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The Wnt/B-catenin signaling pathway plays critical roles in early embryonic development, stem cell biol-
ogy and human diseases including cancers. Although Rap2, a member of Ras GTPase family, is essential
for the Wnt/B-catenin pathway during the body axis specification in Xenopus embryo, the mechanism
underlying its regulation of Wnt signaling remains poorly understood. Here, we show that Rap2 is impli-
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Rap2 GTPase (LRP6). Knockdown of Rap2 resulted in the proteasome and/or lysosome-dependent degradation of
']E]IEI[I)IE LRP6 both in Fhe presence and absgnce of Wpt liganq st?mulation. In line with this, c.onsti'tu.tively active
Wt signaling LRP6 lacking its extracellular domain, which is constitutively phosphorylated and resides in intracellular
Xenopus vesicles, was also degraded in the Rap2-silenced cells. In addition, Rap2 and LRP6 associated physically

with each other. Furthermore, we found that TRAF2/Nck-interacting kinase (TNIK), a member of the
Ste20 protein family, acts as a downstream effector of Rap2 in control of LRP6 stabilization. Consistently,
TNIK could rescue the inhibitory effects of Rap2 depletion on Wnt-dependent gene transcription, reporter
activation and neural crest induction. Taken together, these results suggest that Rap2 acts via TNIK to reg-

ulate the stability of LRP6 receptor for Wnt/B-catenin signaling.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Signaling by the Wnt family of secreted glycoproteins controls
cell differentiation, cell proliferation, cell polarity and cell fate
determination during early embryonic development and later
tissue homeostasis [1,2]. As a result, abnormal Wnt signaling leads
to a variety of human diseases including cancers, degenerative
disorders, and osteoporosis. The best characterized form of Wnt
pathway is the highly conserved canonical Wnt/B-catenin signaling
[2-5]. In the absence of Wnt stimulation, B-catenin is bound by the
multi-protein destruction complex composed of the scaffold pro-
teins Axin and APC, and the serine/threonine kinases, CK1a and
GSK3. Within this complex, B-catenin is phosphorylated sequen-
tially by CK1o and GSK3, thereby undergoing the BTrCP-dependent
ubiquitination and proteasomal degradation. When Wnt ligands
bind to a cell-surface receptor complex consisting of Frizzled and
LRP6, LRP6 is phosphorylated at conserved PPPSPxS motifs within
its intracellular domain, which is mediated by a membrane-
associated GSK3 and CK1v, and a cytosolic scaffold protein Dishev-
elled is polymerized, thereby recruiting the Axin-GSK3 complex to
the cytoplasmic tail of the LRP6 receptor at the plasma membrane.
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The binding of the Axin complex to the phosphorylated LRP6 leads
to suppression of GSK3-mediated phosphorylation of B-catenin,
allowing it to accumulate in the cytosol. Stabilized B-catenin enters
into the nucleus, subsequently forming a complex with the DNA-
binding factor, Tcf/Lef and activating the transcription of tissue-
specific target genes.

