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PR72, a novel regulator of Wnt signaling
required tor Naked cuticle function

Menno P. Creyghton,'® Giulietta Roél,>> Pieter J.A. Eichhorn,! E. Marielle Hijmans,' Irma Maurer,’

Olivier Destrée,” and René Bernards'*

'Division of Molecular Carcinogenesis and Center for Biomedical Genetics, The Netherlands Cancer Institute, 1066 CX
Amsterdam, The Netherlands; 2Netherlands Institute for Developmental Biology (NIOB), Hubrecht Laboratory, 3584 CT

Utrecht, The Netherlands

The Wnt signaling cascade is a central regulator of cell fate determination during embryonic development,
whose deregulation contributes to oncogenesis. Naked cuticle is the first Wnt-induced antagonist found in this
pathway, establishing a negative-feedback loop that limits the Wnt signal required for early segmentation. In
addition, Naked cuticle is proposed to function as a switch, acting to restrict classical Wnt signaling and to
activate a second Wnt signaling pathway that controls planar cell polarity during gastrulation movements in
vertebrates. Little is known about the biochemical function of Naked cuticle or its regulation. Here we report
that PR72, a Protein Phosphatase type 2A regulatory subunit of unknown function, interacts both physically
and functionally with Naked cuticle. We show that PR72, like Naked cuticle, acts as a negative regulator of
the classical Wnt signaling cascade, establishing PR72 as a novel regulator of the Wnt signaling pathway. Our
data provide evidence that the inhibitory effect of Naked cuticle on Wnt signaling depends on the presence of
PR72, both in mammalian cell culture and in Xenopus embryos. Moreover, PR72 is required during early
embryonic development to regulate cell morphogenetic movements during body axis formation.
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Mammalian development is critically dependent on sev-
eral fine-tuned and conserved signaling cascades. Hedge-
hog, TGF-B, EGF, FGF, and Wnt signals interlace to
specify patterned changes in gene expression, cell fate,
and tissue polarity to ensure the diverse developmental
steps needed to compose a complex body plan (Moon and
Kimelman 1998; Niehrs 1999; Bouwmeester 2001; Keller
2002; Agathon et al. 2003; Aulehla et al. 2003). Perhaps
not surprisingly, aberrant regulation of these signaling
cascades leads to diverse developmental defects in the
early embryo and can contribute to oncogenesis (Polakis
2000; Giles et al. 2003). Therefore, tight regulation of
these signaling cascades is a prerequisite. This is accom-
plished not only by the many cross-regulatory signals
but also by several negative-feedback loops (Perrimon
and McMahon 1999). During canonical Wnt signaling,
Wnt-induced stimulation of the seven-pass transmem-
brane frizzled receptors and members of the low-density
lipoprotein receptor-related protein family (LRP) leads to
an increase in stable cytoplasmic B-catenin levels. This
is followed by nuclear translocation of B-catenin and
dimerization with the TCF/Lef-1 transcription factors
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(for review, see Cadigan and Nusse 1997), leading to the
transcription of Wnt target genes (Brunner et al. 1997;
van de Wetering et al. 1997). The stabilization of
B-catenin requires the inactivation of the Axin/APC/
GSK3p destruction complex. In the absence of the Wnt
signal this complex stimulates GSK3@-mediated phos-
phorylation of B-catenin (Yost et al. 1996; Ikeda et al.
1998), targeting it for proteasomal degradation (Aberle et
al. 1997).

Upon Wnt ligand binding to its receptor, the subse-
quent inactivation of the Axin/APC/GSK3p destruction
complex needs an upstream component named dishev-
elled (Dsh) to inhibit GSK3p activity (Klingensmith et al.
1994; Theisen et al. 1994) and LRP for Axin destabiliza-
tion (Mao et al. 2001). How dishevelled is activated by
Wnt ligands is unclear, but it is possible that its inhibi-
tion of the destruction complex is mediated through dis-
ruption of Axin dimers required for the CK1/GSK33-me-
diated phosphorylation of B-catenin (Kishida et al. 1999).

One of the target genes of the Wnt signaling cascade is
Naked cuticle (Nkd), whose activity is required to re-
strict Wnt signaling during Drosophila embryonic seg-
mentation, thus generating a negative-feedback loop.
Naked cuticle was the first Wnt antagonist found to be
induced by the Wnt pathway (Zeng et al. 2000) followed
by Axin2 (Jho et al. 2002; Lustig et al. 2002) and Tak1
(Smit et al. 2004). Overexpression of Nkd mRNA in
Xenopus embryos results in severe truncation of the an-
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terior—posterior body axis, which is similar to pheno-
types observed for overexpression of known Wnt inhibi-
tors. In line with this, the induction of a secondary body
axis in Xenopus embryos induced by ectopic Wnt signal-
ing can be blocked by coinjection of Nkd mRNA (Zeng et
al. 2000).

A second Wnt signaling cascade diverges at the level of
dishevelled from the canonical (B-catenin-dependent)
Wnt signaling cascade to specify asymmetric cell polar-
ity and tissue organization (for review, see Shulman et al.
1998). This planar cell polarity (PCP) pathway depends
on the dishevelled-mediated activation of JNK kinase
(Boutros et al. 1998), which involves relocalization of
dishevelled to the plasma membrane (Axelrod et al.
1998) and activation of the Rac, and Rho GTPases (Habas
et al. 2003). In contrast to generating a negative-feedback
loop in the classical Wnt signaling cascade, it was sug-
gested that Nkd misexpression positively influences the
PCP pathway (Yan et al. 2001a). Consistent with this,
Nkd interacts with dishevelled (Rousset et al. 2001; Yan
et al. 2001a) and is therefore located at the branchpoint
where the classical and PCP pathways diverge (Boutros
and Mlodzik 1999). In contrast to these findings, Naked
was also found to mimic loss-of-function dishevelled
(Rousset et al. 2001), raising the possibility that ectopic
Naked sequesters dishevelled into an inactive complex.
This finding is substantiated by the fact that Naked mu-
tant flies have no apparent defect in wing cell polarity
(Zeng et al. 2000).

