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Abstract
Wnt/β-catenin signaling is critically involved in metazoan development, stem cell maintenance
and human disease. Using Xenopus laevis egg extract to screen for compounds that both stabilize
Axin and promote β-catenin turnover, we identified an FDA-approved drug, pyrvinium, as a
potent inhibitor of Wnt signaling (EC50 of ~10 nM). We show pyrvinium binds all casein kinase 1
(CK1) family members in vitro at low nanomolar concentrations and pyrvinium selectively
potentiates casein kinase 1α (CK1α) kinase activity. CK1α knockdown abrogates the effects of
pyrvinium on the Wnt pathway. In addition to its effects on Axin and β-catenin levels, pyrvinium
promotes degradation of Pygopus, a Wnt transcriptional component. Pyrvinium treatment of colon
cancer cells with mutation of the gene for adenomatous polyposis coli (APC) or β-catenin inhibits
both Wnt signaling and proliferation. Our findings reveal allosteric activation of CK1α as an
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effective mechanism to inhibit Wnt signaling and highlight a new strategy for targeted
therapeutics directed against the Wnt pathway.

Control of β-catenin levels is a critical event of Wnt signaling. In the absence of Wnt ligand,
cytoplasmic β-catenin is maintained at low levels by its constitutive degradation. β-catenin
degradation occurs primarily via its association with a complex consisting of glycogen
synthase kinase 3 (GSK3), casein kinase 1α (CK1α), adenomatous polyposis coli (APC)
and Axin. Within this destruction complex, β-catenin is phosphorylated by GSK3 and
targeted for degradation by the ubiquitin-proteasome pathway. Upon binding of Wnt ligand
to Frizzled and low-density lipoprotein-related receptors 5 and 6 (LRP5 and LRP6), β-
catenin destruction is inhibited and the scaffold protein Axin is degraded1–4. Thus, Wnt
signaling increases cytoplasmic levels of β-catenin, which enters the nucleus and interacts
with other factors to activate a TCF/LEF1–mediated transcriptional program5.

Demonstration that loss of APC (the cause of familial adenomatous polyposis, a hereditary
cancer syndrome) results in β-catenin accumulation was the first indication that constitutive
activation of the Wnt pathway could lead to epithelial cell transformation6. Over 80% of
sporadic colon cancers are associated with mutation of APC and 10% with mutation of β-
catenin, both of which lead to Wnt pathway activation7.

Xenopus laevis egg extracts have been shown to faithfully recapitulate many events of the
Wnt pathway with in vivo reaction kinetics8. In the current report, we describe a new, high-
throughput screen for chemical modulators of Wnt signaling using Xenopus egg extract. We
identified pyrvinium pamoate (1), an FDA-approved drug, as a potent inhibitor of the Wnt
pathway (Fig. 1a and Supplementary Fig. 1). We provide evidence that pyrvinium may
represent a new class of compounds that inhibit the Wnt pathway by allosteric activation of
CK1α.

RESULTS
Xenopus extract screen for regulators of the Wnt pathway

Recently, we reconstituted Wnt signaling in Xenopus laevis egg extract using a soluble form
of LRP6 (LRP6ICD)4. We adapted this system for high-throughput approaches and
performed a small-molecule screen for modulators of Wnt signaling (Supplementary Fig.
2a and Supplementary Table 1). We assessed the status of Wnt activation by monitoring
levels of β-catenin–firefly luciferase (FLuc) and Axin–Renilla reniformis luciferase (RLuc)
fusion proteins. We reasoned that the reciprocal stability of β-catenin and Axin in response
to LRP6-mediated signaling (increased and decreased, respectively) would be a powerful
readout to identify specific modulators of the Wnt pathway. Compounds that interfere with
energy metabolism should reduce both firefly and Renilla signals. Conversely, general
inhibitors of protein degradation (for example, proteasome inhibitors) should enhance both
luciferase signals.

Xenopus egg extract used in our screen is transcriptionally and translationally inactive.
Thus, the observed effects on the Wnt/β-catenin pathway are due to post-translational
events. We titrated LRP6ICD to half-maximal activity in the extract (Supplementary Fig.
2b). We used FDA-approved drug libraries from the National Institute of Neurological
Disorders and Stroke custom collection and the Prestwick Chemical Library at the Harvard
Medical School Institute for Chemistry and Cell Biology in our screen. From our primary
screen, we identified ~20 candidate Wnt pathway activators and inhibitors that altered the β-
catenin-FLuc/Axin-RLuc ratio at least three deviations from the mean (Supplementary Fig.
2c; see screen details in Supplementary Table 1).
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Pyrvinium pamoate, an antihelminthic drug, inhibited LRP6-mediated Axin–RLuc
degradation and β-catenin–FLuc stabilization with the greatest potency in our screen.
Pyrvinium is a quinoline-derived cyanine dye previously used in the treatment of pinworm
infection (Enterobius vermicularis) that is also efficacious toward animal-like protists such
as Plasmodium falciparum and Cryptosporidium parvum (Fig. 1a)9,10. Despite its medicinal
use for over 50 years, pyrvinium's mode of action remains unknown. We performed kinetic
experiments and found that pyrvinium reversed the effects of LRP6ICD on the turnover
rates of β-catenin (increased by pyrvinium) and Axin (decreased by pyrvinium)
(Supplementary Fig. 3a–c). Uncropped images for all gels can be found in Supplementary
Results.

We also found that pyrvinium modestly promoted the basal rate of β-catenin degradation in
the absence of LRP6ICD (Supplementary Fig. 3d). We previously demonstrated using
Xenopus egg extract that LRP6ICD inhibits the phosphorylation of β-catenin by GSK3,
which promotes its ubiquitin-mediated degradation4. Consistent with these data, we found
that pyrvinium reversed the effects of LRP6ICD on β-catenin phosphorylation
(Supplementary Fig. 3e).

