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Abstract
The Wnt signal transduction pathway is dysregulated in many highly prevalent diseases, including
cancer. Unfortunately, drug discovery efforts have been hampered by the paucity of targets and
drug-like lead molecules amenable to drug discovery. Recently, we reported the FDA-approved
anthelmintic drug niclosamide inhibits Wnt/β-catenin signaling by a unique mechanism, though
the target responsible remains unknown. We interrogated the mechanism and structure-activity
relationships to understand drivers of potency and to assist target identification efforts. We found
inhibition of Wnt signaling by niclosamide appears unique among the structurally-related
anthelmintic agents tested and found the potency and functional response was dependent on small
changes in the chemical structure of niclosamide. Overall, these findings support efforts to identify
the target of niclosamide inhibition of Wnt/β-catenin signaling and the discovery of potent and
selective modulators to treat human disease.
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The Wnt signaling pathway is a key signal transduction pathway involved in tissue
development and homeostasis, stem cell maintenance and renewal, and is dysregulated in
many cancers 1-3. The pathway is of immense importance in biology and holds promise in
the treatment of a number of highly prevalent diseases 4, 5. For example, in colorectal cancer
(CRC) more than 80% of all sporadic and hereditary cancers show hyperactivation of the
pathway due to mutations in the adenomatous polyposis coli (APC) or the β-catenin
gene 1, 2. As a result, inhibitors of the pathway are highly sought-after as the basis of a new
generation of targeted therapeutic agents.
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A mechanistic understanding of the canonical Wnt/β-catenin signaling pathway has evolved
over the past decade6. Briefly, Wnt proteins are secreted glycoproteins that bind and activate
the seven transmembrane receptor Frizzled. Wnt binding to Frizzled results in activation of
cytosolic proteins called Dishevelled, leading to internalization of the Frizzled receptor7, 8.
Downstream signaling events resulting from Wnt binding include the stabilization and
translocation of cytosolic β-catenin proteins into the nucleus, activation of the transcription
factor LEF/TCF and transcription of Wnt/β-catenin target genes. Overall, the Wnt signal
transduction pathway consists of many protein-protein interactions that traditionally have
been difficult to target with small drug-like molecules 1, 9. The barrier to progress in the
field stems from the lack of targets in the pathway amenable to the design of small drug-like
molecules, good chemical starting points, and a gap in our ability to design drugs that
penetrate cells and target intracellular protein-protein interactions. Recent publications,
including our own, have begun to provide insights into mechanisms and chemical starting
points 1, 10-30 though no approved drugs specifically targeting the pathway have been
identified 1, 2, 30.

Reasoning plasma membrane proteins play critical roles in signal transduction and offer
good targets for therapeutic intervention to treat human disease, we developed a novel cell-
based high-throughput screening assay capable of detecting inhibitors or activators of Wnt
signaling using a chimeric Frizzled1–GFP receptor (Figure 1) 7, 10. In this assay, called the
Frizzled internalization assay, a U2OS cell line stably expressing Frizzled1-GFP (Fzd1GFP-
U2OS) localizes Frizzled1-GFP predominantly to the plasma membrane with almost no
internalized vesicles present until stimulated with Wnt ligands. Upon stimulation and
visualization with confocal microscopy, a punctate pattern is observed in cells indicative of
receptor translocation. Upon screening in 384-well format, we discovered the FDA-
approved anthelmintic drug Niclosamide inhibits Wnt/β-catenin signaling 10, a finding since
confirmed by others 31, 32. Niclosamide produces robust internalization of the receptor
(Figure 1B), and despite expectations that internalization of Frizzled receptor by
Niclosamide would activate the pathway, Niclosamide inhibits the pathway by decreasing
levels of cytosolic dishevelled2 and β-catenin, and decreasing Wnt/β-catenin gene
transcription (see Figure 1C) 10. Though the specific molecular target of Niclosamide
remains unknown, a number of studies now indicate the novel mechanism of Niclosamide-
mediated inhibition of Wnt/β-catenin signaling can be exploited to treat CRC 31-33. For
example, preclinical studies using well-known human colon cancer cell lines and patient
derived colorectal cancer cells isolated from surgically resected metastatic disease, as well
as studies using patient derived tumor explants in immunodeficient mice all indicate
Niclosamide decreases dishevelled and β-catenin levels and inhibits Wnt/β-catenin signaling
even in the presence of APC mutations; findings which strongly support its use to clinically
evaluate its efficacy to treat CRC 33.

