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f Department of Pharmacology and Toxicology, University of Toronto, Toronto, Ontario M5S 1A8, Canada 
g Drug Discovery Program, Ontario Institute for Cancer Research, Toronto, Ontario, Canada   

A R T I C L E  I N F O   

Keywords: 
YAP–TEAD 
Hippo pathway 
Transcription factors 
Flufenamic acid 
Niflumic acid 

A B S T R A C T   

The Hippo pathway regulates organ size and tissue homeostasis by controlling cell proliferation and apoptosis. 
The YAP–TEAD transcription factor, the downstream effector of the Hippo pathway, regulates the expression of 
genes such as CTGF, Cyr61, Axl and NF2. Aberrant Hippo activity has been identified in multiple types of cancers. 
Flufenamic acid (FA) was reported to bind in a liphophilic TEAD palmitic acid (PA) pocket, leading to reduction 
of the expression of Axl and NF2. Here, we show that the replacement of the trifluoromethyl moiety in FA by 
aromatic groups, directly connected to the scaffold or separated by a linker, leads to compounds with better 
affinity to TEAD. Co-crystallization studies show that these compounds bind similarly to FA, but deeper within 
the PA pocket. Our studies identified LM-41 and AF-2112 as two TEAD binders that strongly reduce the 
expression of CTGF, Cyr61, Axl and NF2. LM-41 gave the strongest reduction of migration of human MDA-MB- 
231 breast cancer cells.   

The Hippo signaling pathway1 controls cell proliferation, apoptosis, 
and migration, and is therefore an important regulator of organ 
growth2,3 and size4 as well as tissue homeostasis5 and wound healing.6 

Transcriptional enhanced associate domain (TEAD) proteins are the 
final effectors of the Hippo pathway. TEADs interact with DNA via their 
N-terminal DNA-binding domain (DBD). Because they do not possess an 
activation domain, TEADs must associate with cofactors such as Yes- 
associated protein (YAP) or its paralog transcriptional coactivator with 
PDZ-binding motif (TAZ) to form a transcriptionally active complex.7 

This association occurs via TEAD’s C-terminal YAP-binding domain 
(YBD) and YAP’s N-terminal TEAD-binding domain (TBD). Mammalian 
TEAD protein family contains four members named TEAD1–4 which 

share 87.9% homology in their DBD and 72% in their YBD.8 

The Hippo pathway is inversely regulated. When activated, a com
plex cascade of kinases involving Merlin, MST1/2, SAV1, LATS1/2 and 
MOB or Salvador leads to the phosphorylation of YAP. Binding of 
phosphorylated YAP to protein 14–3–3 then leads to its sequestration in 
the cytoplasm and its degradation by the proteasome, preventing its 
interaction with TEAD and therefore resulting in gene silencing.9 

Conversely, in its inactive form, unphosphorylated YAP translocates into 
the nucleus to form a transcriptionally active YAP–TEAD complex, 
resulting in the expression of target genes such as CTGF (connective 
tissue growth factor), Cyr61 (cysteine-rich angiogenic inducer 61), Axl 
(AXL receptor kinase), NF2 (neurofibromatosis type 2), and BIRC5/ 
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Survivin (baculoviral inhibitor of apoptosis repeat-containing 5 or 
survivin).10 

Dysregulation of the Hippo pathway due to overexpression of YAP, 
TAZ11,12 or TEAD13 results in upregulation of associated target genes, 
overgrowth, and tumorigenesis. Aberrant pathway activity has been 
correlated with a variety of human cancers.14–20 Silencing of most YAP- 
inducible genes and attenuation of YAP-induced overgrowth in TEAD 
knockdown confirmed the validity of the Hippo pathway as a target for 
drug discovery.21 

Modulation of the Hippo pathway through interference with the 
YAP–TEAD complex is an attractive strategy for therapeutic interven
tion, particularly for the treatment of cancer.22–26 Wrapping of YAP 
around TEAD offers three interfaces that can be exploited to prevent the 
formation of the YAP–TEAD complex.27,28 Peptides that bind in a 
shallow pocket at the surface of TEAD to prevent its interaction with 
YAP have been reported, but their development is hampered by low 
plasmatic stability and poor cell permeability.29–31 Recently, a small 
compound that inhibits the transcriptional activity of TEAD by binding 
similarly to those peptides was reported.32 Other small molecules that 
prevent the protein–protein interaction between YAP and TEAD have 
also been disclosed, but their affinity is, in most cases, only 
moderate.33–36 

