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Small-molecule inhibitors of Wnt signaling
pathway: towards novel anticancer

therapeutics

Background: The Wnt signaling pathway involves secreted glycoproteins that bind
to the Frizzled family receptors to activate intracellular signal transduction events
that regulate cell proliferation, apoptosis, cell migration and many critical aspects of
developmental biology. Discussion: Aberrant Wnt signaling underlies a wide range of
pathologies in humans including tumor initiation, tumor growth, cell senescence, cell
death, differentiation and metastasis. The inhibition of Wnt signaling offers a novel
approach for anticancer therapeutics. Conclusion: Focusing on recent developments,
we reviewed the small-molecule inhibitors targeting various components of Wnt
signaling pathways and the progress from the discovery of lead compounds to highly
potent inhibitors with significant therapeutic potential.

The Wnt signaling pathway is a complex
network that regulates important biological
processes such as embryonic development,
cell fate determination, cell motility and stem
cell renewal. Deregulation of the Wnt signal-
ing proteins often leads to various pathologies
including cancer. The Wnt proteins com-
prise 19 secreted glycoproteins that serve as
extracellular Wnt signals. Upon binding to a
Frizzled family receptor, Wnt proteins trigger
intracellular signal transduction cascades by
the canonical Wnt/B-catenin pathway or
the B-catenin independent pathway which
can be further divided into the planar cell
polarity and the Wnt/Ca** pathway [1]. The
Wnt/B-catenin cascade regulates gene tran-
scription and is thought to be closely associ-
ated to cancer development [2-6]. Therefore,
the majority of therapeutic development tar-
geting the Wnt pathway involves interfering
B-catenin associated pathways, and will be
the focus of this review.

The hallmark of Wnt/B-catenin signaling
is the involvement of a key mediator protein
B-catenin, whose level is tightly controlled
for its transcriptional regulation activities.
Without Wnt signaling initiated by binding
of a Wnt protein ligand to a Frizzled recep-
tor, B-catenin in the cytoplasm is degraded

by a destruction complex comprising Axin,
adenomatous polyposis coli (APC), glyco-
gen synthase kinase 3 (GSK3) and casein
kinase 1o (CKla). Such degradation is car-
ried out by CKl-mediated phosphorylation
of B-catenin at Ser45 and GSK3-mediated
phosphorylation at Ser33, Ser37 and Thr4l,
which constitutively targets B-catenin for
ubiquitination and proteasome degradation.
The binding of Wnt ligands to the cysteine-
rich domain of Frizzled receptors leads to
the disassembly of the destruction complex
and accumulation of cytoplasmic -catenin,
which is imported into the nucleus where
it interacts with a large number of binding
partners such as the LEF/TCF DNA-bind-
ing transcription factors, ElA-associated
protein p300, Pygopus (PYGO) and B cell
lymphoma 9 (BCL-9) (Figure 1) [2.4-7).
Aberrant Wnt signaling underlies a wide
range of pathologies in humans includ-
ing tumor initiation, tumor growth, cell
senescence, cell death, differentiation and
metastasis. The inhibition of Wnt signal-
ing offers a novel approach for anticancer
therapeutics [2.4-7]. To date, PRI-724 (1) (3]
and LGK974 (2) (ClinicalTrials Identi-
fier: NCTO01351103) (Figure 2) as small
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Wnt signaling pathway: A group of signal transduction
pathways made of proteins that pass signals from outside of
a cell through cell surface receptors to the inside of the cell.

Wnt/B-catenin pathway (or canonical Wnt pathway):
One of the three best characterized Wnt signaling pathways,
causes an accumulation of B-catenin in the cytoplasm

and its eventual translocation into the nucleus to act as

a transcriptional coactivator of transcription factors that
belong to the TCF/LEF family.

Porcupine: Is a member of the membrane-bound
O-acyltransferase family of proteins. It catalyzes the
palmitoylation of Wnt proteins, a process required for their
secretion and activity.

Tankyrases: Are proteins with poly(ADP-ribose) polymerase
activity. They promote the degradation of Axin which in turn
enhances B-catenin stability and Wnt signaling.

B-catenin destruction complex: Is likely a dynamic
multiprotein assembly, its core components include
f-catenin itself, the Ser/Thr kinases glycogen synthase
kinase 3 (GSK-3) and casein kinase 1 (CK1), the scaffolding
protein Axin and the APC protein. Without Wnt signaling,
B-catenin is degraded by the destruction complex.

clinical trials to treat cancer. There are a few pub-
lished reviews on small-molecule inhibitors of Wnt
pathway as potential new drugs for neoplastic dis-
eases [9-13]. Herein, focusing on recent developments,
we reviewed the small-molecule inhibitors targeting
various components of Wnt signaling pathway and
the progress from the discovery of lead compounds
to highly potent inhibitors with significant clinical
potential.

Approaches to disrupt Wnt signaling
pathways

Targeting enzymes to disrupt Wnt signaling
pathway

Inhibitors of porcupine (Porcn)

Porcupine, a membrane-bound O-acyltransfer-
ase, is essential to acylating Wnt proteins required
for their biological activities. Compromised Porcn
activity commonly results in developmental dis-
orders including focal dermal hypoplasia, whereas
hyperactivity of Porcn is associated with cancerous
cell growth [14].

By screening a diverse synthetic chemical library,
Chen et al. has discovered small molecules IWP1-
IWP4 (3—6) that disrupt Wnt pathway responses.
Further study confirmed that IWP compounds inhib-
ited Porcn function thereby blocking palmitoylation of
Whnt proteins [15]. Thirteen additional Porcn inhibitors
were identified from the same screening that netted
3—6, as shown in Figure 3. Five of them (7-11) possess
similar molecular skeletons as 3—6. There are eight

other inhibitors (12-19) representing different che-
motypes [16]. Subsequent structure—activity relation-
ship (SAR) studies of the pathalazinone and pyrimidi-
none inhibitors yielded new Porcn inhibitors (20-24)
that suppress Wnt signaling at subnanomolar con-
centrations. Selected 24 has good stability in human
plasma but compromised stability in rat and mouse
plasma. The 77 vivo activities of 24 were also vali-
dated by their ability to disrupt well-established Wnt-
dependent developmental processes of embryonic and
juvenile zebrafish and the branching morphogenesis in
cultured mouse embryonic kidneys [17].

