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ABSTRACT: A small-molecule inhibitor with a 1,4-dibenzoylpiperazine
scaffold was designed to match the critical binding elements in the f-
catenin/B-cell lymphoma 9 (BCL9) protein—protein interaction interface.
Inhibitor optimization led to a potent inhibitor that can disrupt the f-
catenin/BCL9 interaction and exhibit 98-fold selectivity over the pJ-
catenin/cadherin interaction. The binding mode of new inhibitors was
characterized by structure—activity relationships and site-directed muta-
genesis studies. Cell-based studies demonstrated that this series of
inhibitors can selectively suppress canonical Wnt signaling and inhibit

growth of Wnt/f-catenin-dependent cancer cells.

| Ki + SD (UM)
B-catenin/BCL9 52+ 0.74
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he Wnt/f-catenin signaling pathway is instrumental in

embryonic development, stem cell maintenance, and
tissue homeostasis." The protein f-catenin is the central hub
of this pathway. In the absence of Wnt signaling, most
intracellular fB-catenin is complexed with cadherin to stabilize
cell—cell junctions. Free cytosolic ff-catenin enters a destruction
complex that consists of adenomatous polyposis coli (APC),
Axin, glycogen synthase kinase 3f, casein kinase la@, and
protein phosphatase 2A. This destruction complex phosphor-
ylates B-catenin, which further leads to $-catenin ubiquitination
and degradation. Wnt signaling is initiated extracellularly by
Wnht proteins that bind to the membrane receptors Frizzled and
LRP 5/6.” Upon binding, the f-catenin destruction complex is
recruited to the cell membrane where the ubiquitination of f-
catenin is blocked. f-Catenin is then translocated to the cell
nucleus, displaces the repressor protein Groucho/TLE, and
binds T-cell factor (Tcf)/lymphoid enhancer-binding factor
(Lef), B-cell lymphoma 9 (BCL9)/BCL9-like (B9L), CREB
(cAMP response element-binding protein)-binding protein
(CBP) /4p?>00, etc, to activate transcription of Wnt target
genes.3’

Inactivating mutations of the f-catenin destruction complex,
the epigenetic mutations of Wnt antagonist genes, or the
autocrine/paracrine activation of Wnt proteins, Frizzled, and
LRP5/6 allows f-catenin to escape degradation, translocate to
the cell nucleus, bind with BCL9/B9L, etc., and initiate
transcription of Wnt target genes.”” The unintended hyper-
activation of canonical Wnt signaling causes many cancers and
fibroses including triple negative breast cancer and idiopathic
pulmonary fibrosis. Furthermore, the initiation, metastasis, and
recurrence of cancers are believed driven by a subpopulation of
cancer cells, called cancer stem cells.””® These cancer stem cells
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exhibit two distinct characteristics: the ability to self-renew and
the ability to regenerate the phenotypic heterogeneity of the
parental tumor. Canonical Wnt signaling is highly activated in
cancer stem cells.”'" Significant efforts have been made to
discover inhibitors for the key effectors of the canonical Wnt
signaling pathway.” Small-molecule inhibitors of the enzymes
Porcupine’' ™" ‘and tankyrase'"'* have been discovered.
Unfortunately, both enzymes act upstream, preventing them
from being effective targets to combat cancers involving
mutations in the S-catenin destruction complex.” Inhibitors
for the effectors downstream of the destruction complex are
more desired."“™"® These efforts have resulted in a f-catenin
crystal structure in complex with an Axin-derived stapled
peptide.'”

An alternate downstream target is the [-catenin/BCL9
protein—protein interaction (PPI). BCL9 and its paralogue BOL
connect f-catenin with the chromatin remodeler Pygopus
(Pygo)."”*® BCL9 and B9L were observed highly overex-
pressed in Wnt-dependent cancer cells (but not in normal
tissues).'”*"**** The individual knockdown of BCL9 and
BIL'”*'~* or the use of dominant negative BCL9 or BOL*"*’
inhibited the activity of canonical Wnt signaling in cell-based
reporter assays, downregulated transcription of Wnt target
genes, inhibited cancer cell migration, and induced an
epithelial-like phenotype in colon cancer and multiple myeloma
cells. The knockdown of BCL9 also enhanced survival of
xenograft mouse models of cancer by reducing cancer load,
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metastasis, and host angiogenesis24 and inhibited invasion of
breast cancer in in vivo ductal carcinoma in situ progression
models.”> The conditional ablation of BCL9 and BYL in mice
reduced Wnt responsive genes that promote cancer stem cells
and epithelial-to-mesenchymal  transition.'”**** BCL9/BIL-
ablation in murine oncogenic intestinal organoids provoked
differentiation and abrogated tumorigenicity.”® However, the
conditional gene ablation of BCL9 and BIL showed normal cell
lineage commitment and proliferation,'””° indicating the
selective disruption of the p-catenin/BCL9 PPI might not
affect normal tissue homeostasis. Two other merits that make
the f3-catenin/BCL9 PPI appealing for inhibitor design are (1)
the binding site of B-catenin for BCL9 partially overlaps with
that for cadherin but has no overlap with that for Axin and
APC; and (2) the interaction between f-catenin and BCL9 or
BOL is relatively weak with a dissociation constant (Kj) of
0.465 uM.>" =%

