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Phosphorylation of the Wnt receptor low-density lipo-
protein receptor-related protein 6 (LRP6) by glycogen
synthase kinase 3f (GSK3p) and casein kinase 1y (CK1y)
is a key step in Wnt/f-catenin signalling, which requires
Wnt-induced formation of phosphatidylinositol 4,5-
bisphosphate (PtdIns(4,5)P,). Here, we show that adeno-
matous polyposis coli membrane recruitment 1 (Amerl)
(also called WTX), a membrane associated PtdIns(4,5)P,-
binding protein, is essential for the activation of Wnt
signalling at the LRP6 receptor level. Knockdown of
Amerl reduces Wnt-induced LRP6 phosphorylation,
Axin translocation to the plasma membrane and formation
of LRP6 signalosomes. Overexpression of Amerl promotes
LRP6 phosphorylation, which requires interaction of
Amerl with PtdIns(4,5)P,. Amerl translocates to the plas-
ma membrane in a PtdIns(4,5)P,-dependent manner after
Wnt treatment and is required for LRP6 phosphorylation
stimulated by application of PtdIins(4,5)P,. Amerl binds
CK1y, recruits Axin and GSK3 to the plasma membrane
and promotes complex formation between Axin and
LRP6. Fusion of Amerl to the cytoplasmic domain of
LRP6 induces LRP6 phosphorylation and stimulates
robust Wnt/f-catenin signalling. We propose a mechanism
for Wnt receptor activation by which generation of PtdIns
(4,5)P, leads to recruitment of Amerl to the plasma
membrane, which acts as a scaffold protein to stimulate
phosphorylation of LRP6.
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Introduction

The Wnt/B-catenin signalling pathway regulates cell prolif-
eration, differentiation and apoptosis, and has an important
role during embryonic development, adult tissue homo-
eostasis and various diseases including cancer (Lustig and
Behrens, 2003; Clevers, 2006). In the absence of extracellular
Whnt ligands the levels of cytoplasmic B-catenin are kept low
by the action of a multiprotein destruction complex that
targets P-catenin for proteasomal degradation. The core
components of this complex are the scaffold proteins Axin
and its homologue Conductin (Axin2), the tumour suppres-
sor adenomatous polyposis coli (APC) and glycogen synthase
kinase 3B (GSK3pB), which phosphorylates B-catenin and
thereby earmarks it for ubiquitin-mediated degradation in
the proteasome (MacDonald et al, 2009). The binding of Wnt
ligands to the transmembrane receptors Frizzled (Fz) and
low-density lipoprotein receptor-related protein 6 (LRPG6)
initiates a signalling cascade that results in the inhibition of
B-catenin phosphorylation and degradation leading to the
activation of B-catenin-dependent transcription (Huang and
He, 2008; Angers and Moon, 2009; MacDonald et al, 2009).

A key step after Wnt stimulation is the phosphorylation of
the intracellular domain (ICD) of LRP6 at five reiterated
PPPSPxS motifs and adjacent Ser/Thr clusters (Tamai et al,
2004; Davidson et al, 2005; Zeng et al, 2005; MacDonald et al,
2008; Supplementary Figure S7A). Phosphorylation at the
PPPSPxS motifs (e.g., at Ser1490) is mediated by GSK38,
whereas the Ser/Thr clusters (e.g., at Thrl479) are
phosphorylated by casein kinase 1y (CK1y) (Davidson et al,
2005; Zeng et al, 2005). The phosphorylated PPPSPxS motifs
provide docking sites for Axin (Mao et al, 2001; Tamai et al,
2004; Davidson et al, 2005) and can directly inhibit the
activity of GSK3p (Cselenyi et al, 2008; Piao et al, 2008; Wu
et al, 2009).

Phosphorylation of LRP6 by GSK3f requires binding of
Dishevelled (Dvl) to Fz, which in turn leads to recruitment of
the Axin/GSK3f complex (Zeng et al, 2008). In contrast,
CKly is constitutively localized to the plasma membrane
(Davidson et al, 2005). It was recently suggested that co-
clustering of Fz-LRP6 receptors together with Axin and Dvl in
so-called LRP6 signalosomes is involved in LRP6 phosphor-
ylation (Bilic et al, 2007). Signalosome formation depends on
the ability of Dvl to dynamically polymerize, which might
provide a high density of phosphorylation sites for GSK3f3
and CK1y (Bilic et al, 2007; Schwarz-Romond et al, 2007a, b).
Recent evidence indicates that the Wnt-induced generation of
phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P,) at the
plasma membrane is required for LRP6 phosphorylation by
GSK3p as well as CK1ly and for signalosome formation (Pan
et al, 2008). This process is mediated by Dvl, which binds
and activates phosphatidylinositol 4-kinase type Ilo (P14KIIor)
and phosphatidylinositol-4-phosphate 5-kinase type Ip
(PIPSKIB) sequentially acting to produce PtdIns(4,5)P, (Pan
et al, 2008; Qin et al, 2009).
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Amerl (APC membrane recruitment 1) was initially
described by our group as an APC-binding protein, which
can associate with the plasma membrane via two N-terminal
PtdIns(4,5)P,-binding domains (Grohmann et al, 2007).
Amerl is identical to the tumour suppressor WTX (Wilms
Tumour gene on the X chromosome) mutated in a significant
fraction of Wilms tumours (Rivera et al, 2007) and in the
inherited disease OSCS (osteopathia striata congenita
with cranial sclerosis) (Jenkins et al, 2009). Amerl is found
in complexes with B-catenin and components of the B-catenin
destruction machinery such as APC, Axin and B-TrCP, and
can block canonical Wnt signalling by inducing proteasomal
degradation of B-catenin (Major et al, 2007). Studies in
Zebrafish and Xenopus also suggest a negative role of
Amerl in Wnt signalling (Major et al, 2007).