Liu et al. of Novartis developed a screen for small
molecules that block Wnt secretion and this effort led
to the discovery of LGK974 (2) 18]. Not only more
potent than I'WP compounds as a Porcn inhibitor,
2 also demonstrated promising 77 vive efficacies and
is currently in Phase I clinical trials to treat cancers
(Clinical Trials Identifier: NCT01351103). C59 (25),
an analog of 2, was evaluated for its activity and tox-
icity in cultured cells as well as in mice. 25 inhibited
Porcn activity #n vitro at nanomolar concentrations
and blocked progression of mammary tumors in
MMTV-Wntl transgenic mice while downregulat-
ing Wnt/ B-catenin target genes. Surprisingly, mice
exhibit no apparent toxicity. These results provided
initial evidence that blocking Wnt signaling can be
achieved by interfering Porcn function with small-
molecule inhibitors as a therapeutically relevant
approach [19].

Recently, Duraiswamy ez a/. identified 26 as Porcn
inhibitor from cellular high-throughput screening.
Classical SAR based cellular optimization resulted
in the discovery of 27 with nanomolar activity and
excellent bioavailability that demonstrated efficacy in
a Wnt-driven murine tumor model. Finally, they also
discovered that enantiomeric PORCN inhibitors show
very different activity in their reporter assay, suggest-
ing that such compounds may be useful for mode of
action studies on the PORCN O-acyltransferase [20].

Inhibitors of tankyrase (TNKS)

Tankyrase (TNKS), including TNKS1 (also known
as PARPSA and ARTDS5) and TNKS2 (also known
as PARP5B and ARTDG), is a another member of a
poly(ADP-ribose) polymerase (PARP) at human telo-
meres which has wide-ranging roles in cellular pro-
cesses such DNA repair and Wnt signaling. TNKS also
mark the B-catenin destruction complex compo-
nent axin for degradation and its inhibition enhances
axin stability in B-catenin destruction complex and
leads to the block of Wnt signaling. Thus, inhibition
of TNKS activity is appearing as a promising strategy
for targeting cancer by diverse mechanism [21].
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Figure 1. Diagram of the canonical Wnt/B-catenin signaling pathway.

Inhibitors by binding to the nicotinamide pocket
of the PARP domain

Also at Novartis, Huang e a/. used a chemical genetic
screen to identify XAV939 (28) as a Wnt signaling inhib-
itor (Figure 4). The authors further discovered that 28
disrupted Whnt signaling pathway by inhibiting TNKS.
It is very interesting that parental H2170 and H358 cell
(two kinds of non-small-cell lung cancer cells) displayed
no sensitivity to 28 while resistant cells (made resistant
to SU11274, a c-Met inhibitor and erlotinib, an EGFR
inhibitor) were significantly inhibited (39%) by 28 [22].

OH
PRI-724 (1)

Figure 2. Structures of PRI-724 (1) and LGK974 (2).

Using 28 as a structural lead and the crystal struc-
ture [23] of TNKS2 with 28 as a template for struc-
ture-based design, Nathubhai ez /. designed a series
of 2-arylquinazolin-4-ones as potential inhibitors of
TNKS, compounds 29-32 (IC,| = 6.7, 5.5, 3.3 and
5.5 nM) being more potent and selective than 28
(IC,, = 9.6 nM) against TNKS2. Methyl at the 8-posi-
tion (the position where R'group is attached in com-
pounds 29-30) appears to be optimal for potency,
and a variety of substituents are tolerated at the
para-position of the 2-phenyl ring [24].

LGK974 (2)
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Figure 3. Structures of Porcn inhibitors and their EC, values of Wnt pathway responses.
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Figure 4. Structures of tankyrases inhibitors binding to the nicotinamide pocket of PARP domain.

On the basis of the same 2-phenyl-3,4-dihydroquin-
azolin-4-one scaffold, Haikarainen er a/. [25] identified
a set of TNKS inhibitors (33-37) which have similar
potency as 28. Substitutions at the para position of
the scaffold’s phenyl ring were evaluated as a strategy
to increase potency and improve selectivity. The com-
pounds effectively inhibit Wnt signaling in HEK293
cells. The crystal structure of TNKS2 complex with all
inhibitors showed that all inhibitors share a structure
and binding mode similar to that of 28 that bind the
nicotinamide site of the catalytic domain.

An AstraZenaca team [26] identified 38 with the same
2-phenylquinazolin-4-one scaffold as a TNKS! inhibitor
by an HTS assay. The result encouraged them to explore
the series further and finally resulted in the discovery of
AZ6102 (41) based on the crystal structure of TNKSI
complex with 39 and 40. 41 is a potent TNKS1/2 inhibi-

tor that has 100-fold selectivity against other PARP fam-
ily enzymes and shows 5 nM Wnt pathway inhibition in
DLD-1 cells. It has demonstrated good pharmacokinet-
ics in preclinical species and shows low Caco2 efflux to
avoid a possible tumor resistance mechanism.

A recent report [27] provided details of the crystal
structures of TNKSI when the protein formed com-
plexes with PJ34 (42) and 28. It was revealed that two
molecules of 42 were bound to TNKS]I, one in the Nico-
tinamide adenine dinucleotide donor pocket, the other
bound in the adenosine portion of the pocket. In con-
trast to the crystal structure of TNKSI in the absence
of ligand binding, the TNKS1-42 complex maintained
accessibility of the donor site to cocrystalized solvent mol-
ecules. Similarly, the crystal structure of TNKS1-28 was
solved, providing a foundational understanding for the
design of structure-based drugs targeting TNKSI [2s].
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Figure 5. Structures of tankyrases inhibitors binding to the nicotinamide pocket of PARP domain.