Recent evidence shows that the cellular trafficking of Wnt
signaling components plays critical roles in the activation and
duration of this pathway. Upon Wnt3a stimulation, LRP6 is inter-
nalized through a caveolin-mediated endocytic pathway, which
is essential for Wnt-dependent accumulation of B-catenin [6].
Whnt-activated LRP6 forms aggregates designated signalosomes,
which contain phospho-LRP6, Frizzled, Dishevelled, GSK3 and
Axin, at and under the plasma membrane [7]. The entry of LRP6
into an acidic intracellular compartment is required for its phos-
phorylation, and constitutively active LRP6 lacking its extracellular
domain, which is spontaneously aggregating and constitutively
phosphorylated, translocates to acidic vesicles in unstimulated
cells that colocalize with the markers for the late endosome or
multivesicular bodies (MVB) [8,9]. In addition, it has been pro-
posed that the sustained inhibition of GSK3 which is necessary
for B-catenin stabilization in Wnt signaling could be achieved by
sequestration of the Wnt receptor complexes containing GSK3 into
MVBs, which separates this kinase from its cytosolic substrates
such as B-catenin [9]. However, it remains unclear whether the
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MVBs containing the Wnt receptor complexes would serve as pre-
cursors for lysosomal degradation or recycling back to the cytosol
or plasma membrane. Frizzled receptor is also internalized along
with LRP6 by Wnt stimulation through the caveolin-mediated
pathway [6]. Besides, the cell surface levels of Frizzled are con-
trolled by several regulators including an ER-retention protein, Shi-
sa, which inhibits its trafficking to the plasma membrane [10], and
a cell-surface transmembrane E3 ubiquitin ligase, ZNRF3, which
promotes the turnover of the receptor [11]. Furthermore, the
trafficking of internalized Frizzled into the lysosomal degradation
versus recycling pathway is regulated by an ubiquitinylation/
deubiquitinylation cycle [12]. These regulations of the membrane
levels of Frizzled occur regardless of Wnt stimulation, thus affect-
ing the cell responsiveness to Wnt ligands. Nevertheless, it remains
to be further investigated how the cellular levels of LRP6 as well as
Frizzled receptors are regulated either in the presence or absence
of Wnt activation.

Rap2 is a member of the Ras family of small GTP-binding pro-
teins, which regulates cell differentiation, cell proliferation, cell
migration and cytoskeletal rearrangement [13]. This GTPase func-
tions as a binary switch by cycling between GTP-bound active
and GDP-bound inactive forms. It has been shown that Rap2 is
essential for the Wnt/B-catenin signaling pathway during the spec-
ification of the dorsoventral body axis in Xenopus development
[14], but how it regulates Wnt signaling remains unknown. In this
study, we present a role of Rap2 in control of the stability of LRP6
as a possible mechanism underlying its regulation of the Wnt/p-
catenin pathway. Moreover, we show that TRAF2/Nck-interacting
kinase (TNIK), which belongs to the Ste20 family of protein kinases
[15,16], acts as a downstream effector of Rap2 in regulation of LRP6
stability and Wnt-dependent gene transcriptions.

2. Materials and methods
2.1. Xenopus embryo manipulation and animal cap assays

In vitro fertilization, microinjection and embryo culture were
performed as described previously [14]. Developmental stages of
embryos were determined according to the Nieuwkoop and Faber’s
normal table of development [17]. For animal cap assay, animal
pole explants were dissected at stage 9 from the injected embryos
and then cultured to the indicated stages in 1x Modified Ringer’s
(MR) media containing 10 pg/ml of bovine serum albumin,
50 pg/ml of gentamycin and 5 pg/ml of streptomycin.

2.2. Cell culture and transfections

HEK293T cells were cultured in Dulbecco’s modified Eagle’s
Medium supplemented with 10% fetal bovine serum, glutamine,
and penicillin/streptomycin. Cells grown to 70%-80% confluency
on 6-well plates were transfected with siRNAs with Lipofectamine
RNAIMAX (Invitrogen) using the forward transfection protocol and
48 h later, re-transfected with DNA constructs with Lipofectamine
2000 (Invitrogen) according to manufacturer’s instructions.

2.3. Constructs, morpholino oligo and siRNA

The open reading frame of XTNIK was amplified by PCR from the
X. laevis IMAGE cDNA clone MXL1736-98358477 (Open Biosys-
tems) and inserted into the Clal/Xbal sites of pCS2+ vector. The
complete coding region of XMINK was also PCR-amplified from
the X. laevis IMAGE cDNA clone MXL1736-9507286 (Open Biosys-
tems) and subcloned into the EcoRI/Xbal sites of pCS2+ vector. The
following constructs were described previously: Myc-LRP6, Myc-
LRP6AN [18], XWnt8, Myc-XRap2B, S01234 [14] and noggin [19].

Capped mRNAs were synthesized by in vitro transcription using
the mMessage mMachine kit (Ambion). The anti-sense morpholino
oligos (MOs) were purchased from Gene Tools. The sequences of
Rap2A MO, Rap2B MO and control MO were described previously
[14]. The synthetic siRNAs (Silencer predesigned siRNA) targeting
Rap2A or Rap2B and negative control siRNA were obtained from
Ambion, Inc [20].

