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Research on new and potent inhibitors of anti-apoptotic proteins is a very active and promising topic in
bioorganic and medicinal chemistry. MIM1 is a small molecule that was among the first reported
inhibitors of the anti-apoptotic protein Mcl-1. We recently corrected its structure and developed a
focused library of analogues to obtain new dual Bcl-x /Mcl-1 inhibitors as well as selective Mcl-1
inhibitors. All the corresponding molecules contained a triphenol core, established by molecular
modelling as the key component to anchor these products to the binding site of these proteins. Thus, as
a next step, we designed and synthesized novel analogues in which this labile core was replaced by a
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Accepted 15th June 2025 studies, which allowed new potent and selective inhibitors of Mcl-1 to be identified. Preliminary
DOI: 10.1039/d5nj00175g structure—activity relationships were elucidated, and molecular modelling studies allowed us to propose

a rationale for the biological activity of this series of new inhibitors, in particular for the inhibition of the
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Introduction

Cell death escape, a hallmark of cancer, is involved in carcino-
genesis and chemoresistance' and is frequently due to the
deregulation of apoptosis and particularly through perturba-
tions in the control of the intrinsic pathway, which is itself in
part governed by the Bcl-2 family.>
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Bcl-2 family proteins are classified according to the presence
of one or more Bcl-2 homology (BH) domains (BH1-BH4) and
their pro- or anti-apoptotic activity. Anti-apoptotic proteins that
possess BH1 to BH4 domains (Bcl-2, Bel-xp, Mcl-1, Bel-w, Al
and Bfl-1) are capable of sequestering pro-apoptotic proteins in
their hydrophobic pocket formed by BH1-BH3 domains and
hindering their function. Pro-apoptotic proteins are subdivided
into two groups: BH multi-domains (domains BH1-BH3), also
known as ‘“effectors” (Bax and Bak), and “BH3-only” proteins,
possessing only the BH3 domain. BH3-only proteins are further
divided into ‘“activator” proteins (Bim, Bid, and Puma), acti-
vated in response to a cell-death signal and able to directly
activate Bax and Bak, and ‘“‘sensitizer” proteins (Noxa, Bad,
Hrk, Bmf, Bik), which antagonize the function of anti-apoptotic
proteins by interacting through the alpha-helix of their BH3
domain with the hydrophobic pocket of anti-apoptotic pro-
teins. This interaction leads to the release of activator BH3-
only proteins and/or multi-domain proteins as well as to
subsequent mitochondrial membrane permeabilization and
associated apoptotic cell death.?

Since it has been previously shown that anti-apoptotic Bcl-2
family proteins are overexpressed in human cancers® and
frequently associated with resistance to anti-cancer therapies,’
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the possibility to develop pro-apoptotic strategies has been inten-
sively investigated. One of the first strategies employed was to
mimic BH3-only proteins to inhibit the activity of the anti-
apoptotic proteins of the Bcl-2 family. It was firstly shown that
the inhibition of the expression or activity of these proteins can
induce apoptosis.®® Thus, studies focused on these targets
allowed for the identification of selective pharmacological
inhibitors of Bcl-2, Bel-x;, or Mcl-1.° Multiple preclinical studies
showed that they could be interestingly combined together,"*
with conventional chemotherapeutic agents'®'” or targeted
therapies'®>* in various cancers. All these conclusive preclini-
cal studies led to multiple clinical trials with various BH3
mimetics and ultimately to the approval of VENCLEXTA®
(ABT-199 or Venetoclax, targeting Bcl-2 protein) by the U.S Food
and Drug Administration for treatment of patients with chronic
lymphocytic leukemia and acute myeloid leukemia.>®

However, it has also been shown that anti-apoptotic proteins
could play a redundant role and that it could be required, in
some cases, to inhibit concomitantly some of them to induce
cancer cell death. For instance, it has been demonstrated that
the expression of Mcl-1 could constitute one of the mechanisms
of resistance to BH3-mimetic molecules targeting Bcl-2/Bcl-x;,
proteins®*° and that Mcl-1 downregulation®*~> or inhibi-
tion'**?* could restore sensitivity to these BH3-mimetics.

Mcl-1 has been identified as a target of interest for the
treatment of cancer because amplification of the MCL1 gene is
one of the most common genetic changes observed in cancer®”
and overexpression of the Mcl-1 protein has been observed in
both hematologic cancers*® and solid tumors® ™’ including
ovarian cancer.*! Various Mcl-1 inhibitors have been developed
by others following these findings.””> Here, we focused our
attention on derivatives of MIM1 (Mcl-1 inhibitor molecule 1),
initially reported in 2012,** and which was described as able to
displace a fluorescently labelled Mcl-1 SAHB, (stabilised a-helix
of Bcl-2 domain) from the BH3-binding domain of Mcl-1 and
not displace a fluorescently labelled Bad-BH3 peptide from the
BH3-binding domain of Bcl-x;. Despite a modest Mcl-1 inhibi-
tor activity (ICso = 4.8 uM), MIM1 was the first BH3-mimetic to
show selectivity for Mcl-1 over Bel-xy.

We recently corrected the structure of MIM1 to 1 and
prepared a series of MIM1 analogues 2.** In a second step,
we synthesised compound 3 (FJ809) with the structure origin-
ally assigned to MIM1 and demonstrated that this molecule
exhibited physical, chemical and biological properties that
differ from those of MIM1.**> Most of the new analogues 2, that
we prepared, are more potent inhibitors than MIM1 and exhibit
attractive properties either as selective inhibitors of Mcl-1 or
dual inhibitors of Mcl-1 and Bcl-x;.** However, all these com-
pounds possess a triphenol structure, which is a key compo-
nent to anchor onto the proteins, essentially with D256/R263 in
the case of Mcl-1 and R139/D133 and/or R132/E129 in the case
of Bcl-x.. However, it is known that polyphenols are among the
scaffolds related to frequent hitters of pan assay interference
compounds (PAINS).*® Therefore, it appeared of interest to
us to design alternative molecules devoid of such a property,
and preliminary molecular modelling studies indicated that
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Fig. 1 Design of our targeted “MIM1-inspired” analogues.

including an acid in the meta position of an aromatic ring could
be a good alternative to the triphenol moiety (Fig. 1, structure
A). Further, in this design, the nature of the substituents R" and
R? should offer attractive possibilities for the modulation of the
properties of these “MIM1-inspired”’” molecules A.

We examined the pro-apoptotic activity of these molecules
by appropriate biological studies, performed in the relevant
ovarian cancer cell line model (IGROV1-R10), showing a depen-
dence on both Bcel-x;, and Mcl-1 for their survival, thus allowing
us to identify Bcl-x; inhibitors, Mcl-1 inhibitors and dual
inhibitors, as previously described.**

Therefore, the purpose of this paper is: (1) to describe the
synthesis of selected examples of these target molecules A, (2)
to report the results of their biological activity on the Mcl-1 and
Bcel-x;, anti-apoptotic proteins using the same in cellulo proce-
dures as used earlier for MIM1 and its analogues 2 and (3) to
rationalize the structure-activity-relationship profiles of these
new series of molecules through extensive molecular modelling
studies.

Results
Chemical synthesis

The retrosynthetic analysis for our target molecules is indicated
in Scheme 1.

The analogues A could be obtained by a cyclocondensation
process between o-bromoketones and imino-thiosemicarb-
azides. Later derivatives are accessible through the reaction of
m-carboxy benzaldehyde with thioureas. These intermediates
are themselves prepared by reaction of the corresponding
isothiocyanates with hydrazine hydrate. For our molecules,
the molecular diversity is controlled first at the level of starting
isocyanates (for R') and in the final cyclocondensation step
for R%.
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The synthesis of the thioureas 7-9 was performed by reac-
tion of the known isocyanates 4-6 with hydrazine hydrate. Next,
condensation of these thioureas 7-9 with aldehyde 10 gave the
imino-thiosemicarbazides 11-13, as indicated in Scheme 2.
All these intermediates were obtained in excellent overall yields
and characterized with respect to their physical and analytical
properties (see the Experimental section and ESIY).

The second key components are the a-bromoketones. Most
of them are commercially available (15a-g) but seven others
(15h-n) were synthesized starting from the corresponding
methylketones 14 via a bromination reaction according to
Scheme 3.

Based on the first biological results, we also prepared
one example of an acetylbromide with an extra methyl group
in position 2: 20j. The synthesis follows a three-step process
from aldehyde 16, as indicated in Scheme 4. Reaction with
ethylmagnesium bromide 17, afforded alcohol 18, which was
oxidized to the ketone 19 and finally, a bromination reaction
gave the required intermediate 20j.

The type-A target molecules were obtained by the condensation
of the imino-semicarbazides 11-13 with the a-bromoketones 15 or
20j, as indicated in Schemes 5 and 6. All these molecules were
obtained in fair to excellent overall yields and characterized with
respect to their physical and analytical properties (see the Experi-
mental section and ESIT).

o
Rzﬂ\/ Br

15

(0] (0] O
Br MBI‘ O\©)k/ Br
O 15h O O 15i ©/ 15j

(0] (o] (0] (o]
15k 151

Scheme 3 Synthesis of a-bromoketones 15h—n.
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Biological studies

To evaluate the biological activity of these molecules and to
distinguish Mcl-1 inhibitors from Bcl-x; inhibitors or dual
inhibitors, we used an ovarian cancer cell line (IGROV1-R10)
that depends on both Bcl-x;, and Mcl-1 for its survival, as
previously described. Indeed, their concomitant inhibition
leads to massive apoptosis, whereas inhibition of either Mcl-1
or Bel-x; alone does not.° Bel-x;, or Mcl-1 were inhibited in
IGROV1-R10 cells using specific siRNA (siBcl-x;, and siMcl-1) or
pharmacological inhibitors (ABT-737"” and $63845"® respectively)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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and these cells were then exposed to the molecules of interest. The
combination leading to cell death is thus indicative of the activity
of the evaluated molecules.