Several key players involved in LRP6 phosphorylation
have been identified (Fz, Dvl, Axin, GSK3B, CKly and
PtdIns(4,5)P,), but a coherent picture of their interactions
and the sequence of events are still missing. In particular, the
mechanism by which Wnt-induced PtdIns(4,5)P, formation
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results in LRP6 phosphorylation has remained elusive. In the
present study, we identify an unexpected role of Amerl as a
positive regulator of Wnt signalling acting at the LRP6
receptor level by showing that Amerl links Wnt-induced
formation of PtdIns(4,5)P, to LRP6 phosphorylation.

Results

Amer1 is required for Wnt-induced LRP6
phosphorylation

To investigate whether Amerl has a function in Wnt signal-
ling at the receptor level, we knocked down its expression
using two different siRNAs and analysed Wnt-induced phos-
phorylation of LRP6 in plasma membrane fractions by wes-
tern blotting. We found that Amerl knockdown prevented
LRP6 phosphorylation at Ser1490 and Thr1479 in Wnt3A-
treated HEK293T cells (Figure 1A and B; Supplementary
Figure S1A). Amerl knockdown also prevented LRP6
phosphorylation in SW480 colon carcinoma cells
(Supplementary Figure S1B). Reciprocally, overexpression
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Figure 1 Amerl is required for Wnt-induced LRP6 phosphorylation and signalosome formation. (A, B) Amerl is required for LRP6
phosphorylation at Ser1490 (A) and Thr1479 (B). HEK293T cells stably expressing LRP6-EGFP were transfected with the indicated siRNAs
and incubated with Wnt3A for 1h. Membrane fractions were analysed by western blotting. (C) Overexpression of Amerl promotes LRP6
phosphorylation at Ser1490. HEK293T cells stably expressing VSVG-LRP6 were transiently transfected with EGFP-Amerl and treated with
Wnt3A for 20 min. Note that Amerl is expressed in two splice variants represented by the two bands on the anti-GFP western blot (cf.
Supplementary Figure S3A). In panels (A) and (B), the anti-Amer1 antibody detects only the larger splice variant of endogenous Amerl. (D, E)
Amerl is required for Wnt-induced signalosome formation. (D) Signalosome formation in HeLa cells co-expressing LRP6-EYFP and Fz8-EYFP
transfected with the indicated siRNAs. Images show EYFP fluorescence with and without Wnt3A treatment for 1 h. Right-hand panels represent
higher magnifications of the boxed regions from the left. Arrowheads point to signalosomes. Scale bar is 10 um. (E) Quantification of
signalosome formation in cells from (D). Error bars indicate s.e.m. from three independent experiments.
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Figure 2 Membrane localization of Amerl through PtdIns(4,5)P, binding is required for its effect on LRP6 phosphorylation. (A) N-terminal
lysine mutants of Amerl (EGFP-Amerl(7puLys), EGFP-NES-Amerl(7uLys)) lacking PtdIns(4,5)P, binding and membrane association are
deficient for LRP6 phosphorylation. HEK293T cells stably expressing VSVG-LRP6 were transiently transfected with EGFP-tagged Amerl
constructs as indicated and treated with Wnt3A for 20 min. For details on the constructs, see Supplementary Figure S2A-C. (B) Effect of specific
knockdown of Amerl splice variants Amer1-S1 and Amerl-S2 on LRP6 phosphorylation. HeLa cells transfected with the indicated Amerl
siRNAs were incubated with Wnt3A for 1 h and endogenous LRP6 was examined by western blotting (WB). Specific RT-PCR for expression of
the splice variants is shown below. See also Supplementary Figure S3A-D. In (A) and (B) numbers below the lanes reflect relative levels of
phosphorylated LRP6 (pS1490) normalized to LRP6 as determined by densitometry. Experiments were repeated at least three times.

of Amerl stimulated LRP6 phosphorylation at Ser1490
(Figure 1C; Supplementary Figure S1C). Notably, the
previously described recruitment of Axin to the plasma
membrane after Wnt stimulation was also abolished after
knockdown of Amerl (Figure 1A; Mao et al, 2001). These
data show that Amerl is essential for Wnt-induced LRP6
phosphorylation and Axin translocation to the plasma mem-
brane and point to a positive role of Amerl1 in the activation
of Wnt signalling at the receptor level.

Amer1 is required for Wnt-induced signalosome
formation

Given the role of Amerl in Wnt receptor activation we
analysed whether it is involved in signalosome formation.
Signalosomes were detected by monitoring the aggregation
of YFP-tagged LRP6 and Fz8 after Wnt3A stimulation. Indeed
knockdown of Amerl efficiently reduced formation of LRP6
signalosomes (Figure 1D and E). These results show that
Amerl is required for Wnt-induced signalosome formation
and corroborate a role for Amerl in the activation of the Wnt
pathway at the receptor level.

Membrane localization of Amer1 through PtdIns(4,5)P»
binding is required for its effect on LRP6
phosphorylation

We next analysed whether LRP6 activation depends on
plasma membrane localization of Amerl, which is mediated
by two short domains in its N-terminus. These domains bind
to PtdIns(4,5)P, and are characterized by a high proportion
of highly conserved lysine residues known for their capacity
to interact with PtdIns(4,5)P, (Kagan and Medzhitov, 2006;
Grohmann et al, 2007; Supplementary Figure S2A). Mutation
of seven of these lysine residues to alanine (Amer1(7uLys))
abolished interaction with PtdIns(4,5)P, as well as membrane
association of Amerl (Supplementary Figure S2B and C).
Importantly, this mutant was defective in stimulating LRP6
phosphorylation in HEK293T cells (Figure 2A, left panels).
Because the Amer1(7uLys) mutant is enriched in the nucleus,
this experiment does not rule out a role of Amerl in the
cytoplasm. Fusion of the Amerl(7uLys) mutant to a nuclear
export sequence (NES-Amerl(7pLys)) led to cytoplasmic
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localization of Amerl, but did not restore its ability to
stimulate LRP6 phosphorylation (Figure 2A, right panels;
Supplementary Figure S2C). Together, these results show
that PtdIns(4,5)P,-mediated membrane association of
Amerl is required for its effect on LRP6 phosphorylation
and that cytoplasmic localization alone is not sufficient.

