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Human Notum (hNotum) inhibitors could be used for treating Wnt signalling-associated diseases includ-
ing colorectal cancer. Herein, two series of chalcone derivatives were designed and synthesized aiming
to find selective and potent hNotum inhibitors. Structure-activity relationship (SAR) studies showed that
2-methoxyl and 5-bromine substitutions on A-ring significantly enhanced anti-hNotum effect, while 4’-
ethoxyl and 3’-alkyl substitutions on B-ring were beneficial for hNotum inhibition. Among all tested

Keywords: chalcones, B11 displayed the most potent anti-Notum effect (ICso =3.6 nmol/L), good selectivity, excel-
Human notum (hNotum) lent chemical stability and suitable metabolic stability. Further investigations showed that B11 acted as a
Chalcone competitive inhibitor of hNotum, while this agent (5 pmol/L) significantly weaken the migration abilities

Computer-assisted drug discovery
Structure-activity relationship (SAR)
Anti-colorectal cancer agent

of colorectal cancer cells. Collectively, this study deciphers the SARs of chalcones as hNotum inhibitors
and reports a novel and potent hNotum inhibitor with the anti-migration effect on colorectal cancer cells,

which offers a promising lead compound to develop novel anti-cancer agents.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Notum is an important secretory carboxylesterase that mod-
ulates the function of a variety of biomolecules by deacylating
essential palmitoleate groups from target proteins [1,2]. Notum
plays a vital role in several human diseases, including osteoporo-
sis, Alzheimer’s disease, and different types of cancer [3-5]. One
of the most well-known functions of Notum is the deacylation
on Wnt proteins. As a negative regulator of Wnt signalling path-
ways, Notum can disrupt the Wnt signalling transduction and reg-
ulate cell proliferation, differentiation, and migration by cleaving
the palmitoleic modification on Wnt proteins [1]. Wnt proteins are
considered highly undruggable, while modulation of Notum car-
boxylesterase activity offers a potential alternative strategy for the
treatment of Wnt-dysregulated diseases [6,7]. Increasing evidence
has suggested that Notum is a promising therapeutic target for
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treating colorectal cancer [8-10]. In the Wnt ligand-independent
colorectal cancer, the Wnt-downstream signals are significantly en-
hanced, which stimulates the secretion of Notum from Paneth cells
and blocks the differentiation of intestinal stem cells. Such pro-
cess facilitates the constitution of super competition between can-
cer cells and intestinal stem cells, which is beneficial for the for-
mation of adenomas [11]. Notum inhibitor therapy could be used
as a preventative strategy for the patients with a high risk of col-
orectal cancer. Therefore, it is highly desirable to find more potent
inhibitors against human Notum (hNotum) as lead compounds for
developing novel anti-colorectal cancer agents.

Chalcone and chalcone hybrids are privileged scaffolds in
medicinal chemistry [12-19]. The facile synthetic routes to chal-
cone analogues enabled a large number of structurally diverse
chalcone derivatives for performing structure-activity relationship
(SAR) studies [20-23]. In the past few decades, a variety of chal-
cone derivatives have been reported with inhibitory effects on
a range of enzymes, including carboxylesterases, lipase, and cy-
tochrome P450 enzymes (CYPs) [24-30]. Recent years, several hNo-
tum inhibitors are developed through various technologies and
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strategies, such as scaffold-hopping, activity-based protein profil-
ing, structure-based drug development and X-ray crystallography
[5,31-36]. Among them, Atkinson et al. have reported a potent
hNotum inhibitor bearing a novel scaffold (two aromatic rings
linked with a 4-atom-length rigid linker), with the ICsy value at
32nmol/L [36]. Given that the chalcone is also a scaffold bearing
the aromatic ring-linker-aromatic ring (Ar-L-Ar) structure, these
compounds may also possess anti-Notum effects [36]. Inspired by
these studies, we screened some commercially available chalcones
and found that parts of them showed moderate to strong anti-
Notum effects (IC5q values at less than 10 pmol/L). These findings
encouraged us to design and synthesize more structurally diverse
chalcones for investigating the structure-inhibition relationships of
chalcone derivatives as novel hNotum inhibitors.