To assess whether pyrvinium regulates β-catenin and Axin levels in other systems, we tested
its effects on cultured mammalian cells. Stimulation of human embryonic kidney (HEK) 293
cells with Wnt3a resulted in elevation of cytoplasmic and nuclear β-catenin levels and
reduction of Axin levels. Pyrvinium reversed the effects of Wnt3a in a concentration-
dependent manner such that both cytoplasmic and nuclear pools of β-catenin were decreased
and Axin levels were increased to levels similar to that observed in the absence of Wnt3a
(Fig. 1b,c). Furthermore, pyrvinium caused an increase in Axin levels in cells not treated
with Wnt3a (Fig. 1c).

A cellular pool of β-catenin that binds E-cadherin at cell-cell junctions is essential for
maintaining epithelial cell polarity and tissue architecture. We assessed whether pyrvinium
affects this membrane-bound pool of β-catenin in a nontransformed rat small intestine
epithelial cell line, IEC-6. Addition of Wnt3a to IEC-6 cells resulted in accumulation of
nuclear β-catenin in approximately 50% of the cells observed (500 cells scored per
condition). Treatment of IEC-6 cells with pyrvinium prevented nuclear accumulation of β-
catenin (in all cells) with no obvious effect on membrane-bound pools of β-catenin (Fig.
1d).

Wnt signaling leads to changes in transcription of a large set of genes that drive
proliferation, growth and cell fate determination11. To evaluate whether pyrvinium inhibits
Wnt-mediated transcription, we used a luciferase-based reporter containing TCF/LEF1
binding sites (TOPflash) stably transfected in HEK 293 cells (HEK 293 STF)12. Pyrvinium
inhibited Wnt3a-mediated luciferase activity in a dose-dependent manner with an effector
concentration for half-maximal response (EC50) of ~10 nM (Fig. 1e). Pyrvinium had no
effect on expression of luciferase driven by a constitutive CMV promoter (CMV-Luc) or
FOPflash, a scrambled TCF/LEF1 promoter element (Fig. 1e and data not shown).
Consistent with the effect of pyrvinium on the TOPflash reporter, activation of endogenous
target genes AXIN2, Myc and BCL9 by Wnt3a was inhibited by pyrvinium in a dose-
dependent manner to nearly basal (meaning, minus Wnt3a) levels (Fig. 1f)13–16. In contrast,
pyrvinium had no discernible effect on the biochemical and/or transcriptional responses of
four other major signaling pathways (TGFα, BMP4, IL-4 and Notch), thereby
demonstrating specificity of pyrvinium for Wnt signaling (Supplementary Fig. 4a, b).

Chemical specificity was confirmed by experiments showing that the pamoate salt of
another antihelminthic compound (pyrantel pamoate, 2) did not inhibit Wnt signaling,
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whereas the iodide salt of pyrvinium (3) inhibited Wnt signaling with an EC50 essentially
identical to that of pyrvinium pamoate (Supplementary Fig. 4c–e and data not shown). As
an additional control, a structurally related analog of pyrvinium (VU-WS211, 4) had no
effect on TOPflash activity (Supplementary Fig. 4f, g).

The much lower concentration of pyrvinium needed to inhibit Wnt signaling in cultured
mammalian cells compared to its effect on β-catenin and Axin turnover in Xenopus egg
extracts was not unexpected (Supplementary Fig. 3a–c). These extracts contain high
concentrations of proteins and lipids, which can sequester exogenously added compounds;
hence, many well-characterized compounds have been shown to be ~1,000-fold less potent
in Xenopus egg extract compared to cell-based assays17.

Pyrvinium inhibits Wnt signaling across phyla
To determine whether pyrvinium inhibits Wnt signaling in a developing organism, we
investigated its effects on Xenopus laevis. Canonical Wnt/β-catenin signaling leads to
accumulation of β-catenin on the dorsal side of the embryo that patterns dorsal-anterior
structures18. Experimental activation of the Wnt pathway in ventral blastomeres (for
example, via Xwnt8 mRNA injection) induces secondary organizer formation and formation
of an ectopic axis (Fig. 2a and Supplementary Fig. 5a). Co-injection of pyrvinium
inhibited Xwnt8-mediated secondary axis formation in a dose-dependent manner, whereas
co-injection with vehicle control or an inactive analog had no effect (Fig. 2b,c and
Supplementary Fig. 5a). Injection of pyrvinium into dorsal blastomeres at the four-cell
stage resulted in ventralized embryos, indicating inhibition of endogenous Wnt signaling,
whereas an inactive analog had no effect (Supplementary Fig. 5b).

Organizer formation is regulated by canonical Wnt signaling, which directly induces
expression of Xnr3, Siamois and other target genes19. Pyrvinium inhibited ectopic
expression of chordin (which marks the organizer) in early gastrulae co-injected with Xwnt8
(Fig. 2d, e). Similarly, Xwnt8-induced expression of Siamois and Xnr3 in ectodermal
explants was inhibited by co-injection of pyrvinium (Fig. 2f). In contrast, pyrvinium failed
to inhibit induction of the myogenic transcription factor XMif5 or the pan-mesodermal
marker Xbra in ectodermal explants upon injection of Xnr2 mRNA or addition of bFGF
protein (Supplementary Fig. 5c).

We next investigated the effects of pyrvinium using two invertebrate model systems in
which Wnt signaling has been extensively characterized. Pyrvinium inhibited Wingless
(Wg)-mediated gene transcription in Drosophila melanogaster S2 cells with an EC50 (~38
nM) comparable to that of HEK 293 cells (Supplementary Fig. 5d)20. Furthermore,
pyrvinium blocked the increase in Armadillo (β-catenin homolog) levels induced by Wg
ligand (Supplementary Fig. 5e).