Amerl is expressed in two splice isoforms termed Amer1-S1
or Amerl-S2, which differ by the presence or absence of
amino acids 50-326, comprising a large part of the membrane
association/PtdIns(4,5)P,-binding domain (Supplementary
Figure S3A; Jenkins et al, 2009). While Amerl-S1, which
binds to the plasma membrane, stimulated LRP6 phosphor-
ylation, Amer1-S2 lacking the membrane association failed
to do so (Supplementary Figure S3B and C). Importantly,
specific knockdown of the Amerl-S1 isoform reduced
Wnt-induced LRP6 phosphorylation, whereas knockdown of
Amerl-S2 had no effect (Figure 2B; Supplementary Figure
S3A and D). These data further support the importance of
membrane localization of Amerl for its effect on LRP6
phosphorylation.

Whnt induces plasma membrane translocation of Amer1,
which requires the formation of PtdIns(4,5)P,

Next, we studied whether activation of Wnt signalling alters
the association of Amerl with the plasma membrane and
whether PtdIns(4,5)P, is involved. Wnt3A treatment induced
a rapid increase of endogenous Amerl in the plasma mem-
brane fraction of HEK293T cells, whereas total amounts of
Amerl in whole cell lysates were not altered (Figure 3A).
To determine whether Wnt-induced association of Amerl
with the plasma membrane depends on the formation of
PtdIns(4,5)P, we knocked down PI4KIla, which was shown
to be essential for PtdIns(4,5)P, synthesis after Wnt stimu-
lation (Pan et al, 2008). Wnt-induced plasma membrane
recruitment of Amerl was strongly reduced when PI4KIla
was knocked down by two different siRNAs (Figure 3B;
Supplementary Figure S4). Neomycin binds PtdIns(4,5)P,
and can block its interaction with proteins (Gabev et al,
1989; Pilot et al, 2006). Pre-treatment of cells with neomycin
abolished Wnt-induced membrane association of Amerl and
at the same time strongly reduced LRP6 phosphorylation and
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Figure 3 Wnt induces plasma membrane translocation of Amerl, which requires the formation of PtdIns(4,5)P,. (A) Wnt3A induces plasma
membrane translocation of Amerl. HEK293T cells stably expressing LRP6-EGFP were incubated with Wnt3A for 1h and then subjected to
subcellular fractionation. Cytoplasmic fractions (C), membrane fractions (M) and whole cell lysates (WCL) were analysed by western blotting.
o-Tubulin and LRP6 were used to mark cytoplasmic and membrane fractions, respectively. (B) Knockdown of PI4Klla prevents Wnt-induced
plasma membrane recruitment of Amerl. siRNA transfected HeLa cells were incubated with Wnt3A for 1 h and membrane fractions were
analysed by western blotting. (C) Neomycin abolishes Wnt-induced membrane translocation of Amerl. HEK293T cells stably expressing VSVG-
LRP6 were treated with 10 mM neomycin for 30 min before incubation with Wnt3A plus neomycin for 1 h and membrane fractions were
analysed by western blotting. (D, E) Wnt decreases membrane dynamics of Amerl. HEK293 cells transiently transfected with EGFP-Amerl
were subjected to FRAP analysis. (D) Typical example of EGFP-Amerl distribution and changes in EGFP fluorescence before and after
bleaching. Scale bar is 10 um. (E) Statistical analysis of FRAP experiments using cells pre-stimulated with PBS (control) or Wnt3A with or
without 10 mM neomycin as indicated (N, number of cells analysed per condition). The graphs show mean values and s.e.m., and the best
fitting curve model, which was used for calculation of the mobile pool of EGFP-Amerl (% of fluorescence recovered) and of the recovery
halftime (T ,2).

Wnt-induced recruitment of Axin to the plasma membrane Amer1 is required for PtdIns(4,5)P,-induced LRP6
(Figure 3C). Together, these data demonstrate that Amerl is phosphorylation

translocated to the plasma membrane in a PtdIns(4,5)P,- We previously found that treatment of cells with ionomycin
dependent manner after Wnt stimulation. which activates phospholipase C and thereby leads to break-

down of PtdIns(4,5)P, resulted in release of Amerl from the
plasma membrane (Varnai and Balla, 1998; Grohmann et al,