In this study, 4’-methoxylchalcone (A1) was utilised as the start
point for the development of novel hNotum inhibitors. A series of
A1 analogues with variations in the A-ring, were synthesised in
the 1%t round activity evaluation and SAR study. In the 1%t round
screening, compound A10, a bromo-substituted chalcone displayed
potent anti-Notum activity (ICsq=0.30 pmol/L). Subsequently, to
enhance the anti-Notum activity of the chalcone analogues, a se-
ries of bromo-substituted chalcones, with various substitutes on
B-ring (such as alkoxys, alkyls and carboxylates), were synthesized
and their anti-Notum effects were assessed. Following two rounds
of screening and structural optimization, five potent hNotum in-
hibitors (ICsq values are lowing than 10nmol/L) were identified.
Among all tested chalcones, B11 displayed the most potent anti-
Notum effect, which motivated us to further investigate its in-
hibitory mechanism towards hNotum and its selectivity over other
human serine hydrolases. Additionally, the effects of B11 on the
invasion and migration of colorectal cancer cells, as well as its
metabolic stability, was also examined.

As chemicals with the Ar-L-Ar were reported to have good anti-
Notum effects [36], some commercially available simple chalcones
and natural occurring chalcones were assayed hNotum inhibition
activity using trisodium 8-octanoyloxypyrene-1,3,6-trisulfonate
(OPTS) as the probe substrate. The data presented in Table S1
(Supporting information) showed that most of tested chalcones,
including the scaffold, had moderate to relative strong anti-Notum
effects (0.5 pmol/L < ICsg < 10 pmol/L). However, the structural
complexity of some natural chalcones such as licochalcone A-D,
isobavachalcone and xanthohumol, strongly restricted structural
modifications for further SAR studies. Meanwhile, we also found
that 4’-methoxy chalcone (A1) is a moderate hNotum inhibitor
(IC50 = 8.65 pmol/L). Docking simulations showed that A1 could be
well-docked into the catalytic cavity of hNotum, where the A-ring
of this agent could tightly bind with the hydrophobic amino acids
in the catalytic cavity of hNotum. 2D interaction analysis revealed
that the A-ring of A1 created a m-m stacking interaction with
Tyr129 and Phe268, while the B-ring formed another m-m stack-
ing interaction with Trp128 (Fig. S1 in Supporting information).
These findings suggested that the Ar-L-Ar scaffold is beneficial for
the chalcones to occupy the catalytic cavity of hNotum, and Al
can serve as a hit compound for developing novel chalcone-type
hNotum inhibitors.

Afterwards, a series of A1 derivatives featured the Ar-L-Ar
scaffold (A2-A5) were designed and synthesized. As displayed in
Table 1, the introduction of a methoxyl group on the C-4 position
of A-ring slightly enhanced the anti-Notum effect, while methyl,
hydroxyl or chlorine decreased the anti-Notum effect. Introduction
of another methoxyl group at the C-2 position of A2 and A3 signif-
icantly enhanced the anti-Notum effects, as indicated by ICsy val-
ues of A2 (5.91 nmol/L) vs. A6 (0.71 pmol/L), and A3 (15.70 pmol/L)
vs. A7 (4.02 pmol/L). However, introduction of the third methoxyl
at the C-3 position of the A-ring dramatically decreased the anti-
Notum effect, as evidenced by the ICsy values of A6 (0.71 pmol/L)
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Table 1
Chemical structures of A-series chalcone analogues and their anti-Notum activities.

o R,
No. R, R3 R4 Rs MW ICsp (pmol/L)
Al H H H H 238.29 8.65+ 2.42
A2 H H MeO H 268.31 591+ 091
A3 H H Me H 252.31 2448 + 4.45
A4 H H OH H 254.29 15.70+ 1.79
A5 H H Cl H 272.73 11.61+ 4.29
A6 MeO H MeO H 298.34 0.71+ 0.06
A7 MeO H OH H 284.31 4.02 + 0.60
A8 MeO MeO MeO H 328.36 9.78 + 1.31
A9 MeO H MeO Br 377.23 0.48 + 0.05
A10 MeO H OH Br 363.21 0.30+ 0.30