2.4. Immunoprecipitation and Western blotting

To show the complex formation of LRP6 and Rap2, HEK293T
cells were homogenized in Triton X-100 lysis buffer (20 mM
Tris-HCl, 1% Triton X-100, 140 mM NaCl, 10% glycerol, 1 mM EGTA,
1.5 mM MgCl,, 1 mM DTT, 1 mM sodium orthovanadate, 50 mM
NaF, 10 pg/ml Aprotinin, 10 pg/ml Leupeptin). The cell lysates
were incubated with anti-LRP6 or anti-Rap2 antibody at 4 °C over-
night and subsequently with Protein A Sepharose (Zymed) at 4 °C
for 3 h. The immunocomplexes bound to Protein A beads were
washed five times with the lysis buffer. Western blotting analysis
was performed according to the standard protocol with anti-Myc
(1:1000, Santa Cruz), anti-p-actin (1:1000, Santa Cruz), anti-Rap2
(1:500, BD Biosciences), anti-ABC (1:1000, Cell Signaling), anti-
phospho-LRP6 (1:1000, Cell Signaling) and anti-LRP6 (1:1000, San-
ta Cruz) antibodies. Measurement of the intensities of Western blot
bands was performed using Image] 1.40g software. Statistical
analyses were carried out using Microsoft Excel software.

2.5. RT-PCR analysis

Total RNA was extracted from whole embryos and animal cap
explants using TRI Reagent (Molecular Research Center) and trea-
ted with RNase-free DNase I (Roche Molecular Biochemicals) to re-
move genomic DNA. RNA was transcribed using M-MLV reverse
transcriptase (Promega) at 37 °C for 1 h. PCR products were ana-
lyzed on 2% agarose gels. The numbers of PCR cycles for each pri-
mer set were determined empirically to maintain amplification
in the linear range. PCR primers used here were previously de-
scribed: Siamois [14]; Xnr3 [14]; Snail [21]; Slug [22]; FoxD3 [21].

2.6. Luciferase reporter assay

Four-cell stage embryos were injected in the animal pole region
with the indicated reagents, cultured to stage 11 and then sepa-
rated into three pools of five whole embryos each for assay in trip-
licate. Luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega) according to the manufacturer’s
protocol. Three independent experiments were performed. Fig. 4B
shows a single representative result.

3. Results and discussion
3.1. Knockdown of Rap2 leads to degradation of LRP6 receptor

The absence of Rap2 function has been shown to inhibit the sta-
bilization of B-catenin induced by Wnt signal [14]. Consistent with
this, anti-sense morpholino oligo (MO)-mediated knockdown of
Rap2 interfered with the increment in the level of active form of
B-catenin (ABC) whose phosphorylation by GSK3 at serine 33, ser-
ine 37 and threonine 41 residues is blocked in Wnt-stimulated
Xenopus embryonic cells (Fig. 1A). Intriguingly, we found that the
Whnt-induced phosphorylation of LRP6 receptor at serine 1490
was also down-regulated in the Rap2-depleted cells (Fig. 1A). As
LRP6 phosphorylation is necessary for the Wnt-dependent dephos-
phorylation and stabilization of B-catenin [18,23], we initially
hypothesized that Rap2 might function as a modulator of the
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Fig. 1. Rap2 is essential for the stabilization of LRP6. (A) Four-cell stage Xenopus embryos were injected in the animal pole region as indicated with XWnt8 RNA (400 pg), Rap2
MO (40 ng) and control (Co) MO (40 ng) and then animal cap explants were dissected at stage 9 and cultured to stage 11 for western blotting analysis. Rap2 MO, a mixture of
Rap2A MO and Rap2B MO. Con. AC, uninjected control animal caps. B-actin serves as a loading control. (B-E) HEK293T cells were transfected with Co siRNA (10 nM) or Rap2
siRNA (10 nM, a combination of Rap2A siRNA and Rap2B siRNA). Forty-eight hours after siRNA transfection, cell were transfected with Myc-LRP6 (C-E) or Myc-LRP6 AN (E)
constructs and then treated or not as indicated with LiCl (50 mM, 3 h), mWnt3a (300 ng/ml, 3 h), MG132 (MG, 40 uM), NH4CI (NC, 40 mM) or chloroquine (CQ, 100 mM)
before harvesting for Western blotting analysis 24 h later. Bar graph in each panel shows quantification of protein levels (normalized to B-actin) from three independent

experiments. Error bars indicate the standard error (SE).