Wnt3A decreases membrane dynamics of Amer1 2007). Interestingly, ionomycin treatment abolished LRP6
In order to test for effects of Wnt stimulation on the mem- phosphorylation after Wnt treatment (Figure 4A). In line,
brane dynamics of Amerl, we employed fluorescence recov- inhibition of PtdIns(4,5)P, formation by knockdown of
ery after photobleaching (FRAP) methodology. Selected PI4KIIo prevents LRP6 phosphorylation after Wnt stimulation
membrane regions of EGFP-Amerl-expressing cells were (Pan et al, 2008; Figure 4B). To analyse whether this is due to
bleached by a laser pulse and the recovery of EGFP fluores- loss of Amer1 from the plasma membrane we asked whether
cence was analysed for 150s (see Figure 3D for a typical tethering of Amerl to the membrane independently of
experiment). Pre-incubation with Wnt3A decreased the PtdIns(4,5)P, would be able to restore LRP6 phosphorylation.
mobile pool of Amer1 from ~74% (95% confidence interval: Indeed, reduced LRP6 phosphorylation after knockdown of
73.1-75.1%) to 55% (95% confidence interval: 54.4-56.7%) PI4KIlo. was prevented by Amerl when fused to the trans-
and at the same time increased the halftime required for membrane domain from the low-density lipoprotein (LDL)
recovery of Amerl from 13 to 18 s (Figure 3E; Supplementary receptor (Figure 4B; Zeng et al, 2005). Recent data
Table). This indicates that Wnt signalling generates an demonstrate that carrier-mediated transfer of exogenous
immobile pool of Amerl at the plasma membrane that does PtdIns(4,5)P, lipids into cells enhances Wnt-induced LRP6
not readily exchange with neighbouring or cytoplasmic phosphorylation (Pan et al, 2008). We found that knockdown
Amerl. Interestingly, pre-treatment of cells with neomycin of Amerl abolished the stimulation of LRP6 phosphorylation
restored recovery in the presence of Wnt3A suggesting that by PtdIns(4,5)P, (Figure 4C). These data demonstrate that
Whnt-induced changes in the mobility of membrane Amerl Amerl mediates the effect of PtdIns(4,5)P, on LRP6 phos-
are dependent on PtdIns(4,5)P, (Figure 3E). phorylation.
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Figure 4 Amerl is required for PtdIns(4,5)P,-induced LRP6 phosphorylation. (A) Ionomycin treatment prevents Wnt-induced LRP6
phosphorylation. HEK293T cells stably expressing VSVG-LRP6 were treated with Wnt3A in the presence or absence of 10 uM ionomycin for
30min. (B) AmerlAN (amino acids 207-1135) linked to the transmembrane domain of the LDL receptor (RFP-TMD-AmerlAN) rescues
phosphorylation of endogenous LRP6 after knockdown of PI4KIlo.. HeLa cells stably expressing RFP or RFP-TMD-AmerlAN were transfected
with the indicated siRNAs and incubated with Wnt3A for 1h. The numbers below the lanes reflect relative levels of phosphorylated LRP6
(pS1490) normalized to LRP6 as determined by densitometry. Data are representative of four independent experiments. (C) Amerl1 is required
for LRP6 phosphorylation stimulated by PtdIns(4,5)P,. HEK293T cells stably expressing VSVG-LRP6 and transfected with the indicated siRNAs
were treated with PtdIns(4,5)P, for 10 min before Wnt3A conditioned medium was added for another 20 min (left). Quantification of LRP6
phosphorylation from four independent experiments (right). Statistical analysis was done using an unpaired Student’s t-test. The P-value
reflects statistically significant differences. The black bars represent the experiment shown on the left.

Amer1 recruits Axin and GSK3p to the plasma
membrane and promotes complex formation between
Axin and LRP6

Our data show that Amerl1 is required for Wnt-induced Axin
translocation to the plasma membrane (see Figure 1A).
Therefore, Amerl might stimulate LRP6 phosphorylation
through recruitment of Axin (Zeng et al, 2005, 2008). It is
possible, however, that membrane association of Axin is a
consequence rather than a cause of increased LRP6 phos-
phorylation induced by Amerl because the phosphorylated
PPPSPxS motifs in the cytoplasmic domain of LRP6 can serve
as docking sites for Axin (Mao et al, 2001; Tamai et al, 2004;
Davidson et al, 2005). To rule out this possibility, we treated
cells with LiCl in order to inhibit GSK3B-mediated LRP6
phosphorylation and monitored Wnt-induced Axin transloca-
tion to the plasma membrane. LiCl treatment efficiently
inhibited LRP6 phosphorylation but had no effect on Axin
recruitment (Figure SA). This shows that phosphorylation of
LRP6 is not required for the association of Axin with the
plasma membrane after Wnt treatment, suggesting that
Amerl promotes Axin translocation independently of prior
LRP6 phosphorylation. We therefore analysed whether
Amerl can directly recruit Axin and the associated GSK3p.
Amerl formed endogenous complexes with Axin as
shown by immunoprecipitation (Supplementary Figure
S5A). In agreement with previous reports, Axin was diffusely

©2011 European Molecular Biology Organization

distributed in the cytoplasm in a dotty pattern when exogen-
ously expressed in MCF-7 cells (e.g., Schwarz-Romond et al,
2005; Figure 5B). In contrast, Axin was localized to the
plasma membrane when Amerl was expressed (Figure 5B;
Supplementary Figure S5B). Similarly, endogenous Cond-
uctin was redistributed by Amer1 to the plasma membrane
in SW480 colon carcinoma cells (Supplementary Figure S5C).
Axin and Conductin were not redirected to the plasma
membrane by Amerl(7puLys) mutants, indicating that mem-
brane association of Amerl is required (Supplementary
Figure S5B and C). Importantly, in the presence but not in
the absence of Axin Amerl was also able to recruit GSK3p to
the plasma membrane (Figure 5B). In line, GSK3f co-immu-
noprecipitated with Amer1 in the presence of wild-type Axin
but not in the presence of a mutant that lacks GSK3p binding
(AxinL396Q; Zeng et al, 2008), indicating that Axin proteins
link GSK3B to Amerl (Figure 5C). Together, these data
suggest that Amerl stimulates LRP6 phosphorylation by
recruiting the Axin/GSK3p complex. In support of this, a
C-terminal deletion mutant of Amerl that retains Axin/
Conductin binding (Amerl1(2-601)) stimulated LRP6 phos-
phorylation whereas a mutant lacking the Axin/Conductin-
binding region (Amerl(2-530)) failed to do so (Figure 5D;
Supplementary Figure S6A-C).

