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Whnt ligand-dependent activation of the negative

feedback regulator Nkd1
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ABSTRACT Misregulation of Wnt signaling is at the root of many diseases, most notably
colorectal cancer, and although we understand the activation of the pathway, we have a very
poor understanding of the circumstances under which Wnt signaling turns itself off. There are
numerous negative feedback regulators of Wnt signaling, but two stand out as constitutive
and obligate Wnt-induced regulators: Axin2 and Nkd1. Whereas Axin2 behaves similarly to
Axin in the destruction complex, Nkd1 is more enigmatic. Here we use zebrafish blastula cells
that are responsive Wnt signaling to demonstrate that Nkd1 activity is specifically dependent
on Wnt ligand activation of the receptor. Furthermore, our results support the hypothesis
that Nkd1 is recruited to the Wnt signalosome with Dvl2, where it becomes activated to
move into the cytoplasm to interact with B-catenin, inhibiting its nuclear accumulation. Com-
parison of these results with Nkd function in Drosophila generates a unified and conserved
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model for the role of this negative feedback regulator in the modulation of Wnt signaling.

INTRODUCTION

Deregulation of Wnt signaling is at the core of many diseases, pro-
pelling this pathway into the spotlight as an important therapeutic
target (Clevers and Nusse, 2012; Robertson et al., 2014). In the Wnt
signaling pathway (Wg in Drosophila), the scaffolding protein Di-
shevelled (Dsh in Drosophila; Dvl in vertebrates) is the only known
protein whose activity is entirely Wnt ligand dependent. In canonical
Wnt/Wg signaling, activated Dvl/Dsh inhibits the destruction com-
plex, leading to transcription of numerous target genes, including
negative feedback regulators (Jho et al., 2002; Niida et al., 2004;
Zeng and Verheyen, 2004; Chamorro et al., 2005; Van Raay et al.,
2007; Schneider et al., 2010). Naked Cuticle (Nkd in Drosophila;
Nkd1 in vertebrates) is an obligate and universal Wnt/Wg-induced
negative feedback regulator that interacts with Dsh/Dvl (Rousset
et al., 2001; Wharton et al., 2001; Yan et al., 2001; Van Raay et al.,
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2007; Schneider et al., 2010). Whereas Nkd/Nkd1 is both necessary
and sufficient to antagonize Wnt signaling, it functions in a pathway
parallel to other negative regulators, such as Axin and Axin2 (Kishida
et al., 1998; Liu et al., 2000; Zeng et al., 2000; van de Water et al.,
2001; Leung et al., 2002; Van Raay et al., 2007; Angonin and Van
Raay, 2013). This is underscored by the moderate to weak pheno-
types in Nkd/Nkd1/2-knockout or -knockdown models and the lack
of phenotypes when overexpressed (Zeng et al., 2000; Van Raay
et al., 2007; Zhang et al., 2007; Angonin and Van Raay, 2013). This
novel aspect of Nkd1 suggests that its function is regulated or trig-
gered only under specific circumstances, such as when a threshold
of Wnt signaling has been breached (Zeng et al., 2000; Van Raay
et al., 2007; Angonin and Van Raay, 2013). Therefore understanding
the nature of Nkd/Nkd1 activity will lead to a better understanding
of Wnt regulation and how to control it in disease.

Previously we demonstrated that Nkd1 interacts with B-catenin,
a transcriptional coactivator that accumulates in the nucleus upon
Whnt activation. Furthermore, this interaction requires Nkd1 mem-
brane localization via its myristoylation sequence, but, curiously,
Nkd1 functions in the cytoplasm to inhibit the nuclear accumulation
of B-catenin (Van Raay et al., 2011). The significance of the mem-
brane localization of Nkd1 is unclear. In Drosophila, Nkd is localized
to the membrane, the cytoplasm, and the nucleus, but how Nkd
inhibits Wg signaling is also unclear. Whereas Nkd/Nkd1 interacts
with Dsh/Dvl proteins in both vertebrates and invertebrates, work in
Drosophila has demonstrated that this interaction is not required for
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Nkd function. The latest model for Drosophila suggests that the
function of Dsh is to keep Nkd in the cytoplasm, where Nkd likely
functions by controlling nucleocytoplasmic transport of critical sig-
naling components such as Armadillo (Arm, B-catenin orthologue in
Drosophila; Chan et al., 2008). One of the earliest observations in
Drosophila is that Nkd functions during active Wg signaling (Zeng
et al., 2000); however, the dependence of Nkd activity on Wnt li-
gand-mediated signaling has not been tested in this model. Here
we add to the Drosophila model by demonstrating that in a verte-
brate model, Nkd1 distribution, activity, and interaction with B-
catenin are dependent on Wnt ligand-mediated signaling. We con-
clude that the mechanism of Nkd/Nkd1 function is evolutionarily
conserved and may represent a novel target for disabling aberrant
Wnt signaling in disease.

RESULTS

We first identified a novel distribution of ectopic, C-terminal green
fluorescent protein (GFP)-tagged Nkd1 (Nkd167) upon overexpres-
sion in late zebrafish blastula (Figure 1, A-D). In the late blastula,
there is an active Wnt signaling domain around the ventrolateral
(V-1) perimeter of the embryo that is induced by Wnt8 (Figure 1B;
Kelly et al., 1995; Erter et al., 2001; Lekven et al., 2001; Brunet et al.,
2013). In contrast, the animal pole is Wnt signaling quiescent but is
still responsive to ectopic Wnt signaling (Van Raay et al., 2011). In-
jection of nkd1F” mRNA into one cell of a four-cell-stage embryo
results in mosaic distribution of Nkd 16, In the V-L domain, which is
engaged in active Wnt signaling (Figure 1B, inset), Nkd 1™ is ob-
served on the membrane and in numerous puncta of various sizes
located throughout the cytoplasm (Figure 1A, inset). By comparison,
in the animal pole region, which is devoid of Wnt signaling (i.e., no
nuclear B-catenin), Nkd16" puncta appear much larger and not as
uniformly distributed (Figure 1, A, inset, and D). This change in the
size and number of Nkd 1P puncta in the presence of Wnt8 is em-
phasized in the projection image of Nkd 1" (Figure 1, F and G) and
in live-cell imaging of Nkd167 (Supplemental Movies S1 and S2). In
the presence of Wnt8, the Nkd16F puncta are smaller and more
dispersed throughout the cytoplasm and appear more dynamic
(Supplemental Movie S1). In contrast, without ectopic Wnt8,
Nkd16F puncta are large and more closely associated with the
membrane (Supplemental Movie S2). Taken together, these obser-
vations suggest a strong correlation between the cellular distribu-
tion of Nkd1 and active Wnt signaling.