former event in the Wnt/B-catenin signaling pathway. However,
the silencing of Rap2 could impair the elevation of ABC level by
lithium, which is an inhibitor of GSK3, in HEK293T cells (Fig. 1B),
suggesting the possibility that Rap2 could regulate the stability
of B-catenin independently of LRP6 phosphorylation. Thus, we fur-
ther examined whether Rap2 is also implicated in control of LRP6
stability. As shown in Fig. 1C, the siRNA-mediated depletion of
Rap2 decreased the cellular levels of LRP6 protein both in the pres-
ence and absence of Wnt stimulation. Furthermore, the reduction
of LRP6 level in the Rap2-silenced cells could be reverted to control
levels by treatment of the proteasomal inhibitor MG132 or the
lysosomal inhibitors NH4Cl or chloroquine (Fig. 1D), indicating that
the loss of Rap2 function leads to the proteasome- and/or lyso-
some-dependent degradation of this Wnt receptor. Constitutively
active LRP6 lacking its ligand binding domain (LRP6AN) is able to
activate the Wnt/B-catenin pathway without Wnt stimulation
[24]. Notably, we observed that like wild-type LRP6, LRP6AN could
be destabilized by knockdown of Rap2 in unstimulated cells
(Fig. 1E). It has been shown that LRP6 is present predominantly

at the plasma membrane in unstimulated cells [6]. Upon Wnt stim-
ulation, it is relocalized to an acidic intracellular compartment
[6,8]. LRP6AN mutant is also localized to acidic vesicles even in
unstimulated cells [8], which colocalize with the markers for the
late endosome or multivesicular body (MVB) [9]. Given that knock-
down of Rap2 causes LRP6 degradation regardless of ligand stimu-
lation as shown above, it seems possible that LRP6 receptor is in
transit constitutively through an endocytic sorting compartment
such as MVB, which would serve as a precursor for lysosomal deg-
radation in the absence of Rap2. Taking together, we conclude that
Rap2 plays a critical role in maintaining the proper cellular levels
of LRP6 receptor.

3.2. Rap2. interacts with LRP6 receptor

To confirm the specific effect of Rap2 on the stabilization of
LRP6, we wanted to know whether they might associate physically
with each other. For this, we next tested for interaction between
endogenous Rap2 and LRP6 in HEK293T cells by performing
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Fig. 2. Rap2 physically interacts with LRP6. HEK293T cell lysates were immuno-
precipitated for endogenous LRP6 or Rap2, followed by western blotting analysis to
investigate their coprecipitations. IgG, control IgG. IP, immunoprecipitation. WB,
Western blotting.

immunoprecipitation analysis. As shown in Fig. 2, Rap2 could be
clearly detected in the immunocomplex precipitated with anti-
LRP6 antibody and vice versa. Thus, these results support a role
of Rap2 as a specific regulator of LRP6 stability.