Shultz et al. of Novartis discovered [1,2,4]-tri-
azol-3-ylamine derivatives, a group of novel nicotin-
amide isosteres using a combination of a parmaco-
phore model and a biochemical HTS as an effective
approach to speedy screening. Their study resulted
in the identification of 43 as an efficient tankyrase
inhibitor which showed remarkable selectivity com-
pared with other PARP family members. Additional
analogs (44—49) demonstrated high potency as well
as favorable pharmcologocal and physicochemical
properties [27].

Liscio et al. started hit compound NNL (50) and
synthesized a small library of new triazolopyridazine
derivatives. The absence of an amide moiety in an anti-
conformation as the classical pharmacophoric group of
PARP inhibitors confers to this new class of deriva-
tives with high TNKS’ specificity. Among them, 51 is
the most active and selective derivative, endowed with
low nanomolar values of IC, on TNKS proteins and
devoid of any PARPs cross-reactivity [29].

Larsson et al. used a fragment-based ligand design
(FBLD) approach to identify novel inhibitors for
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TNKS2 in which the catalytic PARP domain was
targeted. Chemical expansion from the nicotinamide-
pocket-anchored fragment 52 along its 7-vector was
achieved to exploit a novel chloro-O(sp2) interaction
with the main chain carbonyl oxygen of Tyr1071. The
study identified the nonplanar analog, 53 as being
capable of docking into a pocket where TNKS and
other PARP proteins have distinct features (Figure 5).
Further structural optimization generated more potent
analogs with improved solubility and PARP selectivity,
as shown in compounds 5458 [30].

Through pharmacophore screening of a compounds
collection from the SPECS database, Liscio et al.
identified the methoxy[l]benzothieno[2,3-c]quino-
lin-6(5H)-one (59 and 60) scaffold as nicotinamide
mimetic. A method called tandem structure-based and
scaffold hopping was adopted in this study in search
of more potent and selective TNKS inhibitors. As a
result, 61 (2-(phenyl)-3H-benzo [45] thieno[3,2-d]
pyrimidin-4-one) was identified as a potent struc-
tural lead demonstrating excellent inhibition against
TNK. From this virtual screening approach, the most
promising compound 62 (2-(4-tert-butyl-phenyl)-3H-
benzo [45] thieno[3,2-d]pyrimidin-4-one) was dis-
covered which exhibited nanomolar potencies (IC s
TNKSI = 21 nM and TNKS2 = 29 nM) and were
found highly selective against a number of PARPs [31].

Narwal et al. screened a commercial flavonoid
library and identified ten flavones derivatives (63-72)
as TNKS inhibitors. These flavone derivatives were
all found to bind to the nicotinamide binding site of
TNKS2 with inhibitory activities ranging between
between 50 nM and 1.1 uM as measured by IC,  values.
In addition, the identified flavone inhibitors displayed
up to 200-fold selectivity for TNKS over ARTDI. The
authors proposed that further modification in the 4'
position may afford improved potency via additional
interactions as demonstrated in the results of 72 [32].

Inhibitors by occupying the adjacent adenosine
binding pocket

IWR-1-IWR-5 (73-77) compounds control levels of
Wnt/B-catenin pathway response by inducing stabili-
zation of Axin proteins via a direct interaction [15]. The
crystal structure of human TNKS2 catalytic fragment
(PARP) in complex with 73 was reported (Figure 6).
The first crystal structure that do not bind to the
widely utilized nicotinamide-binding site make the
structure valuable for development of PARP inhibitors
in general [33].

Lu et al., have conducted focused structure-activity
relationship studies on IWR-1 (73) and IWR-2 (74).
The norbornyl, spacer and amide regions can all be
modified with compromised activity. Sat-IWR (78)

and 73 were equally potent in the i vitro assays with
EC, of 0.2 uM [34]. Lanier ez al. further optimized the
structure of 73 and prepared a novel series of analogs.
Among them, compounds 79-82 showed decreased
IC,; values for inhibition of the Wnt pathway to
compared 73 [35].

An Amgen team utilized the method of structure-
based design and molecular modeling to modify 73 to
yield new lead molecules within amide and benzimid-
azoline series including 8385 that have good selec-
tivity over PARP1/2. Amide containing lead 83 had
moderate cellular potencies but poor oral exposure in
mice. Disubstituted benzimidazoles (84 and 85) were
found to be 40-fold more potent than 73 in inhibiting
Axin in vitro. Moreover, in vivo pharmacology study
showed plasma free drug concentration (C_ ) was
significantly greater than the cellular IC, values [3¢).

An overlay of the cocrystal structures of 86 and 87
bound to TNKSI suggests that replacing the labile
aminoquinazoline amide of 86 with a 2-aminopyri-
dine might increase stability in plasma while main-
taining two critical H-bond interactions with the
protein. The aminopyridine moiety would serve as a
simplified mimic of the aminoquinazoline group in 87.
This rationale prompted the design and synthesis of a
series of 2-aminopyridine oxazolidinones that showed
improved cellular activities via inhibition of TNKS
with excellent selectivity over other PARP family mem-
bers. Notably, studies of the cocrystal structures of the
2-aminopyridine oxazolidinones with TNKS suggest
a different binding mode from one that involves inter-
actions with the nicotinamide binding pocket. In a
subsequent animal study, compounds 88 and 89 were
administered orally to mice bearing DLD-1 tumor.
The in vivo efficacy was confirmed by measuring the
Wnt-pathway biomarkers [37].

