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Leucine-rich repeat-containing G-protein coupled receptor
5 (LGR5/GPR49) is highly expressed in adult stem cells of
various tissues, such as intestine, hair follicles, and sto-
mach. LGR5 is also overexpressed in some colon and
ovarian tumors. Recent reports show that R-spondin
(RSPO) family ligands bind to and activate LGR5, enhanc-
ing canonical Wnt signaling via the interaction with LRP5/6
and Frizzled. The identity of heterotrimeric G-proteins coupled
to LGR5, however, remains unclear. Here, we show that Rho
GTPase is a downstream target of LGR5. Overexpression
of LGR5 induced SRF-RE luciferase activity, a reporter of
Rho signaling. RSPOs, ligands for LGR4, LGR5, and LGRS,
however, did not induce SRF-RE reporter activity in the
presence of LGR5. Consistently, LGR5-induced activity of
the SRF-RE reporter was inhibited by Rho inhibitor C3
transferase and RhoA N19 mutant, and knockdown of
Goizqs genes blocked the reporter activity induced by
LGR5. In addition, focal adhesion kinase, NF-xB and c-fos,
targets of Rho GTPase, were shown to be regulated by
LGRS5. Here, we have demonstrated, for the first time, that
LGRS is coupled to the Rho pathway through G213 signal-

ing.

INTRODUCTION

The G protein-coupled receptor (GPCR) family is a superfamily
of cell membrane receptors that are encoded by approximately
800 genes and transduce extracellular cues to intracellular
responses through interactions with G proteins (Alexander et al.,
2011; Civelli et al., 2013). GPCRs transmit extracellular signals
to heterotrimeric G proteins, such as Gs Gq, Gi, and G213 (Ale-
xander et al., 2011). These G proteins, in turn, interact with
other membrane proteins to initiate intracellular signaling, for
example, elevation of Ca® ion levels and regulation of cyclic
AMP production (Alexander et al., 2011).

LGRS, first identified as a member of the glycoprotein hor-
mone receptor family (Hsu et al., 1998), had been an orphan

receptor until several groups showed that R-spondins (RSPOs)
were able to bind and activate LGR5, enhancing canonical
Whnt-B-catenin signaling together with LRP 5/6 and Frizzled
(Carmon et al., 2011; 2012; de Lau et al., 2011; Glinka et al.,
2011; Ruffner et al., 2012). LGRS5 is expressed and plays an
important role in various adult tissue stem cells in, for example,
small intestine, hair follicles, and stomach, through regulation of
Wnt signaling (Barker and Clevers, 2010). LGR5 also marks
various cancer stem-like cells, implicating a role in tumorigene-
sis (Fan et al., 2010). It is intriguing, however, that RSPOs do
not induce a change in Ca®* ion and cAMP levels in the pres-
ence of LGR5 (Carmon et al., 2011). In addition, B-arrestin is
not internalized by RSPOs, suggesting that conventional GPCR
signaling may not take place downstream of LGR5 (Carmon et
al.,, 2011).

In order to investigate downstream pathways of LGR5, we
measured the activity of nuclear factor of activated T cell re-
sponse element (NFAT-RE), cyclic AMP response element
(CRE), serum response element (SRE), and serum response
factor response element (SRF-RE) reporter genes, which are
commonly used to assay GPCR activity, in the presence of
LGR5 and RSPO1. Among these reporters, SRE and SRF-RE
luciferase activities were induced by LGRS, but not by RSPO1.
Because LGR5 activated both reporters, we hypothesized that
the Rho pathway is involved in the downstream signaling of
LGR5. To rule out an influence of ERK signaling, the SRF-RE
reporter was used to evaluate the activity of Rho signaling in-
duced by LGR5 in the remainder of the experiments.

