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Abstract

Background: Insights into how the Frizzled/LRP6 receptor complex receives, transduces and terminates Wnt signals will
enhance our understanding of the control of the Wnt/ß-catenin pathway.

Methodology/Principal Findings: In pursuit of such insights, we performed a genome-wide RNAi screen inDrosophilacells
expressing an activated form of LRP6 and ab-catenin-responsive reporter. This screen resulted in the identification of Bili, a
Band4.1-domain containing protein, as a negative regulator of Wnt/b-catenin signaling. We found that the expression of Bili
in Drosophilaembryos and larval imaginal discs significantly overlaps with the expression of Wingless (Wg), theDrosophila
Wnt ortholog, which is consistent with a potential function for Bili in the Wg pathway. We then tested the functions of Bili in
both invertebrate and vertebrate animal model systems. Loss-of-function studies inDrosophilaand zebrafish embryos, as
well as human cultured cells, demonstrate that Bili is an evolutionarily conserved antagonist of Wnt/b-catenin signaling.
Mechanistically, we found that Bili exerts its antagonistic effects by inhibiting the recruitment of AXIN to LRP6 required
during pathway activation.

Conclusions: These studies identify Bili as an evolutionarily conserved negative regulator of the Wnt/b-catenin pathway.
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Introduction

Wnt signaling through b-catenin regulates the expression of

genes involved in cell proliferation and cell fate during

development, in adult homoeostasis, and in diverse diseases [1].

In the absence of a Wnt ligand, steady-state levels of b-catenin are

maintained at a low level by a ‘degradation complex’ that

promotes the phosphorylation, ubiquitination, and proteosomal

degradation of b-catenin [2]. The binding of Wnt ligands to the

transmembrane FZD (frizzled) and LRP5/6 (low-density-lipopro-

tein-related protein 5/6) co-receptors triggers an inhibition of the

degradation complex resulting in the stabilization and nuclear

accumulation of b-catenin, where it binds to transcription factors

of the TCF/LEF family and regulates target gene expression.

Signaling events immediately following Wnt binding to the

receptor complex are poorly understood. Previous studies have

shown that in the presence of Wnt ligand, Dishevelled (DVL)

facilitates phosphorylation of the cytoplasmic tail of LRP5/6 [3]

by Casein Kinase 1c (CSNK1G1) and Glycogen Synthase Kinase-

3b (GSK3B) [4,5]. Phosphorylation of LRP5/6 is followed by the

recruitment of AXIN away from the degradation complex. As

AXIN is likely a rate-limiting scaffold protein required for the

degradation of b-catenin [6], the relocation of AXIN to the

membrane away from the degradation complex likely promotes

stabilization of b-catenin [7].

We performed a genome-wide RNAi screen in Drosophila cells to

identify genes that regulate LRP6 mediated activation of a b-

catenin reporter. Here we describe Bili (Band4.1 inhibitor LRP

interactor), a previously uncharacterized FERM domain contain-

ing protein. Analyses of Bili function in Drosophila, zebrafish, and

cultured human cells support the conclusion that Bili is an

evolutionarily conserved antagonist of b-catenin signaling. Mech-

anistically, we show that Bili regulates the recruitment of AXIN to

LRP6.

Results

RNAi screen in Drosophila identifies Bili as a negative
regulator of Wg signaling

Drosophila mutagenesis screens have resulted in the identification

of several core Wg signaling proteins [8]. The potential for

discovering additional contextually relevant molecular players in

the pathway is enhanced by robust read-outs such as transcrip-

tional reporter assays coupled with genome-wide RNAi libraries
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Bili is conserved in vertebrates and negatively regulates
Wnt/b-catenin signaling in zebrafish

The Wg signaling pathway is highly conserved throughout

evolution. Therefore, we next asked if Bili negatively regulates

Wnt signaling in vertebrates. To this end, we asked if Bili function

is conserved in zebrafish. Ectopic activation of Wnt/b-catenin

signaling in early zebrafish development causes dose-dependent

anterior truncations and mesodermal defects (Fig. 3A) [17]. If

zfBili functions as a negative regulator of Wnt/b-catenin signaling

during zebrafish development, then silencing zfBili expression

should exacerbate these phenotypes. Overexpression of Wnt8

results in anterior truncation phenotypes of varying severity

(Fig. 3A). Silencing Bili with either of two non-overlapping

antisense morpholinos targeting zfBili (bilimo or bilimo2) shifted

the Wnt8 induced phenotypes toward increasing severity (Fig. 3C,

top panel, Fig. S4E). As controls, we first confirmed that zfBili is

expressed throughout early zebrafish development (Fig. S4A–D)

and second verified that bilimo, but not a control morpholino

(como), repressed translation of zfBili (Fig. 3B).