A third signaling pathway under the control of Wnt
ligands is the less well-defined Wnt/Ca?* pathway
(Miller et al. 1999a; Kuhl et al. 2000). Here Wnt-activated
frizzled receptors control the release of Ca>*, thereby
regulating Ca>*-sensitive enzymes such as Ca**-
calmodulin dependent kinase (CamKII) and protein ki-
nase C (PKC). This pathway also requires dishevelled as
a key regulator (Sheldahl et al. 2003). Naked cuticle con-
tains two recognizable domains of interest, a calcium-
binding EF-hand (EFX) domain and a zinc-binding do-
main. These were found to contribute to Nkd function
and dishevelled binding in vitro and in vivo (Wharton et
al. 2001; Rousset et al. 2002). Apart from these observa-
tions, the biochemical function of Nkd, as well as any
possible upstream regulation, remains illusive.

Understanding the precise regulation of the Wnt regu-
latory feedback mechanism is essential to understanding
the role of this pathway in embryonic development and
its aberrant activation leading to a diverse spectrum of
human cancers (Polakis 2000; Giles et al. 2003). Here we
show an unexpected role for PR72 (Hendrix et al. 1993;
Janssens et al. 2003), an EFX domain-containing regula-
tory subunit of Protein Phosphatase 2A (PP2A), in the
regulation of the Wnt signaling cascade through its in-
teraction with Naked cuticle.

Results

PR72 interacts with Naked cuticle

PP2A is a multifunctional phosphatase holoenzyme in-
volved in numerous cellular processes (for review, see

PR72 regulates Wnt signaling

Schonthal 1998; Millward et al. 1999). Multiple families
of PP2A regulatory B-subunits confer substrate specific-
ity to the PP2Ac (catalytic)/PR65 (structural) core phos-
phatase complex by mediating interactions with specific
substrates. One such regulatory B-subunit of unknown
function is PR72 (Hendrix et al. 1993). To begin to char-
acterize the function of this subunit, we performed a
yeast two-hybrid screen using human PR72 as bait. Only
one interacting protein was identified, which after DNA-
sequence analysis was found to encode the mouse ortho-
log of Drosophila Naked cuticle (Fig. 1A).

We subsequently cloned the two human orthologs of
Naked cuticle (hNkd1 and hNkd2) from a human pla-
cental cDNA library and generated expression con-
structs of hANkd1 and hNkd?2 fused to a Flag-epitope tag.
We found that hNkdl (Fig. 1B) and hNkd2 (data not
shown) share the ability to interact with PR72 in coim-
munoprecipitation assays in human embryonic kidney
(HEK) 293 cells. No direct interaction was found be-
tween PR72 and other components of the Wnt signaling
cascade such as dishevelled and GSK38 in coimmuno-
precipitation assays (data not shown) and APC in yeast
two-hybrid assays (Seeling et al. 1999).

Since PR72 binds to Naked and is a proposed targeting
subunit of the PP2A holoenzyme (Hendrix et al. 1993),
we asked if PR72 could function as a bridging factor
between Naked and the PR65/PP2Ac core dimer. We
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Figure 1. PR72 interacts with Naked cuticle. (A) A yeast two
hybrid showing B-galactosidase staining of yeast colonies con-
taining Gal4-coupled PR72 and transactivation domain (TA)-
coupled Naked cuticle. (Lower right) Negative controls Gal4-
PR72 and vector-TA or Gal4-vector and Naked-TA do not stain
positive. (Left two panels) The positive control is Gal4-p107 and
adenovirus E1A-TA. (B) Immune precipitation of PR72 and Na-
ked cuticle. (Upper right) Extracts from HEK 293 cells ectopi-
cally expressing Flag-tagged hNkdl or HA-tagged hPR72 or both
were subjected to immunoprecipitation with anti-Flag and anti-
HA antibodies as indicated. HA-antibodies did not precipitate
Flag-Naked (first lane) and the Flag antibody did not precipitate
HA-PR72 (third lane); when coexpressed both were coprecipi-
tated with either anti-HA or ant-Flag (second and fourth lanes).
The background in the upper section of the Flag-Naked IP is the
Ig heavy chain running at the same height as Flag-Naked. The
Iower panel shows 10% of the total lysate used in each of the
immunoprecipitations. (C, right two panels) Immune precipita-
tion of Naked cuticle and the PP2Ac/PR65 core dimer in HEK
293 cells in the presence (right) or absence (left) of HA-PR72.
The Ieft two panels show 10% of the total lysate.
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transfected HEK 293 cells with constructs expressing
Flag-hNkd1l, HA-PR65, and HA-PP2Ac in the presence or
absence of HA-PR72 and performed coimmunoprecipita-
tion assays for Flag-Naked cuticle. We found that hNkd1
could form a complex with the PP2A only in the pres-
ence of PR72, indicating that PR72 is required as a bridg-
ing factor between Naked and the PR65/PP2Ac core
dimer (Fig. 1C). These results demonstrate that PR72 can
interact with Naked cuticle and facilitates recruitment
of the PP2A/PR65 core dimer to the complex.