Next, we showed that LGR4 and LGR6 did not induce SRF-
RE reporter activity, and that LGR5 used the Giz13-Rho path-
way to induce SRF-RE reporter activity. Finally, focal adhesion
kinase (FAK), nuclear factor-kappa B (NF-xB), and c-fos, all of
which are downstream targets of Rho signaling, were shown to
be regulated by the LGR5-G1213-Rho pathway. In conclusion,
we demonstrate for the first time that LGRS is linked to Gizs-
Rho signaling independently of RSPOs.
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MATERIALS AND METHODS

Plasmids and reagents

Full-length human LGR5 cDNA and the TOPFLASH reporter
plasmid were kindly provided by Dr. Hans Clevers (Hubrecht
Institute, Netherlands) and cloned with a Myc tag into the vector
pIRESNneo3 (Clontech, USA). Human LGR4 cDNA was pur-
chased from Missouri S&T cDNA Resource Center (USA). An
expression construct for human LGR6 tagged with Myc and
FLAG was purchased from Origene Technologies (USA). Re-
combinant RSPO 1, 2, 3, and 4 and Wnt3A were purchased
from R&D Systems (USA). C3 transferase was purchased from
Cytoskeleton (USA). CRE, SRE, SRF-RE, NFAT-RE, and NF-
«B-RE-luciferase reporter plasmids were purchased from Pro-
mega (USA). The c-fos promoter-luciferase construct [Addgene
plasmid 11983, kindly deposited by Dr. Ron Prywes (Cen et al.,
2003)] was purchased from Addgene (USA).

Cell culture and transfection

293T and HEK293 cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM) (Welgene, Korea) supplemented with
10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/
streptomycin (Life Technologies, USA). HT-29 cells were grown
in Roswell Park Memorial Institute (RPMI) medium (Wel-gene,
Korea) supplemented with 10% FBS and 1% penicillin/strep-
tomycin. Cells were grown in a 37°C incubator with 95% humid-
ity and 5% CO,, and transfected using Fugene 6 (Promega)
according to the manufacturer's protocol. The HEK293/ hLGR5-
Myc stable cell line was selected and maintained in 0.5 mg/mL
G418. Scrambled and LGR5 ON-TARGETplus SMARTpool
siBRNAs were purchased from Dharmacon (USA). siRNAs tar-
geting Goz and Gous were purchased from Santa Cruz Bio-
technology (USA). The cells were transfected with siRNAs using
X-tremeGENE siRNA Transfection Reagent (Roche, Switzer-
land).

Antibodies and western analysis

Cells were lysed with RIPA buffer with protease inhibitor cock-
tail (Roche, Switzerland) and 1 mM DTT (Hwang et al., 2012).
After centrifugation at 18,000 x g for 20 min, the cleared lysates
were mixed with Laemmli SDS sample buffer. Proteins were
separated by SDS-PAGE and transferred onto PROTRAN
nitrocellulose membranes (Whatman, UK). Membranes were
probed with anti-GPR49 (LGR5) (Abchem); anti-Myc (9E10) (Co-
vance, USA); anti-G12, anti-Gq13 (both Santa Cruz Biotechnol-
ogy); anti-phospho-ERK, anti-ERK, anti-FAK, or anti-phospho
Tyr397-FAK (all Cell Signaling Technology, USA) antibodies.
Protein bands were detected using HRP-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories, USA). The
Westzol plus kit (Intron, Korea) was used for the enhanced
chemiluminescence reaction.

Luciferase reporter assay

293T cells were transiently transfected with CRE, NFAT-RE,
SRE, SRF-RE, NF-xB-RE, c-fos-Luc, or TOPFLASH reporter
plasmids. Reporter plasmids were co-transfected with a thymi-
dine kinase promoter-Renilla luciferase reporter plasmid (pRL-
TK) for normalization of transfection efficiency. Transfections
were carried out using Fugene 6. Cells were serum-starved for
24 h, and luciferase activity was measured using the Dual-
Luciferase assay kit (Promega). In the siRNA experiment, cells
were co-transfected with plasmids and siRNAs using X-treme
GENE siRNA Transfection Reagent for 48 h.