The presence of a molecule of palmitic acid (PA) within a deep hy
drophobic pocket of TEAD37 and the observation that TEAD undergoes 
auto-palmitoylation38 at a conserved cysteine residue near that pocket 
were found to be essential for the stabilization and transcriptional ac
tivity of the YAP–TEAD complex. In 2015, Pobbati and Poulsen 
discovered that both flufenamic acid (FA) 1 and niflumic acid (NA) 2 
bind inside TEAD’s PA pocket with KD values of 73 and 28 μM, 
respectively (Fig. 1A).39 Both compounds lowered TEAD transcriptional 
activity and reduced proliferation and migration of HEK293 cells. FA 
also reduced the expression of Hippo-responsive genes NF2 and Axl in 
MCF10A cells that express YAP S127A, a Hippo refractory mutant of 
YAP. Two years later, Wu from the Massachusetts General Hospital re
ported that MGH-CP1 (3) binds in the PA pocket, inhibits TEAD pal
mitoylation, prevents its interaction with YAP, and inhibits the 
expression of CTGF and Cyr61 in HeLa, JHH7, and HuH7 cells.40 A full 
account on this compound was published in 2022.41 

Pobbati and Wu’s results paved the way to a plethora of compounds 
that inhibit TEAD’s activity by binding inside the PA pocket, such as 
VT103 (4)42 and VT104 (5)43 from Vivace Therapeutics, compound 6 
from Genentech/Roche,44 MSC-4106 (7) from Merck KGaA,45 TM2 (8) 
from the Massachusetts General Hospital,46 and GNE-7883 (9) from 

Genentech.47 

In 2019, Meroueh reported TED-347 (10), the first compound to 
inhibit the transcriptional activity of TEAD by making an irreversible 
covalent bond with its conserved cysteine (Fig. 1B).48 TED-347 pre
vented the binding of TEAD to YAP1, reduced the expression of CTGF in 
HEK-293 cells and inhibited cell viability of patient-derived glioblas
toma cells. Many other covalent TEAD inhibitors have since been re
ported,49 including K975,50 DC-TEADin0251 and DC-TEAD3in03,52 

MYF-03-176,53 MYF-01-3754 and TED642.55 Interestingly, some com
pounds that bind within the PA pocket have been found to increase 
TEAD’s activity.56–58 

The increasing number of patents dedicated to TEAD inhibitors59,60 

and the fact that multiple compounds recently entered clinical studies in 
humans – IAG933 from Novartis (NCT04857372),61 VT3989 from 
Vivace Therapeutics (NCT04665206), and IK-93062 from Ikena 
Oncology (NCT05228015) – prove the strong interest for YAP–TEAD as 
a target for drug development. 

We recently reported the design and synthesis of LM98 (12), an 
analogue of FA where the hexyl chain at C3′ mimics the alkyl chain of PA 
(Fig. 1C).63 LM98 bound more strongly than FA in TEAD’s PA pocket, 
reduced the expression of CTGF and Cyr61, inhibited MDA-MB-231 
breast cancer cell migration, and arrested cell cycling in the S phase 
during cell division. In the course of our studies, we discovered that 
compound 13 where the trifluoromethyl group is replaced by a phenyl 
ring gave a slightly higher apparent affinity to TEAD in a differential 
static light scattering (DSLS) thermal shift assay compared to FA (ΔTagg 
of 2.1 ◦C for 13 vs 1.3 ◦C for FA (1)). Prior to our work, Meroueh showed 
with covalent inhibitor 11 that the trifluoromethyl group could also be 
replaced by a five-membered heterocyclic 2-thienyl ring.48 To the best of 
our knowledge, this is the only example of a FA-derivative TEAD in
hibitor bearing an heteroaryl group at the CF3 position. 