During Caenorhabditis elegans development, vulval differentiation and Q neuroblast
migration depend on Wnt signaling21,22. The QL cell expresses the hox gene MAB-5 in
response to a posterior Wnt signal, which is required for its posterior migration. In contrast,
the QR cell, which is less sensitive to Wnt, migrates anteri-orly21. Using a weak allele of
pop-1 (a TCF homolog) as a sensitized background, pyrvinium treatment resulted in a dose-
dependent disruption of posterior QL cell migration (Supplementary Fig. 5f)23. Previous
studies have shown that the cuticle and hypodermis of C. elegans is often impermeable to
pharmacological agents24. Thus, the high doses of pyrvinium we used to observe an effect
may reflect its poor absorption. Alternatively, it may reflect differences in the sequences of
the vertebrate and C. elegans genes encoding the cellular target of pyrvinium. Pyrvinium
treatment also produced vulval and egg-laying defects, phenotypes consistent with decreased
Wnt signaling (Supplementary Fig. 5g–i). The range of phenotypes observed included
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protruding vulva and vulvaless. No vulval or egg-laying (Egl, data not shown) phenotypes
were observed with VU-WS211 treatment. The phenotypic effects of pyrvinium in Xenopus,
Drosophila and C. elegans are consistent with inhibition of Wnt-mediated developmental
processes. Taken together, our studies suggest that pyrvinium acts as a Wnt pathway
inhibitor in vivo and that its target is conserved across metazoan phyla.

CK1α is the target of pyrvinium
We have shown that pyrvinium promotes β-catenin and inhibits Axin turnover (Fig. 1b,c
and Supplementary Fig. 3a–d). The simplest model is that pyrvinium regulates the activity
of a single target that acts on both proteins. We assembled a complex consisting of purified
GSK3, CK1, Axin and β-catenin and tested the effect of pyrvinium on β-catenin
phosphorylation, a prerequisite for its degradation. Addition of pyrvinium at low nanomolar
concentrations to this purified system resulted in a striking increase in β-catenin
phosphorylation, including sites specific for GSK3 and CK1α (Fig. 3a).

We next tested the four proteins included in our in vitro β-catenin phosphorylation assay for
binding to pyrvinium. Using a ligand-binding assay based on the innate fluorescent property
of pyrvinium, we observed pyrvinium binding only for CK1 (Supplementary Fig. 6a, b).
We next tested whether pyrvinium binding affects CK1 activity toward its substrates (β-
catenin, Axin and tau)25–27. Pyrvinium enhanced phosphorylation of all CK1 substrates
tested but had no observable effect on GSK3 activity (Fig. 3b and Supplementary Fig. 6c–
e). Based on our estimated EC50 for Axin phosphorylation by CK1 (<1 nM), pyrvinium is
about tenfold more potent in promoting the activity of purified CK1 compared to its
inhibition of Wnt signaling (EC50 of ~10 nM) in cultured cells (Fig. 1e and Supplementary
Fig. 6e). A difference in potency between the effects of small molecules in assays using
purified components versus cell-based assays is characteristic of small-molecule kinase
inhibitors28.

CK1 represents a branch of the family of serine and theronine protein kinases. To
demonstrate specificity for CK1, we tested the capacity of pyrvinium to bind and activate
representative recombinant, full-length kinases from major branches of the kinase super-
family. We observed pyrvinium binding and activation of CK1α alone (Fig. 3c). Previous
studies implicated all of the mammalian CK1 isoforms (α, γ1–3, δ and ε) in Wnt signal
transduction29. We found that pyrvinium binds all of the CK1 isoforms tested but only
activates CK1α (Fig. 3d). This result was surprising because our in vitro kinase assays used
a truncated form of CKIδ1–317, lacking the C-terminal regulatory domain (Supplementary
Fig. 6f). Compared to other isoforms, CK1α has a minimal C-terminal domain. These
findings suggest that the C-terminal regulatory domain of CK1 kinases may interfere with
their activation by pyrvinium.

If pyrvinium activates CK1α by inducing a conformational change, we hypothesized that
this might be reflected in a change in the proteolytic digestion pattern of CK1α in the
presence of pyrvinium. Incubation of purified recombinant CK1α with pyrvinium yielded a
tryptic pattern distinct from CK1α alone, suggesting that pyrvinium alters the conformation
of CK1α (Supplementary Fig. 6g). In contrast, pyrvinium had no obvious effect on the
tryptic pattern of GSK3.

To provide evidence that pyrvinium activates CK1α in vivo, we immunoprecipitated CK1α
from cells treated with or without pyrvinium and assessed kinase activity. CK1α isolated
from cells treated with pyrvinium had enhanced kinase activity (Supplementary Fig. 7a).
To demonstrate interaction between pyrvinium and CK1α within cells, we treated HEK 293
cells expressing HA-tagged CK1α with pyrvinium, immunoprecipitated HA-CK1α and
performed mass spectrometry. Significant amounts of pyrvinium were
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coimmunoprecipitated with HA-CK1α relative to an HA-tagged GSK3 control
(Supplementary Fig. 7b).

If Wnt pathway inhibition by pyrvinium were mediated by CK1α activation, a structural
analog of pyrvinium that has retained the capacity to inhibit Wnt signaling (VU-WS113, 5)
should also activate CK1α. Indeed, we found this to be the case (Supplementary Fig. 7c,
d,f). In contrast, a pyrvinium derivative that does not inhibit Wnt signaling failed to activate
CK1α (Supplementary Figs. 4f, g and 7e,f).