No apoptosis was observed after exposure of these cells to
siBcl-x;, or ABT-737 or to siMcl-1 or S63845 alone, while the
combination of siBcl-x;, with siMcl-1 or ABT-737 with S63845
induced massive apoptotic cell death (Fig. 2A). Indeed, as
previously described, these combinations lead to massive cell
detachment and shrinkage, highly indicative of cell death. Our
previous studies showed that under these conditions, caspase 3

New J. Chem., 2025, 49,12688-12707 | 12691
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was activated and PARP cleavage was observed, showing the
apoptotic nature of cell death.'**

Based on morphological observations, we clearly excluded
the possibility that compounds 21a, 21d, 21e could be Bcl-x;, or
Mcl-1 inhibitors since no combination led to cell death at
25 pM. However, the combination of compound 22a with
siBcl-xy, led to cell death, as demonstrated by cell detachment
and shrinkage, while no such effects were observed in combi-
nation with siMcl-1 (Fig. 2B). These observations were con-
firmed by real-time caspase 3/7 activation assay since only
compound 22a showed an activation of caspase 3/7 after 24 h
of treatment in association with siBcl-x;, and not with siMcl-1
(Fig. 2C). Together, these results show that compound 22a is a
potential Mcl-1 inhibitor.

The effects of compound 22a on cell death in the IGROV1-
R10 model were confirmed using pharmacological inhibitors
(ABT-737 and S63845). The identification of optimal concentra-
tions of both molecules to induce massive cell death in
IGROV1-R10 was determined previously. Association of 5 uM
of ABT-737 and 1 pM of S63845 was quite effective for inducing
apoptosis, whereas neither of these molecules was able to
induce cell death when used as a single agent at the indicated
concentrations.**

Firstly, we observed that compound 22a at 10 pM or 25 pM
did not exert any effect (Fig. 3A and B, left panels). In contrast,
combination of compound 22a (at 10 pM or 25 uM) and ABT-
737 (at 5 pM) induced cell detachment and shrinkage, con-
densation or fragmentation of nuclei, and increased the per-
centage of sub-G1 events, as shown in the DNA content
histogram (Fig. 3A, middle panel), as well as the PARP and
caspase 3 cleavage (Fig. 3B, left panel). As expected, compound
22a was more effective at 25 pM than at 10 pM, as suggested by
the percentage of sub-G1 events (40.9% for 25 pM vs. 30.6% for
10 pM) (Fig. 3A). Interestingly, the combination of compound
22a and S63845 displayed no cytotoxic activity (Fig. 3A and B,
right panels). Together, these results led us to conclude that
compound 22a can induce apoptosis in combination with
the inhibition of Bcl-xy, in our model and to suggest that it is
therefore a potential Mcl-1 inhibitor.

12692 | New J. Chem., 2025, 49, 12688-12707
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To improve the biological activity of compound 22a, a
second series of molecules was synthesized based on modula-
tions of the aryl group in position 4 of the thiazole unit, and
their activity was evaluated using impedancemetry, which
allows medium- to high-throughput screening. This method
allows growth curves to be established based on the cell index.
Based on these tests, we exclude compounds 22b, 22c¢, 22f, 22g,
22h, 22i, 22j, 22k, 23e, and 24j as Bcl-x;, or Mcl-1 potential
inhibitors since their combination with ABT-737 or S63845 did
not result in a decrease in the cell index (Fig. 4). However, the
combination of compound 22k with ABT-737 led to a drastic
decrease in the cell index compared to control conditions with
compound 22k or ABT-737 alone. Furthermore, such an effect
was not observed in combination with S63845 (Fig. 4). Taken
together, these results suggest that compound 22k could be a
potential Mcl-1 inhibitor (Table 1).

To further confirm the effect of compound 22k on cell
death, alone or in combination with pharmacological inhibi-
tors of Bcl-x;, and Mcl-1, the effects on cell morphology, DNA
fragmentation, percentage of sub-G1 events, and PARP and
caspase 3 cleavage were assessed (Fig. 5A and B). While
exposure to this compound as a single agent did not have
any impact on these parameters, a massive apoptosis was
observed in the presence of both compound 22k and ABT-
737, as demonstrated by the increase of cell detachment and
sub-G1 events, nuclei fragmentation and PARP and caspase 3
cleavage (Fig. 5A and B). In contrast, the combination of
compound 22k and S63845 did not exert such cytotoxic effects
on IGROV1-R10 cells, suggesting that this compound does not
target Bel-x;, and could thus be identified as a potential Mcl-1
inhibitor (Table 1).

Modification of compound 22k led to the synthesis of new
molecules (compounds 221, 22m, 22n) featuring a methyl at the
end of the 2-diphenyl ether chain. Their biological activities,
alone or in combination with pharmacological inhibitors of
Bcel-x;, and Mcl-1 were then evaluated. As previously observed
with compound 22k, exposure to the compounds alone had no
effect on apoptosis induction (Fig. 6, left panel). However, the
effect was different between the molecules when they were
combined with ABT-737 or S63845. For compound 221, we
observed induction of massive apoptosis at 10 uM and 25 pM
in combination with ABT-737, as demonstrated by the increase
in cell detachment and sub-G1 events, nuclei fragmentation
(Fig. 6A, middle panel) and PARP and caspase 3 cleavages at
25 uM notably (Fig. 6B, left panel). For compound 22m, this
effect was only observed at 25 pM (Fig. 6A, middle panel;
Fig. 6B, left panel). Limited cleavage of PARP and caspase 3
was also observed at 25 pM of the compound in combination
with S63845 (Fig. 6B, right panel). For compound 22n, an
apoptotic effect was observed at 25 uM in combination with
ABT-737 (Fig. 6A, middle panel) but also with S63845 (Fig. 6A,
right panel; Fig. 6B, right panel), which was not the case for
compounds 221 and 22m at any concentration. Thus, com-
pounds 221 and 22m could be potential inhibitors of Mcl-1,
and compound 22n a potential dual-action inhibitor of Mcl-1
and Bcel-x, (Table 1).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 1 Summary of biological activity and predicted binding profiles of the selected compounds

Structure Compound ID Active at 10 pM

Active at 25 UM

Putative target Notes

21a No N.A
21d No N.A
21e No N.A
22a Yes Yes
22b No N.A
22¢ No N.A
22f No N.A
22g No N.A
22h No N.A
22i No N.A
22j No N.A
22k Yes Yes
23e No N.A
24j No N.A
221 Yes Yes
22m No Yes
22n No Yes

Molecular modelling studies

The binding mode of our previous lead compounds (see
compounds numbers 27 and 35 in our first publication)**
suggests that an isosteric replacement of the triphenol with a
benzoic acid should be possible. Instead of forming multiple
hydrogen bonds with D256 and R263, such a group could
indeed form a unique and simple ionic interaction with
R263. Since an ionic interaction is only dependent on the
distance between charged groups, with fewer geometric con-
straints than for hydrogen bonds, such replacement could be
more versatile for medicinal chemistry optimization. The
corresponding 22a confirmed this hypothesis, as judged by

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

Inactive No significant activity observed
Inactive No significant activity observed
Inactive No significant activity observed
Mcl-1 Activity observed only with Bel-x;, inhibition
Inactive No significant activity observed
Inactive No significant activity observed
Inactive No significant activity observed
Inactive No significant activity observed
Inactive No significant activity observed
Inactive No significant activity observed
Inactive No significant activity observed
Mcl-1 Activity observed only with Bcl-x;, inhibition
Inactive No significant activity observed
Inactive No significant activity observed
Mcl-1 Activity observed only with Bcel-x;, inhibition
Mcl-1 Activity observed only with Bel-x;, inhibition

Activity observed with both Bcl-x;, and Mcl-1

Mcl-1 and Bel-x;, inhibition

the biological testing we report above. The double benzyl-
substituted thiazole (22b) could even fit better the geometry
of the binding site, but, disappointingly, this molecule was
inactive. Docking experiments were performed to understand
these results. Surprisingly, they showed that 22a reorients itself
within the binding site, as compared with the previous deriva-
tive (27).** In order to form the expected salt bridge, the
benzylic substituent of the thiazole is extracted from the deep
hydrophobic cavity made up of L246, M250, V274, L290 and
1297. It is now in a more exposed cavity lined with M231 and
forms n-stacking with F228. This time, it is the phenyl group
that orients towards the deep cavity, stacked with F270. As a
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Fig. 2 Evaluation of the biological activity of compounds 21a, 21d, 21e and 22a on the IGROV1-R10 ovarian cancer cell line. (A) Morphology changes of
ovarian cancer cells following 24 h exposure to 20 nM siRNA (siCtl, siMcl-1, siBcl-x,) alone or in pairwise combination. (B) and (C) Ovarian cancer cells
were treated with the indicated compounds at 10 pM for 48 h following exposure to 20 nM siRNA (siCtl, siMcl-1 or siBcl-x,) for 24 h and (B) morphology
changes and (C) real-time imaging of caspase 3/7 activation were assessed.
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Fig. 3 Effect of compound 22a in combination with Bcl-x. or Mcl-1 inhibitors on apoptosis in the IGROV1-R10 ovarian cancer cell line. Cells
were exposed to 10 or 25 pM of compound 22a for 48 h alone or in combination with 5 uM of ABT-737 (Bcl-x, inhibitor) or 1 uM of S63845
(Mcl-1 inhibitor). (A) Effects on the cellular morphology, DNA content, nuclear morphology and (B) on PARP and caspase 3 cleavages were

assessed.

consequence, the double benzyl-substituted thiazole 22b did
not fill the cavities as expected (Fig. 7). One of its benzyl groups
forms n-stacking with F270, while the second loses this type of
interaction with F228. Moreover, the non-productive extra
methylene of the second benzyl group adds an entropic penalty.

We then tried other substitutions of the thiazole. Contrary to
our expectations, the benzoic acid is less tolerant than the
phenol, since neither 4-methyl-pyridine (21d, as compared to
the previous compound 25), nor the double-phenyl (21a, as
compared to the previous molecule 31) is active. So, in the
present case, forming a salt bridge is not simpler than forming
three hydrogen bonds. This is probably due to the conjugation
of the system thiazole-diaza-benzoic acid, which imposes a
planar geometry of the ensemble, with no or less possible
conformational adaptation.