We next investigated the effect of zfBili gain-of-function on

zebrafish development. Embryos injected with zfBili RNA, but not

control RNA, displayed a slight expansion of anterior structures,

which is consistent with diminished Wnt/b-catenin signaling (data

not shown) [18]. Importantly, zfBili overexpression rescued Wnt8

gain-of-function phenotypes (Fig. 3C, bottom). Together, these

results demonstrate that Bili is an evolutionarily conserved

negative regulator of Wnt/b-catenin signaling.

Bili negatively regulates Wnt/b-catenin signaling in
human cultured cells

We next tested whether Bili regulates Wnt signaling in human

cells. We performed siRNA knockdown or cDNA overexpression

of hBili in RKO colorectal carcinoma cells or human embryonic

kidney (HEK293T) cells expressing a b-catenin responsive

Figure 2. Expansion of wg signaling activity in embryos (ventral view) with diminished levels of dBili. (A) Cuticle preparation of WT
control embryo displaying wild type patterning of the embryonic epidermis with uniformly spaced denticle belts. (B) Cuticle preparation of embryo
expressing shRNA targeting dBili (shdBili). (B’) WT and shdBili expressing embryos showing a weaker phenotype (black arrows). (C & D) High
magnification view of A & B, respectively. D’ & E show boxed region in D. (E–I) Engrailed (En) protein expression. (F & G) Expression of engrailed in WT
embryos is restricted to one or two cell-layers in the epidermis during early stage 12 (germband retraction) and in the ventral epidermis at stage 14
(onset of head involution and dorsal closure). (H & I) En expression in shdBili stage-matched embryos (compare with F & G).
doi:10.1371/journal.pone.0006129.g002
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luciferase reporter and Renilla luciferase normalization control.

Activation of the reporter in RKO cells following treatment with

WNT3A conditioned media was enhanced by transfection of

either hBili or AXIN1 siRNA and repressed by b-catenin siRNA

(Fig. 4A). Similarly, activation of the reporter in HEK293T cells

by transfection of WNT1, a pathway activator, was enhanced by

hBili siRNA and repressed by b-catenin siRNA (Fig. S5A).

Consistent with these loss-of-function studies, overexpression of

hBili in HEK293T cells inhibited WNT3A-mediated activation of

the reporter (Fig. 4B).

A series of additional controls confirm these results and the

conclusion that Bili is a negative regulator of the Wnt/b-catenin

pathway in human cells. First, hBili siRNA effectively reduced

both hBili mRNA and tagged protein levels. By qRT-PCR, hBili

siRNA depleted hBili transcript levels by 50% (Fig. S5B), and

reduced levels of overexpressed hBili protein (Fig. S5C). Second,

four additional independent siRNAs designed against hBili had a

similar or greater effect on Wnt-mediated activation of the b-

catenin responsive reporter (Fig. S5D and E and data not shown)

ruling out the formal possibility that the activity of the first siRNA

was due to off-target effects. Third, hBili siRNA synergized with

WNT3A conditioned media to induce transcriptional upregulation

of the endogenous b-catenin target gene, AXIN2 (Fig. S5F). This

effect on expression of an endogenous b-catenin target gene

validates the conclusions of the synthetic reporters. Fourth,

knockdown or overexpression of hBili had no effect on control

b-catenin unresponsive reporters (Fig. S6A andB) or a CREB

reporter that was activated with forskolin (Fig. S6C). These data

collectively support the conclusion that Bili is a conserved inhibitor

of Wnt/b-catenin signaling in diverse species.