If pyrvinium inhibits Wnt signaling via CK1α activation, we reasoned that loss of CK1α
should abrogate the effects of pyrvinium on Wnt signaling. Using a cell line with
significantly reduced CK1α levels owing to inducible expression of short hairpin RNA
(shRNA) against CK1α (CK1αsh), we found that, in contrast to the levels in control cells, β-
catenin and Axin levels were unaltered by pyrvinium treatment (Fig. 3e)30. Furthermore,
pyrvinium failed to inhibit TOPflash activity in CK1αsh cells (Fig. 3f). These results
indicate that the effects of pyrvinium on β-catenin and Axin levels and on Wnt signaling are
mediated by its activation of CK1α.

Pyrvinium inhibits Wnt signaling downstream of β-catenin
Axin acts as a molecular scaffold to facilitate formation of the β-catenin destruction
complex. Our biochemical studies suggest that pyrvinium-mediated inhibition of Wnt
signaling could be due to increased levels of the β-catenin destruction complex secondary to
Axin stabilization. This type of mechanism has been proposed as the basis for inhibition of
Wnt signaling by recently reported compounds31,32. To determine whether pyrvinium acts at
the level of the β-catenin destruction complex, we downregulated its components (Axin1
and Axin2 or APC) or treated cells with lithium (GSK3 inhibitor), all of which activate Wnt
signaling. Surprisingly, these perturbations were all inhibited by pyrvinium (Fig. 4a).
Overexpression of CK1α was similarly sufficient to inhibit lithium activation of Wnt
signaling, consistent with inhibition of Wnt signaling downstream of the β-catenin
destruction complex by CK1α that is stimulated by pyrvinium (Fig. 4b).

Because our data indicated that pyrvinium could bypass the β-catenin destruction complex,
we tested the effect of pyrvinium on SW480 cells, which have two mutant copies of the
APC gene. In addition to decreasing β-catenin levels and increasing Axin levels, pyrvinium
also inhibited Wnt signaling (Supplementary Figs. 8a, 9 and 10a). Mutations in the GSK3
phosphorylation sites of β-catenin that inhibit its degradation have been found in colon
cancers33,34. Pyrvinium had no effect on cytoplasmic β-catenin levels in the colon cancer
line HCT-116 WTKO (expresses a nondegradable mutant allele of β-catenin and a knocked-
out wild-type allele), yet it potently inhibited Wnt signaling (Supplementary Figs. 8a and
10a). In contrast, treatment with the Axin stabilizer IWR-1 (6) failed to inhibit Wnt
signaling in HEK 293 STF cells activated by lithium or in HCT-116 WTKO cells
(Supplementary Fig. 8b–f)32.

One possible explanation for inhibition of Wnt signaling by pyrvinium in the context of
elevated β-catenin levels is that pyrvinium could block nuclear accumulation of β-catenin.
This possibility is ruled out, however, by our finding that pyrvinium had no effect on nuclear
entry of β-catenin in lithium-treated cells (Supplementary Fig. 8g, h). Taken together, our
results suggest that, in addition to its effects on Axin and β-catenin stability, pyrvinium acts
downstream and/or at the level of β-catenin.
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Pyrvinium promotes Pygopus degradation
We assessed the effects of pyrvinium on levels of several nuclear factors required for β-
catenin–mediated transcription: BCL9, Pygopus and TCF4 (ref. 11). HEK 293 STF cells
were treated with lithium (to inhibit β-catenin degradation and activate Wnt signaling) and
pyrvinium. In response to pyrvinium, a significant decrease in Pygopus levels was detected
that paralleled the decrease in luciferase expressed from the TOPflash reporter; no change in
abundance or gel migration, however, was detected for TCF4 or BCL9 (Fig. 4c).
Furthermore, pyrvinium treatment caused loss of nuclear GFP-Pygopus signal in HeLa cells
and reduced levels of overexpressed and endogenous Pygopus in colon cancer cell lines
(Supplementary Fig. 10b,c). This correlation between Wnt signaling and Pygopus levels is
supported by our finding that the EC50 values for Wnt inhibition and stimulation of Pygopus
degradation by pyrvinium are nearly identical (Fig. 4d).

We found that Wnt signaling inhibits Pygopus degradation (half-life of ~1.5 h in the absence
of Wnt and >5 h in the presence of Wnt) and that pyrvinium reverses the effect of Wnt in a
post-translational manner (half-life of ~1 h; Fig. 4e). In the absence of Wnt, pyrvinium had
only a modest effect on the rate of Pygopus turnover (half-life of ~1 h). Pyrvinium may
affect Pygopus degradation via a direct mechanism because CK1α coimmunoprecipitates
with Pygopus (Supplementary Fig. 10d). Furthermore, Myc-tagged Pygopus
immunoprecipitated from cultured cells can be phosphorylated in a CK1α-dependent
manner in an in vitro kinase assay; this effect is enhanced by addition of pyrvinium
(Supplementary Fig. 10e). Finally, we show that shRNA against CK1α blocks the effect of
pyrvinium on Pygopus levels, confirming that pyrvinium regulates Pygopus stability via
CK1α (Fig. 4f).

To determine whether Pygopus is the downstream-most target of pyrvinium in the Wnt
pathway, we tested whether pyrvinium could inhibit activation of Wnt signaling by LEFΔN-
VP16. The fusion protein LEFΔN-VP16 has been shown to act independently of β-catenin
to activate TCF/LEF1–responsive genes35. We found that activation of transcription by
LEFΔN-VP16 was sensitive to pyrvinium and CK1α (~50% reduction), indicating that
pyrvinium also acts at the level of TCF/LEF1, albeit weakly (Supplementary Fig. 11).