Several small modifications around 21a were not more
promising, such as rendering its phenyl group more polar
(21d) or, on the contrary, more hydrophobic (21e). The docking
of 21a showed that the molecule indeed reorients itself once
again to preserve the salt bridge (Fig. 8). The RMSD between
22a and 21a is 3.7 A, which implies different positions for the
phenyl groups.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

The docking of 22a suggests that the meta position of the
compound points in the direction of the deep hydrophobic
cavity. Therefore, we tried different substitutions here to fill the
pocket. However, introducing phenyl, benzyl or phenoxy groups
proved to be unsuccessful (22h, 22i and 22j, respectively).
We checked whether it was due to bad positioning of the
substituent by introducing bromine in the ortho or para posi-
tion (22f and 22g, respectively), but these molecules were also
inactive. Very surprisingly, an ortho-phenoxy group proved to be
well tolerated (22Kk).

Docking of 22k showed that its binding mode is more
similar to that of 21a, but its benzyl group is able to form
n-stacking with F228. The meta-substituted analogue (22j) was
inactive, probably because its phenoxy group is partly solvent-
exposed, whereas that of 22k is buried in the hydrophobic cavity
and forms n-stacking with F270 (Fig. 9). Therefore, we tried a more
polar analogue of 22j (para-hydroxy and meta-methoxy instead of
phenoxy). Unfortunately, the corresponding 22¢ turned out to be
inactive. On the contrary, the cavity where the phenoxy group
binds is very hydrophobic, lined by F270, L267, V249 and M250.
Moreover, it is large enough to accommodate a methyl substituent
in every position (221, 22m, 22n) (Fig. 10).
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nj00175g

Open Access Article. Published on 20 June 2025. Downloaded on 4/6/2026 12:49:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

NJC

View Article Online

Paper

>\ \i
7
z
%3
(@]
o
2
Cell index

22i

S0
gl easNsl
N/k\N.N\ COOH

Cell index

-HBr

0 * Time (h) * 7

Cell index

22
o )
o

Cell index

HBr

o 2 n

Time (h)

Cell index

22k
3¢
G,
o’

Cell index

Cell index

NG
Br N oo

23e
Br
%j\\w“ v©\coon
T N

Cell index

.HBr

s 72 N

o 24

o 22h
D43 L
cr

Cell index

COOH

HBr

0 24

”

Time (h) *

Cell index

23

* Time ()

DMSO ABT-737 (5uM)
Compound (10uM) + ABT-737 (5uM)

$63845 (1uM)

Compound (10uM)
Compound (10pM) + S63845 (1uM)

Fig. 4 Biological activity of compounds 22b, 22c, 22f, 229, 22h, 22i, 22j, 22k, 23e and 24j in the IGROV1-R10 ovarian cancer cell line. Cells were
exposed to the compounds at 10 pM alone or in combination with 5 uM of ABT-737 or 1 uM of S63845 24 h after the cells were seeded. Real-time cellular
activity was assessed using impedancemetry. Impedance measurements from the first 48 hours of treatment are presented here.

Given that docking of 22a showed that its benzyl group is partly
exposed to the solvent, we tried to increase its hydrosolubility
with a pyridine replacement. However, the corresponding 23e was
inactive.

Eventually, we tried to compensate for the lack of affinity of
22j by adding extra contacts with the binding pocket, parti-
cularly by filling a small cavity formed by V249 and V253.
Unfortunately, the resulting 24j was still inactive.

Studies with our previous lead compound 35 have shown
that the hydrophobicity of the thiazole substituents should
favor Bcl-xy, a close homologue of Mcl-1. Indeed, the position
of 22k in Bcl-x;, is reminiscent of the binding mode of this lead
molecule 35. However, an important aspect of this binding is
the hydrogen bond network that the trisphenol engages with

12696 | New J. Chem., 2025, 49, 12688-12707

features charged side-chains, particularly D133 and E129. Here,
the benzoic acid is a bad bioisoster, because it is not able to
form said hydrogen bonds, and, worse, it is repelled by an
electrostatic clash.

Experimental

- Chemical syntheses

General procedure 1 for the synthesis of imino-
thiosemicarbazides 11-13

Representative procedure: synthesis of (E)-3-((2-(phenylcar-
bamothioyl)hydrazono)methyl)benzoic acid 11. An ethanolic

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 5 Effect of compound 22k in combination with Bcl-x, or Mcl-1 inhibitors on apoptosis in the IGROV1-R10 ovarian cancer cell line. Cells were
exposed to 10 or 25 pM of compound 22k for 48 h alone or in combination with 5 uM of ABT-737 or 1 uM of S63845. (A) Effects on the cellular

morphology, DNA content, nuclear morphology and (B) on PARP and caspase

(20 mL) solution of thiourea 7 (2 g, 11.96 mmol) was added to a
solution of 4-formylbenzoic acid 10 (2.7 g, 17.9 mmol) in
ethanol (35 mL) and the reaction mixture was heated to reflux
for 6 h. The product formed was filtered, washed with methanol
and dried under vacuum to obtain (E)-3-((2-(phenylcarba-
mothioyl)hydrazono)methyl)benzoic acid 11 as a yellow solid,
yield 3.1 g (86%). mp > 260 °C. "H NMR (500 MHz, DMSO-dj)
6 13.16 (bs, 1H), 11.88 (s, 1H), 10.23 (s, 1H), 8.32-8.20 (m, 3H),
7.97 (dt, *Jy_y = 7.7 Hz, Yy = 1.5 Hz, 1H), 7.60~-7.52 (m, 3H),
7.43-7.32 (m, 2H), 7.27-7.17 (m, 1H). C NMR (126 MHz,
DMSO-dg) 6 176.3, 167.1, 142.2, 139.1, 134.6, 131.4, 131.3,
130.6, 129.0, 128.7, 128.1, 126.2, 125.5. HRMS (ESI): calcd for
[M + Na]' (Cy5H;3N;0,NaS) = 322.0621; found: 322.0619
(0 ppm).
(E)-3-((2-(Benzylcarbamothioyl)hydrazono)methyl)benzoic
acid 12. White solid, yield 2.9 g (85%) from 2 g (11.0 mmol) of
8. mp = 235 °C. 'H NMR (300 MHz, DMSO-dg) § 11.65 (s, 1H),
9.17 (t, *Jy_p = 6.2 Hz, 1H), 8.23 (t, “J_g = 1.7 Hz, 1H), 8.18
(s, 1H), 8.14 (dt, *Jy_u = 7.8 Hz, “J_u = 1.5 Hz, 1H), 7.95 (dt,
*Jau = 7.8 Hz, *Jy_u = 1.5 Hz, 1H), 7.54 (t, *Jy_u = 7.8 Hz, 1H),
7.42-7.14 (m, 5H), 4.87 (d, *Jy_q = 6.2 Hz, 2H). "*C NMR
(75 MHz, DMSO-dg) 6 177.7, 167.1, 141.7, 139.5, 134.7, 131.5,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

3 cleavages (quantified relative to a-tubulin loading control) were assessed.

131.1, 130.5, 129.0, 128.4, 128.2, 127.2, 126.8, 46.7. HRMS
(ESI): caled for [M + Na]" (C,¢H;5N;0,NaS) = 336.0777; found:
336.0778 (0 ppm).
(E)-3-((2-((Pyridin-3-ylmethyl)carbamothioyl)hydrazono)methyl)-
benzoic acid 13. Yellow solid, yield 664 mg (77%) from 500 mg
(2.7 mmol) of 9 and 616 g (4.1 mmol) of 10. mp = 215 °C. "H NMR
(300 MHz, DMSO-d,) 6 13.17 (s, 1H), 11.72 (s, 1H), 9.24 (t, >3y =
6.2 Hz, 1H), 8.58 (d, “J = 2.2 Hz, 1H), 8.45 (dd, *Jz; = 4.8 Hz,
Yn = 1.7 Hz, 1H), 8.24 (s, 1H), 8.17 (s, 1H), 8.13 (dt, *Jy_; = 7.8 Hz,
Yin = 1.5 Hz, 1H), 7.96 (dt, *Jy_y = 7.7 Hz, YJu_y = 1.4 Hz, 1H),
7.77 (dd, *Jy-u = 7.9 Hz, Yy = 2.0 Hz, 1H), 7.55 (t, *Jyy =
7.7 Hz, 1H), 7.36 (dd, *Jy_u = 7.7 Hz, *Jy_y = 4.8 Hz, 1H), 4.87
(d, *Ju_u = 6.2 Hz, 2H). *C NMR (75 MHz, DMSO-dg) § 177.8,
167.0, 148.8, 148.0, 142.0, 135.1, 135.0, 134.6, 131.5, 131.1,
130.5, 129.0, 128.3, 123.4, 44.4. HRMS (ESI): calcd for [M +
Na]" (Cy5H,4N,O,NaS) = 337.0735; found: 337.0736 (1 ppm).

General procedure 2 for the synthesis of bromoketones 15h-n

To the aryl-ketones 14h-n (0.90 mmol) in ethyl acetate (2 mL)
was added CuBr, (200 mg, 0.90 mmol) under magnetic stirring
at 70 °C and the reaction was monitored by TLC. The reac-
tion mixture was filtered and the filtrate was evaporated and

New J. Chem., 2025, 49, 12688-12707 | 12697
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Fig. 6 Effect of compounds 221, 22m and 22n in combination with Bcl-x, or Mcl-1 inhibitors on apoptosis in the IGROV1-R10 ovarian cancer cell line.
Cells were exposed to 10 or 25 uM of compound 221, 22m or 22n for 24 h alone or in combination with 5 uM of ABT-737 or 1 uM of S63845. (A) Effects on
the cellular morphology, DNA content, nuclear morphology and (B) on PARP and caspase 3 cleavage were assessed.
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Fig. 7 Binding mode in Mcl-1 of 22a (left) as suggested by docking
experiments. On the right, 22b is superimposed on 22a (thin bonds with
carbon atoms in green). The Connolly surface of the protein is colored
according to its electrostatic potential: blue for positive charges and red
for negative charges.