Niclosamide is a member of the salicylanilide class of anthelmintic agents and is currently
listed on the World Health Organization’s list of essential medicines 34. It has been used as
an anthelmintic agent in livestock since the early 1960s and was approved by the FDA for
use in humans to treat tapeworm infections in 1982 35, 36. Niclosamide exerts its
anthelmintic effect via a mechanism involving uncoupling of oxidative phosphorylation,
though no specific target has been identified and the mechanism has not been well-
delineated 37, 38. In the years since its discovery, additional biological activities have been
reported 31, 32, 39-51. However, in nearly every case, the interaction of Niclosamide with a
specific molecular target was not identified.

Given its intriguing mechanism and promise in treating CRC 10, 33, we initiated pilot studies
to interrogate the mechanism and structure-activity relationships of the chemotype with the
goal of enabling target identification studies and assessing the potential to optimize the
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chemical series for CRC clinical studies. To better understand the mechanism of Wnt
inhibition, we acquired commercially available anthelmintic compounds structurally-related
to Niclosamide - all in the same salicylanilide drug class and all with reported mechanisms
of action involving uncoupling of oxidative phosphorylation 36, 38. We then tested these
anthelmintic agents side-by-side in the Frizzled internalization assay and in the Wnt/β-
catenin gene transcription assay (TOPflash). With the exception of Niclosamide, none of the
compounds tested produced a robust punctate pattern indicative of Frizzled internalization
nor did they inhibit Wnt3A-stimulated gene transcription in the Wnt/β-catenin TOPflash
gene transcription assay (see Figure 2). Given these compounds are all anthelmintic agents
and share a common mechanism of action, these findings suggest the mechanism
responsible for Niclosamide inhibition of Wnt signaling appears different from its
mechanism of anthelmintic activity.

Intrigued that a mechanism with a novel target may exist, we purchased and synthesized
focused libraries of compounds to conduct pilot SAR studies that could enable target
identification and lead optimization efforts (Figure 3) 52 (see also supplemental
information). In all cases studied, we found a good correlation between Frizzled1-GFP
receptor internalization and inhibition of Wnt3A-stimulated inhibition in the TOPflash assay
(See Supplemental Fig.1 for confocal images). Given this correlation, we focused on the
TOPflash assay to develop the SAR. In the A-ring, methylation of the hydroxyl group (R1)
(compound 11) or substitution of the hydroxyl group with an H-atom (compound 10)
yielded a loss of activity in Wnt/β-catenin signaling. Substituting the 4-chloro substituent
(R2) with a hydrogen atom (compound 8 and 9) generally resulted in a slight decrease in
activity, while substitution by bromine produced a compound with slightly greater potency
(compound 4). In the B-ring, substitution of the 2-chloro group (R3) with a hydrogen atom
at the B-2 position produced an active compound with a slight loss in activity (compound 6),
while replacement by a methoxy group produced a compound of similar potency (compound
7). The overall SAR at this position indicated inhibitory potency was fairly insensitive to
substitution and suggested to us that substitution at this position with a peg-ether tethering
group may provide access to affinity reagents to help identify the target. In the event, we
were pleased to find that a peg-substituted derivative useful to prepare affinity reagents for
target identification studies resulted in an active inhibitor (compound 17).

The SAR at the para position in the B-ring was particular interesting (Figure 3). Here, a
substituent change within the chemotype not only effected the potency of inhibition but
could also change the inhibitory functional response to Wnt3A stimulation to an activation
functional response. A dramatic loss of inhibitory potency resulted when the nitro group at
B-4 (R4) in the anilide ring was substituted by an amine (compound 1) or an acetamide
(compound 15). Substitution with cyano (compound 14) resulted in comparable activity to
the similarly substituted nitro derivative (compound 6). To our delight, replacement of the
nitro group with an azide group that could provide access to photo-affinity reagents and
assist target and binding site identification produced an active compound (compound 12).
Moving the nitro group to the ortho or meta position resulted in reduced activity (compound
2 and 3, respectively). Remarkably, substitution of the nitro group with an aryl sulfonamide
(DK3-1) produced the opposite functional response in the TOPflash assay and increased β-
catenin transcriptional activity (Figure 4). This change in functional response was
interesting. Upon further evaluation, we found that DK3-1 synergistically increased β-
catenin gene transcription in a dose dependent manner in the presence of Wnt3A-ligand
(Figure 4B)53. Compound DK3-1 alone does not appear to increase the punctate pattern of
Frizzled1-GFP in the Frizzled internalization assay. However, it does produce a small dose-
dependent increase in activity in the TOPflash assay (Figure 4C). Co-treatment of DK3-1
and 5% Wnt3A-conditioned media produces a visible punctate phenotype and a very
significant increase in functional response. Overall, the SAR findings indicate that small
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variation in structure can change not only the Wnt/β-catenin inhibitory potency, but also
change the functional response. This dynamic SAR supports a hypothesis that the Wnt-
modulating activity in the niclosamide chemotype may allow optimization.