vs. A8 (9.78 pumol/L). These observations suggested the 2-methoxyl
was beneficial for hNotum inhibition, while the 3-methoxyl was
detrimental. Furthermore, the addition of a bromine atom at the C-
5 position increased the anti-Notum effect by 1.5-fold to 13.4-fold,
as evidenced by A9 (0.48 pmol/L) vs. A6 (0.71 umol/L) and A10
(0.30 pmol/L) vs. A7 (4.02 pmol/L). Docking simulations showed
that the 5-bromine in A10 created strong interactions with the
His389 via hydrophobic interactions (Fig. S2 in Supporting infor-
mation). Additionally, Fig. S2 showed that the 2-methoxy of A10
formed carbon-hydrogen bonds with Gly127 and Glu390 of hNo-
tum, which explained the beneficial effects of 2-methoxyl group
to the anti-Notum effects of these chalcones. Notably, the intro-
duction of the 5-bromine and 2-methoxy at A-ring facilitated the
position of the carbonyl to readily form a canonical hydrogen bond
with Ala233 or Trp128, which strongly enhanced the binding of
A10 to the catalytic pocket of hNotum.

Although introduction of 2-methoxyl and 5-bromine substitu-
tion on A-ring facilitated A10 to tightly bind with the catalytic
cavity of hNotum, docking simulations suggested that there were
some hydrophobic amino acids (such as Val346, Pro287 and 11e291)
surrounding the B-ring did not interact with A10. As a result, A10
was used as a lead compound for the 2™ round structural op-
timization of chalcones on B-ring. The B series compounds were
synthesized via the procedure depicted in Scheme 1, while the
nuclear magnetic resonance (NMR) spectra were displayed in the
supplementary materials.

To enhance the binding of the B-ring with the hydrophobic
amino acids deep in the catalytic cavity of hNotum, a bulky O-
alkyl group or carboxylate was intentionally introduced at the C-
4’ position of A10. Among all C-4’-substituted derivatives tested,
ethoxyl was the best choice at the C-4’ position, as evidenced
by the ICsy values of B3 (48.98 nmol/L) vs. A10 (299.3 pmol/L);
B3 (48.98 nmol/L) vs. B4 (74.11 nmol/L); B3 (48.98 nmol/L) vs. B5
(393.8 nmol/L); B3 (48.98 nmol/L) vs. B6 (409.7 nmol/L); as well
as B3 (48.98 nmol/L) vs. B7 (897.5nmol/L). By contrast, when 4'-
methoxy was substituted with a hydroxyl group, the anti-Notum
effect was significantly reduced, as indicated by the ICsy values of
A10 (299.3 nmol/L) vs. B1 (3498 nmol/L).

The hydrophobic substitutes were also introduced at the C-
3’ position. As expected, the introduction of an alkyl group at
C-3’ position enhanced the anti-Notum effects significantly, as
demonstrated by the ICsq values of A10 (299.3 nmol/L) vs. B8
(6.84nmol/L), as well as A10 (299.3 nmol/L) vs. B10 (5.75 nmol/L).
However, introduction of a methoxyl at C-3’ position slightly de-
creased the anti-Notum activity, as evidenced by the ICsqy values of
B9 (476.9 nmol/L) vs. A10 (299.3 nmol/L).

Docking simulations was then performed to examine the mech-
anism of B11 binding to the catalytic cavity of hNotum. As dis-



J.-H. Shi, B. Zhao, L.-L. Song et al.

o | O“] o ‘
HO a HO b
h J Br—— | /"‘J B T U '/J‘B_c’_’
lH CLMOM CLMOM
lc
ld
o )
A I J
B A
Ho’ﬂ\/] f J OH
Br
B1

o

I
o - ™ —' T
AN R

Chinese Chemical Letters 35 (2024) 108405

B2R, =H, R, =Me
B3R, =H, R, = OEt
B4R, =H, R, = OPr

o o
] i B5 R, =H, R, = OBu
NN B8 R, = Me, R, = OMe
B LAl B9 R, =R, = OMe
Re' [ ou I
Ry B B10R, =X, R,'= OMe
B2-B5, B8-B12 B11Ry =", R, = OFt
B12R, =\, R = OPr

B6 R =Me
OH B7R=Ph

o> )0
N\ J

B6 and B7

Scheme 1. Synthesis of the B series chalcone derivatives. Reagent and conditions: (a) K;CO3; (3 equiv.), acetone, r.t., bromomethyl methyl ether (0.99 equiv., dropwise),
10 min; (b) K,CO3 (3 equiv.), acetone, r.t., methyl iodine (1.2 equiv.), overnight; (c) substituted acetophenones (1.2 equiv.), 70% ethanol, NaOH (0.1 mol/L), r.t., overnight; (d)
methanol:HCl (conc.)=3:1 (v/v), r.t, 2 h; (e) dichloromethane, triethylamine (3 equiv.), acid chlorides (0.99 equiv., dropwise), ice bath, 10 min.