Fig. 8 Binding mode in Mcl-1 of 21a (left) as suggested by docking
experiments. Superimposition of 21a and 22a as docked in the binding
site (right). A RMSD of 3.7 A can be calculated between the common part
of the scaffold.

Fig. 9 Binding mode in Mcl-1 of 22k (left) and 22j (right) as suggested by
docking experiments. Both compounds are superposed on 22a (thin
bonds with carbon atoms in green).

Fig. 10 Binding mode of 22k in Mcl-1 (left). On the right, its methylated
derivatives 221, 22m, 22n are superimposed within the binding site, as
suggested by docking experiments (22k bonds have carbon atoms in
green).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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purified by chromatography on silica gel to obtain bromoke-
tones 15h-n.
1-([1,1’-Biphenyl]-3-yl)-2-bromoethan-1-one 15h. Colorless
oil, yield 203 mg (82%) starting from 3’-phenyl-acetophenone
14h (177 mg, 0.90 mmol). NMR data in accordance to E. Moine
et al. Eur. J. Med. Chem., 2015, 105, 80-105. "H NMR (300 MHz,
CDCl3) 6 8.21 (td, Yy = 1.8 Hz, Yy = 0.5 Hz 1H), 7.96
(ddd, *Jy_y = 7.8 Hz, Yy = 1.8 Hz, Yy = 1.1 Hz, 1H), 7.84
(ddd, *Jy_u = 7.8 Hz, Jiu = 1.8 Hz, Yy = 1.1 Hz, 1H), 7.65-
7.39 (m, 6H), 4.52 (s, 2H). ">C NMR (75 MHz, CDCl;) § 191.4,
142.2, 140.0, 134.6, 132.7, 129.4, 129.1, 129.1, 128.1, 127.8,
127.8, 127.3, 127.3, 31.0.
1-(3-Benzylphenyl)-2-bromoethan-1-one 15i. Colorless oil,
yield 229 mg (88%) starting from 14i (189 mg, 0.90 mmol).
'H NMR (300 MHz, CDCl;) 6 7.92-7.76 (m, 2H), 7.48-7.35
(m, 2H), 7.37-7.25 (m, 2H), 7.25-7.15 (m, 3H), 4.43 (s, 2H),
4.05 (s, 2H). C NMR (75 MHz, CDCl;) 6 191.4, 142.1, 140.1,
134.6, 134.2, 129.3, 129.0, 128.9, 128.7, 126.9, 126.5, 41.7, 31.1.
2-Bromo-1-(3-phenoxyphenyl)ethan-1-one 15j. Colorless oil,
yield 220 mg (84%) starting from 14j (191 mg, 0.90 mmol).
"H NMR (300 MHz, CDCl;) 6 7.70 (ddd, *Jyy = 7.7 Hz, Jyp =
1.7 Hz, “Jy_u = 1.0 Hz, 1H), 7.60 (dd, “gu = 2.5 Hz, Yy =
1.6 Hz, 1H), 7.45 (t, *Jy_yn = 8.0 Hz, 1H), 7.42-7.32 (m, 2H), 7.28-
7.22 (m, 1H), 7.20-7.11 (m, 1H), 7.08-6.98 (m, 2H), 4.41 (s, 2H).
3C NMR (75 MHz, CDCl;) 6 190.8, 158.2, 156.4, 135.8, 130.4,
130.2, 124.2, 124.2, 123.6, 119.4, 118.6, 31.0.
2-Bromo-1-(2-phenoxyphenyl)ethan-1-one 15k. Colorless oil,
yield 197 mg (75%) starting from 14k (191 mg, 0.90 mmol).
'H NMR (300 MHz, CDCl;) § 7.92 (dd, *Jiy = 7.9 Hz, Yy =
1.8 Hz, 1H), 7.53-7.35 (m, 3H), 7.25-7.13 (m, 2H), 7.13-7.04
(m, 2H), 6.86 (dd, *J_yy = 8.4 Hz, iy = 1.1 Hz, 1H), 4.65
(s, 2H). >C NMR (75 MHz, CDCl;) 6 192.0, 157.0, 155.4, 134.7,
131.8, 130.4, 126.7, 124.9, 123.4, 119.9, 118.1, 37.3.
2-Bromo-1-(2-(p-tolyloxy)phenyl)ethan-1-one 15l. Yellow oil,
yield 220 mg (80%) starting from 141 (205 mg, 0.90 mmol).
'H NMR (300 MHz, CDCl;) 6 7.91 (dd, *Jyiy = 7.9 Hz, Yy =
1.8 Hz, 1H), 7.43 (ddd, *Jy_y = 8.4 Hz, *Jyyyy = 7.3 Hz, Yy =
1.8 Hz, 1H), 7.23-7.18 (m, 2H), 7.14 (ddd, *Jyy = 7.9 Hz,
Jun = 7.3 Hz, Yy = 1.0 Hz, 1H), 7.02-6.96 (m, 2H), 6.83
(dd, *Jy_u1 = 8.4 Hz, “Jyy_yy = 1.0 Hz, 2H), 4.66 (s, 2H), 2.37 (s, 3H).
3C NMR (75 MHz, CDCl;) 6 192.2, 157.5, 153.0, 134.7, 134.6,
131.7, 130.8, 126.4, 123.1, 120.0, 117.6, 37.4, 20.9.
2-Bromo-1-(2-(o-tolyloxy)phenyl)ethan-1-one 15m. Yellow oil,
yield 217 mg (79%) starting from 14m (205 mg, 0.90 mmol).
'H NMR (300 MHz, CDCl;) 6 7.93 (ddd, *Ji_y = 7.8 Hz, Yy =
1.8 Hz, *Ji_y = 0.4 Hz, 1H), 7.40 (ddd, *J;;_4 = 8.4 Hz, *Jiy =
7.3 Hz, Yyu = 1.8 Hz, 1H), 7.34-7.29 (m, 1H), 7.25-7.20
(m, 1H), 7.18 (dd, *Jy.y = 7.3 Hz, Yy = 1.5 Hz, 1H), 7.12
(ddd, *Jy_y = 7.8 Hz, *Jy_y = 7.3 Hz, ¥y = 1.1 Hz, 1H), 6.98
(dd, *Jy-u1 = 7.8 Hz, “Jyy_y = 1.5 Hz, 1H), 4.71 (s, 2H), 2.26 (s, 4H).
13C NMR (75 MHz, CDCl;) 6 192.1, 157.4, 152.9, 134.8, 132.0,
131.9, 130.5, 127.8, 125.7, 125.5, 122.7, 120.6, 116.2, 37.4, 16.4.
2-Bromo-1-(2-(m-tolyloxy)phenyl)ethan-1-one 15n. Yellow oil,
yield 217 mg (79%) starting from 14n (205 mg, 0.90 mmol).
"H NMR (300 MHz, CDCl;) 6 7.92 (ddd, */y_i = 7.8 Hz, Jip =
1.8 Hz, *Jy_1 = 0.4 Hz, 1H), 7.45 (ddd, ¥y = 8.3 Hz, *Ji11 = 7.3 Hz,
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YJuu = 1.8 Hz, 1H), 7.34-7.23 (m, 1H), 7.16 (ddd, */y_y = 7.8 Hz,
*Jan = 7.3 Hz, “_y = 1.1 Hz, 1H), 7.05-7.00 (m, 1H), 6.93-6.84
(m, 3H), 4.65 (s, 2H), 2.37 (s, 3H). *C NMR (75 MHz, CDCl;) ¢
192.1, 157.1, 155.4, 140.7, 134.7, 131.7, 130.0, 126.6, 125.7, 123.3,
120.5, 118.1, 116.9, 37.4, 21.5.

Procedure for the synthesis of bromoketone 20j

Synthesis of 1-(3-phenoxyphenyl)propan-1-ol 18. To 3-phenoxy-
benzaldehyde 16 (813 mg, 4.1 mmol) in THF (25 mL) was added
ethylmagnesium bromide solution 17 (1.5 equiv.) under nitrogen
gas at 0 °C. The reaction was monitored by TLC, then saturated
NH,CI (10 mL) was added, and the reaction mixture was extracted
with ethyl acetate (3 x 20 mL). The organic layers were separated,
washed with water (1 x 10 mL), dried over Na,SO,4, and concen-
trated under vacuum. After purification by chromatography on
silica gel, alcohol 18 (467 mg, 50%) was obtained as a colorless oil.
"H NMR (300 MHz, CDCl3) § 7.39-7.27 (m, 3H), 7.17-7.05 (m, 2H),
7.04-6.97 (m, 3H), 6.91 (ddd, *Jiy_i; = 8.1 Hz, “Jyyyy = 2.5 Hz, Yy =
1.0 Hz, 1H), 4.58 (t, *Jiy = 6.5 Hz, 1H), 1.83-1.70 (m, 3H), 0.92
(t, *feerr = 7.4 Hz, 3H). *C NMR (75 MHz, CDCL;) § 157.5, 157.3,
146.9, 129.9, 129.8, 123.4, 120.9, 119.0, 117.9, 116.6, 75.8, 32.0, 10.2.