268 Mol. Cells

RESULTS AND DISCUSSION

Overexpression of LGR5 augments Rho GTPase-
dependent reporter activities

To investigate downstream signaling through heterotrimeric G
proteins, we used luciferase reporter plasmids containing
NFAT-RE, CRE, SRE, or SRF-RE. After transfection of 293T
cells with reporter plasmids and LGRS5, the serum-starved cells
were treated with RSPO1 for 16 h. NFAT-RE and CRE reporter
activities were not altered by overexpression of LGR5 and addi-
tion of RSPO1 (Fig. 1A). This result indicated that LGR5 may
not be coupled to Gug, Gas, Or Gy, consistent with previous
reports (Carmon et al., 2011; de Lau et al., 2011). Surprisingly,
overexpression of LGR5 markedly induced the activities of SRE
and SRF-RE reporters (Fig. 1A). The SRE reporter is induced
by ERK and Rho GTPase signaling, whereas SRF-RE is aug-
mented by Rho GTPase (Jaffe and Hall, 2005). Because LGR5
activated both reporters, we hypothesized that the Rho path-
way is involved in the downstream signaling of LGR5. To rule
out an influence of ERK signaling, the SRF-RE reporter was
used to evaluate the activity of LGR5-induced Rho signaling in
the remainder of the experiments. It was intriguing that RSPO1
did not stimulate the reporter activities in the presence of LGR5
(Fig. 1A).

To test the effects of other RSPOs and Wnt, cells transfected
with LGR5 and the SRF-RE or TOPFLASH (a reporter for
Wnt/B-catenin pathway) reporters were treated with recombi-
nant RSPO1, 2, 3, 4, and/or Wnt3A. RSPOs and Wnt3A, alone
or together, stimulated TOPFLASH reporter activity (Supple-
mentary Fig. S1A), but had no effect on luciferase activity of the
SRF-RE reporter (Fig. 1B). Furthermore, when cells transfected
with SRF-RE and LGR5 plasmids were incubated with each
RSPO for different time periods, no significant changes were
seen in the reporter activities (Supplementary Fig. S1B), sug-
gesting that RSPOs are not ligands of LGRS5 in terms of SRF-
RE-dependent signaling. To further confirm these data, 293T
cells were transfected with increasing amounts of LGR5 ex-
pression construct together with the SRF-RE reporter. After
serum-starvation for 24 h, luciferase activity was assayed. Luci-
ferase activity was induced by LGR5 expression in a dose-
dependent manner (Fig. 2A).

LGR5 and its close relatives, LGR4 and LGR6, belong to the
family of GPCRs that are homologous to the glycoprotein hor-
mone receptors (Barker and Clevers, 2010; Hsu et al., 1998;
2000). LGR5 and LGR6 have attracted much attention from the
stem cell community as a result of their specific expression in
proliferating adult stem cells in various tissues, including hair
follicles, intestines, stomach, and skin, whereas LGR4 shows a
broader expression pattern that extends beyond stem cells
(Barker and Clevers, 2010; Van Schoore et al., 2005). Further-
more, LGR4 and LGRS5 null mice show neonatal lethality, whe-
reas LGR6 knockout mice are healthy and fertile (Mazerbourg
et al., 2004; Morita et al., 2004; Snippert et al., 2010). These
observations led us to investigate whether LGR4 and LGR6
regulate SRF-RE reporter activity. Intriguingly, only LGR5, and
not LGR4 and LGRS, promoted luciferase reporter activity (Fig.
2B), although LGR4 (Fig. 2C) and LGR5 and LGR6 (Fig. 2D)
were overexpressed at comparable levels. These results may
explain, at least in part, the differences between in vivo pheno-
types specifically mediated by LGR5 and those mediated by
LGR4 and LGRé.

Gi2n3-Rho axis mediates LGRS5 signaling
To test the hypothesis that Rho mediates LGR5 signaling, we

http://molcells.org



- -
o [V
1 )

Luciferase Activity(fold) >
=]

NFAT-RE CRE SRE

hLGR5 - + + + + + o+ + + + +
Rspo - - 1 2 3 4 - 1 2 3 4
Wnt3A - - - - - -+ + O+ O+ O+

Fig. 1. R-spondin (RSPO)-independent induction of reporter activity
by LGR5. 293T cells were transfected with indicated reporter plas-
mids (A) or SRF-RE (B), human LGR5-Myc, and pRL-TK as a trans-
fection efficiency control. During the 24-h period of serum starvation,
the cells were incubated with 25 ng/ml RSPOs in the presence or
absence of 25 ng/ml Wnt3A for 16 h. Luciferase activity of reporters
was normalized to pRL-TK Renilla luciferase activity. Values repre-
sent the mean and standard deviation from two independent expe-
riments.