Although there has recently been a surge of interest for covalent 
inhibitors targeting TEAD, we felt that there was still a need for addi
tional reversible TEAD inhibitors that do not react with TEAD’s cysteine 
and that could therefore avoid any potential non-selective reactions with 
other cysteine-containing proteins. Since there are no systematic SAR 
studies on the replacement of the trifluoromethyl group by aryl moieties, 
we decided to investigate the subseries S1 to evaluate its potential to 
generate alternative hit compounds. We would like to report herein the 
results of our studies. 

We began by designing a modular synthetic route that would allow 
the expedient access to analogues of generic compound S1. This route, 
which is similar to the one reported by Meroueh48 and later on by us,63 

Fig. 1. Reported (A) reversible and (B) covalent TEAD inhibitors that bind in the palmitic acid (PA) pocket. (C) Our previous and current work on the development of 
TEAD inhibitors derived from flufenamic acid (FA). 
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commences with a Suzuki cross-coupling reaction between 3-nitrophe
nylboronic acid 14 and an aryl 15 or heteroaryl halide 16 to afford 
the corresponding 3-aryl- or heteroaryl-1-nitrobenzene 17 (Scheme 1, 
step a). Fragment 17 could also be prepared by coupling 1-iodo-3-nitro
benzene 18 with an aryl 19 or heteroarylboronic acid 20 under classical 
conditions (step b). Reduction of the nitro group in 17 using Béchamp’s 
conditions (step c) provided 21 which was then coupled with bromo 
methyl benzoates 22–24 using palladium(II) acetate and racemic 
BINAP, giving the intermediate 25 (step d). Lastly, saponification of the 
methyl ester using lithium hydroxide led to the desired 3′-aryl(hetero
aryl) flufenamic and niflumic acid derivatives 26a–q (step e). 

The binding affinity of compounds 26a–q to TEAD4 was then eval
uated using a DSLS thermal shift assay which provides a shift in the 
temperature of aggregation (ΔTagg) upon binding of the molecule to the 
protein (Table 1). SPR could not be used for determining binding affinity 
and drive SAR as many of the analogues were not soluble at higher 
concentrations and showed linear response. While DSLS is not an ideal 
quantitative assay for rank-ordering compounds for SAR studies, it has 
been shown that thermal shift data could meaningfully correlate with 
binding affinities of compounds measured by other methods.64 The 
lipophilicity of the compounds was also monitored by calculating the 
cLogP. While we aimed to keep the cLogP below 5, compounds that go 
beyond this value were nevertheless prepared to determine if the 
apparent affinity to TEAD4 is mainly driven by lipophilic factors. 

During our hit-to-lead program en route to LM98, we discovered that 
a fluorine para to the carboxylic acid was providing an improvement in 
apparent affinity to TEAD4; this was confirmed with 26a (named LM- 
41), a fluoro analogue of 13 (entry 1). As the effect of the fluorine 
ortho to the carboxyl group in LM98 was discovered afterwards, we 
continued our SAR studies with compound 26a. 

Next, we walked an electronically neutral methyl, an electron 
donating methoxy, and an electron withdrawing trifluoromethyl group 
around the phenyl ring (entries 3 to 11). Our results show that 3- 
substituted aryl groups always give the highest apparent affinity, 
regardless of the nature of the substituent (26c,f,i), followed closely by 
4-substituted phenyl rings (26d,g,j). Substitution in ortho position (26b, 
e,h) consistently resulted in lower shifts in the temperature of aggre
gation compared to the reference compound 26a. The trifluoromethyl 
group provided the highest increase in ΔTagg (entries 9–11), followed by 
the methyl group (entries 3–5). However, these two substituents also 
resulted in compounds with the highest calculated log P values. More
over, although it showed the greatest affinity to TEAD, compound 26i 
was found to be a potential aggregator in a buffer without the protein in 
a self-association NMR assay (see supplementary material). Similarly, 
the para analogue 26j was also found to be a potential aggregator in this 
assay. While the methoxy group lowered the lipophilicity of the com
pounds, it also consistently reduced the apparent affinity to TEAD4 or 
provided no substantial benefit (entries 6–8). 