Synthesis of 1-(3-phenoxyphenyl)propan-1-one 19. To the
obtained alcohol 18 (1.24 mmol) in acetone (10 mL) was added
dropwise under magnetic stirring at room temperature, a
concentrated (5.4 M) solution of Jones reagent until the dis-
appearance of the starting material (TLC analysis). After addition
of isopropanol (5.0 equiv.), the reaction mixture was filtered and
the filtrate was extracted with ethyl acetate (3 x 40 mL). The
combined organic phases were dried over Na,SO,, filtered, and
concentrated in vacuo. After purification by chromatography on
silica gel, the ketone 19 was obtained as a colorless oil, yield
266 mg (95%). "H NMR (300 MHz, CDCl;) § 7.69 (ddd, *fyy =
7.7 Hz, .y = 1.6 Hz, iy = 1.1 Hz, 1H), 7.59 (dd, /i = 2.5 Hz,
YJ-n = 1.6 Hz, 1H), 7.46-7.32 (m, 3H), 7.22-7.10 (m, 2H), 7.05-6.97
(m, 2H), 2.96 (q, *iyn = 7.3 Hz, 2H), 1.21 (t, *Jy_y = 7.3 Hz, 3H).
3C NMR (75 MHz, CDCl,) § 200.3, 157.9, 156.8, 138.9, 130.1, 130.1,
123.9, 123.3, 122.9, 119.2, 118.0, 32.1, 8.3.

Synthesis of 2-bromo-1-(3-phenoxyphenyl)propan-1-one 20j.
To the aryl-ketone 19 (0.90 mmol) in ethyl acetate (2 mL) was
added CuBr, (200 mg, 0.90 mmol) under magnetic stirring at
70 °C and the reaction was monitored by TLC. The reaction
mixture was filtrated and the filtrate was evaporated and
purified by chromatography on silica gel to obtain bromoke-
tone 20j as a colorless oil, yield 206 mg (75%). '"H NMR
(300 MHz, CDCl;) 6 7.75 (ddd, *Jy_y = 7.7 Hz, Yy = 1.7 Hgz,
Y = 1.0 Hz, 1H), 7.67-7.62 (m, 1H), 7.44 (t, *Ji_y = 8.0 Hz,
1H), 7.41-7.33 (m, 2H), 7.23 (ddd, *Jy_y = 8.2 Hz, *Jy_y = 2.5 Hz,
“un = 1.0 Hz, 1H), 7.19-7.12 (m, 1H), 7.07-7.00 (m, 2H),
5.22 (q, *Juu = 6.6 Hz, 1H), 1.89 (d, *Jiu = 6.6 Hz, 3H). °C
NMR (75 MHz, CDCl;) 6 192.8, 158.0, 156.5, 135.9, 130.2, 130.1,
124.1, 123.9, 123.6, 119.4, 118.7, 41.6, 20.2.

General procedure for the synthesis of target molecules 21, 22,
23 and 24

A mixture of the appropriate intermediate 11-13 (0.4 mmol)
and bromoketone 15a-n and 20j (0.8 mmol) in ethanol (10 mL)
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was heated to reflux for 6 h. The mixture was concentrated and
the solid obtained was washed using acetone several times to
obtain the desired product.
3-((E)-(((E)-3,4-Diphenylthiazol-2(3H)-ylidene)hydrazono)-
methyl)benzoic acid hydrobromide 21a. The product (169 mg,
88%) was obtained as a yellow solid. mp > 260 °C. 'H NMR
(500 MHz, DMSO-dq) & 8.32 (s, 1H), 8.28 (s, 1H), 7.96 (d, i1 =
7.7 Hz, 1H), 7.92 (d, *Jy1_11 = 7.8 Hz, 1H), 7.57 (t, *Jy_u = 7.7 Hz, 1H),
7.46-7.34 (m, 5H), 7.32-7.14 (m, 5H), 6.91 (s, 1H). *C NMR
(126 MHz, DMSO-dg) & 170.4, 167.0, 150.8, 140.6, 136.3, 134.9,
131.4, 130.7, 129.9, 129.4, 129.3, 129.0, 128.9, 128.8, 128.7, 128.3,
127.6, 103.9. HRMS (ESI): caled for [M + Nal* (C,3H,,N;0,NaS) =
422.0933; found: 422.0932.
3-((E)-(((E)-3-Phenyl-4-(pyridin-4-yl)thiazol-2(3H)-ylidene)hydr-
azineylidene)methyl)benzoic acid hydrobromide 21d. The pro-
duct (77 mg, 40%) was obtained as a yellow solid. mp = 240 °C
(pyrolysis). "H NMR (500 MHz, DMSO-de) 6 8.79 (s, 1H), 8.78
(s, 1H), 8.32 (s, 1H), 8.30 (s, 1H), 7.94 (t, *J;1_; = 8.3 Hz, 2H), 7.69
(d, *Jyu = 5.9 Hz, 2H), 7.59 (s, 1H), 7.56 (t, *Jy_y = 7.7 Hz, 1H),
7.51-7.35 (m, 5H). *C NMR (126 MHz, DMSO-d;) 6 169.8, 167.0,
152.2,145.2, 142.4, 136.7, 135.4, 135.2, 131.5, 131.4, 130.5, 129.5,
129.2, 128.8, 128.4, 127.6, 124.3, 112.9. HRMS (ESI): calcd for
[M + Na]' (C,,H;¢N,0,NaS) = 423.0886; found: 423.0884.
3-((E)-(((E)-4-(3-Bromophenyl)-3-phenylthiazol-2(3H)-ylidene)-
hydrazineylidene)methyl)benzoic acid hydrobromide 21e. The
product (145 mg, 65%) was obtained as a yellow solid. mp =
211 °C. "H NMR (500 MHz, DMSO-d;) 6 8.30 (s, 1H), 8.27 (s, 1H),
7.95 (d, *Juu = 7.7 Hz, 1H), 7.92 (d, *Jyu = 7.4 Hz, 1H), 7.56
(t, *Ju_u = 7.7 Hz, 1H), 7.52-7.31 (m, 7H), 7.26-7.10 (m, 2H), 6.98
(s, 1H). "*C NMR (126 MHz, DMSO-d¢) § 170.3, 167.0, 150.9,
138.7,136.4, 135.0, 132.2, 131.6, 131.4, 131.2, 130.5, 130.4, 129.4,
129.2, 128.9, 128.8, 127.6, 127.6, 121.4, 104.6. HRMS (ESI): calcd
for [M + Na]" (C,3H;6N30,”°BrNaS) = 500.0038; found: 500.0036.
3-((E)-(((E)-3-Benzyl-4-phenylthiazol-2(3H)-ylidene)hydrazin-
eylidene)methyl)benzoic acid hydrobromide 22a. The product
(178 mg, 90%) was obtained as a yellow solid. mp > 260 °C.
'H NMR (300 MHz, DMSO-d;) 6 8.34 (s, 1H), 8.29 (s, 1H), 7.93
(dd, *Juyu = 7.7, YJu = 1.6 Hz, 2H), 7.55 (t, *Jyp = 7.7 Hz, 1H),
7.50-7.14 (m, 9H), 6.98 (d, J = 6.7 Hz, 2H), 6.58 (s, 1H), 5.10 (s,
2H). *C NMR (75 MHz, DMSO-dg) 6 170.2, 167.1, 149.9, 140.5,
136.6, 135.5, 131.4, 131.2, 130.2, 130.1, 129.5, 129.2, 129.0,
128.8, 128.6, 127.5, 127.3, 126.3, 101.9, 48.4. HRMS (ESI): calcd
for [M + Na]" (C,4H;oN3;0,NaS) = 414.1271; found: 414.1274.
3-((E)-(((2)-3,4-Dibenzylthiazol-2(3H)-ylidene)hydrazono)-
methyl)benzoic acid hydrobromide 22b. The product (103 mg,
51%) was obtained as a faded green solid. mp = 241 °C. "H NMR
(300 MHz, methanol-d,) 6 8.41-8.34 (m, 2H), 8.18-8.08 (m, 1H),
8.05-7.94 (m, 1H), 7.66-7.54 (m, 1H), 7.47-7.23 (m, 6H), 7.23-7.17
(m, 2H), 7.16-7.08 (m, 2H), 6.74 (s, 1H), 5.48 (s, 2H), 3.95 (s, 2H).
3C NMR (75 MHz, methanol-d;) § 171.4, 168.7, 152.1, 144.1,
136.0, 134.6, 134.1, 133.5, 133.0, 132.9, 130.5, 130.4, 130.2, 130.0,
129.9, 129.6, 128.7, 126.7, 108.8, 51.0, 34.6. HRMS (ESI): calcd for
[M + Na]" (C,5H,;N;0,NaS) = 450.1246; found: 450.1242.
3-((E)-(((2)-3-Benzyl-4-(4-hydroxy-3-methoxyphenyl)thiazol-
2(3H)-ylidene)hydrazono)methyl)benzoic acid hydrobromide
22¢. The product (102 mg, 47%) was obtained as a yellow

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nj00175g

Open Access Article. Published on 20 June 2025. Downloaded on 4/6/2026 12:49:24 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