3.3. TNIK acts as a downstream effector of Rap2 in control of LRP6
stability

TRAF2/Nck-interacting kinase (TNIK) and Misshapen/NIKs
(Nck-interacting kinases)-related kinase (MINK), which are mem-
bers of the Ste20 family of protein kinases, share very high homol-
ogy within the conserved N-terminal catalytic kinase domain and
the C-terminal regulatory domain [15,16,25]. They have been re-
ported as effectors of Rap2 to regulate cell spreading, cell move-
ments or neuronal morphology [16,26-28]. In addition, these
kinases are involved in the canonical and/or non-canonical Wnt
signaling pathways [28-30]. However, their potential roles as
downstream effectors of Rap2 in regulation of Wnt signaling re-
main to be documented. Thus, we first investigated whether TNIK
and/or MINK would function downstream of Rap2 in control of
LRP6 stabilization. As shown above, the siRNA-mediated silencing
of Rap2 resulted in a marked decrease in the level of LRP6 receptor
in HEK293T cells, and this down-regulation could be recovered to
some extent by co-transfection of Xenopus Rap2B and TNIK but
not by MINK (Fig. 3). These data suggests that TNIK but not MINK
might act as an effector of Rap2 in control of LRP6-mediated
canonical Wnt signaling.

Myc-LRP6 + + + + +

3.4. TNIK functions downstream of Rap2 in Wnt/B-catenin signaling

We further examined whether TNIK would be an effector of
Rap2 in control of canonical Wnt signaling. To this end, we first
carried out RT-PCR analysis to see if this kinase could mediate
the activity of Rap2 in regulation of Wnt-responsive gene tran-
scription. Overexpression of Wnt8 RNA induced the ectopic expres-
sion of Wnt target genes such as Siamois and Xnr3 in naive
ectodermal tissue (Fig. 4A, lane 4). Of note, co-injection of Rap2
MO, but not control MO, impeded this Wnt8-dependent expression
of target genes, which could be reversed to some degree by co-
expression of XRap2B RNA, which is immune to MO effect, or TNIK
RNA (Fig. 4A, lanes 5-8). Consistently, depletion of Rap2 also inter-
fered with full activation by Wnt8 of the luciferase reporter which
is driven by the B-catenin/Tcf response element contained in Sia-
mois promoter (S01234), and this reduction of luciferase activity
could be rescued by co-injection of XRap2B or TNIK RNA (Fig. 4B).
Wnt signaling is one of the major pathways critical for neural crest
(NC) induction [31]. Thus, we also tested whether TNIK would act
downstream of Rap2 in control of Wnt-dependent neural crest for-
mation. NC can be induced ectopically in Xenopus ectodermal tis-
sue by injecting both Wnts and anti-BMP neuralizing factors such
as noggin and chordin [31]. As shown in Fig. 4C, co-expression of
Wnt8 and noggin induced ectopically the expression of NC markers
including Snail, Slug and FoxD3 (lane 4). Co-injection of Rap2A MO,
but not control MO, could abrogate the ectopic expression of NC
markers (Fig. 4C, lanes 5 and 6) and this inhibitory effect was res-
cued by co-expression of XRap2B or TNIK RNA (Fig. 4C, lanes 7 and
8), indicating a role of TNIK as an effector of Rap2 in NC induction.
Notably, depletion of Rap2A alone could inhibit NC induction,
which might be due to the possibility that zygotic Rap2A has a pre-
dominant role over Rap2B at the time of NC formation in Xenopus
development. Overall, these results suggest that TNIK mediates the
activity of Rap2 in the Wnt/B-catenin signaling pathway.

