1R was localized primarily at the plasma membrane or in the
cytosol were quantified. For each treatment, 100 cells on three different slides were
analyzed. The number of cells in which fluorescent protein was localized to either the
plasma membrane (black bars) or the cytosol (white bars) divided by the total number of
cells was calculated and expressed as a percentage ± SD. *P < 0.05 relative to siRNA
control cells. (C) Localization of Gαs to the plasma membrane is impaired by deletion of
LRP6 in osteoblasts from mouse femur. Immunohistochemical analysis of the amount of
Gαs in sections of femurs from 2-month-old male lrp6-floxed (WT) and lrp6-floxed;OC-Cre
(KO) mice. Photos are representative of tissue sections stained for Gαs and counterstained
with methyl green. Gαs-containing osteoblasts were stained brown. Three random high-
power fields per specimen and a total of six specimens in each group were analyzed. The
image shown is from one of these specimens. (D) Osteoblasts from (C) in which Gαs was
localized to the plasma membrane or to the cytosol were counted in a blinded fashion from
three random high-power fields per specimen in a 2-mm square, 1 mm distal to the lowest
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point of the growth plate in the secondary spongiosa; a total of six specimens in each group
were used. The osteoblasts in which Gαs was localized either to the plasma membrane
(black bars) or to the cytosol (white bars) are presented as a percentage of the total number
of osteoblasts. *P < 0.05 relative to WT samples. (E and F) The interaction between Gαs
and PTH1R is attenuated by knockdown of LRP6. HEK 293 cells were transfected with
siRNA specific for GFP or LRP6. Reciprocal immunoprecipitations were performed to
identify the interaction between PTH1R and Gαs. Data are representative of three
experiments.
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Fig. 6.
Phosphorylation of LRP6 by PKA enhances the binding of LRP6 to Gαs. (A) PKA directly
phosphorylates the intracellular domain of LRP6, as determined by in vitro kinase assay.
The consensus PKA phosphorylation sites in the intracellular domain of LRP6 are shown at
the top. GST, GST-LRP5C, and GST-LRP6C proteins were pulled down by glutathione
beads. The bead-bound proteins were incubated with the recombinant catalytic subunit of
PKA and [γ-32P]ATP, and the protein-associated radiolabel was visualized by
PhosphorImager analysis (Autoradiography). The GST proteins were analyzed by SDS-
PAGE and visualized by Coomassie Brilliant Blue staining. Data are representative of three
experiments. (B) Mutation of Thr1548 of LRP6 abolishes the phosphorylation of LRP6C by
PKA. WT or various point-mutated GST-6C proteins were pulled down by glutathione
beads. The bead-bound proteins were incubated with the catalytic subunit of PKA and
[γ-32P]ATP, and the protein-associated radiolabel was analyzed by SDS-PAGE and
visualized by PhosphorImager analysis (Autoradiography). The GST proteins were
visualized by Coomassie Brilliant Blue staining. Data are representative of three
experiments. (C) Phosphorylation of LRP6C by PKA primes its phosphorylation by GSK-3.
The consensus PKA and GSK-3 phosphorylation sites are shown at the top. GST-6C
proteins were pulled down by glutathione beads. The bead-bound proteins were incubated
with the catalytic subunit of PKA and cold ATP, washed, and then incubated with
recombinant GSK-3 and [γ-32P]ATP. The protein-associated radiolabel was analyzed by
SDS-PAGE and visualized by PhosphorImager analysis (Autoradiography). The GST
proteins were visualized by Coomassie brilliant blue staining. Data are representative of
three experiments. (D) Mutation of the PKA or GSK-3 sites of LRP6 abolishes the
sequential phosphorylation of LRP6C by PKA and GSK-3. WT (WT-6C) or the point-
mutated GST-6C proteins, 6CmPKA (Thr1548→Ala) and 6CmGSK3 (Ser1544→Ala), were
pulled down by glutathione beads. The bead-bound proteins were then treated and analyzed
as described for (A). The GST proteins were visualized by Coomassie Brilliant Blue
staining. Data are representative of three experiments. Abbreviations for the amino acids are
as follows: A, Ala; C, Cys; D, Asp; F, Phe; H, His; M, Met; P, Pro; R, Arg; S, Ser; T, Thr;
V, Val; and Y, Tyr.