Using HTS, James ez al. identified WIKI4 (90) as
a Wnt/P-catenin signaling inhibitor. The compound
inhibited Wnt/B-catenin signaling in both cancer cell
lines and human embryonic stem cells. In addition, the
inhibitory effect of 90 on the Wnt/B-catenin signal-
ing pathway was shown to be mediated by blocking
the enzymatic activity of TNKS2 (38]. Further stud-
ies determined the binding mode of 90 to TNKS2 by
x-ray crystallography with a resolution of 2.4 A, uncov-
ering a novel binding mode of the compound to the
adenosine subsite of the donor NAD+ binding groove
of the catalytic domain. Thus, the scaffold of 90 may
serve as a structural template from which to design and
synthesize TNKS inhibitors with greater potency and
selectivity [39].

Waaler et al. identified JW67 (91) and JW74 (92)
as efficient and specific inhibitors of the canonical
Wnt signaling through a high-throughput screen-
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ing (Figure 7). 91 and 92 rapidly reduced active
B-catenin with a subsequent downregulation of Wnt
target genes, Axin2 protein levels were significantly
increased after treatment with the compounds. Long-
term treatment with 92 inhibited the growth of tumor
cells in both a mouse xenograft model of colorectal
cancer cells (CRC) and in ApcM® mice [40]. 92 was also
demonstrated to reduce cell growth and differentiation
of osteosarcoma cells [41]. It is very interesting that nei-
ther 91 nor 92 is structurally similar to IWR-1 (73)
or XAV939 (28) and shows efficacy in submicromolar
concentrations in similar assays as a TNKS inhibitor,
but 90 has amazing structural similarity with 17 and
18 as Porcn inhibitors.

Schulz et al. of Novartis based on the structure of
92 and utilizing composite parameter analysis helped
identify several analogs including 93 and 94 with
low nanomolar TNKS inhibition and submicromolar
activity in cellular models of Wnt pathway signaling. A
crystal structure determination of the lead compound

93 revealed a novel binding mode with a PARP fam-
ily member, involving the adenosine binding pocket of
TNKS1/2. This hitherto unknown mode of binding
may have contributed to its selectivity against other
PARP family members [42].

JW55 (95) is another TNKS inhibitor which was
identified by Waaler ez /. Similar to XAV939 (28),
95 inhibits auto-PARsylation of TNKS1 and TNKS2
in a biochemical assay. However, in contrast to 28,
no evidence was found for the inhibition of PARA1
by 95, making this chemotype attractive for further
development toward a TNKS1/2 selective inhibitor [43].

Also on the basis of JW74 (92), Voronkov et al.
developed 1,2,3-triazole-based JW74 analogs from
which G007-LK (96) emerged as a potent, ‘rule of 5°
compliant and metabolically stable TNKS1/2 inhibi-
tor. The IC, value of 96 against TNKS1 and 2 was
determined to be 46 nM and 25 nM, respectively,
with a cellular IC,| measured at 50 nM. Study of
the crystal structure of 96 bound to TNKS2 showed
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distinct interactions in the extended adenosine bind-
ing pocket [44]. In vivo, 96 inhibited growth of APC-
mutant CRC xenograft tumors. In particular, in a
xenograft model derived from the COLO-320DM
cell line, 96 was found to inhibit cell cycle progres-
sion and colony formation while driving cancer cell
differentiation. This observation indicates that TNKS
inhibition may disrupt the undifferentiated state of
cancer cell maintained by B-catenin-dependent sig-
naling. Despite its favorable pharmacokinetic proper-
ties, intestinal toxicity associated with GO07-LK (96)
may limit the clinical potential of the Wnt/B-catenin
signaling inhibitor [45].

Kirubakaran ez al. assessed five lead molecules iden-
tified from a screening of three compound databases
by a calorimetric assay. One of the five compounds, 97
was observed to potently inhibit TNKSI activity and
to exert significant cytotoxicity and block cell growth,
more so than 98 and 99. The morphological assess-
ment, DNA damage and chromatin condensation
and fragmentation results also confirmed that 97 has
enhanced activity against MCE-7 cells [46].

Inhibitors that bind to both the nicotinamide
pocket & the induced pocket

An Amgen team identified 100 as the most potent
inhibitor of TNKS with an IC,  of 8 nM through a
combination of substructure searching of the Amgen
compound collection based on a minimal binding
pharmacophore hypothesis and HTS (Figure 8). Inter-
estingly, 100 appeared to possess not only the bind-
ing motif for the induced pocket but also the binding
motif for the nicotinamide pocket [47]. Further struc-
ture- and property-based optimization of 100 lead-
ing to the identification of more potent and selective
TNKS inhibitors 101 (IC,, = 0.1 nm) and 102 (IC,, =
0.1 nm) with improved pharmacokinetic properties in
rodents, which are well suited as tool compounds for
further in vivo validation studies [48].

A Novartis team optimized XAV939 (28) into a
dihydropyran motif (103) with greater stability and
efficiency but lower potency. This was achieved by a
unique approach combining structure-based design
and LipE-based structure—efficiency relationship.
The dihydropyran core was incorporated into other
activity-conferring elements from 93, 104 and 105.
The results were two promising TNKS inhibitors, 106
and 107 with superb selectivity and pharmacological
profiles. In particular, 107 showed excellent oral bio-
availability in mouse, acting as an antagonist of Wnt
signaling pathway in the MMTV-Wntl mouse xeno-
graft model. Overall, the unique binding mode char-
acterized by enthalpy-driven thermodynamics, the
improved physicochemical properties and enhanced

lipophilic efficiency make 107 a good candidate for
further therapeutic development [49].