Next, we analysed whether Amerl binds to LRP6 by co-
immunoprecipitation experiments. We found that Amer1 and
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Figure 5 Amerl] recruits Axin and GSK3p to the plasma membrane and promotes complex formation between Axin and LRP6. (A) Inhibition
of LRP6 phosphorylation by LiCl does not prevent Wnt-induced Axin translocation to the plasma membrane. HEK293T cells stably expressing
EGFP-LRP6 were incubated with 50 mM LiCl for 30 min before Wnt3A treatment for 1 h and membrane fractions were analysed by western
blotting. (B, C) Amerl associates with GSK3f and recruits it to the plasma membrane via the interaction with Axin. (B) MCF-7 cells were co-
transfected as indicated above the panels. Expressed proteins were detected by CFP and YFP fluorescence and anti-Flag immunofluorescence.
Scale bar is 20 pum. (C) GSK3B co-immunoprecipitates with EGFP-Amerl in the presence of Flag-Axin but not Flag-AxinL396Q, which is
defective in GSK3p binding. (D) The binding of Amerl to Axin/Conductin is required for its effect on LRP6 phosphorylation. HEK293T
cells stably expressing VSVG-LRP6 were transiently transfected with EGFP or EGFP-tagged Amerl mutants as detailed in Supplementary
Figure S6A-C. The numbers below the lanes reflect relative levels of phosphorylated LRP6 (pS1490) normalized to LRP6 as determined by
densitometry. Data are representative of four independent experiments. (E, F) Amer1 interacts with LRP6. (E) Co-immunoprecipitation of LRP6
with EGFP-Amer] upon transient transfection of HEK293T cells stably expressing VSVG-LRP6. (F) Co-immunoprecipitation of endogenous
Amerl and LRP6 from lysates of HEK293T cells. Immunoprecipitations were performed with mouse anti-Amer1 or control IgG antibodies. (G)
Amerl links Axin to LRP6. VSVG-LRPG6 stably expressed in HEK293T cells co-immunoprecipitated with Flag-Axin in the presence but not in the
absence of EGFP-Amerl. (H) Amerl interacts with CK1y. Co-immunoprecipitation of endogenous CK1y and Amerl from lysates of SW480
cells. Immunoprecipitations were performed with mouse anti-Amerl or control IgG antibodies. As CKly levels in lysates were very low,
immunoprecipitation with anti-CK1y antibodies is shown.

LRP6 form complexes after overexpression and at the endo-
genous level (Figure SE and F). Amerl also co-immunopre-
cipitated with LRP6 lacking the extracellular domain
(LRP6AE(1-4); Supplementary Figure S7A and B). Immuno-
precipitation with serial LRP6 C-terminal deletion mutants
(Davidson et al, 2005) showed that Amerl interacts with a
fragment retaining the membrane proximal PPPSPxS motif
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and flanking Ser/Thr clusters (LRP6AE(1-4)A87; Supplemen-
tary Figure S7A and B). Deletion of the PPPSPxS motif
abolished the interaction (LRP6AE(1-4)A127). Amerl did
not interact with a fragment consisting only of the PPPSPxS
motif and Ser/Thr clusters, indicating that these motifs are
not sufficient for Amerl binding (LDLRAN-miniC; Supple-
mentary Figure S7A and B). Moreover, alanine substitutions
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Figure 6 Fusion of Amerl to the cytoplasmic domain of LRP6 induces LRP6 phosphorylation and stimulates downstream Wnt/B-catenin
signalling. (A, B) Amerl fused to the LRP6 intracellular domain (ICD) suffices to induce LRP6 phosphorylation. (A) Phosphorylation of the
EGFP-LRP6-ICD-Amer1 fusion constructs (Supplementary Figure S9) as determined by anti-pS1490 western blotting. The band indicated by
the asterisk most likely represents the Amerl-S2 splice variant generated from the LRP6-ICD-Amerl fusion, which does not stimulate
phosphorylation of the LRP6-ICD. (B) Quantification of the experiment from (A) as determined by densitometry. The intensity of the pS1490
bands was normalized to the intensity of the GFP bands with the LRP6-ICD set to 1. (C) The LRP6-ICD-Amerl fusion protein activates
a PB-catenin-dependent luciferase reporter stably expressed in HEK293T cells (Major et al, 2007) and induces stabilization of cytoplasmic
f-catenin. Fold changes of luciferase activity were determined by normalization to the EGFP control. Error bars indicate s.d.

of serines and threonines in the PPPSPxS motifs (LRP6m10;
Zeng et al, 2005) did not affect Amerl binding to LRP6 (data
not shown). Together, these data demonstrate that Amerl
binds close to the signalling motifs phosphorylated by GSK3f
and CKly, but that phosphorylation of these motifs is not
required for Amerl binding. Deletion analysis of Amerl
demonstrated that both central and C-terminal parts interact
with LRP6, suggesting that there are multiple LRP6 interac-
tion sites in Amerl (data not shown).

Axin is suggested to form a complex with LRP6 (Mao et al,
2001; Tamai et al, 2004; Davidson et al, 2005). Because
Amerl binds to both Axin and LRP6, it might promote
complex formation between the two proteins. Indeed, while
LRP6 was only poorly co-immunoprecipitated with Axin in
the absence of Amerl, it was strongly immunoprecipitated
when Amerl was present (Figure 5G). Conversely, Axin
might link LRP6 to Amerl. However, this is unlikely, because
Axin did not increase the amounts of LRP6 co-immunopreci-
pitated with Amerl (Supplementary Figure S7C).

In co-immunoprecipitation experiments endogenous com-
plexes of Amerl and CK1ly were found (Figure SH). Amerl
did not interact with a CK1y mutant lacking the membrane
association domain (Supplementary Figure S8A and B).
These results are consistent with the finding that Amerl1 is
necessary for LRP6 phosphorylation at the CK1y site Thr1479
(cf. Figure 1B; Supplementary Figure S1A).
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An Amer1-LRP6 fusion protein activates downstream
Wnt/B-catenin signalling independently of Wnt

Our data indicate that Amer1 acts by recruiting the Axin/GSK3
complex to LRP6. To test whether close proximity between
Amerl and LRP6 would be sufficient to trigger LRP6 phosphor-
ylation and, consequently, downstream f-catenin signalling, we
fused Amerl to the ICD of LRP6 (Supplementary Figure S9).
After transfection in HEK293T cells phosphorylation of the
LRP6-ICD was strongly stimulated by fusion to Amerl, but
not by fusion to the membrane targeting domain of Amerl
(amino acids 2-209) or to AmerlAN lacking this domain
(Figure 6A and B). Consistent with this, the LRP6-ICD-Amer1
fusion protein robustly induced stabilization of cytoplasmic
B-catenin and activation of a TCF/B-catenin-dependent tran-
scriptional reporter (Figure 6C). In contrast, the LRP6-ICD alone
or its fusion to the Amerl deletion mutants had no or only a
minor stimulatory activity. Thus, Amerl can directly induce
LRP6 phosphorylation and activation of downstream Wnt/
[-catenin signalling when fused to the cytoplasmic domain of
LRP6. Notably, Amer1 alone did not stimulate -catenin stabi-
lization or reporter gene expression in spite of its ability to
induce LRP6 phosphorylation (see Figure 1C; Supplementary
Figure S1C). This is presumably due to its concurrent function
in promoting B-catenin degradation (Major et al, 2007), and
indicates that its negative regulatory activity is abolished in the
LRP6-ICD-Amer1 fusion construct (see Discussion).
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Discussion