We analyzed in detail the effect of Wnt8 on punctum size and
distribution. We coinjected nkd 157" mRNA with or without wnt8
mRNA and quantified Nkd 1P punctum size and distribution in
the animal pole (Figure 2). In the presence of Wnt8, Nkd16F?
puncta are significantly smaller than with Nkd16" alone (Figure
21), and there is a trend for Nkd16F + Wnt8-positive cells to
have more cytoplasmic puncta (Figure 2, C, G, J, and K). Further-
more, ectopic Wnt8 results in decreased membrane localization
of Nkd16F? (Figure 2, D, H, and L). Of importance, Wnt8 does not
affect the levels of Nkd16" (Figure 2M). Therefore we conclude
that in the presence of Wnt8, Nkd16" is released from the

membrane, forming smaller puncta that are concentrated in the
cytoplasm.

The nature of these puncta or aggregates is unknown, but they
are also observed with both endogenous and exogenous Nkd in
Drosophila (Waldrop et al., 2006). Nkd1 puncta are also reminiscent
of oligomeric Dvl and Axin (Schwarz-Romond et al., 2005, 2007). We
and others have demonstrated that both endogenous and exoge-
nous Dsh/Dvl bind exogenous Nkd/Nkd1 (Zeng et al., 2000;
Rousset et al., 2001, 2002; Wharton et al., 2001; Yan et al., 2001;
Miller et al., 2009; Van Raay et al., 2011), and these proteins colocal-
ize in puncta when overexpressed (Waldrop et al., 2006; Van Raay
et al., 2011). Despite these results, we do not observe strong colo-
calization between Nkd1™¢ and endogenous DvI2 by immunohisto-
chemistry (IHC) (Figure 3, A-D). However, in the presence of ectopic
Wnt8, there are obvious plasma membrane—bound DvI2 puncta that
colocalize with Nkd1m¢ (Figure 3, E-H). DvI2 was recently found to
localize to discrete plasma membrane domains in the presence of
Wnt8, indicative of a Wnt signalosome (Bilic et al., 2007; Hagemann
et al., 2014). Taken together, these results suggest that the Wnt8-
induced DvI2-Nkd1™¢ plasma membrane puncta are active sites of
Whnt signaling. This supports our hypothesis that the distribution of
Nkd1 is altered by Wnt ligands, potentially via recruitment to the
Whnt signalosome by Dvl2.

Thus far, our results suggest that the Wnt ligand is responsible for
the cellular distribution of Nkd1. We next hypothesized that the Wnt
ligand activates Nkd1 antagonism. An alternative hypothesis is that
simply increasing the concentration of cytoplasmic B-catenin, inde-
pendent of the ligand, may be sufficient to activate Nkd1, as we
previously demonstrated an interaction between these two proteins
(Van Raay et al., 2011). Therefore we set out to distinguish between
Whnt ligand-dependent activation of Nkd1 and ligand-independent
activation of Nkd1. To determine whether Nkd1 function was de-
pendent on increased levels of cytoplasmic B-catenin or Wnt li-
gand-mediated signaling specifically, we tested the ability of Nkd1
to antagonize Wnt signaling induced downstream of the ligand-re-
ceptor complex, using constitutively active LRP6 (LRPé2N), which
stabilizes cytoplasmic B-catenin independent of Wnt ligands and
Frizzled receptors (Brennan et al., 2004). Overexpression of LRP6*N
resulted in ectopic expression of the Wnt target genes dkk1, chd,
and gscin the late-blastula zebrafish embryo (Figure 4, A and B, and
Supplemental Figure S1). Whereas Nkd1 is very efficient at blocking
ectopic Wnt ligand-mediated signaling (Zeng et al., 2000; Rousset
et al., 2001; Wharton et al., 2001; Yan et al., 2001; Van Raay et al.,
2007, 2011; Chan et al., 2008), Nkd1 was not able to rescue the
effect of LRP&*N (Figure 4, A and B, and Supplemental Figures S1
and S2). We next tested our hypothesis that the addition of Wnt8
would activate Nkd1 to inhibit LRPé*N-induced ectopic dkk1, chd,
and gsc. Indeed, the combination Wnt8 + LRP6*N + Nkd1 resulted
in dramatically reduced gene expression for all three probes (Figure
4, Aand B, and Supplemental Figure S1). These results strongly sug-
gest that Nkd1 requires the presence of a Wnt ligand to antagonize
Whnt signaling induced by LRP62N. In addition to Wnt signaling,
chd and gsc are also transcriptionally regulated by Nodal signaling

the V-L domain, as demonstrated by increased levels of cytoplasmic and nuclear B-catenin. Inset in gray scale is
magnified view of the boxed region, demonstrating differences in B-catenin immunostaining between animal pole and
V-L domain. The white line in A-C delineates the boundary between active Wnt-signaling and -quiescent cells based on
nuclear B-catenin. (C) The distribution and punctum size of Nkd167 are altered in the V-L domain compared with the
animal pole. (E) The boxed region magnified for clarity . Visualization of the Nkd16F? particle size also demonstrates a
distinct difference between these two domains (D). (F, G) Projection images of Nkd 16" (F) and Nkd 16" + Wnt8 (G)
injected into one of four blastomeres and harvested for confocal microscopy at 30% epiboly. Scale bar, 50 pm (A-C),