solid. mp = 175 °C. 'H NMR (300 MHz, methanol-d,) & 8.49-
8.34 (m, 2H), 8.15 (dt, *Jyyy = 7.8, “Ju_p = 1.5 Hz, 1H), 8.02
(dt, *Jup = 7.8, Yy = 1.5 Hz, 1H), 7.62 (t, *Ji_yy = 7.8 Hz, 1H),
7.48-7.27 (m, 3H), 7.17-7.02 (m, 3H), 6.84 (s, 2H), 6.71 (s, 1H),
5.35 (s, 2H), 3.55 (s, 3H). "*C NMR (75 MHz, methanol-d,) ¢
170.7, 168.8, 152.1, 150.3, 149.0, 145.3, 135.0, 134.6, 133.5,
133.1, 132.9, 132.9, 130.4, 129.9, 129.5, 127.0, 124.5, 120.1,
116.6, 114.0, 108.8, 56.2, 52.1. HRMS (ESI): caled for [M — H]~
(C15Hp0N30,4S) = 45.118; found: 45.118.
3-((E)-(((2)-3-Benzyl-4-(2-bromophenyl)thiazol-2(3H)-ylidene)-
hydrazono)methyl)benzoic acid hydrobromide 22f. The product
(181 mg, 79%) was obtained as a yellow solid. "H NMR (300 MHz,
DMSO-dg) § 8.35 (s, 1H), 8.29 (t, Yy = 1.7 Hz, 1H), 7.94 (d, Y u =
1.7 Hz, 1H), 7.92 (d, Yyu = 1.7 Hz, 1H), 7.74 (dd, Jyu = 7.7,
Yy = 1.7 Hz, 1H), 7.55 (t, *Jyu = 7.7 Hz, 1H), 7.39 (pd, ¥Juu =
7.4, *l_ = 1.7 Hz, 2H), 7.30~7.15 (m, 4H), 6.96-6.89 (m, 2H), 6.60
(s, 1H), 5.19 (d, >y = 16.2 Hz, 1H), 4.63 (d, *Jy_y = 16.2 Hz, 1H).
3C NMR (75 MHz, DMSO-ds) 6 169.6, 167.2, 150.0, 138.3, 136.2,
136.1, 135.6, 132.9, 132.1, 131.5, 131.3, 131.0, 130.6, 130.3, 129.3,
128.6,128.0, 127.6, 126.8, 124.3, 103.3, 48.3. HRMS (ESI): calced for
[M + NaJ" (C,4H;5N;0,”°BrNaS) = 514.0195; found: 514.0194.
3-((E)-(((2)-3-Benzyl-4-(4-bromophenyl)thiazol-2(3H)-ylidene)-
hydrazono)methyl)benzoic acid hydrobromide 22g. The product
(174 mg, 76%) was obtained as a yellow solid. mp = 250 °C.
'"H NMR (300 MHz, DMSO-d,) § 8.36 (s, 1H), 8.29 (t, */y.u =
1.7 Hz, 1H), 7.99-7.88 (m, 2H), 7.66-7.51 (m, 3H), 7.32-7.17
(m, 5H), 7.00-6.94 (m, 2H), 6.68 (s, 1H), 5.13 (s, 2H). *C NMR
(75 MHz, DMSO-dg) d 170.1, 167.1, 150.2, 139.5, 136.2, 135.2,
131.8, 131.4, 131.4, 131.1, 130.4, 129.3, 129.2, 128.7, 127.6,
127.5, 126.3, 123.1, 103.4, 48.7. HRMS (ESI): caled for
[M + NaJ" (C4H;gN;0,”°BrNaS) = 514.0195; found: 514.0200.
3-((E)-(((2)-4-([1,1'-Biphenyl]-3-yl)-3-benzylthiazol-2(3 H)-yli-
dene)hydrazono)methyl)benzoic acid hydrobromide 22h. The
product (205 mg, 90%) was obtained as a yellow solid. mp =
238 °C. 'H NMR (300 MHz, DMSO-d) & 8.36 (s, 1H), 8.30
(t, Y = 1.7 Hz, 1H), 7.94 (dd, *Jyy_11 = 7.5, Yz = 1.7 Hz, 2H),
7.73 (dt, *Jy_y = 7.8, YJun = 1.4 Hz, 1H), 7.61-7.19 (m, 12H),
7.11-7.00 (m, 2H), 6.72 (s, 1H), 5.16 (s, 2H). *C NMR (75 MHz,
DMSO-dg) & 170.3, 167.2, 150.1, 140.6, 140.5, 139.1, 136.6,
135.4, 131.4, 131.3, 130.7, 130.3, 129.6, 129.3, 129.1, 128.8,
128.0, 128.0, 127.8, 127.5, 127.4, 127.1, 126.8, 126.3, 102.6,
49.0. HRMS (ESI): caled for [M + Na]" (C3oH,3N30,NaS) =
512.1409; found: 512.1409.
3-((E)-(((2)-3-Benzyl-4-(3-benzylphenyl)thiazol-2(3H)-ylidene)-
hydrazono)methyl)benzoic acid hydrobromide 22i. The product
(185 mg, 79%) was obtained as a yellow solid. mp = 221 °C.
'H NMR (300 MHz, DMSO-dg) § 8.41 (s, 1H), 8.31 (t, *Jyp = 1.7
Hz, 1H), 8.01-7.91 (m, 2H), 7.56 (t, */yy_n = 7.7 Hz, 1H), 7.40-7.06
(m, 12H), 6.99-6.89 (m, 2H), 6.70 (s, 1H), 5.14 (s, 2H), 3.87 (s,
2H). >C NMR (75 MHz, DMSO-dg)  170.0, 167.0, 150.0, 141.9,
140.8, 136.0, 135.0, 131.4, 131.3, 130.4, 129.9, 129.9, 129.3,
129.2, 128.9, 128.6, 128.6, 128.5, 127.6, 127.4, 127.3, 126.7,
126.3, 126.1, 103.0, 48.9, 40.8. HRMS (ESI): caled for [M + Na]"
(C31H,6N30,Na8) = 504.1740; found: 504.1736.
3-((E)-(((2)-3-Benzyl-4-(3-phenoxyphenyl)thiazol-2(3H)-ylidene)-
hydrazono)methyl)benzoic acid hydrobromide 22j. The product
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(124 mg, 53%) was obtained as a yellow solid. mp = 215 °C.
"H NMR (300 MHz, DMSO-d) 6 8.39 (s, 1H), 8.30 (t, “Ji1.; = 1.8 Hz,
1H), 7.99-7.90 (m, 2H), 7.56 (t, *Jy_1y = 7.7 Hz, 1H), 7.43 (t, >y =
7.9 Hz, 1H), 7.36 (t, *Ji_4 = 7.9 Hz, 2H), 7.31-7.20 (m, 3H), 7.19-
7.02 (m, 3H), 7.01-6.85 (m, 5H), 6.72 (s, 1H), 5.16 (s, 2H). *C NMR
(75 MHz, DMSO-dg) § 170.0, 167.0, 156.7, 156.1, 150.0, 139.8,
136.1, 135.1, 131.6, 131.4, 131.2, 130.5, 130.3, 130.1, 129.2, 128.6,
127.5, 127.4, 126.3, 124.0, 123.8, 119.6, 118.9, 118.7, 103.2, 48.8.
HRMS (ESI): caled for [M + Na]" (C3oH,3N30;NaS) = 528.1352;
found: 528.1348.
3-((E)-(((2)-3-Benzyl-4-(2-phenoxyphenyl)thiazol-2(3H)-ylidene)-
hydrazono)methyl)benzoic acid hydrobromide 22k. The product
(145 mg, 62%) was obtained as a yellow solid. mp = 228 °C.
'H NMR (300 MHz, DMSO-d,) § 8.35 (s, 1H), 8.27 (s, 1H), 7.92
(t, *Juu = 6.6 Hz, 2H), 7.64-6.80 (m, 15H), 6.63 (s, 1H), 5.12 (s,
2H). *C NMR (75 MHz, DMSO-d,) § 169.6, 167.1, 155.7, 155.1,
149.8, 136.6, 136.1, 135.2, 132.5, 132.0, 131.4, 131.3, 130.3, 130.2,
129.3, 128.6, 127.5, 127.5, 126.7, 124.3, 123.6, 120.9, 119.1, 118.0,
103.9, 48.6. HRMS (ESI): caled for [M + Na]" (C3oH,4N305S) =
506.1533; found: 506.1536.
3-((E)-(((2)-3-Benzyl-4-(2-(p-tolyloxy)phenyl)thiazol-2(3 H)-
ylidene)hydrazono)methyl)benzoic acid hydrobromide 22I.
The product (180 mg, 75%) was obtained as a yellow solid.
mp =212 °C. "H NMR (300 MHz, DMSO-d,) 6 8.31 (s, 1H), 8.25
(t, YJu-u = 1.8 Hz, 1H), 7.92 (dt, *Jy_y = 7.9, Yy = 1.5 Hz,
1H), 7.87 (dt, *Jy_u = 7.9, Yu_n = 1.5 Hz, 1H), 7.52 (t, *Jyg =
7.8 Hz, 1H), 7.38 (td, *Jy_y = 7.8, YJu-u = 1.8 Hz, 1H), 7.28-
7.15 (m, 4H), 7.12 (d, *Jg_u = 8.3 Hz, 2H), 7.06 (t, >Jyu = 7.5
Hz, 1H), 6.98-6.91 (m, 2H), 6.81-6.71 (m, 3H), 6.63 (s, 1H),
5.10 (s, 2H), 2.22 (s, 3H). *C NMR (75 MHz, DMSO-d;) ¢
169.9, 167.5, 155.9, 153.4, 150.1, 137.2, 136.1, 135.3, 133.9,
132.7, 132.3, 131.7, 131.7, 130.9, 130.8, 129.6, 128.9, 127.9,
127.8, 126.9, 123.5, 120.6, 119.6, 117.5, 104.6, 49.0, 20.7.
HRMS (ESI): caled for [M + H]" (C3;H,6N305S) = 520.1689;
found: 520.1686.
3-((E)-(((2)-3-Benzyl-4-(2-(o-tolyloxy)phenyl)thiazol-2(3H)-
ylidene)hydrazono)methyl)benzoic acid hydrobromide 22m.
The product (165 mg, 69%) was obtained as a yellow solid.
mp = 213 °C. '"H NMR (300 MHz, DMSO-d,) § 8.29 (s, 1H),
8.25 (t, Yy_u = 1.7 Hz, 1H), 7.89 (ddt, *Jy_y = 9.8 Hz, *Jy_y =
8.0 Hz, “Jy_ = 1.4 Hz, 2H), 7.53 (t, *Ju.y = 7.7 Hz, 1H),
7.39 (ddd, *Jy_y = 8.4 Hz, *Jyy_y = 7.4 Hz, *Jy_yy = 1.7 Hz, 1H),
7.33-7.24 (m, 2H), 7.24-7.13 (m, 4H), 7.07 (tt, *Jy_u = 7.4 Hz,
*Ja-u = 1.2 Hz, 2H), 7.00-6.94 (m, 2H), 6.72 (dd, *Jy_y = 8.0,
*J-n = 1.3 Hz, 1H), 6.66 (dd, *Jy_y = 8.3 Hz, *Jy_y = 1.0 Hz,
1H), 6.55 (s, 1H), 5.09 (s, 2H), 2.07 (s, 3H). "*C NMR (75 MHz,
DMSO-d,) § 170.1, 167.5, 155.5, 153.6, 150.0, 136.8, 136.5,
135.6, 132.7, 132.2, 132.0, 131.7, 131.6, 130.6, 129.6, 129.4,
128.9, 128.0, 127.8, 127.7, 126.9, 125.0, 123.4, 120.5, 119.6,
116.8, 103.5, 48.7, 16.0. HRMS (ESI): caled for [M + HJ'
(C31H,6N3038) = 520.1689; found: 520.1687.
3-((E)-(((2)-3-Benzyl-4-(2-(m-tolyloxy)phenyl)thiazol-2(3H)-
ylidene)hydrazono)methyl)benzoic acid hydrobromide 22n.
The product (163 mg, 68%) was obtained as a yellow solid.
mp =201 °C. "H NMR (300 MHz, DMSO-d,)  8.28 (s, 1H), 8.25
(t, “Jin = 1.7 Hz, 1H), 7.91 (dt, *Jyy_y = 7.8 Hz, *Ji_1y = 1.6 Hz, 1H),
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7.87 (dt, *Jp = 7.8 Hz, *Jyyyy = 1.3 Hz, 1H), 7.52 (t, Yy = 7.7 Hz,
1H), 7.48-7.36 (m, 1H), 7.30-7.17 (m, 5H), 7.10 (td, Yy = 7.5 Hz,
Yin = 1.1 Hz, 1H), 6.99-6.89 (m, 3H), 6.84 (dd, /iy = 8.3 Hz,
Yin = 1.1 Hz, 1H), 6.71-6.63 (m, 2H), 6.53 (s, 1H), 5.06 (s, 2H),
2.22 (s, 3H). *C NMR (75 MHz, DMSO-d¢) § 170.1, 167.5, 155.8,
155.4, 150.0, 140.4, 136.9, 136.5, 135.6, 132.7, 132.2, 131.7, 131.6,
130.6, 130.2, 129.6, 128.9, 127.8, 127.6, 126.9, 125.3, 123.8, 121.2,
119.9, 118.1, 116.4, 103.7, 48.7, 21.2. HRMS (ESI): caled for
[M + HJ" (C3;H,6N303S) = 520.1689; found: 520.1691.