It is meanwhile well established that LRP6 phosphorylation is
a key and early event in Wnt signalling. However, although
several key players are known in this process it has remained
elusive how LRP6 is linked to the activating kinases GSK3f
and CK1ly and how Wnt-induced formation of PtdIns(4,5)P,
is involved. We propose that Amerl is an essential inter-
mediate in the process of Wnt receptor activation and that
it has a specific role in connecting PtdIns(4,5)P, to LRP6
phosphorylation.

Mechanism of LRP6 phosphorylation induced by Amer1
Our knockdown and overexpression experiments showed
that Amerl1 is necessary and sufficient for LRP6 phosphoryla-
tion. We suggest that this function is based on the complex
formation of Amerl with Axin/GSK3f and CK1y, and on the
Wnt-regulated dynamic interaction of these complexes with
the plasma membrane. It was previously shown that Axin
and its relative Conductin are crucial for LRP6 phosphory-
lation through binding to GSK3p (Zeng et al, 2005, 2008). We
found that Amerl interacts with Axin and the associated
GSK3p and can link Axin to LRP6. When directly fused to the
cytoplasmic domain of LRP6 Amerl promotes phosphory-
lation of LRP6 at the GSK3p phosphorylation site Ser1490,
and induces downstream Wnt/f-catenin signalling. This
suggests that Amerl acts as a scaffold protein to recruit
GSK3p to LRP6 via Axin, and thereby promotes LRP6 phos-
phorylation, very much like Axin acts as a scaffold for
B-catenin phosphorylation (Behrens et al, 1998; Ikeda et al,
1998). Amerl also interacts with CKly, the second kinase
responsible for LRP6 phosphorylation. Unlike GSK3p, CK1y is
constitutively present at the plasma membrane (Davidson
et al, 2005) and it is not known how it is activated by Wnt
signalling. It is possible that Amerl recruits CK1y from the
lateral plasma membrane to the vicinity of LRP6 receptors
and thereby positions CK1y for optimal phosphorylation of
LRP6. In line with a scaffolding role, Amer1 binds close to the
membrane proximal phosphorylation sites of GSK3f and
CK1ly in LRP6 (Supplementary Figure S7A and B).

Of interest, Amerl was initially identified as an APC-
binding protein, which contains three independent APC
interaction sites (Supplementary Figure S3A). We noticed
that Wnt-induced LRP6 phosphorylation does not depend
on APC (Supplementary Figure S10), suggesting that this
interaction is not of relevance for the function of Amerl in
LRP6 phosphorylation.

From our immunoprecipitation experiments and published
proteomic studies (Major et al, 2007), Amerl/Axin/GSK3
and Amerl/CKly complexes seem to form constitutively in
cells. This raises the question why these complexes are
inactive with respect to LRP6 phosphorylation in the absence
of Wnts and how they become activated by Wnt signalling.
We found that Amerl1 is recruited to the plasma membrane
after Wnt stimulation through formation of PtdIns(4,5)P,,
and that membrane localization of Amerl is essential for
stimulation of LRP6 phosphorylation. Moreover, Amerl is
required for plasma membrane localization of Axin after Wnt
stimulation and can directly recruit Axin/GSK3B to the
membrane. Altogether, this points to a crucial role of Wnt-
induced membrane localization of Amerl for activation of
LRP6 phosphorylation. In the absence of Wnts, a fraction of
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Figure 7 A model for the involvement of Amerl in PtdIns(4,5)P,-
mediated LRP6 phosphorylation. Wnt binding to the Fz-LRP6
receptor complex leads to recruitment of Dvl, which induces
the formation of PtdIns(4,5)P, by binding and activating the phos-
phatidylinositol kinases PI4KII and PIP5KI. The generation of PtdIns
(4,5)P, in regions of receptor activity triggers the recruitment of
Amer1 proteins, which in turn promote LRP6 phosphorylation by
recruiting Axin/GSK3f and CK1y to LRP6.

Amerl] together with its associated proteins might be present
at the plasma membrane but at too low concentrations to
promote LRP6 phosphorylation, whereas after Wnt stimula-
tion the mere increase of plasma membrane bound Amerl
leads to activation of LRP6 phosphorylation. Moreover, it
could well be that PtdIns(4,5)P, is preferentially formed in
the vicinity of the Fz/LRP6 receptor complexes due to local
engagement of Dvl by Fz, which stimulates PtdIns(4,5)P,
synthesis after Wnt stimulation (Pan et al, 2008). This could
generate a high density of binding sites for Amerl and its
associated kinases at the receptors and thereby allow efficient
phosphorylation of LRP6. In support of this, increased
PtdIns(4,5)P, levels were found to be associated with LRP6
aggregates, that is, signalosomes, as compared with non-
aggregated LRP6 in sucrose density fractions (Pan et al,
2008). Altogether, we suggest a model (Figure 7) in which
PtdIns(4,5)P, molecules formed after Wnt stimulation
through Dvl serve as docking sites for Amerl at the plasma
membrane and attract Amerl to LRP6. Amerl1 recruits Axin/
GSK3p and CKly to these sites, binds to LRP6 and promotes
LRP6 phosphorylation. Thus, Amerl seems to act as a scaf-
fold protein at the plasma membrane that connects LRP6
receptors to the activating kinases in a Wnt-inducible and
PtdIns(4,5)P,-dependent manner. This model implies that the
PtdIns(4,5)P,-dependent recruitment of Amerl is of func-
tional relevance for LRP6 phosphorylation and positions
Amerl within the Wnt-Dvl-PtdIns(4,5)P, pathway described
previously (Tamai et al, 2004; Davidson et al, 2005; Zeng
et al, 2005, 2008; Pan et al, 2008). In fact, our studies show
that Amerl1 is required for LRP6 phosphorylation stimulated
by PtdIns(4,5)P, and that fusion of Amerl to an unrelated
membrane targeting domain rescues LRP6 phosphorylation
after inhibition of PtdIns(4,5)P, synthesis by knockdown of
PI4KIlo.