PR72 is a negative regulator of the classical Wnt
signaling pathway

Since Naked cuticle is an established negative regulator
of the canonical Wnt signaling cascade, we addressed the
question if PR72 functions as a mediator of the Wnt sig-
naling pathway as well. Figure 2A shows that ectopic
expression of PR72 represses a Wnt-1-responsive TCF
site-containing luciferase reporter construct (Top-Glow)
in HEK 293 cells (which respond to Wnt signaling and in
which the pathway has a low basal activity) (Jho et al.
2002; Valenta et al. 2003), but not a Fop-Glow reporter
containing mutated TCEF sites. This repression was seen
both in the absence and in the presence of exogenous
Wntl. This suggests that PR72, like Nkd, is a negative
regulator of the canonical Wnt signaling cascade. The
effect was specific for PR72 since another PP2A B regu-
latory subunit (PR55y) did not show any effect on re-
porter activity. Both subunits were expressed at similar
levels (Fig. 2D). Together, these data suggest that the
effects seen here of PR72 expression are specific and not
due to titration of other B-subunits from endogenous
PP2A complexes that might play a role in this pathway
(Seeling et al. 1999; Li et al. 2001; Yang et al. 2003).
Activation of B-catenin is the most downstream event
in the Wnt-signaling cascade. To determine at which
level in the Wnt cascade PR72 acts, we used a constitu-
tively active form of B-catenin, which carries a mutation
in the GSK3p phosphorylation sites and is therefore re-
fractory to degradation by the Axin/APC/GSK3B de-
struction complex. Figure 2B shows that in the presence
of this active form of B-catenin, PR72 is no longer able to
inhibit the Top-Glow reporter. This shows that, like Na-
ked cuticle, PR72 antagonizes Wnt signaling upstream of
B-catenin. It was shown in a similar experimental setup
that components downstream of B-catenin can inhibit
the activated reporter (Ishitani et al. 1999). This idea was
further substantiated by measuring the levels of endog-
enous B-catenin in HEK 293 cells following ectopic ex-
pression of PR72. We found that endogenous B-catenin
protein levels are significantly reduced in response to
PR72 (Fig. 2C). This is in agreement with the conclusion
reached above that PR72 inhibits Wnt signaling up-
stream of B-catenin. GSK3p is a LiCl-sensitive kinase
that is essential for B-catenin phosphorylation, leading
to its destruction by the proteasome in the absence of a
Wnt ligand (Ikeda et al. 1998). The PR72-induced reduc-
tion in B-catenin levels was sensitive to LiCl (Fig. 2C),
suggesting that GSK3B activation is required for PR72-
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Figure 2. PR72 is arepressor of the canonical Wnt pathway. (A)
One-hundred nanograms of TCF containing Top-Glow or Fop-
Glow (containing mutated TCEF sites) luciferase reporter, 50 ng
of CMV Renilla luciferase, and 5 ng of CMV-Wnt-1 was cotrans-
fected in HEK 293 cells with or without 0.5 pg of CMV HA-
PR72 or CMV HA-PR55y as indicated. (B) As in A, in the pres-
ence of either 100 ng of empty vector or phospho-site mutant
B-catenin as indicated. Luciferase activities were determined.
(C) Western blot showing lysates of non-Wnt-1-stimulated HEK
293 cells transfected with or without HA-PR72 (lanes 1,2) and
repeated after overnight treatment with 10 mM of LiCl (lanes
3,4). Blots were probed with anti-HA (upper panel) or anti-B-
catenin (lower panel). (D) Efficiency of the knock-down con-
structs was determined by cotransfection of 5 pg of the shRNA
vectors with a mix of 2 pg of CMV HA-PR72, CMV HA-PR55y,
and CMV-GFP in a ratio of 1:1:1, one of which was the target for
suppression. Forty-eight to seventy-two hours post-transfec-
tion, lysates were subjected to Western blot analysis with either
anti-HA or anti-Flag and then reprobed with anti-GFP antibod-
ies (l.c.) to determine protein levels. (E) One-hundred nanograms
of TCF containing Top-Glow or Fop-Glow (containing mutated
TCEF sites) luciferase reporter, 50 ng of CMV Renilla luciferase,
and 5 ng of CMV-Wnt-1 was cotransfected in HEK 293 cells
with 2 ng of either an empty pSUPER (pS) or one containing a
PR72 targeting shRNA (pS-PR72) or a PR55 targeting shRNA, as
indicated.

induced degradation of B-catenin. It is therefore likely
that PR72, like Nkd, uses the canonical Wnt-signaling
cascade to regulate cytoplasmic levels of B-catenin.
Since increasing the levels of PR72 inhibited Wnt sig-
naling, we next asked if reducing the levels of endog-
enous PR72 could stimulate Wnt signaling. For this pur-
pose, we generated short hairpin RNA (shRNA) expres-
sion vectors (Brummelkamp et al. 2002b) specifically
targeting PR72 or PR55y and tested their ability to in-
hibit the expression of their cognate targets. We found
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that both constructs were able to effectively reduce pro- agreement with previous results obtained in mouse and
tein levels of their corresponding targets when cotrans- fly systems (Zeng et al. 2000; Wharton et al. 2001; Yan et
fected into HEK 293 cells (Fig. 2D). When tested for ac- al. 2001a), indicating that Nkd contributes to suppres-
tivity on a Top-Glow reporter, we found that knock- sion of the Wnt signal.

down of endogenous PR72, as opposed to ectopic PR72 When we repeated this experiment in the presence of
expression, stimulated the Wnt signaling pathway in shRNA vectors targeting PR72 and hNkd for suppres-
HEK 293 cells (Fig. 2E), while no such effect was found sion, no super-activation of the Top-Glow reporter was
for PR55vy knock-down. These results demonstrate that observed (Fig. 3B). This suggests that PR72 and hNkd act
PR72, like Naked cuticle, is a negative regulator of the in a linear pathway to suppress Wnt signaling.

classical Wnt signaling pathway in cell culture. When hNkd is overexpressed, we observed mild, dose-

dependent inhibition of the Top-Glow reporter (Fig. 3C).
This inhibition is significantly reduced when repeated in
the presence of a hairpin vector targeting PR72 for sup-
pression, suggesting that PR72 is required for Naked-
mediated repression of the canonical Wnt signaling path-
We generated shRNA-expressing constructs specific for way.

hNkd1 and hNkd2 and tested their ability to suppress
expression of their cognate targets when ectopically co-
expressed in tissue culture. We found that both con-
structs were specific and effective in reducing target pro-