20 pm (E, insets in A, B), 10 pm (F, G).
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FIGURE 2: Wnt signaling converts membrane Nkd1 and large cytoplasmic Nkd 17 puncta into smaller, more-
cytoplasmic puncta. (A-H) nkd 19 mRNA was injected at the one-cell stage, with half of the embryos also being

injected with wnt8 mRNA (E-H; views are of the animal pole). Embryos were harvested at 30-40% epiboly and GFP
imaged by confocal microscopy in the animal pole of the embryo. All unmodified images were analyzed using ImageJ
software for particle size (threshold, 26-255; particle analysis, 0—s; circularity, 0.5-1). In the absence of Wnt8, Nkd 167"
shows robust expression at the plasma membrane (D) and the presence of large puncta (C) compared with cells
receiving ectopic Wnt8 (G, H). The average size of the puncta is significantly smaller in the presence of Wnt8 (I;
Student's t test, p = 0.005, n = 6 for each). Analysis of just the circular puncta represented in C and G (circularity, 0.5-1.0)
demonstrates that there are more cytoplasmic puncta in the presence of Wnt8, but this was not statistically significant
(J; n= 6 for each; Student’s t test, p = 0.06). The large error bars reflect the wide range in the number of puncta counted
for each embryo (Nkd 1P + Wnt range: 3392-29,373 puncta, n = 6; Nkd1"-alone range: 3369-11,162 puncta, n = 6).
To determine whether there is a bias in the analysis, we performed two addition analyses. First, we compared puncta of
different sizes (K; n= 6 for each) and found that there were more of the smallest puncta in the Nkd 1" + Wnt8-treated
embryos (bin 1). We also found that as the size of the puncta increased, so did their proportion in cells without ectopic
Wnit8 compared to with Wnt8 treatment. We also combined all membrane-masked Nkd16F" with all puncta-masked

Nkd 167" and found overall that Nkd 1" + Wnt8 has more cytoplasmic puncta and less membrane Nkd 167" than with
Nkd 167" alone (L; n = 6). (M) Total protein levels of exogenous Nkd1 did not change in response to Wnt8, as determined
by quantification by Western analysis (n = 6). Scale bar, 20 pm (A, E). Data are represented as mean + SE.

(Erter et al., 1998; Shimizu et al., 2000). Furthermore, the size of the ence between Wnt8 and LRP6N, we performed quantitative re-
gsc and chd expression domains is the result of two counteracting  versed transcribed-PCR (qRT-PCR) to determine changes in endog-
Whnt signaling events (Kelly et al., 1995; Ramel and Lekven, 2004;  enous nkd1 expression, as nkd1 is an obligate and universal target
Van Raay et al., 2007; Angonin and Van Raay, 2013). To restrict our  of Wnt signaling (Wharton et al., 2001; Van Raay et al., 2007; Chang
analysis specifically to Wnt signaling and further quantify the diffe- et al., 2008). Similar to the WMISH analysis, LRP6*N induced the
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Wht signaling induces Nkd1-DvI2 signalosomes. (A-C) Mosaic expression of Nkd1™< in the animal pole of
30% blastula-stage zebrafish embryo shows characteristic membrane-localized and cytoplasmic Nkd1 puncta (A).
Costaining with endogenous DvI2 antibodies (B) shows characteristic Dvl2 puncta but little colocalization with Nkd1my¢
at the membrane or in the cytoplasm (C, D). Coexpression of Nkd1™< with Wnt8 results in discreet domains of
membrane-enriched localized DvI2 puncta (G, H) that colocalize with Nkd1™< (G). Yellow puncta in D and H represent
sites of colocalization that were used to calculate the average size of colocalization puncta (I). Double asterisks denote
significance by Student’s t test (p < 0.005). Note that the majority of colocalization occurs on the membrane in both
Wnt8- positive and -negative injections. Scale bar, 20 um. Data are represented as mean + SE.

expression of nkd1, which could not be reduced by ectopic Nkd1.
Also consistent with the WMISH data, Nkd1 activity required the
presence of Wnt8 to inhibit the expression of endogenous nkd1 in-
duced by LRP6*N (Figure 4C). This suggests that Nkd1 is functional
only in the presence of a Wnt ligand. In contrast, Axin2 is sufficient
to inhibit LRP&2N without the need of a Wnt ligand (Figure 4D).
Given that the distribution and activity of Nkd1 are dependent
on Wnt ligand-mediated signaling, we predicted that Nkd1 would
not be able to inhibit the nuclear accumulation of B-catenin in-
duced by LRPé*N. As we previously showed, mosaic expression of
Nkd 16" plus Wnt8 results in nuclear accumulation of B-catenin in
cells next to Nkd16F-expressing cells but reduced nuclear B-
catenin accumulation in GFP-positive cells (Figure 5, A-C; Van Raay
etal., 2011). The ability of Wnt8 to signal in both GFP-positive and
-negative cells is due to the non—cell-autonomous nature of the
Whnt ligand. In contrast, LRP62N acts cell autonomously, similarly to
Nkd 16", but Nkd16F” was unable to prevent the nuclear accumula-
tion of B-catenin induced by LRP&2N (Figure 5, D-G). We did ob-
serve a difference in the cellular distribution of Nkd16™ in these
cells: whereas the puncta appear smaller compared with Nkd 16"
alone, LRP62N appears to increase the proportion of these puncta,

Volume 26 June 15, 2015

possibly stabilizing Nkd 1. This observation supports our finding
that the ability of Nkd1 to antagonize Wnt signaling is Wnt ligand
dependent.