Pyrvinium decreases viability of colon cancer cells
Given the potent effect of pyrvinium on Wnt signaling in a variety of contexts, we next
tested its effects on Wnt-mediated cellular transformation and proliferation. Wnt3a induced
rounding of HEK 293 cells and formation of colonies in which cells grew on top of each
other as well as loss of ZO-1, a tight junction marker; these effects were reversed by
pyrvinium treatment (Supplementary Fig. 12a, b). Pyrvinium caused substantial reduction
in Ki-67 staining (a cellular marker for proliferation) on HCT-116 cells (Supplementary
Fig. 12c). Pyrvinium had no obvious effect, however, on the cell-cycle phasing of SW480
cells as assessed by DNA content (Supplementary Fig. 12d).

At concentrations of pyrvinium that cause significant inhibition of Wnt signaling, we
observe no obvious signs of cytotoxicity. Rather, rates of cellular growth and proliferation
were substantially reduced (Supplementary Fig. 13). Consistent with lack of cytotoxicity,
we found that pyrvinium poorly induced caspase 3/7 activity in SW620 cells, a highly
metastatic colon cancer cell line with mutant APC that is resistant to apoptosis
(Supplementary Fig. 14). We found, however, that a combination of pyrvinium and 5-
fluorouracil (5-FU), a chemotherapeutic agent, synergized to induce a high degree of
apoptosis in this cell line.
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Because pyrvinium inhibits Wnt signaling in the colon cancer lines SW480 and HCT-116
WTKO, we next tested whether pyrvinium affects the viability of these cells. We observed
decreased cell viability at pyrvinium concentrations that cause Wnt pathway inhibition
(Figs. 1e and 5a). Pyrvinium had relatively less effect on the viability of IEC-6 cells, a
nontransformed epithelial cell line (Fig. 5a). To further assess whether pyrvinium
selectively decreases viability of cells with Wnt pathway mutations, we compared the
sensitivity of the SW480 colon cancer line with truncated APC (SW480Vector) to a line in
which wild-type, full-length APC has been introduced so as to restore normal Wnt signaling
(SW480APC)36. We found that SW480APC cells are ~80-fold less sensitive to pyrvinium
than SW480Vector cells (Fig. 5b).

Recently, compounds that inhibit Wnt signaling via Axin stabilization were shown to inhibit
viability and proliferation of DLD-1 cells, a colon cancer line mutant for APC31,32. These
studies, however, used suboptimal growth conditions (0.5% (v/v) fetal bovine serum (FBS))
for cultured human cells. Under optimal growth conditions (10% (v/v) FBS), we found that
pyrvinium potently decreased viability of several commonly studied colon cancer lines; in
contrast, the Axin stabilizing compound IWR-1 had no effect (Supplementary Fig. 15). In
agreement with previous reports, we detected an effect of IWR-1 on the viability of DLD-1
cells grown under suboptimal growth conditions (1% (v/v) FBS); in contrast to cells treated
with pyrvinium, however, other colon cancer lines thought to be driven by Wnt signaling
were resistant to IWR-1 under these conditions (Fig. 5c).

DISCUSSION
We propose a model in which pyrvinium activates CK1α so as to regulate the stability of β-
catenin and Axin in the cytoplasm and Pygopus and TCF/LEF1 in the nucleus; inhibition of
the Wnt pathway at multiple levels occurs as a result (Supplementary Fig. 1). We showed
by coimmunoprecipitation that Pygopus exists in a complex with CK1α. Furthermore,
Pygopus is predicted to contain multiple CK1 phosphorylation sites, suggesting that its
stability could be directly regulated by CK1α. CK1 has previously been shown to
phosphorylate LEF1 in vitro37. These phosphorylation sites on LEF1 are present in the
LEFΔN-VP16 construct, suggesting that the effect of pyrvinium and CK1α on LEFΔN-
VP16 activity may also be direct.

Pygopus was originally identified in Drosophila as a core transcriptional component of the
Wnt pathway38–40. In mice, the role of Pygopus in Wnt signaling appears to be more
complex in that it is required for a subset of Wnt-mediated developmental processes,
suggesting that Pygopus may play a context-dependent role in Wnt signal transduction.
Previous studies using colon cancer cell lines with mutations in the genes for β-catenin or
APC demonstrated that knockdown of Pygopus is sufficient to inhibit Wnt signaling and
decrease cell viability, suggesting that it plays a role in Wnt-driven cancers39. In the current
study, we demonstrate that Wnt signaling inhibits Pygopus turnover, a previously
uncharacterized mode of regulation.

The CK1 family of serine and threonine kinases is constitutively active, ubiquitously
expressed and evolutionarily conserved in eukaryotes41. In addition to Wnt signaling, CK1
family members have been associated with many other cellular processes. CK1 isoforms (α,
γ, δ and ε) have a highly conserved catalytic core and differ primarily in their N-terminal
and C-terminal domains. CK1 is regulated by its subcellular localization and inhibitory
autophosphorylation of its C-terminal domain.

Of the CK1 family members, CK1α is distinct in that it has a minimal C-terminal tail. This
suggests that pyrvinium activates CK1α via an allosteric mechanism rather than via relief of
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autoinhibition. Further support for such a model comes from our observation that, although
pyrvinium is incapable of stimulating the activity of full-length CK1δ in our in vitro assays,
it promotes activation of a C-terminally truncated form of CK1δ (CK1δ1–317). Finally, we
demonstrate that CK1α is differentially sensitive to the action of trypsin proteolysis in the
presence or absence of pyrvinium.

Why would having a large C-terminal domain block the capacity of CK1 isoforms to be
activated by pyrvinium? One possibility is that the C-terminal domain (which has been
postulated to act as a pseudosubstrate) binds to the substrate-binding cavity of CK1 and
blocks the activating conformational change induced by pyrvinium. Direct proof of this
model will require elucidation of the structure of pyrvinium-bound CK1α in future studies.