Naked cuticle depends on PR72
for its antagonizing function

PR72 and Naked regulate dishevelled stability

tein levels (Fig. 3A). As expected, suppression of endog- Since PR72 recruits PP2A to Naked, we asked whether

enous hNkdl and hNkd2 by shRNA activated Wnt Naked was a target for dephosphorylation by the PP2A

signaling in HEK 293 cells (Fig. 3B). This result is in good catalytic subunit. We could, however, find no evidence
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Figure 3. Naked requires PR72 for its function as a Wnt antagonist. (A) Efficiency of knock-down constructs was determined by
cotransfection of 5 pg of the shRNA vectors with a mix of 2 pg of CMV Flag-hNkd1, CMV Flag-hNkd2, or CMV-GFP in a ratio of 1:1:1.
Lysates were subjected to Western blot analysis with either anti-HA or anti-Flag and then reprobed with anti-GFP antibodies (l.c.) to
determine protein levels. (B) One-hundred nanograms of TCF containing Top-Glow or Fop-Glow (containing mutated TCF sites)
luciferase reporter, 50 ng of CMV Renilla luciferase and 5 ng of CMV-Wnt-1 was cotransfected in HEK 293 cells with or without 1 ng
of pRS-hNkd1 and 1 ng of pRS-hNkd2 either in the presence or absence of pS-PR72. (C) In a similar experiment, 0, 0.2, or 0.5 ug of
CMV-hNkdl was cotransfected with the Top-Glow reporter in the presence of 2 pg of pS or pS-PR72. (D) Immunoprecipitation for
Flag-tagged Naked was done on cell lysates of HEK 293 cells transfected with HA-PR65, HA-PP2Ac, and mDsh1 in the absence or
presence of HA-PR72 (every second lane) or Flag-hNkd1 (last four lanes). (E) Cell lysates of HEK 293 cells containing HA-PR72 and
mDsh1 with (last two lanes) or without proteasome inhibitors were subjected to Western blot analysis and probed with antibodies
targeting dishevelled. PR72 levels were detected using an anti-HA reprobe. (F) Cell lysates of HEK 293 cells containing HA-PR72 with
(last two lanes) or without pRs-Nkdl were subjected to Western blot analysis and probed with antibodies targeting dishevelled.
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to support a role for PR72/PP2A complexes in regulating
the phosphorylation of hNkdl using both *>P-orthophos-
phate-labeling experiments and mobility shifts in SDS
polyacrylamide gel electrophoresis (data not shown). Al-
ternatively, PR72/PP2A could act on different proteins
required for Naked-mediated suppression of Wnt signal-
ing. The only other identified binding partner of Naked
cuticle is dishevelled. We therefore asked if the interac-
tion between Naked and dishevelled was affected by
PR72. We performed coimmunoprecipitation experi-
ments in HEK 293 cells expressing Flag-Nkdl and di-
shevelled in the presence or absence of ectopic PR72.
Surprisingly we found that the Naked-dishevelled inter-
action was lost upon cotransfection of PR72 (Fig. 3D).
Since the direct interaction between Naked and dishev-
elled is likely to be required for Naked inhibitory func-
tion, disruption of this complex should then result in an
increase in Wnt signaling rather than the negative effect
observed for PR72 in our experiments. We therefore
wondered if dishevelled-Naked interaction was truly af-
fected or whether the level of dishevelled protein was
reduced in the cell. We found that total dishevelled pro-
tein levels, both ectopic (Fig. 3E) and endogenous (Fig.
3F), were reduced upon introduction of PR72. Addition
of proteasome inhibitors prevented the PR72-induced
loss of dishevelled. This was seen both for the total
amount of cellular dishevelled (Fig. 3E) and for dishev-
elled protein in complex with Naked (Fig. 3D). These
results suggest that PR72 bound to Naked functions as a
regulator of dishevelled protein levels. Analysis of di-
shevelled phosphorylation status did not reveal a corre-
lation between PR72 expression and dephosphorylation
of dishevelled, suggesting that its deregulation by PR72
is likely to be indirect (data not shown).

Loss of Naked by introduction of an shRNA targeting
hNkd1 for suppression increased basal dishevelled levels
and reduced the negative effects of PR72 on dishevelled
stability (Fig. 3F). This result again places PR72 up-
stream of Naked cuticle and provides evidence that Na-
ked, like PR72, is a negative regulator of dishevelled pro-
tein levels.

XPR72 is required for gastrulation movements and
somite differentiation and development of the eye
during Xenopus embryonic development

To test the biological relevance of our findings, we in-
vestigated the role of PR72 during early embryonic de-
velopment of Xenopus tropicalis, a well-established
model for studying Wnt signaling during development.
We identified the EST homologous to the 5’ amino acid
sequence coding for human PR72 from the JGI X. tropi-
calis database (http://www.jgi.doe.gov) and generated
oligonucleotides to evaluate expression of XPR72 by RT-
PCR at different stages of embryonic development. Fig-
ure 4A (upper panel) shows that PR72 is maternally ex-
pressed and is present during all stages of early embry-
onic development. Later during development at the
tadpole stage we find that PR72 is mainly expressed in
somites as judged by whole-mount in situ hybridization
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(Fig. 4A, lower panel), which is in concert with results
from human tissue blots showing high PR72 RNA in
heart and skeletal muscle (Hendrix et al. 1993). Notably,
Xnkd is also expressed in the somites (data not shown),
which could support a possible connection between
PR72 and Nkd function in this tissue.

We generated morpholino oligonucleotides (MO) that
specifically inhibit translation of RNA from the X. tropi-
calis ortholog of PR72. To restore PR72 RNA in the
knock-down embryos, we used human PR72 RNA,
which is insensitive to the XPR72 MO due to five mis-
matches compared to the corresponding Xenopus se-
quence. We find that depletion of XPR72 with two dis-
tinct sets of PR72 MOs causes severe developmental de-
fects, while similar amounts of control MO show no
developmental defects. PR72-depleted embryos do not
move or swim, which is indicative of differentiation de-
fects of the somites forming the muscle cells. These em-
bryos show a short axis phenotype (Fig. 4B) with a struc-
ture reminiscent of an open blastopore caudally (Fig. 4B,
arrowheads), which is most likely due to incomplete clo-
sure of the blastopore during late gastrulation and indi-
cates an effect on morphogenetic cell movements re-
quired for elongation of the body axis. A low frequency of
neural tube closure defects (Fig. 4B, arrows) also indi-
cates defects in morphogenetic cell movements during
gastrulation. This might link PR72 to dishevelled func-
tion in development since defects in morphogenetic cell
movements during gastrulation were also described for
embryos overexpressing dishevelled (Wallingford et al.
2000). Less expected was the lack of differentiated eyes
(Fig. 4C, white arrows). However, ectopic expression of
Wnt in the developing anterior neural tissue was previ-
ously shown to result in loss of eye formation as shown
in the zebrafish Axinl mutation masterblind (van de
Water et al. 2001).