Previously we demonstrated that Dvl and B-catenin compete for
binding to Nkd1 and that myristoylation of Nkd1 is important for the
Nkd1-B-catenin interaction but not for the Nkd1-Dvl interaction
(Van Raay et al., 2011). On the basis of the evidence thus far, we
hypothesize that Wnt ligand-mediated activation of Nkd1 at the
plasma membrane is necessary for it to interact with B-catenin. To
test this, we first reevaluated the distribution of the Nkd16F puncta
with and without ectopic Wnt8. Without Wnt8, the puncta are large
and localized near the plasma membrane. However, with the addi-
tion of Wnt8, the Nkd 1S not only are puncta smaller, but there is
also a tendency to observe these puncta juxtaposed to the nuclear
membrane (Figure 6, C and D), which was not observed without
ectopic Wnt8 (Figure 6, A and B). This suggests that upon activation,
Nkd1 not only becomes more cytoplasmic, but also is enriched in
the perinuclear region. To evaluate this further, we looked for colo-
calization of cytoplasmic B-catenin and Nkd1Sf. As a control, we
used an N-terminal-bound GFP Nkd1 (Nkd1N-GFP) which abolishes
the myristoylation sequence and its function (Van Raay et al., 2011;

Whnt ligand activates Nkd1 | 2379
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FIGURE 4: Nkd1 activity is dependent on Wnt ligand. (A) Whole-
mount in situ hybridization with chd probe at 30-40% epiboly. (B) The
changes in gene expression are quantified at the bottom,
representing the percentage of embryos with ectopic chd expression.
Numbers above the columns represent the total number of embryos
analyzed from three independent experiments. Double asterisks
denote significance by Student’s t-test (p < 0.005). (C) Quantitative
RT-PCR on embryos at 50% epiboly analyzed for endogenous nkd1
expression (using the 5" untranslated region). Numbers above the
columns represent the number of experiments (each performed in
triplicate) used in the analysis. Asterisks denote significance by
Student’s t test (*p = 0.026; **p = 0.001). (D) In contrast to Nkd1,
Axin2 does not require Wnt ligand-mediated signaling, as it is
sufficient to reduce the ectopic expression of chd induced by LRP&*N
alone. Data are represented as mean + SE. The complete data set is
shown in Supplemental Figure S1.

unpublished data). In the majority of cells, it is difficult to detect
cytoplasmic puncta of B-catenin, but in the rare cells in which we can
detect it, there are selected puncta that colocalize with Nkd16?
(Figure 6, E-G) but not with Nkd1N-G™P (Figure 6, H-J). Similar to the
above, any colocalization could simply be due to increased levels of
cytoplasmic B-catenin due to activation of the pathway. To distin-
guish between these two possibilities, we coinjected Nkd 129 with
Wnt8 or with LRP6*N and immunoprecipitated endogenous B-
catenin at 30% epiboly. Without exogenous Wnt, Nkd1 associates
with a basal level of B-catenin, likely due to the endogenous Wnt

2380 | J. Larraguibel et al.

signaling occurring at this stage of development (Figure 1B). This
interaction is increased in the presence of ectopic Wnt8 but not in
the presence of LRP62N, even though they stabilize equivalent levels
of cytoplasmic B-catenin (Figure 7, A and B). Thus we conclude that
the interaction between Nkd1 and B-catenin is dependent on the
presence of a Wnt ligand.

DISCUSSION

Interaction of the Wnt ligand with its receptors sets off a signaling
cascade that controls many biological processes. One common
event is initiation of the expression of feedback regulators to control
the intensity and/or duration of the signal. Here our findings strongly
suggest that Nkd1 is a negative feedback regulator that requires
activation by the Wnt ligand. Using zebrafish blastula cells that can
actively respond to Wnt signaling (Van Raay et al., 2011; Hagemann
etal., 2014), we found that in Wnt-quiescent cells, the cellular distri-
bution of Nkd1 is primarily at the plasma membrane or in large
puncta adjacent to the membrane. On stimulation of the pathway
specifically at the level of the ligand-receptor interaction, Nkd1
colocalizes with DvI2 at the plasma membrane in putative Wnt
signalosomes, and the large puncta decrease in size, becoming en-
riched in the cytoplasm, specifically around the nuclear membrane.
A Wnt ligand is also required for Nkd1 to interact with B-catenin to
restrict its nuclear accumulation, thereby reducing the active Wnt
signaling program.

Thus far, Dvl is the only other protein whose activation is entirely
dependent on Wnt ligand activation of the pathway (Gonzalez-
Sancho et al., 2004, 2013). Surprisingly, we know very little about
how Dvl becomes activated by canonical Wnt/B-catenin signaling
(Malbon and Wang, 2006; Gao and Chen, 2010; Gonzalez-Sancho
et al., 2013). Aside from Dvl, no other proteins have been identified
whose function is entirely dependent on the Wnt ligand-receptor
interaction. Although there are several kinases that function during
Wnt signaling, their activation is unknown, and these kinases may be
constitutively active or regulated independently of Wnt ligand-me-
diated activation of the receptor (Cruciat et al., 2013; Yim and
Virshup, 2013). One model that has been suggested is that Nkd/
Nkd1 simply sequesters Dsh/Dvl, allowing reactivation of the Arm/B-
catenin destruction complex (Rousset et al., 2001; Wharton et al.,
2001). More recent evidence presented here and elsewhere, includ-
ing studies in Drosophila, no longer supports this model (Waldrop
et al., 2006; Chan et al., 2008; Van Raay et al., 2011). First and fore-
most, the Nkd-Dsh interaction is dispensable for Nkd activity
(Waldrop et al., 2006). Second, we have demonstrated that a myris-
toylation-deficient form of Nkd1 (Nkd1%24) binds as efficiently to Dvl
as does wild-type Nkd1 but is not able to antagonize Wnt signaling
(Van Raay et al., 2011). Third, Nkd1 interacts with B-catenin in a man-
ner dependent on the Nkd1 myristoylation sequence (Van Raay
etal., 2011). Fourth, membrane localization is required for both ver-
tebrate and invertebrate Nkd/Nkd1 function (Chan et al., 2007; Van
Raay et al., 2011). Finally, here we demonstrate that the Nkd1--
catenin interaction is also dependent on Wnt ligand activation of
the pathway. Therefore the Dsh/Dvl sequestration model is insuffi-
cient to fully describe the function of Nkd/Nkd1.