3-((E)-(((2)-4-(3-Bromophenyl)-3-(pyridin-3-ylmethyl)thiazol-
2(3H)-ylidene)hydrazono)methyl)benzoic acid hydrobromide
23e. The product (117 mg, 51%) was obtained as a yellow solid.
mp = 238 °C. "H NMR (300 MHz, methanol-d,) 6 8.79 (d, *Jy_y =
5.7 Hz, 1H), 8.72 (d, *sz_n = 2.0 Hz, 1H), 8.38 (dt, >y = 8.3,
Yuyu = 1.7 Hz, 1H), 8.35 (t, Y/ = 1.7 Hz, 1H), 8.31 (s, 1H),
8.10-8.00 (m, 2H), 7.95 (d, *Ju_y = 8.0 Hz, 1H), 7.74-7.61 (m,
1H), 7.55 (s, 1H), 7.52 (t, *Ju_u = 8.0 Hz, 1H), 7.44-7.36 (m, 2H),
6.52 (s, 1H), 5.31 (s, 2H). "*C NMR (75 MHz, methanol-d,) ¢
171.7, 169.3, 152.7, 146.4, 142.3, 142.2, 139.8, 139.0, 136.9,
134.1, 133.5, 133.3, 132.6, 132.4, 132.1, 131.9, 130.0, 129.5,
129.3, 128.6, 123.9, 104.6, 47.4. HRMS (ESI): caled for
[M — H] (C,3H6N,0,”°BrS) = 491.0182; found: 491.0181.

3-((E)-(((2)-3-Benzyl-5-methyl-4-(3-phenoxyphenyl)thiazol-
2(3H)-ylidene)hydrazono)methyl)benzoic acid hydrobromide
24j. The product (204 mg, 85%) was obtained as a yellow
solid. mp = 258 °C. 'H NMR (300 MHz, DMSO-d,) § 8.37
(s, 1H), 8.30 (t, *Jyy_1s = 1.4 Hz, 1H), 7.93 (tt, >/ = 9.0, Yyu =
1.4 Hz, 2H), 7.55 (t, *Jy_u = 7.7 Hz, 1H), 7.48-7.42 (t, *Jy_u =
7.7 Hz, 1H), 7.39-7.32 (m, 2H), 7.29-7.17 (m, 3H), 7.16-7.13
(m, 1H), 7.12-7.04 (m, 2H), 6.98-6.90 (m, 2H), 6.90-6.84
(m, 2H), 6.76 (t, J = 2.0 Hz, 1H), 5.04 (s, 2H), 2.02 (s, 3H).
C NMR (75 MHz, DMSO-dg) § 168.4, 167.1, 156.8, 156.2,
149.6, 135.9, 135.1, 134.8, 131.5, 130.7, 130.4, 130.4, 130.2,
129.3, 128.7, 127.5, 127.4, 126.4, 125.4, 123.9, 120.2, 119.8,
118.9, 118.8, 113.7, 49.1, 12.3. HRMS (ESI): caled for [M + Na]'
(C31H,5N;03Na8) = 542.1508; found: 542.1505.

- Biological studies

Cell culture

The IGROV1-R10 cell line was established as described
previously’® from the IGROV1 cell line, which was kindly
provided by Dr Jean Bénard (Institut Gustave Roussy, Paris,
France). Cells were grown in RPMI 1640 (Gibco, 72400) medium
supplemented with 2 mM Glutamax™, 25 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), 10% decomple-
mented FBS (fetal bovine serum) (Gibco, 10270106) and 33 mM
sodium bicarbonate (Gibco, 25080094) and were maintained
under a 5% CO, humidified atmosphere at 37 °C. This cell line
was certified mycoplasma-free using MycoAlert® Mycoplasma
Detection Kits (Lonza, LT07-318).

Chemicals

MIM1 analogs were synthesized in our laboratory as described
above. ABT-737 (Bcl-x;, inhibitor) and $63845 (Mcl-1 inhibitor)
were obtained from Selleckchem and Chemietek, respectively.
Dimethyl sulfoxide (DMSO) was obtained from Sigma-Aldrich.
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The compounds were commonly stored as stock solutions in
DMSO at —20 °C.

siRNA synthesis and transfection

All siRNAs used in these studies were chemically synthesized
(Eurogentec) and received as annealed oligonucleotides.
Sequences were as follows: siBcl-x;, (targeting specifically the
Bcl-x;, mRNA but not the Bel-xs mRNA): sense sequence of the
siRNA directed against Bcl-x; is 5’-auuggugagucggaucgcatt-3’
and antisense sequence is 5’-ugcgauccgacucaccaautt-3'; siMcl-
1: sense sequence of the siRNA directed against Mcl-1 is 5'-gug
ccuuuguggcuaaacatt-3’ and antisense sequence is 5’-uguuua
gccacaaaggceactt-3’. The sequence of the siControl (noted siCtl)
has no sequence homology with any known genes in the
human genome. Its sense sequence is 5’-gacguaaacggccac
aagutt-3’ and its antisense sequence is 5’-acuuggccguuuacg
uctt-3’. Transfection was performed on exponentially growing
cells seeded the day before to reach 30-50% confluency at the
time of transfection, according to the manufacturer’s instruc-
tions. Briefly, the transfecting INTERFERin™ reagent (Polyplus
Transfection) was added to siRNA (final concentration: 20 nM)
diluted in Opti-MEM reduced serum medium (Gibco) and
complex formation was allowed to proceed for 15 min at room
temperature before being applied to cells. The following day,
the cell media was changed to remove the transfecting reagent.

Real-time caspase 3/7 activation assay using time-lapse imaging

Caspase-3/7 activation was assessed using the IncuCyte caspase-
3/7 green apoptosis assay reagent (Sartorius) as described
previously.”® Briefly, 7000 IGROV1-R10 cells per microwell were
seeded in 96-well plates. After 24 h, cells were exposed to
treatments and caspase 3/7 reagent was added at a final concen-
tration of 5 mM (Sartorius). Real-time fluorescent images were
acquired using IncuCyte S3 (Sartorius) every hour in two separate
regions per well using a 10x objective. The IncuCyte caspase3/7
green reagent labels apoptotic cells, yielding green fluorescence.
The live-cell phase contrast images were used to calculate con-
fluence using the IncuCyte® software and to provide morphology
information. Accumulation of IncuCyte caspase3/7 green over
time was normalized to the confluence of cells. Each condition
was performed in triplicate and averages with SD at each time
point were plotted in Excel.

Real-time cell activity

A total of 7000 IGROV1-R10 cells per well were plated in a 96-
well E-Plate view and were placed onto the xCELLigence real-
time cell analysis (RTCA MP, Agilent) located inside a tissue
culture incubator. Cells were grown for 24 hours before treat-
ment and impedance was continuously measured until the end
of the treatment. The impedance of each well was expressed as
a cellular index (CI) value. SDs of well replicates were analyzed
with the RTCA 2.1.0 Software.