Our findings to date suggest the mechanism of action by which Niclosamide inhibits Wnt
signaling is distinct from the mechanism of anthelmintic activity within the salicylanilide
class of anthelmintic agents. Our pilot SAR studies indicate that a good correlation exists
between the Frizzled internalization assay and the TOPflash β-catenin transcription assay
and that a dynamic SAR exists within the chemotype. Additional SAR, target ID and
mechanism studies are underway. These studies offer the opportunity to identify small
molecule modulators of Wnt/β-catenin signaling that enhance our understanding of Wnt/β-
catenin pathway regulation while at the same time providing therapeutic agents to treat
diseases such as colon cancer that are mediated via dysregulation of Wnt signaling.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

APC Adenomatous Polyposis Coli

CRC colorectal cancer

Dvl dishevelled

LEF/TCF Lymphoid enhancer factor/T cell factor

Fzd1 Frizzled1

GFP green fluorescent protein

GSK3 glycogen synthase kinase 3

SAR structure-activity relationships.
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Figure 1. Niclosamide promotes Frizzled1-GFP internalization and inhibits Wnt3A-induced
Wnt/β-catenin signaling
(A) Illustration of Frizzled-GFP internalization assay with canonical Wnt signaling. (B)
Confocal image of U2OS cells harboring Frizzled1-GFP treated with DMSO or Niclosamide
(12.5 μM) for 6 hrs. Punctuate structure is the internalized vesicles of Frizzled1-GFP. (C)
Niclosamide inhibits the activity of Wnt3A-induced TOPflash reporter assay. RLU: relative
luciferase unit.
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Figure 2. Structures of anthelmintic derivatives tested and their activity in the Frizzled1-GFP
internalization and the Wnt3A-stimulated TOPflash β-catenin reporter assay
(A) Chemical structures of salicylanilide anthelmintics tested and amount of punctate
observed after 6 hours with different anti-helminthic compounds at 12.5 μM in the
Frizzled1-GFP internalization assay. Punctate observed in confocal images of Frizzled1-
GFP USOS cells were scored visually and with Metamorph software (Molecular Devices,
LLC). 10 to 20 cells per sample were analyzed to reach statistical significance; (B) Confocal
images of Frizzled1-GFP U2OS stable cells treated with different anti-helminthic
compounds at 12.5 μM for 6 hours; and (C) Wnt-3a stimulated TOPflash reporter activity of
salicylanilide anthelmintics. HEK293 cells harboring TOPflash reporter were treated with
DMSO (control) or with Wnt3A- conditional medium and different anthelmintic compounds
at 12.5 μM for 8 hours. RLU: relative luciferase unit. n.s., not significant (P > 0.05); *, P <
0.05 (t tests).
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Figure 3. Structure-Activity Relationships in the Frizzled1-GFP internalization and the
TOPflash β-catenin reporter assays
Punctate produced by derivatives in Frizzled1-GFP U2OS stable cell line were evaluated by
confocal imaging and visually scored by the amount of punctate observed: Comparable to
control (−); trace (+); moderate (++); strong (+++); or ND (Not Determined).
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Figure 4. The niclosamide derivative DK3-1 synergistically activates TOPflash reporter activity
in presence of Wnt-3A ligand
(A) chemical structure of DK3-1. (B) DK3-1 synergizes with Wnt3A and activates TOPflash
reporter activity. HEK293 cells harboring TOPflash reporter were treated without or with
Wnt3A conditional medium and DK3-1 at the concentration indicated for 8 hours. *:
p<0.05, **: p<0.001, compared to 5% Wnt3A only sample by t test. (C) Confocal images of
Frizzled1-GFP U2OS stable cells treated with DMSO, Niclosamide (12.5 μM), DK3-1 (12.5
μM), 5% Wnt3A conditioned Medium, and combination of 5%Wnt3A and DK3-1 (12.5
μM).
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