Our observations here provide evidence that the Wnt negative
feedback regulator Nkd1, like Dvl, is dependent on Wnt interacting
with its receptor. Nkd1 interacts with Dvl in the same domain in
which Dvl is phosphorylated by Wnt signaling (Rousset et al., 2001;
Wharton et al., 2001; Gao and Chen, 2010). Thus it is possible that
Whnt-induced phosphorylation of Dvl may disrupt the interaction be-
tween Dvl and Nkd1, allowing Nkd1 to then interact with B-catenin.
In support of this model, we observed colocalization of Nkd1™<and

Molecular Biology of the Cell
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FIGURE 5: Nkd1 does not inhibit LRP6*N-induced nuclear accumulation of B-catenin. Nkd 1P

is coinjected with either Wnt8 (A-C) or LRP6*N (D-F) into one cell at the four-cell stage and
harvested at 50% epiboly. Embryos were incubated with anti-$-catenin (A, C, D, F) and
processed for IHC. Images are from animal pole cells. Nkd 167" + Wnt8-positive cells display
nuclear B-catenin in cells juxtaposed to the GFP-positive cells but have low levels of nuclear
B-catenin in Nkd16FP-positive cells (A-C). In contrast, Nkd 1S is not sufficient to inhibit nuclear
accumulation of B-catenin induced by LRP6*N, as Nkd16"P-positive cells are also nuclear
B-catenin positive (D-F). (G) Quantification of GFP-positive, nuclear B-catenin—positive cells from
10 embryos from three independent experiments. Double asterisks denote significance by

Student’s t test (p < 0.001). Data are represented as mean * SE.

endogenous Dvl2 in putative Wnt signalosomes but not in Dvl2 or
Nkd 1™ puncta in the cytoplasm. This is in contrast to our previous
results showing robust colocalization between exogenous DvI2HA
and Nkd1™¢ at the membrane and in cytoplasmic puncta by IHC
(Van Raay et al., 2011). Nonetheless, the interaction between Nkd-
1m¢ and endogenous Dvl2 by immunoprecipitation (Van Raay et al.,
2011) and by IHC shown here suggests that this interaction may
represent a critical step in the activation of Nkd1, such as the recruit-
ment of Nkd1 to the Wnt signalosome for activation. This is sup-
ported by recent evidence with DvI2-Cherry in zebrafish blastula
cells. Coexpression of DvI2-Cherry with Wnt8-GFP resulted in few
membrane-localized puncta where these two proteins colocalized,
representing a Wnt signalosome. However, the size and frequency
of these membrane puncta dramatically increased upon coexpres-
sion of the transmembrane receptor Frizzled, further supporting the
Wnt signalosome theory (Hagemann et al., 2014). Therefore the
redistribution of Nkd1 upon Wnt ligand activation, the dependence
of Nkd1 activity on Wnt ligand activation, and the clustering of

Volume 26 June 15, 2015

Nkd1 and Dvl2 to putative Wnt signalo-
somes suggests that the DvI-Nkd1 interac-
tion is required for activation of Nkd1
but that Nkd1 functions downstream of
Dvl to inhibit the nuclear accumulation of
B-catenin.

The interaction between Nkd1 and B-
catenin is an important part of our model.
Previously we demonstrated that the Nkd1-
B-catenin interaction is dependent on the
myristoylation sequence in Nkd1 and that
Dvl can compete out this interaction (Van
Raay et al., 2011). Here we demonstrate that
the interaction is Wnt ligand dependent and
not simply due to the increase in cytoplas-
mic levels of B-catenin. It is important to
note that no interaction was found between
Drosophila Nkd and Arm when tested using
a yeast two-hybrid assay (Rousset et al.,
2001). This result is entirely in line with our
present findings, as yeast does not contain a
Wnt/Wg signaling program to activate Nkd.
Therefore Nkd should not interact with Arm
in a yeast two-hybrid assay. Furthermore, it
has been demonstrated that Nkd requires
active Wg signaling in Drosophila, but the
requirement for Nkd activity induced by Wg
has not been tested, or at least reported
(Zeng et al., 2000; Rousset et al., 2001). Fi-
nally, fly Nkd was found to interact with Im-
portin a3, which promoted the nuclear lo-
calization of Nkd (Chan et al., 2008).
Importin a3 contains 10 ARM repeats, which
forms a concave groove homologous to the
Arm/B-catenin protein for which the ARM
repeats are named (Sharma et al., 2012; re-
viewed in Fagotto, 2013). It is proposed that
this groove interacts with the basic residues
of nuclear localization sequences found in
Drosophila Nkd (Chan et al., 2008). Al-
though this sequence is not conserved in
vertebrate Nkd1, there is a conserved re-
gion of several basic residues that could
perform a similar function (unpublished
data). Although we have observed colocalization between Nkd1
and cytoplasmic B-catenin by IHC, these are rare events, as the vast
majority of cytoplasmic B-catenin is clearly nonpunctate in Wnt8-
expressing cells (Figures 1 and 5; Brunet et al., 2013). This may sug-
gest that nonoligomeric Nkd1 interacts with B-catenin in the pres-
ence of a Wnt ligand. This is supported by the significant decrease
in the size of cytoplasmic Nkd1 puncta upon Wnt ligand-mediated
signaling. Taken together with our results, this suggests that the
ability of Nkd/Nkd1 to interact with ARM containing proteins is con-
served. A simple model would be that the interaction stoichiometri-
cally prevents B-catenin from passing through the nuclear pore com-
plex. However, it remains to be determined where Nkd1 and
B-catenin interact and if Nkd1 directly interacts with B-catenin or
potentially other ARM-containing proteins, which would influence
the nucleocytoplasmic shuttling of B-catenin.

Combining the most recent in vivo evidence from Drosophila
with our in vivo data, there is now convincing evidence that Nkd1 is
activated by a Wnt ligand to antagonize Wnt signaling. In our
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,

Wht signaling enriches for perinuclear Nkd1%7" and colocalization with B-catenin. (A, B) In the absence of
Wht signaling, Nkd 16" form large puncta enriched adjacent to the plasma membrane. (C, D) Coexpression of Nkd 16
plus Wnt8 results in smaller puncta that tend to become enriched around the nucleus. 4’,6-Diamidino-2-phenylindole
staining identifies the nucleus. (E-G) Ectopic Wnt8 stabilizes cytoplasmic B-catenin and in rare cases forms small puncta,
some of which colocalize with Nkd16? (arrowheads). (H-J) In the absence of a myristoylation sequence (Nkd1N-GFP), we
do not observe any colocalization between the rare B-catenin puncta and the evenly distributed Nkd1N-6"F. Arrowheads

in | and J identify B-catenin puncta. Scale bar, 20 pm.