played in Figs. S3A and B (Supporting information), B11 can be
well-docked into the catalytic cavity of hNotum. Similar to Al
and A10, the A-ring of B11 interacted with the aromatic rings
of His389 and Trp128 via m-m stacking, while the B-ring inter-
acted with Tyr129 and Phe268. The carbonyl formed hydrogen
bonds with Trp128 and Ala233, respectively. The methoxyl at C-
2 position of B11 interacted with Gly127 through hydrogen bond-
ing, while 5-bromine of B11 created hydrophobic interactions with
His389. More importantly, the 3’-(3-methylbut-3-en-2)-yl on the
B-ring of B11 formed strong hydrophobic interactions with the
hydrophobic amino acids (such as Ala342, Phe268, Val346 and
Pro287) in the catalytic cavity, which well-explained why 3’-alkyl
greatly enhanced the anti-Notum effects of chalcones. Addition-
ally, the S-carbon of the 4’-ethoxy of B11 formed hydrophobic in-
teractions with [le291 and Phe320. These interactions greatly re-
duced the binding energy of B11 on hNotum (from —6.61 kcal/mol
to —8.29 kcal/mol), making B11 as a potent anti-Notum agent (Ta-
ble S2 in Supporting information).

The molecular dynamics of the B11-hNotum complex were also
performed. As shown in Fig. S4 (Supporting information), the dis-
tance between the hydroxyl of the catalytic serine of hNotum and
the ketone carbon of B11 was kept around 4 A, suggesting that B11
could tightly bind on hNotum to form a stable B11-hNotum com-
plex via occupying the catalytic cavity of hNotum.

To deeply explore the inhibitory mechanism of B11 against
hNotum, inhibition kinetics analyses were carried out. Time-
dependent inhibition assays that the inhibition tendency and po-
tency of B11 against hNotum did not change with prolonged prein-
cubation time (Fig. S5 in Supporting information), suggesting B11
was a reversible inhibitor of hNotum. Inhibition kinetics assays
showed that the maximum hydrolytic rates of OPTS in hNotum
were kept around 550 pmol min~! pg~! hNotum upon addition of
increasing concentrations of B11, suggesting that B11 was a clas-
sic competitive inhibitor of hNotum (Fig. S6A and Table S3 in Sup-
porting information), Furthermore, the Lineweaver-Burk plot also
showed that B11 strongly inhibited hNotum in a competitive in-
hibition manner (Fig. S6B in Supporting information), with the K;
value of 4.5 nmol/L.

Since the inhibitor spectra of mammalian serine hydrolases
are highly overlapped [37], it is necessary to test the speci-
ficity of B11 against other key human hydrolases. Herein, three
carboxylesterases [human carboxylesterase 1A (hCES1A), human
carboxylesterase 2A (hCES2A) and butyrylcholinesterase (BuchE)]
and two proteases [thrombin and dipeptidyl peptidase 4 (DPP-
IV)] were used to assay the selectivity of B11 towards hNotum.
As depicted in Fig. S7 (Supporting information) and Table 2, B11
at 10,000 nmol/L had no significant inhibitory effects towards all

Table 2
Chemical structures of B-series chalcone analogues and their anti-Notum activity.

R Br
Ry OH
DPYQ
o /O

No. R3’ Ry MW IC5o (nmol/L)
A10 H MeO 363.21 299.3+ 44.3
B1 H OH 349.18 3498 + 576.3
B2 H Me 347.21 437.5+ 437.5
B3 H EtO 377.23 48.98 + 10.18
B4 H n-PrO 391.26 7411+ 11.49
B5 H n-BuO 405.29 393.8+ 100.8
B6 H AcO 391.22 409.7 + 93.1
B7 H Benzoate 453.29 897.5+ 292.1
B8 Me MeO 377.23 6.84+ 1.07
B9 MeO MeO 393.23 476.9 + 101.8
B10 \\)I\ MeO 431.33 5.75+ 1.25
B11 \\)L EtO 44535 3.62+ 1.15
B12 \I)L n-PrO 459.38 23.87+ 4.56

tested serine hydrolases (ICsg > 10,000 nmol/L), indicated an excel-
lent specificity of B11 on hNotum over other /8 serine hydrolases
in the human body.