Inhibitors of p300 histone acetyl transferase
(p300)

In a zebrafish-based 772 vivo screen for small molecules
that specifically perturb embryonic dorsoventral pat-
terning, Hao ¢t al. discovered windorphen (Figure 9,
108) that selectively blocks the Wnt signal required
for ventral development. 108 exhibits remarkable
specificity toward [-catenin-1 function, indicating
that the two B-catenin isoforms found in zebrafish are
not functionally redundant. It was demonstrated that
108 selectively inhibited p300, a B-catenin-associated
coactivator. In cancer cells where Wnt signaling is con-
stitutively activated by mutations, 108 was shown to
be strongly cytotoxic. Thus, this type of Wnt signaling
inhibitors holds therapeutic potential [so].

Targeting protein—-protein interactions & other
types of inhibitors
Effect on B-catenin activity in nucleus
Inhibitors of T cell factor/B-catenin
protein—protein interactions
The formation of the B-catenin/Tcf complex in the cell
nucleus is the penultimate step of canonical Wnt signal-
ing. Key molecular lesions in colorectal and other can-
cers cause [-catenin-dependent transactivation of Tcf-
dependent genes [51,52]. Selective disruption of this signal
represents an opportunity for rational cancer therapy.
Lepourcelet et al. identified several antagonists
(109-113) of the Tcf/p -catenin protein complex from
an HTS screening of libraries of natural compounds
(Figure 10). These compounds were found to disrupt
Tct/B-catenin complexes and inhibit -catenin-driven
cellular processes such as cell proliferation, reporter gene
activation, expression of c-myc or cyclin D1 and duplica-
tion of the Xenopus embryonic dorsal axis [s3]. Lee ez al.
discovered a natural lignan Hydnocarpin (114) from
Lonicera japonica that acted as an inhibitor of Wnt/f3-
catenin signaling. In SW480 human colon cancer cells,
the Wnt signaling suppression by 114 was also believed
to be responsible for the arrest of cell proliferation [54].
A Wyeth team reported that 115 was a potent
inhibitor of B-catenin/Tcf-4 through screening of
their compound library. Replacement of the biphe-
nyl moiety in 115 with an N-phenylpiperidine-
4-carboxamide chain led to a series of new analogs
that retained much of the potency as inhibitors of the
B-catenin/Tcf-4 signaling pathway. These new com-
pounds (e.g., 116) were also effective in suppressing
B-catenin/Tcf-4-mediated cellular effects, as well as
good solubility and desirable metabolic stability and
oral bioavailability. However, neither compound 116
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Figure 8. Structures of tankyrases inhibitors binding to both the nicotinamide pocket and the induced pocket.

nor 117 demonstrated significant in vivo efficacy in
HT29 and HCT116 xenograft models. Further opti-
mization in 7z vive potency and PK properties of this
series will be needed [55].

Park et al. found that quercetin (118) potently
inhibited the binding of the Tcf complexes to its spe-

cific DNA-binding sites, suggesting that its suppres-
sion of transcriptional activity of B-catenin/Tcf in can-
cer cells was mediated by its action through B-catenin.
Additional studies by immunoprecipitation and West-
ern blot confirmed that 118 disrupted the binding of
B-catenin to Tcf-4 by reducing the nuclear level of
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Figure 9. Structure of windorphen (108) as a p300
inhibitor.

B-catenin and Tcf-4 proteins [s6]. The structural dif-
ference between flavone derivatives (63-72) as TNKS
inhibitors and 118 is that 118 has an extra 3-position
hydroxyl group substituent. Therefore, the 3-posi-
tion hydroxyl group of 118 could play a crucial role in
targeting the B-catenin /Tcf interaction.

Ji et al. identified 119, [57) 120-123 [58] and 124 [59]
as new inhibitors for B-catenin/Tcf protein—protein
interaction (PPI) with AlphaScreen and FP assays.
The optimization of 124 resulted in chemically stable
derivatives (125-129) that disrupt the [-catenin/
Tcf PPL. The binding mode of new inhibitors was
characterized by site-directed mutagenesis and
structure—activity relationship studies. This series
of inhibitors with a new scaffold exhibits dual selec-
tivity for [P-catenin/Tcf over [-catenin/cadherin
and P-catenin/APC PPIs. 129 of this series suppress
canonical Wnt signaling, downregulates the expres-
sion of Wnt target genes and inhibits the growth of
cancer cells. 129 represents a solid starting point for
the development of potent and selective B-catenin/Tcf
inhibitors [59].

Inhibitors of B-catenin/LEF-1 PPIs

A cell-based Wnt reporter assay identified ethacrynic
acid (Figure 11, EA, 130) as an inhibitor of Wnt sig-
naling. 130 was previously known as a diuretic agent,
yet in vitro assays in this study [60] demonstrated its
inhibitory effect on Wnt/B-catenin signaling. More-
over, primary chronic lymphocytic leukemia (CLL)
cells treated with 130 were observed to have downreg-
ulated Wnt/P-catenin target genes including LEF-1,
cyclin D1 and fibronectin and are subject to cell death
induced by 130. Immunoprecipitation study fur-
ther revealed that the LEF-1/B-catenin complex was
destabilized by binding of 130 to the LEF-1 protein.
The ability of 130 to induce apoptosis in CLL cells

Protein—protein interactions: Refer to physical contacts
established between two or more proteins as a result of
biochemical events and/or electrostatic forces.

through the drug’s inhibition of Wnt/f-catenin signal-
ing was abrogated by N-acetyl-L-cysteine (NAC), an
agent that is known to react with the o, -unsaturated
ketone in 130, but not other anti-oxidants [60]. 130
significantly reduced cell viability in murine, as well as
human pancreatic cancer cell lines [61]. Another report
described the preparation and biological evaluation of
a series of amides of ethacrynic acid (62]. A number of
these derivatives were identified as having micromolar
potency in their ability to inhibit Wnt signaling and
CLL cell survival [63].