used the Rho N19 mutant (N19), a dominant negative form of
Rho GTPase, and exoenzyme C3 transferase, which covalently
links ADP-ribose to and inactivates Rho GTPase. As shown in
Fig. 3A, overexpression of the N19 almost completely downre-
gulated the LGR5-induced activity of the SRF-RE reporter. C3
transferase also inhibited the reporter activity significantly, but
not completely, probably due to incomplete diffusion of the
protein into the cell. In addition, some reports had already shown
that even overexpression of C3 transferase in cells does not
abrogate all activity of Rho signaling in terms of SRF reporter
activity (Medjkane et al., 2009; Merdek et al., 2008). These data
collectively demonstrated that Rho GTPase is required for the
activation of the SRF-RE reporter by LGR5. As described above,
Gi2 and G5 among heterotrimeric G proteins are well known to
regulate RhoGEF proteins to generate active Rho GTPase
(Bian et al., 2006). To determine whether Giz13mediate LGR5
signaling, 293T cells were transfected with siRNAs targeting
Gouzns, together with LGR5 and the SRF-RE reporter. Both
siRNAs inhibited LGR5-induced luciferase activity by 50% (Fig.
3B).The knockdown efficiency of the siRNAs was approximate-
ly 50%, but this was sufficient to significantly reduce the level of
Goauzis (Fig. 3C). These results indicate that LGR5 regulates
Rho through Giz13.

Buch et al. (2008) demonstrated that the thyrotropin receptor
activates ERK via the Gi213-Rho pathway, and our data showed
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Fig. 2. Dose-dependent activation of SRF-RE by LGR5, but not
LGR4 or LGR6. (A) 293T cells were transfected with the SRF-RE
reporter and the indicated amounts of hLGR5-Myc, and serum-
starved for 24 h, followed by assay of luciferase activity. (B) hLGR4,
hLGR5, and hLGR6 were overexpressed, together with the SRF-
RE reporter in 293T cells, as indicated. Serum-starved cells were
lysed, and luciferase activity of reporters was assayed and norma-
lized to pRL-TK Renilla Iuciferase activity. (C, D) 293T cells were
transfected for 48 h with 2 pug plasmid encoding hLGR4, hLGRS5, or
hLGRES, lysed, and analyzed by western. Blots are representative of
three independent experiments.

that the SRE reporter, which is dependent on both ERK signal-
ing, via terary complex factor (TCF), and SRF, was induced by
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Fig. 3. Gi213-Rho axis mediates LGR5 signaling. 293T cells were transfected with plasmid encoding LGR5 and the SRF-RE reporter and se-
rum-starved for 24 h, followed by incubation for 4 h in the presence or absence of 1 ng/ml C3 transferase and Rho N19 mutant (A) and control
(scr) siRNA or siRNA targeting G.12 or Gq13 (B). Luciferase activity of reporters was normalized to pRL-TK Renilla luciferase activity. Values
represent the mean and standard deviation from two independent experiments. (C) Efficiency of G2 or Gu13 knockdown by the indicated siR-
NAs was assessed by western analysis. Blots are representative of three independent experiments.
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LGRS (Fig. 1A). When the expression of LGR5 was reduced by
siRNA in the LGR5/HEK293 stable cell line (Fig. 4A) and HT-29
cells (Fig. 4B), however, the level of ERK phosphorylation did
not change. In addition, it has been suggested that FAK is a
downstream target of the Gi213-Rho pathway and mediates the
regulation of focal adhesion assembly in this pathway (Chikumi
et al., 2002; Needham and Rozengurt, 1998; Torsoni et al., 2005).
In the same LGR5/HEK293 (Fig. 4A) and HT-29 (Fig. 4B) cell
lysates described above, phosphorylation of FAK at Tyr397
was significantly reduced in the presence of LGR5 siRNA.