Assigning specific biological activities to individual CK1 isoforms has been notoriously
difficult (even with RNA interference knockdowns), possibly because of compensatory
effects from the various isoforms. Overexpression studies, in contrast, may result in
phosphorylation of nonphysiological substrates (for example, due to inappropriate access to
substrates normally available only to other CK1 isoforms). Thus, pyrvinium may serve as a
useful tool to dissect the biological roles of endogenous CK1α.

Previous studies have implicated pyrvinium in the AKT-mTOR pathway42,43. It is not clear
whether these effects are direct, because Wnt signaling has also been shown to activate the
mTOR pathway in vitro and in vivo44. In previous xenograft studies, oral doses of
pyrvinium were given to mice at levels comparable to those given for its original indication
(that is, treatment of humans with pinworms), suggesting bioactivity of pyrvinium at the site
of the graft when administered at a safe dose42,45. In these studies, toxicity of the injected
pyrvinium was a limiting factor42,45. It is not clear whether toxicity is because of the
compound itself, which has an alkylating group, or because of its activation of CK1α, which
has other cellular functions. Thus, future studies will be directed toward testing the
bioactivity and toxicity of structurally distinct functional derivatives of pyrvinium.

In a previous study, pyrvinium was shown to significantly potentiate the capacity of
doxorubicin, a conventional cytotoxic drug, to inhibit tumor growth45. This observation is
consistent with our current study demonstrating that pyrvinium synergizes with 5-FU to
induce apoptosis in a highly metastatic colorectal cancer line. Another study identified
pyrvinium as an inhibitor of androgen receptor activity, and the authors speculated that its
mechanism of action may be secondary to inhibition of the Wnt pathway46.

A new functional class of Wnt pathway inhibitors that stabilize Axin by inhibiting
tankyrases (poly(ADP-ribose) polymerases) has recently been identified31,32. Given the
roles of CK1α and tankyrases in regulating a range of cellular functions, an obvious future
direction for experimentation would be to determine the selectivity for the Wnt pathway of
CK1α activators and tankyrase inhibitors. It is possible that the Wnt pathway is particularly
sensitive to the activities of these two enzymes; thus, modest cellular inhibition of
tankyrases or activation of CK1α may be sufficient to inhibit Wnt signaling but not to affect
other biological processes mediated by these two enzymes.

Although small-molecule activators of glucokinase have shown great promise for treating
type 2 diabetes, the development of small-molecule activators of protein kinases for treating
human disease has not been, to our knowledge, aggressively pursued47. It is generally
believed that inhibition of tyrosine kinases must be substantial (>90%) and sustained to
mediate clinically significant responses (for example, decrease tumor burden); it is unknown
whether similar regimen (that is, substantial and sustained activation) will be required for
kinase activators to be clinically efficacious. In the case of Wnt signaling, small molecules
such as pyrvinium that inhibit the pathway may be useful for treating 90% of all sporadic
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cases of colon cancer, the second leading cause of cancer-related deaths in the developed
world.

METHODS
Chemical compounds and recombinant proteins

Reagents used include pyrvinium pamoate (MP Biomedicals, 95% purity); interleukin-4
(Sigma I4269); EGFR-c (gift from M. Kirschner, Harvard Medical School); TGF-alpha (gift
from R. Coffey, Vanderbilt University); BMP4 (Sigma B2680); cycloheximide (Sigma,
C7698); CK1–7 (Sigma C0742); CK1 isoforms α, γ1, δ and ε (Invitrogen); GSK3 and
CK1δ1–317 (New England Biolabs); CAMKII, PKA, AKT1 and STK3 (SignalChem).
LRP6ICD was prepared as previously described with modifications4. Bacterial pellets were
denatured with 6 M guanidine HCl, and histidine-tagged LRP6ICD was bound to nickel
resin and eluted with imidazole. Eluate was dialyzed to remove guanidine HCl. Pyrvinium
iodide, VU-WS211, VU-WS113 and IWR-1 were synthesized by the Vanderbilt Institute of
Chemical Biology's medicinal chemistry core. DMSO was used as vehicle for pyrvinium in
all experiments unless otherwise stated.

Screen for chemical modulators of Wnt signaling
Radiolabeled β-catenin and Axin were generated in rabbit reticulocyte lysates (Promega).
Xenopus egg extract preparation and degradation assays were performed as previously
described8. β-catenin–FLuc and Axin-RLuc were generated in TNT SP6 High-Yield Protein
Expression System (Promega). In vitro–translated β-catenin–FLuc, Axin-RLuc and
LRP6ICD (400 nM) were added to 100 ml of egg extract and rotated end over end at 4 °C
for 10 min. Samples were dispensed into 384-well plates (5 μl per well) at 4 °C before pin
transfer of compounds. Final concentrations of compounds ranged from ~40–200 μm in 2%
(v/v) DMSO. Plates were sealed, vortexed and incubated for 4 h at 25 °C. After incubation,
firefly and Renilla luciferase activities were measured using the Dual-Glo Luciferase Assay
(Promega) on an EnVision plate reader (Perkin Elmer).