To lower the lipophilicity of 26i, we then prepared the niflumic 
version 26k and observed a moderate reduction in the cLogP but also an 

inferior apparent affinity to TEAD (entry 12). Because we previously 
observed that NA did not reduce the expression of CTGF and Cyr61,63 we 
continued our exploration within the confines of the FA scaffold. 

Knowing that an electron withdrawing group at the meta position of 
the phenyl ring gives the best improvement in affinity, we next prepared 
the 3-halo derivatives 26l–n (entries 13 to 15) and obtained similar 
shifts of temperature, but slightly higher cLogPs than with the unsub
stituted phenyl counterpart 26a. Inspired by the work of Meroueh,48 we 
then installed a 2-thienyl group on the left hand side aryl ring, leading to 
26o which showed the second highest shift in ΔTagg, an acceptable 
cLogP and no tendency to form aggregates in the NMR assay (entry 16). 
The 2- and 3-pyridyl derivatives 26p and 26q also lowered the cLogP 
but showed very low or no binding to TEAD4 (entries 17 and 18). 

To provide additional development opportunities and to improve 
affinity further, we then prepared the benzyl and phenethyl derivatives 
30 and 34 (Scheme 2). The benzyl compound 30 was prepared via 
Suzuki cross-coupling reaction between 3-nitrophenyl boronic acid 14 

Scheme 1. General synthetic route for accessing C3′-aryl and heteroaryl flufenamic acid derivatives 26a–q. (a) ArBr (15) or HetBr (16) (1 equiv), Pd(OAc)2 (10 mol 
%), K2CO3 (2 equiv), THF/H2O (3:1), 70 ◦C, 16 h; (b) ArB(OH)2 (19) or HetB(OH)2 (20) (1 equiv), Pd(OAc)2 (10 mol%), K2CO3 (2 equiv), THF/H2O (3:1), 70 ◦C, 16 h; 
(c) Fe(0) (4 equiv), EtOH/HCl(conc) (3:1), 80 ◦C, 1 h; (d) 22–24 (1.14 equiv), Pd(OAc)2 (6 mol%), (rac)-BINAP (10 mol%), Cs2CO3 (2.4 equiv), toluene, 120 ◦C, 16 h; 
(e) LiOH (4 equiv), THF/H2O (3:1), 80 ◦C. Compound numbering in 26a–q is based on the numbering of FA. 

Table 1 
Thermal shifts of 3′-aryl and heteroaryl flufenamic acid derivatives 26a–q at 25 

μM to TEAD4 by DSLS.

Entry Compound Seriesa Ar(Het) X R ΔTagg 

(◦C) 
cLogPb 

1 13 FA Ph CH H 2.1  4.73 
2 26a (LM- 

41) 
FA Ph CH F 3.4  4.89 

3 26b FA 2-Tolyl CH F 2.2  5.38 
4 26c FA 3-Tolyl CH F 4.7  5.38 
5 26d FA 4-Tolyl CH F 4.0  5.38 
6 26e FA 2-(MeO) 

C6H4 

CH F 1.3  4.76 

7 26f FA 3-(MeO) 
C6H4 

CH F 3.5  4.76 

8 26g FA 4-(MeO) 
C6H4 

CH F 2.7  4.76 

9 26h FA 2-(CF3) 
C6H4 

CH F 2.5  5.81 

10 26i FA 3-(CF3) 
C6H4 

CH F 6.2  5.81 

11 26j FA 4-(CF3) 
C6H4 

CH F 4.5  5.81 

12 26k NA 3-(CF3) 
C6H4 

N H 4.8  5.03 

13 26l FA 3-FC6H4 CH F 3.9  5.05 
14 26m FA 3-ClC6H4 CH F 3.1  5.45 
15 26n FA 3-BrC6H4 CH F 3.9  5.72 
16 26o FA 2-Thienyl CH F 5.5  4.26 
17 26p FA 2-Pyridyl CH F 1.0  3.98 
18 26q FA 3-Pyridyl CH F 0  3.55  

a FA = flufenamic acid; NA = niflumic acid. 
b cLogP calculated using chemdraw, version 20.1.0.112. 
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and benzyl chloride 27 to afford 28 followed by reduction of the nitro 
group using metallic iron under acidic conditions to afford the aniline 
29. Palladium-catalyzed cross coupling of 29 with methyl 2-bromo-4- 
fluoro benzoate 23 in the presence of racemic BINAP followed by 
saponification of the methyl ester provided the desired compound 30. 