In the current study, we have demonstrated that Rap2 plays a
crucial role in the regulation of LRP6 stability. Knockdown of
Rap2 caused LRP6 degradation in a proteasome and/or lysosome-
dependent manner, which was irrespective of Wnt stimulation.
This suggests that LRP6 receptor undergoes a constitutive endo-
cytic trafficking, which might end up in a degradation pathway
in the absence of Rap2 function. In support of this, while LRP6 ap-
pears to be present mostly at the cell surface without Wnt activa-
tion, some portion of the receptor also exhibits localization to the
cytoplasmic vesicles [6], indicative of its ligand-independent endo-
cytic trafficking. In addition, Wnt-stimulated LRP6 is endocytosed
through a caveolin-dependent pathway and even recycled to the
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Fig. 3. TNIK acts downstream of Rap2 in regulation of LRP6 stability. HEK293T cells were transfected with Co siRNA (10 nM) or Rap2 siRNA (10 nM) and 48 h later, re-
transfected as indicated with Myc-LRP6, XRap2B, XTNIK or XMINK. After an additional 24 h, cells were harvested and subjected to Western blotting analysis. The graph shows
quantification of the results from three independent analyses. Error bars denote the standard error (SE).
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Fig. 4. TNIK mediates the activity of Rap2 in the Wnt/p-catenin pathway. (A, C) Four-cell stage embryos were injected in the animal pole region with the indicated
combination of XWnt8 (400 pg for A, 200 pg for C), noggin (100 pg), XRap2B (200 pg), XTNIK (400 pg), Co MO (40 ng), Rap2A MO (40 ng) and Rap2 MO (40 ng, a combination of
Rap2A MO and Rap2B MO). Animal caps were excised at stage 9 and cultured to stage 10.5 (A) or 16 (C) prior to harvesting for RT-PCR analysis. ODC serves as a loading control.
WE, stage 10.5 whole embryo. -RT, a control in the absence of reverse transcriptase. Con.AC, uninjected control animal caps. (B) Luciferase reporter assay in Xenopus embryos
injected as indicated with B-catenin/Tcf factor-dependent reporter (S01234, 40 pg), XWnt8 (400 pg), XRap2B (200 pg), XTNIK (400 pg), Co MO (40 ng) and Rap2 MO (40 ng).

Error bars denote the standard deviation (SD).

cell surface a few hours after stimulation [6]. A recent study shows
that Wnt receptor complex containing GSK3 is translocated to the
late endosomes or MVBs for efficient signaling [9]. Notably, these
endocytic compartments serve as precursors for lysosomal degra-
dation or protein recycling to the cytosol or plasma membrane
[32]. It has been shown that Rap2 is localized to the recycling
endosomes [26]. This small GTPase regulates the recycling back
to the cell surface of integrin receptor to control T cell migration
[33]. Furthermore, Rap2 facilitates the trafficking of internalized
Activin/Nodal receptors into a recycling pathway, thereby prevent-
ing their degradation [20]. Given these findings, it is tempting to
speculate that Rap2 functions to direct the sorting of LRP6 receptor
into recycling or degradation pathway or to regulate the rate of its
trafficking into a degradation route. Frizzled receptor also displays
similar endocytic trafficking to that of LRP6 [6]. An ubiquitinyla-
tion/deubiquitinylation cycle regulates constitutively the propor-
tion of Frizzled destined for lysosomal degradation versus
recycling back to the cell surface, thereby modulating cell respon-
siveness to Wnt ligands [12]. It will be necessary to further inves-
tigate whether and how Rap2 could control the trafficking and
cellular levels of Frizzled as well as LRP6 receptors for Wnt signal-
ing. Besides, we have shown that TNIK, but not MINK, acts as an
effector of Rap2 in control of LRP6 stability and the B-catenin/Tcf
complex-dependent gene expression. In contrast, MINK acts down-
stream of Rap2 to regulate cell movements in the non-canonical
Wnt pathway [28]. In addition, both of these kinases have been
shown to function as effectors of Rap2 differentially or similarly
to regulate neuronal processes [25,27]. These findings suggest that
Rap2 employs as its effector TNIK and/or MINK in a tissue or con-
text-dependent manner. It has been reported that TNIK binds to
the promoter of B-catenin/Tcf target genes in a B-catenin-depen-
dent manner to activate Wnt transcriptional programme during

colorectal cancer growth and Xenopus embryonic axis formation
[29,30]. This nuclear function of TNIK appears not to be compatible
with its role in control of LRP6 stability. However, TNIK is localized
in the cytosol as well as in the nucleus, and regulates as an effector
of Rap2 actin cytoskeleton [16,30,34]. Furthermore, this kinase also
colocalizes with Rap2 to the recycling endosome to control cell
spreading [26]. Thus, the role of TNIK in the stabilization of LRP6
seems likely to be correlated with its localization to the cytoplas-
mic area, presumably recycling endosomes. Future experiments
are warranted to elucidate the mechanisms by which TNIK controls
as an effector of Rap2 the trafficking of Wnt receptors in this intra-
cellular compartment.
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