Given that hNotum is overexpressed in multiple cancers [11,38],
and down-regulation or potent inhibition of hNotum may suppress
proliferation and migration of colorectal cancer cells [39-40], in
this study, anti-proliferation and anti-invasion effects of the newly
identified chalcone-type hNotum inhibitor (B11) were tested by us-
ing two colorectal cancer cell lines (SW480 and SW620). As dis-
played in Fig. S8 (Supporting information), B11 dose-dependently
suppressed the proliferation of SW480 and SW620 cells, with cal-
culated ICsq values of B11 in SW480 and SW620 were 19.15 pmol/L
and 15.75 pmol/L, respectively. After then, 5 pmol/L of B11 was
used for the wound-healing assay. As exhibited in Fig. 1, B11
effectively suppressed the migration of these two cell lines in
48 h, suggesting that B11 could weaken the migration of colorec-
tal cancer cells. Meanwhile, we also found that B11 had no ob-
servable cytotoxicity in normal intestinal epithelial cells (NCM640)
(Fig. S8).

Next, the stability of B11 in artificial gastric and intestinal
juices was tested. As shown in Fig. S9 (Supporting information),
the relative concentration of B11 remained more than 90% af-
ter 90min of incubation at 37 °C, suggesting that B11 is very
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Fig. 1. The 48 h wound-healing assay of colorectal cancer cells at 5 pmol/L of B11. (A) SW480 cells; (B) SW620 cells. Scale bar: 50 um. (C) The relative migration distance of
SW480 cells or SW620 cells in A or B. All data were shown as mean + standard deviation (SD), n=2. **P < 0.01vs. control.

stable in gastrointestinal juices. The stability of B11 in human
plasma was also measured. As displayed in Fig. S9, B11 is also
very stable in human plasma following 2 h of incubation, suggest-
ing excellent stability of this agent in human plasma. The mi-
crosomal stability of B11 in human liver microsomes was then
tested, while testosterone (NADPH-dependent metabolism) and
umbelliferone (UDPGA-dependent metabolism) was used as the
reference drugs. As depicted in Fig. S10 (Supporting informa-
tion), B11 showed suitable stability in both NADPH-dependent
and UDPGA-dependent metabolic systems, showing the in vitro
half-lives (t;;;) of 246 min (NADPH-dependent metabolism) and
46 min (UDPGA-dependent metabolism), respectively. Such stabil-
ity is much better than that of the reference drugs (73 min for
testosterone, and 21 min for umbelliferone). These findings clearly
demonstrate that B11 displayed suitable metabolic stability, which
offers a promising lead compound for designing and developing of
novel oral-administrated hNotum inhibitors for treating colorectal
cancer.

In summary, a series of chalcone analogues were designed
and synthesized for investigating the SARs of chalcone derivatives
as novel hNotum inhibitors. Following two rounds of screening
and structural optimization, the SARs of chalcones as hNotum in-
hibitors are carefully analysed. The results clearly demonstrated
that 2-methoxyl and 5-bromine substitutions on A-ring, as well as
4/-ethoxyl and 3’-alkyl substitutions on B-ring, are beneficial for
hNotum inhibition. As a result, three extremely potent hNotum in-
hibitors (ICsy values are at the nmol/L level) were gained, with the
ICs5q values less than 7 nmol/L. Specificity assays showed that B11
(the most potent chalcone-type hNotum inhibitor) displayed good
selectivity towards hNotum over other serine hydrolases in hu-
mans, while inhibition kinetics assays showed that this agent po-
tently inhibited hNotum in a competitive inhibition manner, with a
K; value of 4.5 nmol/L. Docking simulations showed that B11 could
be tightly bound on the catalytic pocket of hNotum via hydropho-
bic and hydrogen-bonding interactions, which well-explained the
competitive inhibition mode of B11. Cell tests showed that B11
(5 pmol/L) obviously weakened the invasion and migration abili-
ties of both SW480 and SW620 cells, while this agent also showed
excellent stability in the gastrointestinal environment and suit-
able metabolic stability in human liver microsomes. Collectively,
this study deciphers the SARs of chalcones as hNotum inhibitors
and offers several potent chalcone-type hNotum inhibitors, which
are very helpful for the medicinal chemists to design and develop
more efficacious hNotum inhibitors as novel anti-colorectal cancer
agents.
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