vertebrate model Wnt signaling induces the expression of Nkd1,
which becomes cotranslationally modified with myrsitate, interacts
with Dvl, and colocalizes with Dvl at the Wnt signalosome. At the
Whnt signalosome, Nkd1 becomes activated by the proximal events
occurring between the Wnt ligand interacting and its receptors. We
speculate that activated Nkd1 is released from Dvl and the mem-
brane and/or acquires a higher affinity for cytoplasmic B-catenin,
ultimately preventing nuclear accumulation of B-catenin and attenu-
ating Wnt signaling.
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The expression of Nkd1 and Wnt3a is elevated in the intestinal
crypt stem cells and in a significant number of colorectal cancers
(Yan et al., 2001; Caldwell et al., 2008; Guo et al., 2009; Vo-
loshanenko et al., 2013; Stancikova et al., 2015). Thus one would
predict that this would be sufficient to antagonize the constitutively
activated Wnt signaling induced by mutations in adenomatous pol-
yposis coli. We have started to analyze the role of Nkd1 in mam-
malian cells and human cancer cells in vitro but, surprisingly, have
found that in most cases, Nkd1 is not localized to the membrane.
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FIGURE 7: Interaction between Nkd1%29 and B-catenin is dependent
on Wnt ligand. Nkd 129 was coinjected with Wnt8 or LRPé™N at the
one-cell stage and harvested at 30-50% epiboly. (A) Activation of Wnt
signaling by Wnt8 or LRPé*N is confirmed by observing increasing
levels of cytoplasmic B-catenin. Actin and pan-cadherin (pan-cad)
antibodies were used as loading controls and to test for the relative
purity of the cytoplasmic and membrane fractions, respectively.

(B) Endogenous B-catenin was pulled down, Western blotted, and
probed for the Flag epitope on Nkd1 or for B-catenin itself. An
increase in the association between Nkd1f29 and B-catenin was
observed only in the presence of Wnt8, not LRP6*N. We attribute the
low level of interaction between B-catenin and Nkd1f29 in the Nkd1fles-
alone and Nkd1f2g + LRP6N injections to endogenous Wnt signaling
that is occurring in the blastula at this stage (Figure 1B). The results in
B are representative of two independent experiments.

We speculate that this may be due to the lack of a three-dimen-
sional matrix and/or cellular polarity that may be required for Nkd1
membrane localization, which is being investigated.

MATERIALS AND METHODS

Nkd 167 and Wnt8 have been described previously (Van Raay et al.,
2011). LRP6*N was constructed by removing the extracellular do-
main, leaving the signal sequence and the transmembrane domain
intact. Nkd1f?9 was constructed by placing two Flag epitopes be-
tween amino acids 317 and 318 of zebrafish Nkd1 using site-di-
rected mutagenesis. The C-terminus of Nkd1 contains a highly con-
served histidine-rich  domain with unknown function. Nkd1
containing C-terminal-tagged GFP or Myc can antagonize Wnt sig-
naling similar to the nontagged forms but with less efficiency. There-
fore we constructed an internally tagged form of Nkd1 with two
Flag tags in a region of the protein that has sequence length vari-
ability and is not well conserved. We tested this construct relative to
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the other tagged and untagged forms of Nkd1, and Nkd 1729 is as
efficient as untagged Nkd1 in antagonizing ectopic Wnt8 in an over-
expression assay (unpublished data).

For whole-mount in situ hybridization, 800 pg of Nkd 19, 25 pg
of Wnt8, and 100 pg of LRP&*N were injected at the one-cell stage
and harvested at 30-50% epiboly. Probes have been described
previously (Van Raay et al., 2011). For IHC, 200 pg of Nkd 16 or
Nkd1m<, 25 pg of Wnt8, and 25 pg of LRP6N were injected into
one cell of a four-cell-stage embryo. Embryos were harvested at
30-50% epiboly and processed for IHC as previously described
(Van Raay et al., 2011). Primary B-catenin and myc (9E10) antibodies
(Sigma-Aldrich, St. Louis, MO) were used at 1:500 along with Alexa
Fluor 594 goat anti-mouse secondary at 1:500. The polyclonal
zebrafish DvI2 antibody has been described (Lum et al., 2011) and
was used at 1:1000 with Cy2 conjugated anti-rabbit at 1:200.
Images were taken on a confocal microscope (Leica SP5). Relative
levels of Nkd 16 protein were analyzed using densitometry analy-
sis with ImageJ (National Institutes of Health, Bethesda, MD). Anal-
ysis of colocalization between Nkd1™¢ and zDvI2 was performed
using the Intersect tool in Volocity Quantitation (PerkinElmer Cetus,
Waltham, MA).

Projection image was generated with Volocity software. For
Western analysis, 800 pg of Nkd1™9, 25 pg of Wnt8, and 100 pg of
LRP&*N were injected at the one-cell stage and harvested at 30-50%
epiboly. For fractionations, 10 embryos from each experiment were
mechanically deyolked and probed with antibodies as previously
described (Van Raay et al., 2011). The equivalent of one embryo is
run in each lane. For immunoprecipitations, 800 pg of Nkd1, 25 pg
of Wnt8, and 200 pg of LRP&*N were injected at the one-cell stage,
and ~40 embryos (yolk plus chorion) were harvested at 30-40%
epiboly in immunoprecipitation buffer as previously described (Van
Raay et al., 2011).

ACKNOWLEDGMENTS

We thank members of our lab for their support, especially Pauline
Zhang. We also thank Greg Kelly and Marc Coppolino for critical
reading of the manuscript and acknowledge a Natural Sciences and
Engineering Research Council of Canada Discovery Grant for
funding.

REFERENCES

Angonin D, Van Raay TJ (2013). Nkd1 functions as a passive Antagonist of
Whnt signaling. PLoS One 8, e74666.

Bilic J, Huang YL, Davidson G, Zimmermann T, Cruciat CM, Bienz M, Niehrs
C (2007). Wnt induces LRP6 signalosomes and promotes dishevelled-
dependent LRPé phosphorylation. Science 316, 1619-1622.

Brennan K, Gonzalez-Sancho JM, Castelo-Soccio LA, Howe LR, Brown AM
(2004). Truncated mutants of the putative Wnt receptor LRPé/Arrow can
stabilize beta-catenin independently of Frizzled proteins. Oncogene 23,
4873-4884.