Reporter assays
For cell-based luciferase assays, HEK 293 STF, CMV-Luc and Drosophila S2 cells were
seeded into 96-well plates at subconfluency, and luciferase activities were measured by
Steady-Glo Luciferase Assay (Promega). Luciferase activities were normalized to viable cell
number using the CellTiter-Glo Assay (Promega). TOPflash experiments in HCT116
WTKO and SW480 cells were normalized to cotransfected Renilla gene expression. All
graphs were made in Prism 4 (GraphPad Software, Inc.) with nonlinear regression fit to a
sigmoidal dose-response curve (variable slope). BRE, SRE and STAT6 reporter assays were
performed as previously described48–50. For small interfering RNA (siRNA) silencing, HEK
293 STF cells were transfected with ON-TARGETplus siRNA (Thermo Scientific
Dharmacon) against Axin1 (J-009625-06), Axin2 (J-008809-05) or APC (J-003869-09) for
48 h according to manufacturer's protocol. Cells were then treated with pyrvinium for 24 h
before we performed luciferase and cell viability assays. For cycloheximide experiment,
HEK 293 STF cells expressing HA-Pygopus were treated with Wnt3a and/or pyrvinium
pamoate for 30 min before addition of cycloheximide (CHX; 50 μg ml–1). Silencing of
CK1α in Jurkat cells has been previously described30. Briefly, CK1αsh or controlsh cells
were treated for 48 h with doxycycline, then 24 h with Wnt3a-conditioned media in the
presence or absence of pyrvinium pamoate. For TOPflash in Jurkat cells, cells were
transfected with TOPflash reporter and Renilla transfection control 24 h after doxycycline
treatment. Wnt3a and pyrvinium were added 24 h after transfection for an additional 24 h.
For apoptosis assays, SW620 cells were seeded in 96-well plates at 5 × 103 cells per 100 μl
well–1, and pyrvinium and/or 5-FU were added after attachment. After 24 h, phase contrast
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micrographs were obtained, and caspase 3/7 activity was measured by Apo-ONE
Homogeneous Caspase-3/7 Assay (Promega) according to manufacturer's instructions.

Cell lines
The following cell lines were gifts: HEK 293 STF (J. Nathans, Johns Hopkins University),
HCT116 WTKO (R. Coffey, Vanderbilt University), S2 TOPflash (R. Nusse, Stanford
University) and Jurkat CK1αsh and controlsh cells (M. Lenardo, National Institute of Allergy
and Infectious Diseases). HEK 293, IEC-6, SW480 and L Wnt3a and L cells were purchased
from the American Type Culture Collection. Wg-secreting cells were purchased from the
Drosophila Genomics Resource Center. A HEK 293 cell line stably expressing firefly
luciferase under the control of the CMV promoter (CMV-Luc) was generated using standard
methods. Mammalian cell lines were maintained in DMEM (except SW480 cells, which
were maintained in RPMI), 10% (v/v) FBS and antibiotics. Drosophila S2 cells were
maintained in Schneider's medium plus 10% (v/v) FBS. Cells were treated with compounds
and/or Wnt for 24 h unless otherwise stated.

Dot blots
For ligand dot blot assay, purified protein (0.5 μg) was dotted on nitro-cellulose membranes
and blocked for 1 h using 5% (w/v) milk in TBS. Pyrvinium was then added to the blocking
solution and incubated for 3 h at 23 °C or overnight at 4 °C. After incubation with
pyrvinium, the membrane was washed three times for 5 min in TBS plus 0.1% (v/v) Tween
20. The pyrvinium fluorescence image was acquired on a Xenogen IVIS 200 using
excitation 500–550 nm and emission 575–650 nm spectrum fluorescence settings. Replicate
dot blots were stained with Colloidal Gold (Bio-Rad) to visualize total protein bound to
membrane.

Kinase assays
In vitro kinase assays were performed as previously described4. For CK1 isoforms and
GSK3, casein (1 μM; Sigma C8032) was used as substrate. All other kinases were tested
with previously characterized and commercially available peptide substrates (400 μM;
Invitrogen, SignalChem, New England Biolabs) and diluted to a concentration at which
activity was linear with respect to time and enzyme concentration.