The formation of the somites can be monitored by
analyzing the expression of the muscle-specific gene
XmyoD. Whole-mount in situ hybridization for XmyoD
on embryos injected with PR72 MO suggests that the
somites were smaller than in control embryos (Fig. 5A).
When we injected only one side (either left or right) of
the embryos at the four-cell stage, embryos were
strongly bent to one side (Fig. 4C). We used the loss of
eye formation to identify the side of injection. This dem-
onstrates that the injected side of the embryo (without
the eye) was much shorter than the control side, which
could indicate a developmental defect of the somites. We
could rescue this phenotype for 80% when we coinjected
hPR72 RNA (Fig. 4D), demonstrating that the develop-
mental defects were, indeed, caused by PR72 depletion.

To find evidence for a cooperative function of PR72
with Nkd, we performed double knock-down for PR72
and Nkd with low MO doses, which gave no obvious
phenotype when injected alone (data not shown). When
we injected the same low amount of PR72 and Nkd MO
together, we found embryos with similar phenotypes as
we found with higher doses PR72 MO alone (Fig. 5A).
This additive effect strongly suggests cooperation be-
tween PR72 and Nkd during Xenopus development.
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Figure 4. PR72 is required for cell morphogenetic movements during gastrulation. (A) RT-PCR analysis of X. tropicalis total RNA
from different developmental stages. XPR72 and Xnkd are expressed maternally (stage 7) and throughout early development (stages 10,
18, 22, and 30). (-RT) RT-PCR without reverse transcriptase. ODC1 expression was used as a loading control. (Bottom panel)
Whole-mount in situ hybridization for XPR72 in embryos showing predominant staining of somites. (B) Two sets of three nonover-
lapping PR72 MOs (1, 4, 5 or 1, 2, 3) both show similar phenotypes (bottom two panels) when injected dorsally at the four-cell stage
at equal amounts (10 ng total) compared to control MO-injected (top panel). Phenotypes include defective cell morphogenetic move-
ments during gastrulation, defect in eye development, incomplete neural tube closure (arrows), and incomplete closure of the blas-
topore during late gastrulation (arrowheads). (C) Injection of PR72 MO in either the left half (middle panel) or right half (right panel)
results in a bent axis (black arrow) and underdevelopment of the eye (white arrow) compared to control MO-injected embryos (left
panel). (D) Coinjection of 20 pg of human PR72 RNA rescues the developmental defect (graph).

PR72 is required for Naked cuticle to antagonize
an ectopic Wnt signal in Xenopus

To test in a vertebrate model system if PR72 is, indeed,
required for the antagonistic function of Nkd in the ca-
nonical Wnt signaling pathway, we used the Wnt-in-
duced second axis assay in Xenopus. Using this assay the
antagonistic function of Nkd on the canonical Wnt sig-
naling pathway was demonstrated previously by show-
ing that coexpression of Naked rescues the formation of
a Wnt-induced secondary body axis (Zeng et al. 2000).
We used this assay to investigate the role of PR72 in
Nkd-mediated inhibition of Wnt by coinjecting the
PR72 MO.

We injected Wnt-1 mRNA in X. tropicalis embryos at
the ventral side to induce a second body axis (Fig. 5C).
This could be rescued by coinjection of hNkd1 RNA (Fig.
5C). However, when we depleted PR72 in the rescue ex-
periment, the ability of hNkd1l to inhibit Wnt-induced
ectopic body axis formation was strongly reduced (Fig.
5D). This indicates that the antagonizing function of
Nkd on the canonical Wnt signaling pathway requires
the presence of endogenous XPR72. As a control we re-
placed PR72 MO with random sequence MO (Genetools,
LLC), which did not change the antagonizing effect of

hNkd RNA on the ectopic Wnt signal (data not shown).
To demonstrate the specificity of the effect of XPR72
depletion on Nkd function as described above, we re-
stored the level of PR72 by coinjection of human PR72
mRNA, which is insensitive to the PR72 MO. This res-
cued the antagonizing function of hNkdl on the Wnt
signaling pathway (Fig. 5D). These results are consistent
with those obtained in cell culture in vitro, and provide
evidence that PR72 is required for Naked cuticle to an-
tagonize the canonical Wnt signaling pathway in verte-
brates in vivo.

Discussion

We report here that hPR72, a PP2A B regulatory subunit
of previously unknown function, interacts with Naked
cuticle, an inhibitor of the canonical Wnt signaling cas-
cade. Naked cuticle was previously identified as an im-
portant protein to restrict Wnt signaling in cell culture
and during embryonic development (Zeng et al. 2000;
Rousset et al. 2001; Yan et al. 2001a). It was subse-
quently found that Naked cuticle interacts with dishev-
elled, one of the major orchestrators of the various Wnt-
driven cascades (Wharton 2003), thereby placing the gene
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Figure 5. PR72-depleted embryos show de-
fective somitogenesis and resistance to the ef-
fect of hNkdl in a second axis assay. (A)
Whole-mount in situ hybridization for somite
marker MyoD in embryos injected with con-
trol MO (left panel) or equal amounts of PR72
MO (right panel). (B) Whole-mount in situ hy-
bridization for somite marker MyoD in em-
bryos injected with control MO (upper panel)
or low amounts of PR72 MO combined with
Xnkd MO (lower panel). (C) Wnt-1-induced
second axis assay in Xenopus. (Upper panel)
Wild-type embryos showing normal embry-
onic development. (Middle panels) Wnt-1
RNA injection at the ventral side results in
embryos with a partial secondary body axis
(asterisk). (Bottom panel) The induction of a
second axis can be blocked by coinjection of
hNkd RNA. (D) When XPR72 MO was coin-
jected, hNkd1 lost its ability to antagonize
the Wnt signaling pathway. Restoring PR72
levels with hPR72 RNA restored the antago-
nizing function of hNkdl.

physically in the Wnt signaling cascade, but leaving its
molecular regulation illusive. We find that PR72 binds to
and is required for the antagonistic effects of Nkd on
Wnt signaling, demonstrating that PR72 is a new modu-
lator of Wnt signaling. PR72, like Nkd, antagonizes the
canonical Wnt signal in cell culture. Conversely, loss of
PR72, like loss of Nkd, results in activation of the ca-
nonical Wnt signaling cascade. Additionally, we found
that both PR72 and Naked cuticle are negative regulators
of dishevelled protein levels, providing a possible mecha-
nism for their inhibitory actions on the Wnt signaling
cascade.