Brunet T, Bouclet A, Ahmadi P, Mitrossilis D, Driquez B, Brunet AC, Henry L,
Serman F, Bealle G, Menager C, et al. (2013). Evolutionary conservation
of early mesoderm specification by mechanotransduction in Bilateria.
Nat Commun 4, 2821.

Caldwell GM, Jones CE, Soon Y, Warrack R, Morton DG, Matthews GM
(2008). Reorganisation of Wnt-response pathways in colorectal tumori-
genesis. Br J Cancer 98, 1437-1442.

Chamorro MN, Schwartz DR, Vonica A, Brivanlou AH, Cho KR, Varmus HE
(2005). FGF-20 and DKK1 are transcriptional targets of beta-catenin and
FGF-20 is implicated in cancer and development. EMBO J 24, 73-84.

Chan CC, Zhang S, Cagatay T, Wharton KA Jr (2007). Cell-autonomous,
myristyl-independent activity of the Drosophila Wnt/Wingless antagonist
Naked cuticle (Nkd). Dev Biol 311, 538-553.

Chan CC, Zhang S, Rousset R, Wharton KA Jr (2008). Drosophila Naked
cuticle (Nkd) engages the nuclear import adaptor Importin-alpha3 to
antagonize Wnt/beta-catenin signaling. Dev Biol 318, 17-28.

Whnt ligand activates Nkd1 | 2383



Chang JL, Chang MV, Barolo S, Cadigan KM (2008). Regulation of the
feedback antagonist naked cuticle by Wingless signaling. Dev Biol 321,
446-454.

Clevers H, Nusse R (2012). Wnt/beta-catenin signaling and disease. Cell
149, 1192-1205.

Cruciat CM, Dolde C, de Groot RE, Ohkawara B, Reinhard C, Korswagen
HC, Niehrs C (2013). RNA helicase DDX3 is a regulatory subunit of
casein kinase 1 in Wnt-beta-catenin signaling. Science 339, 1436-1441.

Erter CE, Solnica-Krezel L, Wright CV (1998). Zebrafish nodal-related 2
encodes an early mesendodermal inducer signaling from the extraem-
bryonic yolk syncytial layer. Dev Biol 204, 361-372.

Erter CE, Wilm TP, Basler N, Wright CV, Solnica-Krezel L (2001). Wnt8 is
required in lateral mesendodermal precursors for neural posteriorization
in vivo. Development 128, 3571-3583.

Fagotto F (2013). Looking beyond the Wnt pathway for the deep nature of
beta-catenin. EMBO Rep 14, 422-433.

Gao C, Chen YG (2010). Dishevelled: the hub of Wnt signaling. Cell Signal
22,717-727.

Gonzalez-Sancho JM, Brennan KR, Castelo-Soccio LA, Brown AM (2004).
Whnt proteins induce dishevelled phosphorylation via an LRP5/6- in-
dependent mechanism, irrespective of their ability to stabilize beta-
catenin. Mol Cell Biol 24, 4757-4768.

Gonzalez-Sancho JM, Greer YE, Abrahams CL, Takigawa Y, Baljinnyam B,
Lee KH, Lee KS, Rubin JS, Brown AM (2013). Functional consequences
of Wnt-induced dishevelled 2 phosphorylation in canonical and nonca-
nonical Wnt signaling. J Biol Chem 288, 9428-9437.

Guo J, Cagatay T, Zhou G, Chan CC, Blythe S, Suyama K, Zheng L, Pan K,
Qian C, Hamelin R, et al. (2009). Mutations in the human naked cuticle
homolog NKD1 found in colorectal cancer alter Wnt/Dvl/beta-catenin
signaling. PLoS One 4, e7982.

Hagemann Al, Kurz J, Kauffeld S, Chen Q, Reeves PM, Weber S, Schindler
S, Davidson G, Kirchhausen T, Scholpp S (2014). In vivo analysis of
formation and endocytosis of the Wnt/beta-catenin signaling complex in
zebrafish embryos. J Cell Sci 127, 3970-3982.

Jho EH, Zhang T, Domon C, Joo CK, Freund JN, Costantini F (2002). Wnt/
beta-catenin/Tcf signaling induces the transcription of Axin2, a negative
regulator of the signaling pathway. Mol Cell Biol 22, 1172-1183.

Kelly GM, Greenstein P, Erezyilmaz DF, Moon RT (1995). Zebrafish wnt8 and
wnt8b share a common activity but are involved in distinct developmen-
tal pathways. Development 121, 1787-1799.

Kishida S, Yamamoto H, lkeda S, Kishida M, Sakamoto |, Koyama S, Kikuchi
A (1998). Axin, a negative regulator of the wnt signaling pathway,
directly interacts with adenomatous polyposis coli and regulates the
stabilization of beta-catenin. J Biol Chem 273, 10823-10826.

Lekven AC, Thorpe CJ, Waxman JS, Moon RT (2001). Zebrafish wnt8
encodes two wnt8 proteins on a bicistronic transcript and is required for
mesoderm and neurectoderm patterning. Dev Cell 1, 103-114.

Leung JY, Kolligs FT, Wu R, Zhai Y, Kuick R, Hanash S, Cho KR, Fearon ER
(2002). Activation of AXIN2 expression by beta-catenin-T cell factor. A
feedback repressor pathway regulating Wnt signaling. J Biol Chem 277,
21657-21665.

Liu W, Dong X, Mai M, Seelan RS, Taniguchi K, Krishnadath KK, Halling
KC, Cunningham JM, Boardman LA, Qian C, et al. (2000). Mutations
in AXIN2 cause colorectal cancer with defective mismatch repair by
activating beta-catenin/TCF signalling. Nat Genet 26, 146-147.

Lum WM, Robertson JK, Van Raay TJ (2011). Dishevelled2 is a stable pro-
tein during early zebrafish development. Zebrafish 8, 65-71.

Malbon CC, Wang HY (2006). Dishevelled: a mobile scaffold catalyzing
development. Curr Top Dev Biol 72, 153-166.