Bili functions upstream ofb-catenin stabilization and
associates with LRP6

We next carried out epistasis experiments in HEK293T cells

expressing a b-catenin responsive luciferase reporter and Renilla

luciferase normalization control. hBili or GFP were overexpressed

Figure 3. Bili’s effect on Wnt signaling is conserved in zebrafish. (A) Wnt8 overexpression phenotypes with increasing severity. Embryos were
scored as wt (green), small eyes (yellow), no eyes (orange) or severe (red). (B) Morpholino effect on in vitro expression of human Bili (hBili) or zfBili
protein (control (como) or zfBili morpholino (bilimo)). (C) In the top panel, the effect of bilimo (loss of function) on Wnt8 GOF phenotype compared to
como, is shown (n = 73 low Wnt dose, n = 147 medium Wnt dose, n = 57 high Wnt dose). Bili GOF (bili rna) rescues Wnt8 overexpression phenotype
(control Renilla(co rna)). (n = 125 per dose of Wnt8) (bottom panel).
doi:10.1371/journal.pone.0006129.g003
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in the presence of BIO (6-bromoindirubin-39-oxime), a GSK3

inhibitor [19], or co-expressed with other pathway activators

including WNT1, DNLRP6, Dishevelled (DVL) or b-catenin. Bili

gain-of-function reduced reporter activation by WNT1, DNLRP6,

and DVL (Fig. 4C). In contrast, hBili overexpression did not affect

reporter activation by overexpression of b-catenin or BIO

treatment (Fig. 4C). These results place the function of hBili

between the Wnt receptor complex and the b-catenin degradation

complex. Consistent with these epistasis studies, and the observed

membrane associated localization of other FERM domain

containing proteins, we found that dBili localizes in a concentric

ring, adjacent to Arm protein at the plasma membrane in fly cells

(Fig. S3E and S3E’).

Based on these results we predicted that Bili might regulate

signaling from the Wnt co-receptors LRP5/6 or Frizzled. In direct

support of this prediction, tagged hBili colocalizes with tagged

LRP6 as detected by immunocytochemistry (ICC) (Fig. 4D).

Furthermore, hBili-FLAG pulls down tagged-LRP6 in co-immu-

noprecipitation (co-IP) assays (Fig. 5A). The association of Bili and

LRP6 was also confirmed in Drosophila S2R+ cells where

immunoprecipitated tagged-DNLRP6 pulled down tagged-dBili

(Fig. 5B). Collectively, these data suggest that Bili functions

upstream of b-catenin stabilization and associates with the LRP6

receptor complex.

Bili antagonizes the recruitment of Axin to LRP6
During Wnt signaling, LRP6 is phosphorylated in a Wnt-

dependent manner by CSNK1G1 and GSK3B, which then

facilitates the binding of AXIN to LRP6 [4,5]. Consistent with this

model, overexpression of GSK3B consistently and robustly mimics

the ability of WNT to induce the binding of AXIN to LRP6

([20,21]. Our observations that Bili negatively regulates Wnt/b-

catenin signaling upstream of the destruction complex and

associates with LRP6 lead us to hypothesize that Bili may regulate

the recruitment of AXIN to LRP6.

To address this hypothesis we employed co-immunoprecipitation

to monitor the association of AXIN and LRP6 following gain-of-

function (Fig. 5C) or loss-of-function (Fig. 5D) of Bili. HEK293T

cells stably expressing LRP6-EGFP were transiently transfected

with AXIN-MYC. As expected LRP6 co-immunoprecipitated

AXIN in the presence of overexpressed GSK3B (Fig. 5C & 5D,

lane 1 compared to lane 3). This interaction of LRP6 and AXIN

was attenuated approximately 2-fold in the presence of overex-

pressed hBili (Fig. 5C, lane 2 compared to lane 1) and enhanced

more than 2-fold when hBili levels were knocked down (Figure 5D,

lane 2 compared to lane 1). Furthermore, even in the absence of

GSK3B, knockdown of hBili enhanced the association of AXIN and

LRP6 approximately 4-fold (Fig. 5D, lane 4 compared to lane 3).

Together these data suggest that Bili negatively regulates the

recruitment of AXIN to LRP6 thereby providing a mechanism for

how Bili negatively regulates Wnt/b-catenin signaling.