Inhibitors of B-catenin/CBP PPIs

Emami et /. identified ICG-001 (also known as PRI-
724, Figure 2, 1) as a specific inhibitor of B-catenin/T
cell factor signaling. 1 was found to bind to the cyclic
AMP response element-binding protein and selectively
induce apoptosis of colon cancer cells but not normal
colon cells. 1 inhibited both 772 vitro colon cancer cells
and 77 vivo xenograft tumor growth in C57BL6]J-Apc-
Min’ mouse and nude mouse models [62]. The compound
was recently investigated in detail by Arensman et al. for
its therapeutic potential for pancreatic cancer using pan-
creatic ductal adenocarcinoma (PDAC) cell line. When
used alone, 1 was found to inhibit both anchorage-
dependent and anchorage-independent growth of several
PDAC cell lines. When used in combination with gem-
citabine, inhibition of cell growth was enhanced. How-
ever, the synergistic effect was not mediated through
PDAC apoptosis, but through increased induction of
Gl1 cell-cycle arrest. These findings did not appear to
involve the inhibition of Wnt/B-catenin-mediated tran-
scription. DNA microarray analysis of the PDAC cells
treated with 1 showed alteration of several gene expres-
sions including SKP2 and CDKNIA that are known
to regulate DNA replication and cell-cycle progression.
Importantly, in an 77 vive orthotopic xenograft model
of PDAC, mice treated with 1 had significantly longer
survival time, demonstrating the compound’s potential
as small molecule lead for therapeutic development for
treatment of pancreatic cancer [64].

By inhibiting expression of B-catenin target gene

An RNAi-based chemical genetic screen identified
iCRT3 (131), iCRT5 (132) and iCRT14 (133) inhibi-
tors of Wnt/[-catenin signaling pathway. The inhibitors
efficiently block Wnt/B-catenin-induced target genes
and phenotypes in various mammalian and cancer
cell lines. The data support for the specificity of these
inhibitors in antagonizing the transcriptional function
of nuclear B-catenin. Importantly, they are specifically
cytotoxic to human colon tumor biopsy cultures as well
as colon cancer cell lines that exhibit deregulated Wnt
signaling [65]. Effect of these compounds on cell prolif-
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eration and apoptosis were tested in several triple nega-
tive breast cancer (TNBC) cell lines (BT-549, MDA-
MB-231, HCC-1143 and HCC-1937) and the ER+
cell line MCF-7. 131 was the most potent compound
for inhibiting proliferation and antagonizing Wnt sig-
naling in TNBC cells. In addition, treatment with 131
resulted in increased apoptosis i vitro [66).

Zhang et al. confirmed that naturally occurring stil-
bene derivatives, resveratrol (134) and pterostilbene
(135) could inhibit Wnt signaling and repress CRC cell
proliferation at concentrations greater than 10 uM. To
improve potency, a series of fluorinated N,N-dialkyl-
aminostilbenes were prepared of which 136 emerged as
a potent Wnt signaling inhibitor exhibiting nanomolar
activity against the growth of CRC cells 77 vitro. In a
xenograft nude mice model, 136 was efficacious at a
dose of 20 mg/kg. The fluorinated analogs were pro-
posed to act at the transcriptional level, downstream of
Wnt/B-catenin signaling [(67]. Schmeel et al. reported
that piceatannol (137) acted as a strong inhibitor of
Wnt/B-catenin signaling that induced apoptosis of
myeloma cells, but not in normal cells [68].

Albring et al. investigated berberine (138) and its
13-arylalkyl derivatives (139 and 140) for their abil-
ity to inhibit Wnt/B-catenin signaling. HEK-293 and
HCT116 cells treated with 138 were found to have
reduced cytoplasmic P-catenin levels and increased
E-cadherin expression. The arylalkyl derivatives of
berberine (139 and 140) were significantly more
potent than barberine with over 100-fold lower EC|
values. This study suggests that berberine derivatives
may represent potential anticancer agents targeting
the Wnt signaling [69].

Effects on activity of disheveled proteins in
cytoplasm

Inhibitors of secreted SFRP-1/Wnt PPIs

Whnt proteins bind to seven-transmembrane Frizzled
receptors to mediate the important developmental,
morphogenetic and tissue-regenerative effects of Wnt
signaling. Dysregulated Wnt signaling is associated
with many cancers.

Chen et al. reported that niclosamide (141) induced
endocytosis of Frizzled1, downregulation of Dvl-2 and
inhibition of Wnt3A-mediated B-catenin stabilization
and LEF/TCEF reporter activity [70]. The internalized
Frizzled1 receptor then colocalized in vesicles contain-
ing Transferrin and agonist-activated P2-adrenergic
receptor. This finding suggests that 141 may act as a
negative mediator of the Wnt/Frizzledl signaling by
eliminating Frizzled1 and Disheveled (Dvl) proteins.
In addition, 141 may also serve as a research tool with
which to investigate the physiological consequences of
Wht signaling [70].

Godeke ¢t al. found that the naturally occurring
epigallocatechin-3-gallate (EGCG, 142) is highly
effective against hepatoblastoma (HB) cell growth
through inhibition of Wnt signaling. Interestingly,
142 restored the expression of SFRP1, a tumor sup-
pressor gene in HB cells where it was transcriptionally
silenced. SFRP1 has been known to suppress Wnt sig-
naling, thus restoration of its expression by 142 repre-
sents a viable therapeutic approach. The benign nature
of 142 in normal cells should therefore warrant further
preclinical studies to explore its potential utility as an
adjuvant [71].

Inhibitor of Wnt/DKK-1 PPIs

DKK-1 is a secreted inhibitor of canonical Wnt sig-
naling. Aguilera O ¢t al. [72] reported that Calcitriol
(1o,25-dihydroxyvitamin D3, 143), the most active
vitamin D metabolite, increased expression of DKK-1
RNA and protein in human SW480-ADH colon
cancer cells. Immunodeficient mice bearing SW480-
ADH tumors were treated with EB1089 (144) and the
tumors were found to have upregulated DKK-1 pro-
tein expression. Further studies of 32 human colorec-
tal cancer cell lines revealed a correlation between the
expression of VDR and DKK-1 RNA [72].