The data obtained in cell culture were confirmed in
vivo using the Xenopus second axis assay as a vertebrate
model system. We found that XPR72 depletion abolished
the inhibitory function of Nkd on Wnt signaling in
Xenopus embryos, demonstrating that Nkd requires
PR72 to modify the canonical Wnt signaling pathway.
We subsequently studied the effects of PR72 depletion in
untreated Xenopus embryos and found that PR72 is re-
quired for morphogenetic cell movements during gastru-
lation and proper development of the somites and eyes.
Gastrulation defects were previously described for Xeno-
pus embryos overexpressing wild-type or a dominant
negative form of dishevelled (Wallingford et al. 2000;
Yan et al. 2001a), suggesting tight regulation of dishev-
elled levels is a prerequisite for correct gastrulation
movements. Since we find deregulation of dishevelled
protein levels in cell culture by PR72, it’s possible this
effect contributes to the defects observed during devel-
opment in PR72-depleted Xenopus embryos. Although
PR72 RNA is maternally expressed, we did not find evi-
dence that PR72 is required for the cytoplasmic canoni-
cal Wnt signal early in development to establish the dor-
sal-ventral (D/V) body axis. This might not be surprising
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since maternal Dsh protein is enriched at the dorsal side
in an early Xenopus embryo by cortical rotation just after
fertilization (Miller et al. 1999b; for review, see Weaver
and Kimelman 2004). In agreement with this, Dsh over-
expression at the dorsal side was reported not to affect
D/V axis specification but convergence and extension
(Wallingford et al. 2000). The relatively mild gastrulation
defects in PR72-depleted embryos compared to the Dsh
overexpression phenotype (Wallingford et al. 2000)
might also be due to a more modest increase in Dsh
levels by PR72 depletion as compared to the levels ob-
tained by ectopic injection of Dsh RNA.

Formation of the somites to divide the vertebrate body
axis in segments is established by a process in which
blocks bud off from the unsegmented presomitic meso-
derm in an anterior to posterior fashion (for review, see
Aulehla and Herrmann 2004). The Wnt signaling path-
way, among other signaling pathways, plays a role in
establishing the dorsal to ventral polarity of the somites
(Takada et al. 1994; Fan et al. 1997; Lee et al. 2001) and
in regulating the segmentation clock (Aulehla et al.
2003). The self-inhibitory feedback mechanism between
Axin2 and the Wnt signal controls the oscillation of
Axin2 levels and consequently the rhythmic switching
between an active and inactive Wnt signal during elon-
gation of the body axis (Aulehla et al. 2003). This mecha-
nism was shown to contribute to the segmented forma-
tion of distinct blocks of somites. Naked and Axin2 are
both Wnt-inducible antagonists and are both present in
somites (data not shown). This coregulation is also ob-
served in tumors with an activated Wnt signal (Yan et al.
2001b). It is therefore tempting to speculate that both
Naked and Axin2 contribute to this segmentation effect
during somite development. This could, in turn, account
for the somitogenesis defects observed in our PR72/Na-
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ked-depleted embryos. Alternatively, the defects in
somitogenesis may be a consequence of the defects ob-
served in cell morphogenetic movements during gastru-
lation.

The lack of eye development in the PR72 MO-injected
embryos resembles the masterblind mutation in ze-
brafish embryos in which Wnt is ectopically activated
due to loss of Axinl function (van de Water et al. 2001).
Similarly to the defects in somitogenesis, one could
speculate that repression of the Wnt signal in this con-
text is due to the action of both Naked and Axin, but a
definite link between the two remains to be determined.
In summary, loss of PR72 in Xenopus embryos results in
several developmental defects that are phenotypically
similar to those that result from alterations in Wnt sig-
naling. The phenotype caused by depletion of PR72 is
different from depletion of another PP2A regulatory sub-
unit, B56s. While B56¢ is required for specification of the
dorsal side during embryogenesis, PR72 is required for
correct cell morphogenetic movements during gastrula-
tion and somite development. This underscores the
specificity of regulatory subunits of PP2A to correctly
modulate different outcomes using the same core unit in
different developmental processes.

Our data suggest a role for both PR72 and Naked in
negative regulation of dishevelled stability. This would
be in agreement with reported similarities between the
phenotypes caused by ectopic Naked expression and di-
shevelled loss-of-function mutants in embryogenesis
(Rousset et al. 2001). We find that loss of Naked cooper-
ates with loss of PR72 in disturbing cell morphogenetic
movements during gastrulation, which could represent a
polarity defect. Since both PR72 and Naked cuticle are
negative regulators of dishevelled protein levels, it is dif-
ficult to see how either would function as an activator of
the PCP pathway as was proposed by Yan et al. (2001a).
Indeed, the role of Naked cuticle in PCP is still under
debate, since loss of Nkd does not affect cell polarity in
the Drosophila wing (Zeng et al. 2000) and Naked mis-
expression is indistinguishable from dishevelled loss-of-
function mutants (Rousset et al. 2001).

It has previously been described that both introducing
exogenous dishevelled and interfering with endogenous
dishevelled by introduction of a dominant negative mu-
tant can cause defects in cell morphogenetic movements
during gastrulation (Wallingford et al. 2000). This result
not only underscores the importance of tight regulation
of dishevelled levels during development but also makes
it difficult to conclude whether the observed defects in
gastrulation observed by Yan et al. (2001a) caused by
Naked misexpression are the result of an overactive PCP
pathway or a defect in this pathway. We propose that
PR72 and Naked cuticle are negative regulators of both
the canonical and the PCP pathways.