Integration of Amer1 into current models of LRP6
phosphorylation

According to an initiation-amplification model, LRP6 phos-
phorylation by GSK3p occurs in two steps. Initial recruitment
of the Axin/GSK3f complex to the plasma membrane allows
phosphorylation at PPPSPxS motifs such as at Ser1490 and
thus creates docking sites for more Axin/GSK3f complexes,
which in turn induce further phosphorylation at other
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PPPSPxS sites resulting in amplification of the signal (Zeng
et al, 2008; MacDonald et al, 2009). It was proposed that
initiation occurs through Fz/Dvl-mediated recruitment of
Axin/GSK3p complexes to LRP6 (Cliffe et al, 2003; Zeng
et al, 2008). Amerl may have a similar role as Dvl in
mediating the initial phosphorylation steps because it can
recruit Axin/GSK3p independently of prior phosphorylation
of LRP6. In fact, Dvl and Amerl might cooperate in the
recruitment of Axin/GSK3f: Dvl might recruit Axin by direct
interaction, and/or indirectly by promoting PtdIns(4,5)P,
synthesis and, as a consequence, Amerl translocation to
the plasma membrane. Amer1 does not seem to be conserved
in invertebrates such as Drosophila where phosphorylation of
the LRPG orthologue arrow is presumably also critical. This
may indicate that initiation relies entirely on the Dvl-depen-
dent Axin recruitment in these organisms and that Amerl
provides an additional level of regulation in vertebrates.

According to the signalosome model, Fz-LRP6 receptor
pairs aggregate due to polymerization of Dvl and co-cluster
with Axin leading to LRP6 phosphorylation (Bilic et al, 2007;
Schwarz-Romond et al, 2007a,b). We found that Amerl is
essential for signalosome formation. This role of Amerl is
probably independent of its function in LRP6 phosphory-
lation because signalosome formation did not require LRP6
phosphorylation by CK1y (Bilic et al, 2007). Instead, Amerl
might be directly involved in receptor aggregation, for
example, through its ability to connect LRP6 to Axin, which
in turn can interact with Dvl. Our FRAP analysis shows that
Amerl is recruited to an immobile pool at the plasma
membrane upon Wnt stimulation, which might correspond
to signalosomes. So far, we have not been able to detect
Amerl in signalosomes probably owing to the suboptimal
stoichiometry of the many overexpressed proteins in this
assay. Of note, PtdIns(4,5)P, was shown to be required for
signalosome formation (Pan et al, 2008), possibly through
interaction with Amerl.

Amer1 has a dual positive and negative role in Wnt
signalling

Our results show that Amer1 acts as an activator of the Wnt
signalling pathway at the LRP6 receptor level, whereas loss of
function and biochemical studies suggest a role of Amerl1 as a
negative regulator of Wnt signalling by inducing degradation
of B-catenin (Major et al, 2007). Indeed, overexpression of
Amerl1 repressed the activity of a TCF/f-catenin-dependent
transcriptional reporter (Supplementary Figure S11). Thus,
Amerl1 has a dual functional role as an activator and inhibitor
of the Wnt pathway. Because of its downstream role in
B-catenin degradation only the negative regulatory role
becomes apparent in loss of function studies. The dual role
of Amerl is similar to that of Axin and GSK3f, which are
required for activation of LRP receptors but are also essential
for B-catenin degradation. In the case of GSK3p, these func-
tions may be spatially separated between plasma membrane
and cytoplasm (Zeng et al, 2005, 2008). In contrast, both
activation and inhibition of Wnt signalling by Amer1 require
its localization in the plasma membrane (Figure 2; KT and JB
unpublished data) raising the question as to how these
activities are regulated. It is possible that the differential
localization of Amerl between the general membrane com-
partment and clustered Fz/LRP6 receptors determines the
balance between inhibiting and activating functions of Amerl
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and provides a switch mechanism between these activities.
In the simplest model, a constitutive pool of Amerl at the
plasma membrane might be involved in the steady state
degradation of B-catenin. After Wnt stimulation, Amerl is
recruited close to LRP6 leading to its phosphorylation as
discussed above. Thereafter, phosphorylated LRP6 might
directly inhibit Amerl function in B-catenin degradation by
blocking GSK3f via its phosphorylated PPPSPxS motifs
(Cselenyi et al, 2008; Piao et al, 2008; Wu et al, 2009) and/
or by interfering with binding of Amerl to interaction part-
ners such as B-catenin and APC. In line, when present in a
fusion protein with the ICD of LRP6 Amerl can lead to
stabilization of B-catenin and activation of Wnt/B-catenin-
dependent transcription, indicating that the function of
Amerl in B-catenin degradation is blocked in the complex
with LRP6 (Figure 6C). Alternatively, Amerl might initially
act as an activator of the signal and turn into an inhibitor,
as part of a negative feedback regulation mediated by the
TCF/B-catenin-dependent upregulation of Conductin (Lustig
et al, 2002).