The synthesis of the phenethyl derivative 34 began with the Suzuki 
coupling of trans-β-styrenylboronic acid 31 with 1-iodo-3-nitrobenzene 
18 to afford 32. Attempts at simultaneously reducing the nitro group 
and saturating the olefin under hydrogenation conditions failed. 
Therefore, we first reduced the nitro group under aqueous acidic con
ditions using metallic iron, coupled the aniline 33 with 23, saturated the 
alkene with hydrogen and palladium on charcoal, and saponified the 
methyl ester, providing the desired compound 34. 

To lower the lipophilicity of the compounds, we also prepared ana
logues where an oxygen is introduced in the C3′ substituent. Thus, the 
phenoxy methylene 36 was accessed by a Buchwald-Hartwig coupling 
between aniline 35 and methyl 2-bromo-4-fluorobenzoic ester 23 fol
lowed by saponification of the intermediate under standard conditions 
(Scheme 3). O-benzyl analogues 41–45 were synthesized similarly 
through the coupling of anilines 37 and 38 with bromo esters 22, 23, 39 
and 40 followed by saponification of the obtained intermediates. To 
further investigate the depth of the PA pocket, homologated compounds 
47 and 48 were also assembled using the same sequence. 

Evaluation of the binding affinity of these additional analogues by 
DSLS indicates that the insertion of one methylene unit in 26a does not 
improve the affinity to TEAD4 and only increases the lipophilicity of the 
compound (c.f. 30, Table 2, entry 2). However, inserting two methylene 

units led to a substantial increase in ΔTagg, but at the cost of an 
augmentation in the cLogP, as shown by compound 34 which was also 
found to be a potential aggregator in the NMR assay (entry 3). Replacing 
the distal or proximal methylene unit in 34 with an oxygen atom 
reduced the cLogP below 5 but resulted in an erosion of the apparent 
affinity to TEAD4, as indicated by compound 36 and 41 (entry 4 and 5). 
In our previous publication, we observed that compounds with an ox
ygen atom directly connected to the core displayed superior affinity to 
TEAD4 compared to compounds with an oxygen at the distal position;63 

this was confirmed with 41, with which we continued our SAR activities. 
Introducing a methyl ortho to the alkoxide of 41 did not provide any 

improvement in terms of affinity to TEAD4 and only increased the lip
ophilicity (c.f. 42, entry 6). Additionally, 42 was found to be a potential 
aggregator in our NMR assay. Removing the fluorine in 41 (c.f. 43) or 
replacing it with a methyl (c.f. 44) eroded the ΔTagg substantially, thus 
demonstrating once again the superiority of this halogen at C4 (entries 7 
and 8). Interestingly, displacing the methyl group from the C4 to the C5 
position (44 → 45) re-established the ΔTagg around four degrees (entry 
9). 

To further explore the depth of the pocket, compound 41 was ho
mologated in the FA and NA series to give derivatives 47 (named AF- 
2112) and 48 which gave equivalent or superior binding to TEAD4, 
with the NA analogue giving a lower cLogP value than the FA (entry 10 
and 11). 

In an attempt to determine if the apparent affinity of this series to 
TEAD4 is mainly driven by the lipophilicity of the compounds, we 
plotted ΔTagg against cLogP but saw no conclusive correlation (see 
Graphic S1). This could suggest that the binding of the compounds to 
TEAD4 is a result – at least in part – of interactions developing between 
the compounds and the binding site rather than the product of non- 
specific binding. 