Since PP2A regulatory subunits are generally involved
in providing substrate specificity to the holoenzyme
(Schonthal 1998; Millward et al. 1999), the most straight-
forward interpretation of our data is that Naked cuticle
is the substrate for the PP2A phosphatase. Support for a
role as a PP2A-targeting subunit comes from the finding

PR72 regulates Wnt signaling

that the PP2A holoenzyme can form a complex with
Naked cuticle in a PR72-dependent manner. However,
we did not find an effect of PR72 overexpression or its
knock-down on the general phosphorylation status of
Nkd as judged by [32P]-orthophosphate labeling in HEK
293 cells or alterations in its mobility in SDS-PAGE
(data not shown). We cannot exclude that only one of
multiple phosphorylation sites on hNkd is regulated by
PR72, which would be masked in an assay addressing
overall phosphorylation status of hNkd. It is, however,
very well possible that other, yet unidentified, proteins
interact with Nkd that are targets of the PR72/PP2A ho-
loenzyme. If this is the case, Naked cuticle would act as
a docking platform that, like dishevelled, brings together
multiple proteins involved in the regulation of the dif-
ferent signals through the Wnt cascade (Wharton 2003 ).
It is possible that dishevelled is a direct target for PR72/
PP2A complexes. This could be suggested by the finding
that PR72 reduces the levels of phosphorylated Dsh (Fig.
3F). However, we cannot exclude that phosphorylated
Dsh is more rapidly degraded, explaining its lower abun-
dance. Furthermore, we found no direct evidence sup-
porting dishevelled dephosphorylation (data not shown)
prior to its destruction, suggesting regulation of dishev-
elled by PR72 is likely to be indirect.

Notably, PR72 and Nkd share EFX calcium-binding
domains generally believed to be involved in protein
folding. It is tempting to speculate on a role for the Wnt/
Ca>* pathway in the regulation of these two proteins and
their interaction. This would further integrate the Wnt/
Ca?* and PCP pathways and also connect to the classical
Wnt signaling cascade. It was previously described for
PR72 that the two EFX domains, indeed, play a role in
protein folding upon binding of Ca®* (Janssens et al.
2003).

The regulation of Naked cuticle function by PR72 re-
ported here adds a new level of complexity into this il-
lusive antagonist of the canonical Wnt signaling cascade.
Correct regulation of this inhibitory response is equally
important as positive regulation of the Wnt signal itself,
both fine-tuned to orchestrate the extent of the Wnt sig-
nal during embryonic development. Conversely, alter-
ations in PR72-dependent signaling might contribute to
deregulated Wnt signaling during tumor progression. In-
deed, earlier work indicates that PR72 is a negative regu-
lator of cell cycle progression (Janssens et al. 2003). How-
ever, it is not clear if this negative effect on cell cycle
results from inhibition of Wnt signaling. Consistent
with a role for PR72 in oncogenesis is also the finding
that binding of PR72 to the PP2A core complex is de-
regulated in colorectal cancer (Wang et al. 1998; Ruedi-
ger et al. 2001). Notably some 80% of human colon can-
cers arise from deregulated canonical Wnt signaling (Po-
lakis 2000; Giles et al. 2003). Although no causal relation
between deregulation of PR72 and tumor formation has
been made, its role in regulating cell cycle and its de-
regulation in colon tumors provide tempting specula-
tion. Future experiments will have to establish the mo-
lecular relation between Naked cuticle, PR72, and regu-
lation of dishevelled and will perhaps bring more insight

GENES & DEVELOPMENT 383


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on May 9, 2018 - Published by Cold Spring Harbor Laboratory Press

Creyghton et al.

into the mechanism of Wnt signal restriction during em-
bryonic development and oncogenesis.

Materials and methods

Yeast two-hybrid screen

Yeast strain Y190 (Harper et al. 1993) containing “bait” plasmid
pPC97-PR72 encoding the GAL4 DNA-binding domain (DBD)
fused to full-length hPR72 was transformed with a day 14.5
CD1 mouse embryo library (Chevray and Nathans 1992) by the
lithium acetate method (Schiestl and Gietz 1989). Transfor-
mants were selected for growth on plates lacking histidine and
supplemented with 25 mM 3-aminotriazole. His* colonies were
subsequently analyzed for B-galactosidase activity as previously
described (Durfee et al. 1993). cDNA plasmids derived from
double-positive yeast colonies were tested for bait specificity by
retransformation with pPC97 lacking an insert.

Cell lines, transfections, and luciferase assays

293 HEK cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum, L-glutamine,
and penicillin/streptomycin (GIBCO). Transient transfections
in these cells were performed by the calcium phosphate precipi-
tation method (van der Eb and Graham 1980). Luciferase assays
were performed using the Dual luciferase system (Promega).
One-hundred nanograms of Top-Glow or Fop-Glow luciferase
vector was transfected in the presence of 5 ng of CMV-Wnt1 and
20 ng of CMV-Renilla. For loss-of-function assays, 2 ug of either
pSUPER or pRETRO-SUPER (Brummelkamp et al. 2002a) was
cotransfected, and luciferase counts were measured 60 h post-
transfection using a TD-20/20 Luminocounter (Promega). For
gain-of-function assays, 500 ng of CMV construct was cotrans-
fected, and luciferase counts were measured 24 h post-transfec-
tion.

Plasmids and reagents

Anti-Flag (m2) was purchased from Sigma; anti-HA (Y11), anti-
GFP (FL), anti-B-catenin (H-102), and anti-Dsh1 (3F12) antibod-
ies were purchased from Santa Cruz. PPC97-PR72 was gener-
ated by cloning PR72 as a Sall digest from pCMV-PR72 (Voor-
hoeve et al. 1999) into the Sall site of pPC97 in frame with the
Gal4-DBD. Human Nkd1 and Nkd2 were PCR-amplified from a
human placental ¢cDNA library (Clonetech) and cloned as
BamHI/EcoRV fragments in frame into a Flag-tag containing
(pPVLAG) pcDNA3.1-hygro vector (Invitrogen). CMV-HA-PP2Ac
and CMV-HA-PR65 were described before (Voorhoeve et al.
1999).