Western blot analyses

Cells were rinsed with ice-cold PBS, suspended in a lysis buffer
[RIPA: NaCl 150 mM, Tris (pH 8) 50 mM, Triton X100 1%, PMSF
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4 mM, EDTA 5 mM, NaF 10 mM, NaPPi 10 mM, Na;OV, 1 mM,
aprotinin 0.5 uL mL™' and 4.6 mL ultra-pure water] and
incubated on ice for 30 minutes. Lysates were collected after
centrifugation (13 200g, 10 minutes, 4 °C) and protein concen-
trations were determined using the Bradford assay (Bio-Rad).
20 pg of proteins were prepared in ultrapure water in the
presence of a loading buffer (laemmli + DTT (DiThioThreitol)
[10%]) and heated at 100 °C for 10 minutes. Then the samples
were separated by SDS-PAGE on a 4-15% gradient polyacrylamide
gel (Bio-Rad) and transferred to PVDF membranes (Bio-Rad). After
blocking non-specific binding sites for 1 hour at room tempera-
ture using 5% (w/v) non-fat dry milk in TBS with 0.5% (v/v)
Tween20 (T-TBS), the membranes were incubated overnight at
4 °C with the following rabbit monoclonal antibodies: caspase 3
(cell signaling technology, 9662S), cleaved caspase 3 (cell signaling
technology, 9661S), PARP (cell signaling technology, 9542S) or
mouse monoclonal antibody: tubulin (Sigma-Aldrich, T6199).
Membranes were then washed with T-TBS and incubated for
1 hour with the appropriate horseradish peroxidase-conjugated
anti-rabbit (cell signaling technology, 7074S) or anti-mouse (Amer-
sham, NA931V) secondary antibodies. Immune complexes were
revealed using an ECL solution (Enhanced ChemiLuminescence,
Clarity & Clarity Max, Bio-Rad) and were acquired using a lumi-
nescence image analyzer (GE Healthcare). Quantification was
performed using the ImageQuantTL software.

Nuclei staining by DAPI

After treatment, both detached and adherent cells were pooled
after trypsinization, applied to a polylysine-coated glass slide by
cytocentrifugation and fixed with a solution of ethanol/chloro-
form/acetic acid (6 : 3 : 1). The preparations were then incubated
for 15 min at room temperature with 1 pg mL™~" DAPI solution
(Boehringer Mannheim-Roche), washed in distilled water,
mounted under a coverslip in Mowiol (Calbiochem, 475904)
and analyzed under a fluorescence microscope (VS120, Olympus).

DNA content analysis by flow cytometry

Adherent and floating cells were pooled, washed with 1x PBS
and fixed with ethanol 70%. Before flow cytometry analysis,
cells were centrifuged at 400g for 5 min and incubated for
30 min at 37 °C in PBS to allow the release of low-molecular-
weight DNA (characteristic of apoptotic cells). Cell pellets were
stained with propidium iodide (PI) using the DNA Prep Coulter
Reagent Kit (Beckman-Coulter, 6607055). Samples were there-
after analyzed using a Gallios flow cytometer (Beckman Coulter)
and cell cycle distribution was determined using Kaluza acquisi-
tion software (Beckman Coulter).

- Molecular modelling studies

For these studies, the material and methods were identical
to those described in a previous paper.**

Discussion

In this publication, we evaluated the impact of a major
chemical variation (replacement of triphenol with an acid) on
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previously described compounds** in a cell model relevant for
identifying potential inhibitors of Bcl-x;, and/or Mcl-1. The
IGROV1-R10 ovarian cancer cell line was specifically chosen
for its well-characterized, dual dependency on both Mcl-1 and
Bcl-x;, for survival, offering a robust and mechanistically infor-
mative platform for functional screening. We first designed
a strategy that allowed us to fully control, on the thiazole unit,
the nature of the substituents R' and R* required for the
structure-activity studies. Then we evaluated the capacity of the
newly synthesized compounds to induce apoptosis in combi-
nation with siRNAs or pharmacological inhibitors of Bcl-x;, or
Mcl-1, as described above, in order to identify potential inhibi-
tors of Bel-xy, Mcl-1 or both. In the first screening phase, we
used siRNA-mediated silencing of Mcl-1 and Bcl-x;, in IGROV1-
R10 cells to create a controlled and specific sensitization
context. siRNA was indeed preferred for a screening setup at
this stage due to its high specificity and reproducibility. In
subsequent validation, we transitioned to using pharmacologi-
cal inhibitors (S63845 for Mcl-1 and ABT-737 for Bcl-xy). This
was done to mimic potential therapeutic conditions more
closely and to facilitate dose-dependent, reversible inhibition
that better reflects clinical application. As the IGROV1-R10 cell
line relies on both Mcl-1 and Bel-xy, for survival, monotherapy
with Mcl-1 inhibitors, including our compounds, does not
induce measurable cytotoxicity, thereby precluding the deter-
mination of conventional ICs, values in this model. Biological
activity was therefore assessed at fixed concentrations (10 and
25 puM), based on our previous structure-activity relation-
ship (SAR) studies on MIM1 derivatives,*** and in line with
concentrations used in other published studies assessing
MIM1,°"** which typically range between 1 and 50 uM. One
Mcl-1 inhibitor was identified (compound 22a) in the first
series and a second in the second series (compound 22K).
In the third series, compounds 22l, 22m and 22n showed
modest activity as Mcl-1 inhibitors, with optimal activity for
221. However, while the proportions of events in the sub-G1
fraction on the DNA content histograms appear to be similar to
the results obtained for molecules 22a and 22Kk, the cellular and
nuclear morphologies show very significant differences, sug-
gesting that these molecules are far less active than molecules
22a and 22k, as also suggested by the level of cleaved PARP and
caspase 3 on western blots. Thus, 22a and 22k compounds
constitute the hits of these series. Interestingly, no Bcl-x,
inhibitors were identified, although a slight effect of the 22n
compound could be suggested by the observation of sub-G1
events and low levels of cleaved PARP and caspase 3 bands
when this compound was associated with S63845. It should be
noted that flow cytometry provides qualitative information on
cell viability, but its quantitative nature is unreliable, particu-
larly in the presence of cells in advanced apoptosis. Indeed,
since the nuclei of these cells are likely to fragment and lead to
the formation of multiple apoptotic bodies, a single nucleus is
thus capable of leading to the observation of multiple events in
the sub-G1 fraction, resulting in an overestimation of the
proportion of cells in apoptosis. Accompanying these results
with the observation of cell and nuclear morphologies is thus
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essential and assessment of the proportion of cleaved PARP
and cleaved caspase 3 on western blot can usefully complement
this information in a semi-quantitative way. While no direct
binding assay was performed here, the compounds tested
belong to a series of MIM1 derivatives whose interaction with
Mcl-1 has been previously confirmed by fluorescence polarization
assays.””™ In our IGROV1-R10 model, which exhibits dual
dependency on Bel-x;, and Mcl-1, these compounds did not induce
apoptosis when used alone or with a potent Mcl-1 inhibitor
(S63845), but showed strong apoptotic activity when combined
with a Bel-x;, inhibitor. This behavior is highly indicative of Mcl-1
inhibition and supports the proposed mechanism of action.
Further mechanistic studies will be needed to validate these
findings fully.

In the past few years, various inhibitors have been developed
and some of them have been the subject of clinical trials in
recent years, not only for hematological malignancies, but also
for solid tumors.>® Among the clinical-stage Mcl-1 inhibitors,
AMG-176 and AZD5991 showed submicromolar potency in
sensitive cell lines.>**> In our IGROV1-R10 model, both com-
pounds induced massive apoptosis when combined with ABT-
737, at concentrations of 1 uM and 0.5 pM, respectively (data
not shown). Unlike these extensively optimized compounds,
our study focuses on early-stage hit molecules, identified through
a functional screen and showing activities in the 10-25 pM range.
At this stage, our primary objective was not to achieve maximal
potency, but rather to uncover promising scaffolds for further
development.

However, it should be mentioned that these clinical trials
have highlighted some toxicities: significant thrombocytopenia
has been linked to Bcl-x;, inhibition,® while Mcl-1 inhibition
strategies led to cardiac toxicity.>”>® These limitations of direct
Mcl-1 or Bcl-x;, inhibition have led to increasing interest in
alternative strategies such as PROTACs (proteolysis-targeting
chimeras). These molecules promote targeted degradation of
Mcl-1°9°° or Bel-x.°* and may offer safer therapeutic profiles,
as illustrated by the absence of thrombocytopenia typically
associated with Bcl-x; inhibition, such as that seen with
Navitoclax.®>"®® Indeed, a key advantage of PROTACs is the
possibility to modulate tissue distribution and reduce sys-
temic exposure, particularly to cardiac tissue, by exploiting
the tissue-specific expression of E3 ligases or through cell-
selective delivery strategies. In this context, high-affinity
binding is not always required. Even moderate-affinity
ligands can serve as effective warheads, provided they allow
for stable ternary complex formation. Additionally, ligands
that bind to non-functional or allosteric sites, while not
inhibitory per se, can still be highly valuable if they enable
efficient recruitment of Mcl-1 to the ubiquitin-proteasome
system.®® Future development of our compounds could ben-
efit from such approaches.

Finally, once more advanced and optimized compounds are
available, future work will include expanding biological evalua-
tions to additional cancer models to assess both selectivity and
broader therapeutic potential. Evaluation of off-target effects,
particularly in non-cancerous and physiologically relevant
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systems, will also be an important step to better characterize
the safety profile of these compounds.

Conclusion

We have designed and prepared new heterocyclic derivatives
“inspired” from MIM1, a known selective inhibitor of the Mcl-1
anti-apoptotic protein. For these novel compounds, we have
successfully replaced the triphenol core of MIM1 with a benzoic
acid entity, designed to keep the key anchoring of these
derivatives to the important amino acids R263 of Mcl-1 and
to introduce appropriate aromatic groups in the lipophilic
pocket. These studies led to two new interesting molecules,
22a and 22k, which are potent and selective inhibitors of Mcl-1.
Extensive molecular modelling studies have been performed to
rationalize these results. Together, these results show that it is
possible to replace the trisphenol structure of MIM1 with an
acid in the meta-position and to obtain good inhibitors of
Mcl-1. Moreover, this isosteric replacement brings a strong
selectivity towards Bcl-x;. The structure-activity relationships
we presented here also showed that a given chemical scaffold is
prone to reorientation, or even to switch completely in a
binding site as shallow and exposed as that of Mcl-1. This
makes predicting scaffold optimization particularly difficult.
Together, these results confirm that it is possible to design
small and relatively simple molecules with potent activities, in
ovarian cancer cell lines, against the Mcl-1 anti-apoptotic
protein. Since Mcl-1 could be a pertinent target in various
hematological and solid malignancies, the design of potent
molecules and/or of their PROTAC derivatives must continue to
be the focus of new investigations.
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