We then evaluated the impact of key compounds on the expression of 
TEAD-dependent genes Axl, CTGF, Cyr61 and NF2 by RT-qPCR following 
treatment of MDA-MB-231 cells for 24 h with 10 μM compound (Fig. 2). 
While it would have been tempting to exclusively select compounds with 
the highest apparent affinity to TEAD4, we rather opted to cherry pick a 
small ensemble of diversified compounds that would allow to investi
gate the impact of structural features on gene expression while also 
evaluating the necessity of fully occupying the PA pocket to obtain a 
biological effect. Therefore, the phenyl derivative 26a (LM-41) was 
included because of its structural simplicity, its moderate affinity to 
TEAD4 and its cLogP below the threshold of 5. 2-Thienyl derivative 26o 
was retained because it represents a classic isostere of the phenyl com
pound 26a and since it gave one of the highest ΔTagg in our program. 
The O-benzyl derivative 41 is an extended version of LM-41 with com
parable affinity to TEAD4 and similar cLogP that will help determine the 
impact of filling the PA pocket deeper. Compound 45 was chosen to 
evaluate the consequence of the C5-methyl on gene expression. Com
pound 47 (AF-2112) was selected for its very high ΔTagg and to assess 
the effect of occupying the PA pocket more deeply while the NA 
analogue 48 was included for its relatively low cLogP. FA (1) and NA (2) 

Scheme 2. Synthesis of 3′-benzyl and phenethyl flufenamic acid derivatives 30 and 34. (a) Pd(dppf)Cl2 (10 mol%), K2CO3 (2.0 equiv), THF/H2O (3:1), 70 ◦C, 16 h; 
(b) Fe(0) (4 equiv), EtOH/HCl(conc) (3:1), 80 ◦C, 1 h; (c) 23 (1.14 equiv), Pd(OAc)2 (6 mol%), (rac)-BINAP (10 mol%), Cs2CO3 (2.4 equiv), toluene, 120 ◦C, 16 h; (d) 
LiOH (4 equiv), THF/H2O (3:1), 80 ◦C; (e) Pd(OAc)2 (10 mol%), K2CO3 (2.0 equiv), THF/H2O (3:1), 70 ◦C, 16 h; (f) H2, Pd/C (10 mol%), 1,4-dioxane, 25 ◦C, 16 h. 

Scheme 3. Synthesis of FA derivatives incorporating an oxygen atom in the C3′ 
substituent. (a) ArBr (1.14 equiv), Pd(OAc)2 (6 mol%), (rac)-BINAP (10 mol%), 
Cs2CO3 (2.4 equiv), toluene, 120 ◦C, 16 h; (b) LiOH (4 equiv), THF/H2O 
(3:1), 80 ◦C. 
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were chosen as reference compounds. All compounds were found to be 
non-aggregators in a self-association NMR assay. 

In our hands, FA (1) and NA (2) – for which we measured a very low 
ΔTagg of 1.3 and 2.2 ◦C in the DSLS assay, respectively – had no impact 
on gene expression in MDA-MB-231 cells at 10 μM. Even though its af
finity to TEAD4 was moderate (ΔTagg = 3.4 ◦C), 26a (LM-41) signifi
cantly reduced the expression of all four genes. Conversely, 26o, with its 
thienyl group – a classic isostere for a phenyl moiety – and its high ΔTagg 
of 5.5 ◦C, had a minor or no impact on gene expression. While they 
reduced the expression of CTGF, the O-benzyl derivatives 41 and 45 
(with ΔTagg values of 3.8 and 4.0 ◦C, respectively) had a moderate 
impact on NF2 and no effect on Axl. Moreover, these compounds 
appeared to increase the expression of Cyr61. With a ΔTagg of 5.1 ◦C, 
compound 47 (AF-2112), which has a longer phenethyloxy group at C3′, 
provided the second strongest reduction in gene expression. Surpris
ingly, AF-2112′s niflumic derivative 48 showed no impact on the 
expression of all genes, even though it had a similar apparent affinity to 
TEAD4 as 26a. Altogether, these results suggest that caution must be 
taken when selecting compounds based on their apparent affinity to 
TEAD as other effects might come into play, potentially such as cell 
permeability. 

Next, we evaluated the effect of the most pertinent compounds on the 
migration of MDA-MB-231 cancer cells (Fig. 3). Used as a control 
compound, FA (1) had a non-significant effect on cell migration. Com
pound 45, which appeared to increase the expression of Cyr61, also had 
a minimal impact on cell migration. With a ΔTagg of 5.1 ◦C – one of the 

strongest – and a drastic reduction of gene expression, the fully extended 
AF-2112 (47) only gave a moderate reduction of cell migration. The 
strongest inhibition was observed with LM-41 (26a), the simplest de
rivative within this series. 