Discussion

Many aspects of Wnt/b-catenin signal transduction remain

poorly understood. One aspect in particular is the transduction

Figure 4. Bili inhibits Wnt/ b-catenin transcriptional reporters in human cell-lines. (A) Pretreatment with Bili or Axin1 siRNA leads to a 2-fold
greater activation of ab-catenin responsive reporter after treatment with WNT3A conditioned media (black bars) in RKO-BAR cells compared to
control siRNA.b-catenin (b-cat) siRNA ablated Wnt 3A mediated reporter activation. Error bars represent STDEV. (B) hBili overexpression inhibits
Wnt3A mediatedb-catenin responsive reporter activation in HEK293T cells. (C) hBili overexpression inhibits WNT1,DNLRP6, and DVl, but not BIO, or
b-catenin mediatedb-catenin responsive reporter activation in HEK293T cells. HEK293T cells stably expressing ab-catenin responsive luciferase
reporter were transfected or treated with WNT1,DNLRP6, DVL, BIO, orb-catenin along with GFP or Bili. Error bars represent STDEV. (D) Bili colocalizes
with LRP6. HEK293T cells were transfected with flag-hBili and hLRP6-eGFP and imaged. (*p,0.05, **p,0.005, ***p,0.0005)
doi:10.1371/journal.pone.0006129.g004
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events occurring at the plasma membrane following Wnt

activation of the Frizzled/LRP6 coreceptor complex. Studies over

the last several years have shed light on these events by uncovering

several kinases that phosphorylate LRP6 resulting in its recruit-

ment of AXIN [4,5]. As AXIN recruitment to LRP6 appears to be

a key step in the propagation of a WNT signal, it is likely a hotspot

for pathway regulation. Our identification of Bili as a negative

regulator of Wnt/b-catenin signaling and inhibitor of AXIN

recruitment to LRP6 is the first report of negative regulation at this

step in pathway transduction. The specific details of how Bili

affects AXIN recruitment will be the focus of future studies. One

proposed mechanism is that Bili sterically hinders the recruitment

of the kinases required for LRP6 phosphorylation and subsequent

AXIN recruitment. A second possibility is that Bili inhibits the

formation of LRP6 aggregates or ‘signalosomes’ which have been

shown to be the LRP6 population associated with AXIN (Bilic et

al. 2007).

We propose that inhibitors of the Wnt/b-catenin pathway fall

into two groups: ‘constitutive inhibitors’ that keep basal levels of b-

catenin low, such as members of the degradation complex; and

‘inducible inhibitors’ that act outside of the degradation complex

and may function only when the pathway has been activated. The

‘constitutive inhibitors’ would include APC and AXIN, while

‘inducible inhibitors’ would include NKD and Bili. Consistent with

this categorization, NKD and Bili both antagonize a WNT signal

between receptor activation and the degradation machinery as

well as having similar phenotypes in both flies [22] and fish [23].

In concert, constitutive and inducible inhibitors allow for rapid

pathway activation in response to WNT ligand and tight

regulation of the strength and duration of the WNT signal.

Continued characterization and identification of both constitutive

and inducible inhibitors is key to our understanding of the

regulation of Wnt/b-catenin signaling in development and disease.

Materials and Methods

Fly screen
The screen was performed as previously described [10].

Reporter assays
b-catenin reporter assays were carried out in the 24-well or 48-

well plate format in HEK293T cells transiently expressing

SuperTOPFLASH (1–5 ng) or BAR (b-catenin Activated Report-

er) and Renilla luciferase (10–40 ng) for normalization. FOPFlash

and fuBAR, which contain mutated response elements and do not

respond to WNT/b-catenin signaling, were used as control

Figure 5. Bili associates with LRP6 and attenuates Axin recruitment to LRP6 in HEK293T cells. (A) hBili interacts with LRP6. HA-LRP6 was
cotransfected with flag-GFP or flag-hBili in HEK293T cells. Cell lysates were immunoprecipitated with anti-flag antibody and immunoblotted with
anti-HA antibody. (B) dBili interacts with LRP6. dBili-HA andDNLrp6-myc were cotransfected in S2R+ cells. Cell lysates were immunoprecipitated with
anti-myc antibody and immunoblotted with anti-HA antibody. (C) Overexpression of Bili attenuates GSK3 induced AXIN/LRP6 association. HEK293T
cells stably expressing LRP6-eGFP were cotransfected with AXIN-myc, GSK3B and Bili-flag or vector control. Cell lysates were immunoprecipitated
with anti-eGFP antibody and immunoblotted with anti-myc. Data shown are representative of three independent experiments. (D) Bili knockdown
enhances GSK3B induced AXIN/LRP6 association. HEK293T cells stably expressing LRP6-eGFP were transfected with Bili siRNA or control siRNA.
48 hours later BilisiRNA or control siRNA treated cells were transfected with AXIN-myc and GSKB. Cell lysates were immunoprecipitated with anti-
eGFP antibody and immunoblotted with anti-myc. Data shown are representative of three independent experiments.
doi:10.1371/journal.pone.0006129.g005
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