Mass spectrometry
HEK 293 cells expressing HA-CK1α, HA-GSK3 or HA (control) were treated for 24 h with
pyrvinium (100 nM). HA-tagged proteins were immunoprecipitated from cell lysates and
subjected to LC-MS. The amount of pyrvinium within immunoprecipitates (based on
relative abundance) was quantified. Nonspecific binding of pyrvinium to beads (HA control)
was subtracted from measurements for HA-GSK3 and HA-CK1α samples. LC-MS was
performed by the Vanderbilt University Mass Spectrometry Service Laboratory.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Xenopus egg extract screen identifies pyrvinium as an inhibitor of Wnt signaling
(a) Chemical structure of pyrvinium pamoate. (b) Pyrvinium decreases cytoplasmic and
nuclear β-catenin levels. HEK 293 cells were treated for 16 h as indicated, and fractionated
lysates were immunoblotted for β-catenin. Purity of nuclear and cytoplasmic preparations
was assessed by immunoblotting for acetylated histone H3 and actin, respectively. (c)
Pyrvinium increases cellular Axin levels. Lysates from HEK 293 cells treated for 16 h as
indicated were immunoblotted for Axin and actin (loading control). (d) Pyrvinium blocks
Wnt-mediated nuclear accumulation of β-catenin. IEC-6 cells treated as indicted were
stained for β-catenin and DNA. (e) Pyrvinium inhibits TOPflash activation with an EC50 of
~10 nM. HEK 293 STF (TOPflash) or constitutively expressing luciferase (CMV-Luc)
reporter cells were treated as indicated. Graph represents mean ± s.e.m. of TOPflash signal
normalized to cell number (performed in quadruplicate). RLU, relative light units. (f)
Pyrvinium decreases levels of endogenous Wnt target transcripts. Data shown represent
mean of four independent real-time PCR reactions, graphed as relative expression to
unstimulated cells and normalized to β-actin. Error bars, RQ (relative quantification) values
>95% confidence.
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Figure 2. Pyrvinium inhibits Wnt signaling in vivo
(a–c) Pyrvinium blocks secondary axis induction in Xenopus in a dose-dependent manner.
Embryos (four- to eight-cell stage) were injected ventrally with Xwnt8 mRNA (0.5 pg) plus
vehicle (a) or pyrvinium pamoate (200 μM) (b), allowed to develop and scored for
secondary axis formation (c). n = number of embryos. (d, e) Pyrvinium blocks expression of
chordin. Embryos injected with Xwnt8 plus vehicle (d) or pyrvinium pamoate (200 μM) (e)
were probed by in situ hybridization (stage 10.5) for chordin (arrowheads). Vegetal view,
dorsal side up. Scale bars, 800 μm for a, b and 400 μm for d, e. (f) Pyrvinium inhibits
Xwnt8 induction of Wnt target genes Siamois and Xnr3 in Xenopus animal cap explants.
RT-PCR of total RNA extracted from animal caps. WE, whole embryo; RT, reverse
transcriptase; ODC, ornithine decarboxylase, loading control.
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Figure 3. CK1α is the critical target of pyrvinium
(a) Pyrvinium stimulates β-catenin phosphorylation in vitro. A kinase reaction was
assembled in vitro with purified β-catenin, Axin, GSK3 and a constitutively active,
truncated form of CK1δ (CK1δ1–317) (100 nM each) plus or minus pyrvinium (10 nM).
Phosphorylation of β-catenin on GSK3 sites (p33, p37, p41) and the priming CK1α site
(p45) was detected by immunoblotting. (b) Pyrvinium stimulates CK1 activity in vitro.
CK1δ1–317 (100 nM) was incubated with recombinant tau (100 nM) plus or minus
pyrvinium pamoate (10 nM) in a kinase reaction containing [γ32P]ATP and underwent
SDS-PAGE separation and autoradiography. (c, d) Pyrvinium pamoate (10 nM) was
incubated with purified recombinant kinases, and binding and kinase activities were
assessed. Equivalent amounts (0.5 μg) were spotted for each protein. (c) Pyrvinium binds
and activates CK1α but not kinases representative of other major branches of the kinome.
(d) Pyrvinium binds all full-length CK1 isoforms tested but only activates CK1α. Graphs
for c, d show mean ± s.e.m., performed in triplicate. (e, f) Downregulating CK1α blocks the
biochemical and transcriptional responses to pyrvinium. A Jurkat cell line expressing
inducible shRNA for CK1α (CK1αsh) was incubated with pyrvinium pamoate (30 nM) for
24 h. Lysates were immunoblotted for β-catenin, Axin and tubulin (loading control) (e) or
assayed for TOPflash to assess Wnt signaling (f). For the TOPflash assays, cells were
treated with Wnt3a. Graph shows mean ± s.e.m., normalized to cell number and performed
in triplicate.
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Figure 4. Pyrvinium promotes Pygopus degradation
(a) Pyrvinium inhibits ligand-independent Wnt activation. HEK 293 STF cells were treated
with Axin1- and Axin2-siRNA, APC-siRNA or LiCL (50 mM) and then with pyrvinium
pamoate. (b) Overexpression of human CK1α inhibits activation of the Wnt pathway by
lithium. HEK 293 STF cells were transfected as indicated and treated with pyrvinium
pamoate (100 nM) and lithium (50 mM). Lysates were analyzed by TOPflash assay and
immunoblotting for HA. Tubulin, control. Graphs for a, b show mean ± s.e.m. of luciferase
signal normalized by cell number (performed in quadruplicate). (c) Pyrvinium promotes
turnover of Pygopus. HEK 293 STF cells expressing indicated HA fusions were treated with
pyrvinium pamoate. LiCL (50 mM) was added to activate Wnt signaling and inhibit β-
catenin degradation. Lysates were immunoblotted for HA, luciferase, β-catenin. β-
galactosidase, loading control. (d) Pyrvinium inhibits Wnt signaling and promotes Pygopus
turnover to a similar degree. HEK 293 STF cells expressing Renilla-luciferase-Pygopus
(RLuc-Pygopus) and β-galactosidase were treated with pyrvinium pamoate. Mean ± s.e.m.
of Renilla luciferase signal normalized to β-galactosidase is shown (performed in
quadruplicate). Veh, vehicle. (e) Pyrvinium reverses Wnt-mediated inhibition of Pygopus
degradation. HEK 293 STF cells expressing HA-Pygopus were treated as indicated, and
CHX was added at time = 0. Lysates were prepared as indicated and immunoblotted for HA.
β-galactosidase, loading control. (f) Downregulating CK1α blocks pyrvinium-stimulated
Pygopus turnover. A Jurkat cell line expressing CK1αsh was incubated with pyrvinium
pamoate (30 nM), and lysates were immunoblotted for Pygopus. Tubulin, loading control.
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Figure 5. Pyrvinium selectively decreases cell viability of colon cancer cells with activating
mutations in the Wnt pathway
(a–c) Cell viability assays. Cell viability was determined following treatment with
pyrvinium pamoate for 72 h. Mean ± s.e.m. is shown (assays performed in quadruplicate).
(a) Colon cancer cell lines (SW480 and HCT116 WTKo) are more sensitive to pyrvinium
than a nontransformed epithelial cell line (IEC-6). (b) SW480 cells expressing full-length
APC (SW480APC) are more resistant to pyrvinium than SW480 cells transfected with
empty vector (SW480vector). (c) Effects of pyrvinium versus IWR-1 on viability of colon
cancer cells grown under low serum conditions. Colon cancer lines were treated for 72 h
with the indicated concentrations of pyrvinium pamoate or IWR-1 in media with low serum
(1% (v/v) FBS) and cell viability determined.
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