To gain further insight into the binding mode of our compounds and 
to evaluate the impact of structural modifications on the binding, we 
conducted co-crystallization experiments using LM-41 (26a), 41, 45, 
AF-2112 (47), and 48 with hTEAD2. To our great satisfaction, all 
compounds except AF-2112 gave a co-crystal structure with a resolution 
between 1.95 and 2.45 Å (Fig. 4, Supplementary Tables S1 and S2, and 
Figs. S1–S4). The structures were solved in space group C2 with two 
TEAD per asymmetric unit. The five compounds fitted hTEAD2 in a very 
similar manner into the internal palmitate pocket (Fig. 4e). The car
boxylic function of the compounds made a hydrogen bond with Cys380 
(Fig. 4f) and Van der Waals contact with hydrophobic residues of 

Table 2 

Thermal shifts of homologated derivatives 30, 34, 36, 41–45, 47 and 48 at 25 μM to TEAD4 by DSLS.

Entry Compound Y Seriesa X R R’ R’’ ΔTagg (◦C) cLogPb 

1 26a (LM-41) Ph FA CH F H H  3.4  4.89 
2 30 PhCH2 FA CH F H H  3.0  5.31 
3 34 PhCH2CH2 FA CH F H H  5.6  5.72 
4 36 PhOCH2 FA CH F H H  3.0  4.82 
5 41 PhCH2O FA CH F H H  3.8  4.82 
6 42 PhCH2O FA CH F H Me  3.8  5.31 
7 43 PhCH2O FA CH H H H  2.9  4.66 
8 44 PhCH2O FA CH Me H H  2.3  5.15 
9 45 PhCH2O FA CH H Me H  4.0  5.15 
10 47 (AF-2112) PhCH2CH2O FA CH F H H  5.1  5.10 
11 48 PhCH2CH2O NA N H H H  3.6c  4.32  

a FA = flufenamic acid; NA = niflumic acid. 
b cLogP calculated using chemdraw, version 20.1.0.112. 
c Measured at 25 μM in a DSF assay. 

Fig. 2. Effect of selected compounds on AXL, CTGF, Cyr61 and NF2 gene 
expression levels in MDA-MB-231 breast cancer cells after 24 h treatment with 
10 μM compounds as measured by RT-qPCR. 

Fig. 3. Effect of FA (1), 45, AF-2112 (47) and LM-41 (26a) on MDA-MB-231 
breast cancer cell migration after 48 h treatment with 10 μM compounds. 
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TEAD2, namely Phe233, Ala235, Val252, Val329, Leu387, Leu390, 
Leu403, Ile408 and Phe428 (Fig. 4a–f). The extended C3′-O-homobenzyl 
moiety 48 adapts itself to reach the same interactions as the C3′-O- 
benzyl analogues (41 and 45), more specifically to form a π–stacking 
with Phe428. Ligands 41, 45 and 48 fill the palmitate pocket more 
efficiently than LM41. The presence of a fluorine atom at the position 4 
in LM41 and 41 permits additional Van der Waals interaction with 
Ser345 and Val347 which could explain the increase of stabilization 
observed in the ΔTagg for these fluorinated analogues compared to 43. 

Because we could not co-crystallize AF-2112, we docked this com
pound within the PA pocket of the YBD of hTEAD2 and stacked the pose 
over LM-41, 41 and PA (Fig. 5A). Our results suggest that AF-2112 
(yellow) binds more profoundly in the pocket than LM-41 (cyan) and 
therefore overlaps better with the palmitic acid (green). However, AF- 
2112 with a longer C3′-phenethyloxy group does not bind deeper than 
41, which has a shorter C3′-benzyloxy group. Rather, the PhCH2CH2O– 
moiety in AF-2112 folds itself to engage the terminal phenyl ring in the 
same interactions as 41, namely a face-to-face π/π with Phe428 and van 
der Waals interactions with non-polar residues Phe251, Phe386, 
Leu403, Ala304 (Fig. 5B). In addition, our docking studies indicate that 
AF-2112 is expected to bind very similarly to its niflumic acid congener 
48 (Fig. 5C). 