Treatment with thiazolidinediones (TZDs) rapidly
increased DKK-1 protein levels and secretion in both
fully differentiated adipose cells and pre-adipocytes
undergoing differentiation. Serum levels of DKK-1
were also increased in several patients with Type 2 dia-
betes after treatment with rosiglitazone (145) for 90
days [73].

Gilbert ez al. of Wyeth prepared a series of (hetero)
arylpyrimidines agonists of the Wnt-B-catenin cellular
messaging system from 146 (Figure 11) that was initially
discovered from an HTS effort. These compounds
were found to have significant activity in U20S cells
overexpressing Wnt-3a, TCF-luciferase, DKK-1 and tk-
Renilla. Importantly, inhibition of GSK-3f3 was mini-
mal when selected arylpyrimidines were used, suggest-
ing that the agonists may act through Wnt-3a/DKK-1
to exert their effect. In a mouse calvaria model, the
compounds 146 and 147 showed osteogenic activity
in which nonphosphorylated B-catenin formation in
bone was promoted [74].

Inhibitors of Dvl/Frizzled PPIs
Dvl is an essential protein in the Wnt signaling path-
ways; it uses its PDZ domain to transduce the Wnt
signals from the membrane receptor Frizzled to
downstream components.

Shan et al. conducted a structure-based virtual
screening of the NCI small-molecule library and iden-

tified NSC668036 (148) as a lead compound that

Review

fsg

future science group

www.future-science.com

2499



Review

Zheng, Liu, Wu, Huang & Wang

Sttt O 2ot o

N 150
NSC668036 (148) o H
cl
FJ9 (148)
s
0 /E Y
! N e N N No N A
AL ) J° OO xx
X N pZ
’i‘ o N NH
Sy = o

Rabdotenin (153) AcO

IC,, = 13.95

Clofazimine (155)

Maoecrystal | (154)

IC,, = 10.58
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showed binding activity toward the Dvl PDZ domain.
Based on the structural features of 148 (Figure 12),
molecular dynamics simulation was performed to
characterize the binding of 148 to the PDZ domain.
Moreover, Wnt3A-induced signaling was inhibited
by 148. Thus, this compound could serve as a basis
for rational design in order to obtain high-affinity
inhibitors of the PDZ domain, which in turn can sup-
press Wnt signaling by disrupting the Frizzled—Dvl
interaction [75].

Fujii et al. found that the PPI between the Friz-
zled-7 Wnt receptor and the PDZ domain of Dishev-
eled can be disrupted by a small molecule FJ9 (149).
Further, 149 downregulated the canonical Wnt sig-
naling and inhibited growth of cancer cells. The com-
pound was also found to inhibit tumor growth in a
mouse xenograft model of H460 tumor cells. As the
first nonpeptide inhibitor, 149 showed show promis-
ing therapeutic efficacy through disruption of PDZ
protein—protein interactions (76].

Grandy ez al. used a structure-based ligand screen-
ing and NMR spectrometry to identify a drug-like
small molecule 150 as a Wnt signaling inhibitor. In
prostate cancer cells (PC-3), 150 was effective in
growth inhibition. The study also suggests that 150
inhibits the Wnt signaling by blocking the PDZ
domain of Dvl [77].

Effect on Axin activity

By activating CK1a & disrupting the interaction of
B-catenin/PYGO

B-catenin degradation occurs primarily via its associa-
tion with a complex consisting of glycogen synthase
kinase 3 (GSK3), casein kinase 1a. (CK1a), adenoma-
tous polyposis coli (APC) and Axin.

Using Xenopus laevis egg extract to screen for com-
pounds that both stabilize Axin and promote f-catenin
turnover, Thorne ez al. identified pyrvinium (Figure 12,
151) as a potent inhibitor of Wnt signaling (EC; of
~10 nM). Mechanistically, 151 showed potent binding
affinity (low nM range) towards all family members
of CKI and selective agonism for CKla as evidenced
in the loss of its inhibitory effect on Wnt signaling
in CKla knockdown cells. In addition, 151 induced
the degradation of a Wnt transcriptional component,
Pygopus (PYGO). Colon cancer cells treated with 151
showed suppressed Wnt signaling and proliferation.
The study suggests that CKla activation by small mol-
ecules such as 151 can be an effective approach to Wnt
signaling inhibition a novel strategy for therapeutic
development [78].

By activating Axin 1 gene expression
The scaffold protein Axinl, a key negative regula-
tor of the Wnt signaling with tumor suppressor func-
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tion, resulting in downstream effects coherent with
inhibition of canonical Wnt signaling.

Rorbertis et al. discovered a primary hit series as Wnt
signaling inhibitors in glioblastoma (GBM) cells after a
screening campaign. Medicinal chemistry modification
and optimization of the original structures led to the
identification of an advanced lead compound SEN461
(Figure 12, 152). 152 was found to inhibit the Wnt/j3-
catenin signaling pathway in GBM cells. Itwas confirmed
that 152 induced Axin stabilization, enhanced 3-catenin
phosphorylation and degradation and inhibited anchor-
age-independent growth in both human GBM cells and
patient-derived primary tumor cells. Furthermore, 152
inhibited the growth of GBM xenografted tumor and
antagnonized Wnt signaling in Xenopus embryos [79].
Targeting different sarcoma cell lines with 152 produced
a less transformed phenotype, as supported by modula-
tion of anchorage-independent growth iz vitro. At the
molecular level, 152 treatment enhanced the stability
of Axinl which in turn led to genetic phenocopies that
showed impaired soft-agar growth. Axin stabilization by
small molecules like 152 also inhibited sarcoma growth
in female CD-1 nude mice bearing the xenograft tumor.
These results indicate that inhibition of Wnt signaling
by stabilizing Axin activity has clear relevance to clinical
strategies for treatment of sarcomas [80].