Previous attempts to inhibit the f-catenin/BCL9 PPI have
resulted in little to mild success; with one small-molecule
inhibitor, carnosic acid, being identified from high-throughput
screening’’ and three different stapled a-helices being
designed.””> The stapled a-helix, SAH-BCL9, was able to
disrupt the f-catenin/BCL9 PPI and suppress tumor growth,
angiogenesis, invasion, and metastasis in mouse xenograft
models.”> MicroRNA miR-30—50p was reported to down-
regulate BCL9 and Wnt transcriptional activity and reduce
tum(s)g burden and metastatic potential of multiple myeloma in
vivo.

Recently, we designed a generic scaffold, 4'-fluoro-N-phenyl-
[1,1'-biphenyl]-3-carboxamide, that itself can mimic the
binding mode of the side chains of hydrophobic projecting
hot spots at positions i, i + 3, and i + 7 of an a-helix. The
decoration of this scaffold offered a small-molecule inhibitor, 1
in Figure 2, that can disrupt the p-catenin/BCL9 PPI and
exhibit selectivity for f-catenin/BCL9 over f-catenin/cadherin
PPIs.** This study indicates the binding mode mimicry for
hydrophobic side chains of a-helical hot spots in PPI structures
can provide a new starting point to design small-molecule
inhibitors for a-helix-mediated PPIs. To validate this strategy,
in this study the structural features for PPI inhibition, which
were explored by 1,”* were employed to design a second
scaffold that has better drug-like properties.

Mutational and crystallographic studies have identified that
residues L366, 1369, and L373 of BCL9 are the projecting hot
spots that form close contact with a hot spot pocket that
contains L156, L159, and L178 of f-catenin.””*”*" SiteMap®”
was used to calculate the three-dimensional energy maps
around the BCL9 L366/1369/L373 binding site and highlight
favorable sites for a specific functional group. The molecular
interaction fields (MIFs) for hydrophobic interactions were
mainly from the upper pocket that is lined with the side chains
of A152, 1156, L159, L160, V167, K170, A171, and M174 of f-
catenin, as shown in Figure 1A. SiteMap also identified
additional hydrophobic MIFs generated from the side chains of
L148, A149, A152, M174, L178, and K181 in the bottom
pocket. The hydrophobic side chains of these residues were
extracted as critical binding elements for inhibitor design. The
SiteMap MIFs for H-bond acceptors were determined by the
side chain carboxylic oxygen atoms of f-catenin D145, E1SS,
D162, and S184 (Figure 1B). The SiteMap MIFs for H-bond
donors were from the side chain NH; of f-catenin K181. These
functional groups were also extracted as critical binding elements
for H-bond and charge—charge interactions.
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Figure 1. SiteMap results at the f-catenin/BCL9 PPI interface (PDB
id, 2GL7%). (A) Hydrophobic map. f-Catenin is shown as a surface
model. The threshold for the hydrophobic contour in yellow was set to
—0.5 kecal/mol. A stick model for the hydrophobic SiteMap is shown in
Supporting Information Figure S1. (B) H-bond map. The threshold
for the H-bond donor (red) and acceptor (blue) contours was set to
—8 kecal/mol. The f-catenin residues are colored green.