In summary, we designed synthetic routes to access derivatives of 

flufenamic (FA) and niflumic (NA) acid where the trifluoromethyl group 
is replaced by an aromatic moiety directly connected to the core scaffold 
or separated by a spacer. Most of these compounds led to an increase of 
affinity to TEAD as measured by a differential static light scattering 
(DSLS) thermal shift assay. The ability of key compounds that have a 
good apparent affinity to TEAD4 and that are not potential aggregators 
in a self-association NMR assay to affect the expression of TEAD-related 
genes Axl, CTGF, Cyr61 and NF2 in MDA-MB-231 cells was evaluated by 
RT-qPCR. LM-41 (26a) and AF-2112 (47) bearing a fluorine para to the 
carboxylic acid and a phenyl or a phenethyloxy moiety, respectively, in 
place of the trifluoromethyl group showed the strongest reduction in 
gene expression. Although structurally simpler, LM-41 showed a stron
ger inhibition of migration of MDA-MB-231 cells than AF-2112. Co- 
crystallization of LM-41 (26a), 41, 45 and 48 with TEAD2 showed that 
all these compounds bind similarly to FA within the palmitic acid pocket 
of TEAD with little variation in the positioning of the central flufenamic 
or niflumic skeleton. Compound 48 with a PhCH2CH2O group at C3′ 
occupied the PA pocket more fully than LM-41 (26a) but folded its chain 
to place the terminal phenyl ring in a similar environment as 41 that 
bears a shorter PhCH2O moiety. Docking studies proposed a binding 
mode for AF-2112 (47) similar to its niflumic congener 48. Our study 
shows that the replacement of the trifluoromethyl group of FA by aro
matic rings increases the apparent affinity to TEAD4 and that it is not 

Fig. 4. Co-crystal structures of (a) LM-41 (26a) (PDB code: 8POJ), (b) 41 (PDB code: 8PON), (c) 45 (PDB code: 8P29), and (d) 48 (PDB code: 8POM) with 
hTEAD2217–447. (e) Stacking of all crystal structures, front view. (f) Stacking of all crystal structures, back view. 

Fig. 5. (a) Docking of AF-2112 (47) in yellow in YBD of hTEAD2 stacked over LM-41 (26a) in cyan, 41 in magenta and palmitic acid in green; (b) Main interactions 
between the terminal phenyl ring and the residues within 4 Å distance of AF-2112 (47); (c) Overlay of AF-2112 (47) in yellow and crystallized 48 in light blue. 
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necessary to fully occupy the PA pocket to inhibit the expression of 
TEAD-related genes and reduce cell migration. Furthermore, our results 
suggest that there is no direct correlation between the apparent affinity 
of the compounds to TEAD4 and their impact on gene expression or cell 
migration. Overall, LM-41 and AF-2112 might serve as complementary 
probes to further understand the role of TEAD in gene expression and 
development of cancer. 
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63 Mélin L, Abdullayev S, Fnaiche A, et al. Development of LM98, a small-molecule 
TEAD inhibitor derived from flufenamic acid. ChemMedChem. 2021;16:2982–3002. 

64 Vedadi M, Niesen FH, Allali-Hassani A, et al. Chemical screening methods to identify 
ligands that promote protein stability, protein crystallization, and structure 
determination. Proc Nat Acad Sci. 2006;103:15835–15840. 

A. Fnaiche et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0960-894X(23)00366-9/h0245
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0245
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0245
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0250
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0250
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0250
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0255
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0255
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0255
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0260
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0260
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0265
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0265
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0270
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0270
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0270
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0275
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0275
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0275
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0280
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0280
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0285
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0285
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0285
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0290
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0290
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0295
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0295
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0300
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0300
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0305
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0305
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0305
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0305
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0310
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0310
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0310
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0315
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0315
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0320
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0320
http://refhub.elsevier.com/S0960-894X(23)00366-9/h0320

	Development of LM-41 and AF-2112, two flufenamic acid-derived TEAD inhibitors obtained through the replacement of the trifl ...
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary material
	References