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Fig. 7.
Phosphorylation of LRP6 by PKA and GSK-3 promotes the binding of Gαs to LRP6. (A and
B) Mutation of the PKA site of LRP6 inhibits its binding to Gαs in vitro. GST-fused WT-6C
or 6CmPKA proteins were pulled down by glutathione beads. The bead-bound proteins were
incubated with the catalytic subunit of PKA and ATP, washed, and then incubated with
recombinant GSK-3 and ATP. The protein-associated beads were incubated with HEK 293
cell lysates. Bound Gαs was detected by Western blotting analysis with an antibody against
Gαs (A, upper panel). The amounts of Gαs in the cell lysates and GST proteins were
detected by Western blot analysis with an antibody against Gαs or GST (A, input panels).
The intensities of the bands were quantitated by phosphorimaging and normalized to the
density of the input amount of Gαs (B). (C) Mutation of the PKA site of LRP6 inhibits its
binding to Gαs induced by PTH in cells. HEK 293 cells were transfected with plasmid
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encoding VSVG-tagged WT-LRP6 or LRP6mPKA. Cells were deprived of serum for 14
hours and treated with PTH(1–34) (50 nM). Gαs-associated LRP6 was detected by Western
blotting analysis of samples immunoprecipitated with antibody against Gαs. Data are
representative of three experiments. (D) Mutation of the PKA site of LRP6 impairs the
localization of Gαs to the plasma membrane. Stable HEK 293 cell lines expressing GFP-
Gαs were transfected with empty vector (Control) or plasmids encoding VSVG-tagged WT-
LRP6, LRP6mPKA, or LRP6mGSK3. Green fluorescence was visualized by fluorescence
microscopy. Data are representative of three experiments. (E) Cells from (D) in which
localization of Gαs was at the plasma membrane or in the cytosol were counted. For each
treatment, 100 cells in three different slides were analyzed. The number of cells within
which fluorescent protein was localized to the plasma membrane or the cytosol divided by
the total number of cells was calculated and expressed as a percentage ± SD. *P < 0.05
relative to the empty vector control. (F) Accumulation of cAMP in MEFs in response to
isoproterenol was reduced by mutation of the PKA or GSK-3 phosphorylation sites in LRP6.
MEFs were isolated from E13.5 (embryonic day 13.5) mice and transfected with empty
vector control or with plasmid encoding VSVG-tagged WT-LRP6, LRP6mPKA, or
LRP6mGSK3 and treated with isoproterenol (10 nM) for 20 min. Cells were collected and the
amount of accumulated [3H]cAMP was measured. *P < 0.05, #P < 0.005 relative to the cells
containing empty vector control. (G) Representative emission ratio time courses (from eight
experiments) of ICUE3 stimulated with isoproterenol (Iso, 10 nM) in cells containing WT
LRP6 (WT-LRP6) or LRP6 with a mutation in the PKA phosphorylation site (LRP6-
mPKA).
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Fig. 8.
Schematic model of the involvement of LRP6 in Gαs-coupled receptor signaling. (A) We
propose that LRP6 binds to the inactive Gαsβγ heterotrimer on the plasma membrane in the
absence of GPCR ligands. (B) Ligands induce the aggregation of LRP6 and cause the
accumulation of Gαsβγ on the plasma member to set up a functional GPCR-Gαs-AC
complex for cAMP generation and PKA activation. Activated PKA, in turn, phosphorylates
LRP6 and accelerates the binding of G protein complexes to LRP6 to enable enhanced
production of cAMP.
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