Miller BW, Lau G, Grouios C, Mollica E, Barrios-Rodiles M, Liu Y, Datti A,
Morris Q, Wrana JL, Attisano L (2009). Application of an integrated
physical and functional screening approach to identify inhibitors of the
Whnt pathway. Mol Syst Biol 5, 315.

Niida A, Hiroko T, Kasai M, Furukawa Y, Nakamura Y, Suzuki Y, Sugano S,
Akiyama T (2004). DKK1, a negative regulator of Wnt signaling, is a
target of the beta-catenin/TCF pathway. Oncogene 23, 8520-8526.

Ramel MC, Lekven AC (2004). Repression of the vertebrate organizer by
Wnt8 is mediated by Vent and Vox. Development 131, 3991-4000.

2384 | J. Larraguibel et al.

Robertson JK, Danzmann K, Charles S, Blake K, Olivares A, Bamikole S,
Olson M, Van Raay TJ (2014). Targeting the Wnt pathway in zebrafish as
a screening method to identify novel therapeutic compounds. Exp Biol
Med (Maywood) 239, 169-176.

Rousset R, Mack JA, Wharton KA Jr, Axelrod JD, Cadigan KM, Fish MP,
Nusse R, Scott MP (2001). Naked cuticle targets dishevelled to antago-
nize Wnt signal transduction. Genes Dev 15, 658-671.

Rousset R, Wharton KA Jr, Zimmermann G, Scott MP (2002). Zinc-depen-
dent interaction between dishevelled and the Drosophila Wnt antago-
nist naked cuticle. J Biol Chem 277, 49019-49026.

Schneider |, Schneider PN, Derry SW, Lin S, Barton LJ, Westfall T, Slusarski
DC (2010). Zebrafish Nkd1 promotes Dvl degradation and is required
for left-right patterning. Dev Biol 348, 22-33.

Schwarz-Romond T, Fiedler M, Shibata N, Butler PJ, Kikuchi A, Higuchi Y,
Bienz M (2007). The DIX domain of Dishevelled confers Wnt signaling
by dynamic polymerization. Nat Struct Mol Biol 14, 484-492.

Schwarz-Romond T, Merrifield C, Nichols BJ, Bienz M (2005). The Wnt
signalling effector Dishevelled forms dynamic protein assemblies
rather than stable associations with cytoplasmic vesicles. J Cell Sci 118,
5269-5277.

Sharma M, Jamieson C, Johnson M, Molloy MP, Henderson BR (2012). Spe-
cific armadillo repeat sequences facilitate beta-catenin nuclear transport
in live cells via direct binding to nucleoporins Nupé2, Nup153, and
RanBP2/Nup358. J Biol Chem 287, 819-831.

Shimizu T, Yamanaka Y, Ryu SL, Hashimoto H, Yabe T, Hirata T, Bae YK, Hibi
M, Hirano T (2000). Cooperative roles of Bozozok/Dharma and Nodal-
related proteins in the formation of the dorsal organizer in zebrafish.
Mech Dev 91, 293-303.

Stancikova J, Krausova M, Kolar M, Fafilek B, Svec J, Sedlacek R, Neroldova
M, Dobes J, Horazna M, Janeckova L, et al. (2015). NKD1 marks intestinal
and liver tumors linked to aberrant Wnt signaling. Cell Signal 27, 245-256.

van de Water S, van de Wetering M, Joore J, Esseling J, Bink R, Clevers H,
Zivkovic D (2001). Ectopic Wnt signal determines the eyeless phenotype
of zebrafish masterblind mutant. Development 128, 3877-3888.

Van Raay TJ, Coffey RJ, Solnica-Krezel L (2007). Zebrafish Naked1 and
Naked2 antagonize both canonical and non-canonical Wnt signaling.
Dev Biol 309, 151-168.

Van Raay TJ, Fortino NJ, Miller BW, Ma H, Lau G, Li C, Franklin JL, Attisano
L, Solnica-Krezel L, Coffey RJ (2011). Naked1 antagonizes Wnt signal-
ing by preventing nuclear accumulation of beta-catenin. PLoS One 6,
e18650.

Voloshanenko O, Erdmann G, Dubash TD, Augustin |, Metzig M, Moffa G,
Hundsrucker C, Kerr G, Sandmann T, Anchang B, et al. (2013). Wnt se-
cretion is required to maintain high levels of Wnt activity in colon cancer
cells. Nat Commun 4, 2610.

Waldrop S, Chan CC, Cagatay T, Zhang S, Rousset R, Mack J, Zeng W,

Fish M, Zhang M, Amanai M, Wharton KA Jr (2006). An unconventional
nuclear localization motif is crucial for function of the Drosophila Wnt/
wingless antagonist Naked cuticle. Genetics 174, 331-348.

Wharton KA Jr, Zimmermann G, Rousset R, Scott MP (2001). Vertebrate
proteins related to Drosophila Naked Cuticle bind Dishevelled and
antagonize Wnt signaling. Dev Biol 234, 93-106.

Yan D, Wallingford JB, Sun TQ, Nelson AM, Sakanaka C, Reinhard C,
Harland RM, Fantl WJ, Williams LT (2001). Cell autonomous regulation
of multiple Dishevelled-dependent pathways by mammalian Nkd. Proc
Natl Acad Sci USA 98, 3802-3807.

Yim DG, Virshup DM (2013). Unwinding the Wnt action of casein kinase 1.
Cell Res 23, 737-738.

Zeng YA, Verheyen EM (2004). Nemo is an inducible antagonist of Wingless
signaling during Drosophila wing development. Development 131,
2911-2920.

Zeng W, Wharton KA Jr, Mack JA, Wang K, Gadbaw M, Suyama K, Klein PS,
Scott MP (2000). naked cuticle encodes an inducible antagonist of Wnt
signalling. Nature 403, 789-795.

Zhang S, Cagatay T, Amanai M, Zhang M, Kline J, Castrillon DH, Ashfaq R,
Oz OK, Wharton KA Jr (2007). Viable mice with compound mutations
in the Wnt/Dvl pathway antagonists nkd1 and nkd2. Mol Cell Biol 27,
4454-4464.

Molecular Biology of the Cell