The promoter activity of c-fos, a target gene of the Rho path-
way that includes SRE in its promoter region, was highly upre-
gulated by overexpression of LGR5, and this induction was
blocked by the N19 and C3 transferase (Fig. 4C) and siRNA
targeting Gouzns (Fig. 4D). To further confirm the relationship
between LGR5 and the Gi213-Rho pathway, we tested whether
LGRS5 regulates NF-xB reporter activity. NF-kB has long been
known to be activated by the Rho pathway, although the under-
lying molecular mechanism remains unclear (Iguchi et al.,
2008; Montaner et al., 1998; Perona et al., 1993; Shepard et al.,
2001). As shown in Figs. 4E and 4F, NF-xB reporter activity
was strongly induced by LGR5. Subsequent perturbation of the
Gi2n3-Rho pathway by N19 or C3 (Fig. 4E) or LGRS5 siRNA (Fig.
4F) abrogated LGR5-induced reporter activity. It has been sug-
gested that NF«B is a link between inflammation and tumor
development induced by the Rho signaling pathway (Benitah et
al., 2003; Karin et al., 2002; Lin and Karin, 2003; Segain et al.,
2003). In addition, NF-«xB plays a role in the regulation of stem
cell self-renewal and differentiation (Schugar et al., 2008). In
this sense, further study is needed to investigate the role of NF-
kB in LGR5-expressing stem cells and cancer. Taken together,
these data demonstrate that the Gi213-Rho pathway is coupled
to LGR5.

Recent observations showed that LGR5 potentiates Wnt sig-
naling in vivo, especially in adult stem cells (Schuijers and
Clevers, 2012). Here, we clearly demonstrate for the first time
that LGR5 is coupled to the heterotrimeric G proteins Giz13 and
modulates Rho GTPase signaling. It has been known that Rho
family GTPases, such as Rho, Rac, and Cdc42, are direct down-
stream components of the Wnt/Frizzled/Dishevelled pathway
that regulates planar cell polarity, cell migration, and cell adhe-
sion (Habas et al., 2001; Schlessinger et al., 2009). These path-
ways are, however, directly regulated by the interaction of
Dishevelled and guanine nucleotide exchange factors (GEFs)
for the Rho family GTPases. There is no evidence, to our know-
ledge, that the G1215-Rho pathway is involved in Wnt signaling.

One intriguing missing link between Wnt signaling and the
Gizn3-Rho pathway is the role of phosphatidylinositol 4-kinase
(PI4K), phosphatidylinositol 4-phosphate 5-kinase (PIP5K), and
their product, phosphatidylinositol 4,5-phosphate (PIP,). Pl4K,
together with PIP5K, rapidly produces PIP, after Wnt stimula-
tion and enhances the phosphorylation of LRP5/6 and oligo-
merization of Dishevelled and LRP5/6 (Pan et al., 2008). Pro-
teomic analysis also showed that Dishevelled interacts with
PI4K, Rho, and even G,3, after Wnt stimulation (Yokoyama,
2012). In addition, trafficking of PI4K and PIP5K to the plasma
membrane is regulated by Rho GTPase (Weemink et al., 2004;
Yang et al., 2004). Further study is needed to elucidate whether
LGR5 enhances Wnt signaling through the G1213-Rho pathway,
as well as the RSPO-dependent pathway.

It is interesting to speculate about which functions in stem
cells are regulated by LGR5 through the Giz15-Rho pathway. A
decade ago, there was an intriguing report showing that me-
senchymal stem cell shape, regulated by the RhoA-ROCK
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pathway, determines the commitment of the stem cell’s lineage
to adipocytes or osteoblasts (McBeath et al., 2004). Stem cells
decide the fate of daughter cells at the time of cell division, so
the LGR5-Rho pathway might play a role in lineage commit-
ment, as well as self-renewal of adult stem cells. We have also
shown here that RSPOs are not ligands for the LGR5-Gi213-
Rho pathway. In other words, RSPOs may be biased ligands
for the Wnt pathway. Over the last decade, a variety of biased
GPCR ligand have been discovered that selectively activate
either G proteins or B-arrestins (Whalen et al., 2011). For ex-
ample, CCL3, CCL4, CCL5, and CCL3LA1, four different CCR5
ligands, show a relative bias for the processes of inositol-1-
phosphate production and CCR5 internalization. In this case,
CCL3L1 is 32.4-fold more active than CCL3 in inducing CCR5
internalization (Kenakin and Christopoulos, 2013). In addition,
many synthetic compounds targeting GPCRs have a biased
effect on G protein signaling and the B-arrestin pathway (Kena-
kin and Christopoulos, 2013). When a ligand biased toward
LGR5-Gi215-Rho signaling is discovered, it will be a useful tool
to elucidate the physiological relevance of this pathway.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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