Other types of inhibitors
Recently, Zhang et al. used a dual-luciferase reporter
gene assay to screen a natural ent-kauranoid library to
identify rabdoternin B (153) and maoecrystal I (154)
(Figure 12) as two potent inhibitors of the Wnt signaling
pathway. 153 and 154 were able to block Wnt signaling
in a dose-dependent manner and showed strong toxicity
against colon cancer cells including SW480, HCT116
and HT29 but not in CCD-841-CoN, a normal colonic
epithelial cell line. Flow cytometry study demonstrated
that these two compounds induced G2/M phase arrest
in SW480 cells. At the molecular level, 154 downreg-
ulated c-myc, cyclin D1, survivin and Axin2 in colon
cancer cells, key Wnt signaling target genes, providing
evidence that 153 and 154 represent novel inhibitors of
the canonical Wnt/B-catenin signaling pathway with
clinical potential for treatment of colon cancer [81].
Koval ez al. reported that an in silico screening of
the library of US FDA-approved drugs came up with
a number of potential antagonists of the WntFrizzled
ligand-receptor interaction. Of the 14 compounds tested
by the TopFlash luciferase reporter assay, four com-
pounds were identified as potent and specific inhibitors
of the Wnt3a-mediated signal transduction. Subsequent
functional studies using GTP-binding and B-catenin
stabilization assays revealed that these compounds acted
by inhibiting the signaling downstream of the Wnt-

FZD interaction. For instance, an antileprosy drug
clofazimine (Figure 12, 155) was found to suppress the
growth of triple-negative brest cancer cells that are Wnt-
signaling dependent. These results suggest that further
investigation of 155 for its therapeutic potential in treat-
ment of Wnt-dependent cancers may be a promising
direction [82].

Future perspective

The Wnt signaling pathways have proven to be an attrac-
tive target for the discovery of anticancer drugs from
studies over the past several decades. On one hand, the
multiple components involved in the complex Wnt sig-
naling network and the crucial roles of Wnt signaling in
both normal biological processes and pathologies pres-
ent enormous challenges to therapeutic development.
On the other hand, as the saying goes, ‘challenges and
opportunities coexist, the various components associ-
ated with the Wnt pathways also provide a rich source
of druggable targets for exploring small-molecule inhibi-
tors acting on different constituents of the Whnt signal-
ing network. Indeed, such increased opportunities have
been evidenced in the wide-range of available inhibitors
targeting various Wnt elements. For instance, the Porcu-
pine inhibitor LGK974 (2) (Phase I), the B-catenin/CBP
interaction inhibitor PRI-724 (1) (Phase I), the Wnt/
Frizzled interaction inhibitor OMP-18R5 and OMP-
54F28 (Monoclonal antibody, Phase I and II) 1] and
the TNKS1/2 inhibitors XAV939 (28) and JW55 (95)
(preclinical studies) all demonstrate the multitude of
Wt signaling targets. However, despite progress in the
discovery of numerous inhibitors that target various
points in the Wnt signaling cascade, few small molecule
inhibitors currently exist that directly act on the Wnt
ligand, which remains an under-explored direction that
warrants continued investigation.

Several studies that just came out recently have con-
tinued to expand the scope of possible small molecules
the can interfere with the Wnt pathways. Anthracene-
9,10-dione dioximes potently inhibit P-catenin in
vitro and the growth of several cancer cell lines; [83]
pryanopyridones were demonstrated to be cell active
and orally bioavailable TNKS inhibitors [84]. A highly
specific, direct p300/B-catenin antagonist was recently
reported [85]. Last but not least, an active B-catenin
signaling intrinsic to melanoma was identified as
the culprit of T-cell exclusion and resistance to anti-
PD-L1/anti-CTLA-4 monoclonal antibody therapy,
suggesting that the Wnt/f-catenin signaling pathway
may become a new target for immune potentiation [86].
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Executive summary

Wnt signaling pathway is a complex network that regulates important biological processes. Deregulation of
Wnt signaling pathway often leads to various pathologies including cancer. The inhibition of Wnt signaling
offers a novel approach for anticancer therapy.

The enzymes porcupine, tankyrases and p300 histone acetyl transferase are important components of the
Wnt signaling pathway. The inhibition of their activity is emerging as a promising strategy for anticancer
therapeutics. The review summarizes a large number of recent successful examples of enzyme inhibitors that
showed in vitro and in vivo activities against various types of cancers. Using computer-assisted drug design as
a tool and the crystal structure of enzyme bound to small molecules as a template, this class of inhibitors of
Wnt signaling pathway will continue to be optimized in the future.

The protein—protein interactions are emerging as an attractive class of targets for therapeutic intervention
of cancer. Wnt signaling pathway involves the complex interactions of protein—protein including
B-catenin/co-activator (Tcf, Lef-1, CBP, PYGO), Wnt/SFRP-1, Wnt/DKK-1, Dvl/Frizzled, Axin/CK1a and so on.
The selective disruption of this protein—protein interaction suppresses Wnt signaling and further inhibits the
growth of cancer cells. One successful example is the discovery of PRI-724 as an inhibitor of -catenin/CBP
which is in clinical trial. However, proteins have dynamic and complex behaviors, and their interactions often
involve shallow interfaces. Targeting protein—protein presents numerous challenges.

The complex Wnt signaling pathway involved the multiple components have been proven an attractive target
and also present enormous challenges for the discovery of anticancer drugs. A very recently study revealed a
correlation between activation of Wnt/B-catenin signaling pathway and absence of a T-cell gene expression
signature and implicated the active Wnt/B-catenin signaling as the underlying mechanism for T-cell exclusion
and resistance to monoclonal antibody therapy. Therefore, the inhibition of Wnt/B-catenin signaling pathway
may be a strategy to overcome resistance to immunotherapies.
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