Starting from fragment 2 from our previous study,™
compound 3 in Figure 2B was designed to meet the derived
critical binding elements. The AutoDock model of 3 with f-
catenin is shown in Figure 2C. The 4-fluorobiphenyl
substructure was designed to match the hydrophobic critical
binding elements in the upper pocket. The phenyl group of the
3-fluoro-S-(piperazin-1-yl) benzamide substructure was de-
signed to match the hydrophobic critical binding elements in
the lower pocket, as shown in Figure 1A. The positively
charged pyrrolidin-3-yl and piperazin-1-yl groups aimed to form
salt bridge interactions with p-catenin E155 and DI14S,
respectively. After the synthesis (Scheme S1), the AlphaScreen
assay showed that 3 can disrupt the -catenin/BCL9 PPI with a
K; value of 19 + 6.4 uM. The introduction of a hydrophilic
pyridine nitrogen atom to 3 afforded 4, which was designed to
evaluate the importance of hydrophobic interactions in the
upper pocket. The synthetic route of 4 is shown in Scheme S2.
The AlphaScreen K; value of 4 is 4-fold higher than 3 (Figure
2D), indicating the importance of hydrophobicity of this
pocket. Compound 5 with a shorter ethylamine side chain
exhibited no obvious inhibition at the highest concentration
tested (500 uM). It is likely the combination of the pyridine
and the ethylamine is deleterious to potency. The pyridine is
too hydrophilic for the hydrophobic f-catenin/BCL9 pocket,
while the flexibility of the ethylamine results in an entropic
penalty. Compounds 6—9 were designed to further explore the
bottom pocket. The synthetic route for 6—9 is shown in
Scheme S3. A comparison of the K| values of 3 and 6—8
indicated that the piperazine substructure worked best for this
series of inhibitors. The piperazine nitrogen atom attaching to
the phenyl ring does not provide additional contribution to the
inhibitory potency, as the K value of 9 is similar to that of 3.
The different K; values between § and 6 again suggested the
importance of hydrophobic interactions in the upper pocket for
inhibitor binding.

In lieu of the structure—activity relationships (SARs) of 2—9
and the proposed binding mode of 3 with f-catenin in Figure
2C, a second series of potential inhibitors was designed to
explore the BCL9 L366 binding pocket, as shown in Figure 3A.
Compound 10 was a fairly conservative alteration from 3. One
reason to synthesize this compound was because the 3,4-
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Figure 2. Design of new f-catenin/BCL9 inhibitors. (A) Chemical structure and the AlphaScreen K; values of 1. (B) Chemical structures of 2—9.
(C) AutoDock result of 3 with S-catenin (PDB id, 2GL7>7). A stick model of this docking result is shown in Figure S2. (D) AlphaScreen K; values of
2—9 and carnosic acid. Each set of data was expressed as mean + standard deviation (n = 3). Details are in Figure S3.
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Figure 3. Optimization of new f-Catenin/BCL9 inhibitors. Each set of data was expressed as mean + standard deviation (n = 3). (A) Chemical
structures of 10—18. (B) AutoDock result of 11 with S-catenin (PDB id, 2GL7>"). A stick model of this docking result is shown in Figure S4. (C)
AlphaScreen K; values of 10—18. Details are in Figure SS. (D) Chemical structures and AlphaScreen K; values of 19—22. (E) In-parallel AlphaScreen
competitive inhibition assay of 11 to disrupt wild-type f-catenin/wild-type BCL9 and mutant $-catenin/wild-type BCL9 PPIs. Details are in Figure
S7.

difluoro substituted derivative exhibited the best activity for the low. Compound 11 with an unsubstituted cyclohexyl ring was
previous scaffold.** The synthetic route for 10 is shown in designed and synthesized. The K; value of this compound is 5.2
Scheme S4. Unfortunately, the AlphaScreen assay showed the + 0.74 uM and comparable with that of carnosic acid. The
activity of 10 was approximately 3-fold worse than 3. Since the introduction of a methyl group to the cyclohexyl group
upper hydrophobic pocket was evolved to accept aliphatic decreased the activity. The replacement of the methyl group
L366, the modification of aromatic to aliphatic ring was with a trifluoromethyl group afforded 13 with better potency.
envisioned. The choice to use a ring over a chain (to more The bulkier 4-ethyl, 4-dimethyl, and 4-difluoro derivatives all
directly mimic leucine) was made in an effort to keep the were worse than 11 (Figure 3). Compound 17 with a

number of rotatable bonds and the entropic penalty of binding cyclopentyl substitution and 18 with a methyl group exhibited
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lower activities than 11, suggesting the importance of van der
Waals contacts in the BCL9 L366 binding pocket. The
synthetic routes for 11—14 and 15—18 are shown in Schemes
1 and S4, respectively. A further optimization was centered on
evaluation of the R, group as shown in Figure 3D. The
synthetic route for 19—22 is shown in Scheme S5. The results
of the AlphaScreen competitive inhibition assay indicated that
the fluorine atom was the best substituent for this position.