Top-Glow and Fop-Glow reporter constructs were a gift from
Hans Clevers (Hubrecht Laboratory, Utrecht, The Netherlands),
pRK5-SK—B-catenin and pRK5-SK-B-catenin AGSK were ob-
tained from Roel Nusse (Department of Developmental Biology,
Beckman Center, Howard Hughes Medical Institute, Stanford
University, Stanford, CA). PR55y was PCR-amplified from a
whole-brain ¢cDNA library (Clonetech) and BamHI/Xbal-cloned
into pMV in frame with the HA-tag and subsequently Xhol/
Notl-cloned into pcDNA3.1-neo. Nineteen-mer hairpin oligo-
nucleotides for PR55y (CATGGAGGCAAGACCCATAG),
hPR72 (GGGACCCGGATTTAAGGGG), hNKD1 (CATCGAG
AGGAGAAACCAC), and hNkd2 (CCAC TCCTCGGGCAG
CAGC) were cloned into pSUPER or pRETRO-SUPER as de-
scribed before (Brummelkamp et al. 2002b). Morpholino anti-
sense oligonucleotides targeting XPR72 (MO-1, TCAGCGAA
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GTCTCCTTTATCATCAT; MO-2, CAG AAATGGAAGAAT
GTAGCAGCCA; MO-3, AGAGTCAAGTGTATGAGATGGT
ACC; MO-4, CTGGGCAACCTCTGGATTCAGAAAT; MO-5,
AAGAATGTAGCAGCCAAAGGAGAGT) and Xnkd (AAA
GATTCCCAAAGGCAGAACATCA) were bought from Gene
Tools. For the T7T6-hNKD1 expression construct, ANkd1 was
cut as a Bam/EcoRV fragment from pVLAG-hNkd]1, blunted
with Klenow enzyme and cloned into the EcoRV site of T7T6
vector in between the 5'- and 3'-B-globin UTR.

Immunoblotting and coimmunoprecipitation experiments

Cells were lysed in 0.5 mL of NETN lysis buffer (100 mM NaCl,
1 mM EDTA, 20 mM Tris at pH 8.0, 0.5% NP-40) containing
complete protease inhibitor cocktail (Roche), 10 mM NaF, and
10 mM B-glycerolphosphate, and complexes were immunopre-
cipitated with 2 pg of the indicated antibody, pre-conjugated
protein G Sepharose beads. Bound proteins were eluted by boil-
ing in SDS-sample buffer and resolved by SDS-PAGE.

Western blots were performed using whole cell extracts, sepa-
rated on 6%-10% SDS-PAGE gels, and transferred to polyvinyli-
dine difluoride membranes (Millipore).

RNA isolation from Xenopus embryos and RT-PCR

Total RNA from X. tropicalis embryos at different developmen-
tal stages was isolated using Tripure reagent (Roche), according
to the manufacturer’s protocol (400 pL of Tripure was used per
10 embryos). cDNA was obtained by reverse transcriptase using
Superscript II (Invitrogen). The primers used for PCR were
XPR72 fwd, 5-GATAAAGGAGACTTCGCTGAGG; XPR72
rev, 5-TTAGCCCCTCCTCCAACTCTG; Xnkd fwd, 5'-GAT
TGTACCGTGTCTCTGATG,; Xnkd rev, 5'-CAATGTGAAG
GTCCATTCTTGC; ODC1 fwd, 5-CTGTGGTGTTGAGAA
GATG. Amplified PCR fragments were analyzed by sequencing.

Whole-mount in situ hybridizations

Whole-mount ISH was performed as described in Molenaar et al.
(1998) with modifications for X. tropicalis: hybridization at
65°C without RNase treatment. DNA plasmids were linearized
and used as template for DIG-labeled antisense RNA synthesis
(Roche). RNA probes were purified using RNeasy columns
(QIAGEN). XMyoD X. tropicalis-specific probes were con-
structed by RT-PCR using primer sequences designed from the
X. tropicalis EST database (Sanger Center).

mRNA and morpholino oligo injections in Xenopus tropicalis

Plasmid DNA of T7Ts-XWnt-1 (Noordermeer et al. 1989), T7Ts-
hNkd, and T7Ts-hPR72 were linearized and used as template
for synthesis of capped mRNA using Message Machine (Am-
bion). Capped mRNA was purified using RNeasy columns
(QIAGEN). X. tropicalis embryos were obtained by in vivo fer-
tilization and raised in a standard amphibian saline solution
(12% modified Marc’s Ringer, MMR) at 23°C. Embryos were
injected at the four-cell stage in the two ventral blastomeres
with 0.5 pg of Wnt-1 RNA alone, with 0.5 pg of Wnt-1 RNA
together with 9 pg of ANkd RNA and 10 ng of control morpho-
lino (Genetools), with 0.5 pg of Wnt-1 RNA, 9 pg of Nkd RNA,
and 10 ng of PR72 morpholino oligo (Genetools), or with 0.5 pg
of Wnt-1 RNA, 8 pg of Nkd RNA, 10 ng of PR72 morpholino
oligo, and 10 pg of hPR72 RNA. Dorsal injection was done with
10 ng of mixed nonoverlapping XPR72 MOs (1, 4, and 5 0r 1, 2,
and 3) to maximize knock-down efficiency or 10 ng of control
MO. After injection, embryos were kept for 6 h in 12% MMR
with addition of 3% Ficoll (Amersham Biosciences) at 23°C and
subsequently raised in 12% MMR at 23°C. At tailbud stage the
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embryos were fixed in MEMPFA (100 mM MOPS [Sigma] at pH
7.4; 2 mM EGTA [Sigmal; 1 mM MgSO, [Merck]; 4% paraform-
aldehyde [Sigma]) and analyzed for the formation of a secondary
axis. Embryos were staged according to Nieuwkoop and Faber
(1967).
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