Materials and methods

Cell culture, Wnt treatment and subcellular fractionation

HEK293T cells stably expressing VSVG-LRP6 (Zeng et al, 2005) were
kindly provided by X He and HEK293T cells stably expressing
LRPG-EGFP (Kategaya et al, 2009) or pBAR/Renilla (Major et al,
2007) by RT Moon. HeLa cells stably expressing RFP-TMD-
AmerlAN or RFP were selected after transfection in medium
containing 1 mg/ml geneticin (G418, Invitrogen) and enriched using
a MoFlo high-speed cell sorter (Dako Cytomation). Wnt3A
conditioned medium was produced from mouse L cells stably
expressing Wnt3A (American Type Culture Collection CRL-2647)
and added 48h after transfection for knockdown experiments, or
16h after transfection for overexpression experiments. lonomycin
was obtained from Calbiochem. Subcellular fractionation of cells
was carried out using the ProteoJET Membrane Protein Extraction
Kit (Fermentas) according to the manufacturer’s instructions.

Plasmids

The pEGFP-Amerl(7uLys) mutant was obtained by PCR mutagen-
esis. pEGFP-NES-Amer1(7uLys) was created by the insertion of an
oligonucleotide coding for a consensus MAPKK-NES (NLVDLQKK
LEELELDEQQ) (Henderson and Eleftheriou, 2000) between the
EGFP- and Amerl-coding sequences of pEGFP-Amerl(7uLys). To
obtain the pEGFP-LRP6-ICD-Amerl fusion constructs, the coding
sequence of the LRP6-ICD (residues 1394-1613) was inserted
between the coding sequences of EGFP and the respective Amerl
constructs. mRFP-TMD-AmerlAN was generated by replacing the
LRP6-coding sequence of mRFP-daLRP6 (Krieghoff et al, 2006) with
the transmembrane domain of the LDL receptor (residues 781-849;
Zeng et al, 2005) fused to the Amer1(207-1135)-coding sequence.
To generate pEGFP-Amer1-S1, three single nucleotide changes (147
A>C, 150 T>C, 153 G>A) were introduced leading to the ablation
of the internal splice donor site without changing the amino-acid
sequence. pEGFP-Amerl-S2 contains an in-frame deletion of
residues 50-326. Details of the plasmids are available upon request.

Lipid-binding assay and Ptdins(4,5)P, delivery

GST-Amer1 proteins were expressed in Escherichia coli BL21 and
freshly purified before the experiment using Glutathione Sepharose
4B beads (GE Healthcare) as described previously (Grohmann et al,
2007). Membrane Lipid Strips (Echelon Biosciences Inc.) were
incubated with the GST fusion proteins at a concentration of 1 pug/ml
at 4°C overnight and detected by an anti-GST antibody, according to
the manufacturer’s instructions. For delivery of PtdIns(4,5)P, into
cells, lipids and Carrier 3 (Echelon Biosciences Inc.) were pre-
incubated at a 1:1 molar ratio (100 uM final concentration each) for
10min at room temperature and then added to the cells at a final
concentration of 10 uM. After incubation of the cells for 10 min at 37°C,
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the same volume of Wnt3A conditioned medium was added for
another 20 min.

Immunofluorescence microscopy

Immunofluorescence stainings were performed as described
previously (Hadjihannas et al, 2006; Grohmann et al, 2007). For
signalosome experiments, cells were transfected with 100 pmol
siRNA together with 600 ng LRP6-EYFP, 200 ng MESD, 200 ng Fz8-
EYFP, 200ng Flag-Axin, 200ng Flag-GSK3p and 100ng CFP-Dvi2
using TransIT-TKO (Mirus, Madison, WI, USA). Photographs were
taken with a CCD camera (Visitron, Munich, Germany) on a Zeiss
Axioplan 2 microscope (Zeiss, Oberkochen, Germany, x 63 objec-
tive or x 100 objective) and MetaMorph software (Molecular
Devices).

Amer1 antibodies

The mouse monoclonal antibody against Amer1 has been described
before (Grohmann et al, 2007). The Amerl-specific rabbit poly-
clonal antibody was produced by Pineda (Berlin, Germany) by
immunizing rabbits with amino acids 2-285 of recombinant
human Amerl generated as a GST fusion in bacteria. The serum
was affinity purified using CNBr-activated Sepharose 4B beads
(GE Healthcare) coupled to GST-Amerl(2-285).

Reporter assays

B-Catenin reporter assays were carried out in HEK293T cells stably
expressing a B-catenin responsive firefly luciferase reporter (pBAR)
along with a Renilla luciferase, which serves as an internal control
(Major et al, 2007). Cells were seeded in 12-well plates, transfected
with 200 ng of the indicated constructs and harvested 24h post-
transfection. Firefly and Renilla luciferase activities were deter-
mined according to standard procedures, and firefly luciferase
values were normalized to Renilla values. All experiments were
performed in duplicates and reproduced at least twice.

Fluorescence recovery after photobleaching

HEK293 cells were plated on 35-mm glass bottom dish (MatTek
Corp.) pre-coated with 0.1% collagen (Sigma) and transfected with
the calcium phosphate method using 1.6ug of EGFP-Amerl
plasmid/dish. FRAP analysis was carried out 24 h after transfection
on a Zeiss LSM710 laser scanning microscope (488 nm laser line)
with a C-Apochromat x40 water immersion objective, NA=1.2
(Zeiss, Jena, Germany). During live cell imaging, cells were kept at
37°C in serum-free DMEM supplemented with 20 mM HEPES and
0.1% BSA. Stimulation with 100ng/ml purified, recombinant
Wnt3A (R&D Systems) and/or 10mM neomycin (Sigma) was
performed for 30 min prior image acquisition. One or two ~ 5 pm?
square regions of interest (ROI) were selected per cell. Basal signal
intensity was measured in 1 s intervals for 18s. Applied laser power
was 1% to minimize photobleaching. Then, the ROI was bleached
for 4 s with two scans with maximum power using the 488-nm line
argon laser. Fluorescence recovery was recorded in 1s intervals for
154 s. Image processing and data analysis were done using the Zen
2009 software (Zeiss, Jena, Germany). The raw data were normal-
ized with the average fluorescence of 20 data points before
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