Site-directed mutagenesis studies were performed to evaluate
the binding mode of new f-catenin/BCL9 inhibitors. Previous
crystallographic analysis indicated that D145 and E1SS of f-
catenin did not interfere with the f-catenin/BCL9 PPL>* Three
f-catenin mutants, D145A, E155A, and D145A/E155A, were
made. Native gel electrophoresis, thermal shift, and CD
experiments confirmed the homogeneity, the thermal stability,
and the secondary structure integrity of the purified proteins.
The AlphaScreen competitive binding assays and the
fluorescence polarization binding assays demonstrated that
D145A, E155A, and D145A/E155A of f-catenin had the same
K4 values as wild-type fB-catenin when binding with wild-type
BCL9, as shown in Figure S6. The AlphaScreen competitive
inhibition assay was performed to evaluate the roles of D145
and E15S in inhibitor binding. As shown in Figure 3D, the K;
values of 11 for f-catenin D145A/BCL9 and f-catenin E155A/
BCL9 PPIs were 6—8-fold higher than that for the wild-type -
catenin/BCL9 PPI. Further, the K| value of 11 for the f-catenin
D145A/E155A double mutant/BCL9 PPI was 53 + 4.2 uM
and higher than that for the f-catenin D14SA/BCL9 or f-
catenin E155A/BCL9 PP], indicating that the carboxylate side
chains of D145 and E1SS of f-catenin were important for the
inhibitory potency of 11. The AlphaScreen selectivity assay was
used to quantify inhibitor selectivity. As shown in Figure 4A,
compound 11 exhibited 98-fold selectivity for f-catenin/BCL9
over f-catenin/cadherin PPIs.

The Wnt-responsive luciferase reporter assays were per-
formed with pcDNA3.1—f-catenin transfected human embry-
onic kidney 293 (HEK293) cells for 11, 13, and carnosic acid.
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Figure 4. Inhibitor selectivity of 11 for f-catenin/BCL9 over p-
catenin/cadherin PPIs and cell-based characterization of 11 as a new
f-catenin/BCL9 inhibitor. (A) In-parallel AlphaScreen selectivity assay
results for 11. Each set of data is expressed as mean =+ standard
deviation (n = 3). (B) TOPFlash and FOPFlash luciferase reporter
assay results of 11 using pcDNA3.1—f-catenin transfected HEK293
cells. The data are expressed as mean + standard deviation (n = 2).
(C) MTs assay to monitor the inhibitory effects of 3, 11, and 13 on
growth of SW480, HCT116, A549, and HEK293 cells. n.d, not
determined.

As shown in Figures 4B and S8, compounds 11 and 13
suppressed the TOPFlash (with wild-type Tcf binding sites)
luciferase activity in a dose-dependent manner. This compound
did not affect the FOPFlash (with mutant Tcf binding sites)
luciferase activity even at 100 uM. MTs cell viability assays were
performed to assess the inhibitory effects of 3, 11, and 13 on

DOI: 10.1021/acsmedchemlett.5b00284
ACS Med. Chem. Lett. 2016, 7, 508—513


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.5b00284/suppl_file/ml5b00284_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.5b00284/suppl_file/ml5b00284_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.5b00284/suppl_file/ml5b00284_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.5b00284/suppl_file/ml5b00284_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.5b00284

ACS Medicinal Chemistry Letters

growth of colorectal cancer cell lines SW480 and HCT116 that
have hyperactivated Wnt signaling. Compound 11 inhibited
growth of Wnt-activated cancer cells with the ICs, values of 22
+ 40 and 26 + 6.6 uM for SW480 and HCTI116 cells,
respectively (Figure 4C). Compounds 11 and 13 exhibited
>10-fold selectivity for Wnt signaling-activated cancer cells over
Wnt signaling-latent cancer cells, such as lung adenocarcinoma
AS49 cells. These two compounds also exhibited 3—4-fold
selectivity for Wnt signaling-activated cancer cells over HEK293
cells.

The pf-catenin/BCL9 PPI, a key downstream effector of
canonical Wnt signaling, represents an appealing therapeutic
target for treatment of cancer and fibrosis and eradication of
cancer stem cells. In this study, the critical binding elements at
the BCL9 binding site for hydrophobic, H-bond, and charge—
charge interactions were extracted from the crystal structure of
the f-catenin/BCL9 PPI (PDB ids, 2GL7*” and 3SL9™). A
small-molecule inhibitor with a novel scaffold was designed to
match the proposed critical binding elements. A further
structural optimization resulted in 11 and 13. Compound 11
exhibited a K; value of 5.2 & 0.74 uM for disruption of the f-
catenin/BCL9 PPI and 98-fold selectivity for f-catenin/BCL9
over f-catenin/cadherin PPIs. The SARs and site-directed
mutagenesis results are in agreement with the proposed binding
mode of this series of inhibitors. The cell-based studies
demonstrated that 11 and 13 can suppress transactivation of
canonical Wnt signaling and inhibit growth of cancer cells with
hyperactivated Wnt signaling. Compound 11 is similar to 1
from our previous study”* in that both are designed to form salt
bridges with E155 and D145 of f-catenin, and both have
hydrophobic moieties intended to interact with the hydro-
phobic pockets of f-catenin near L156 and L159 (Figure 1A).
However, compared to 1, compound 11 is more hydrophilic
giving it better drug-like properties. In addition, the piperazine
moiety in the middle of the molecule can be functionalized,
allowing future optimizations to access more chemical space.
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