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Abstract The TEA domain (TEAD) family proteins (TEAD1‒4) are essential transcription factors that

control cell differentiation and organ size in the Hippo pathway. Although the sequences and structures of

TEAD family proteins are highly conserved, each TEAD isoform has unique physiological and patholog-

ical functions. Therefore, the development and discovery of subtype selective inhibitors for TEAD protein

will provide important chemical probes for the TEAD-related function studies in development and dis-

eases. Here, we identified a novel TEAD1/3 covalent inhibitor (DC-TEADin1072) with biochemical

IC50 values of 0.61 � 0.02 and 0.58 � 0.12 mmol/L against TEAD1 and TEAD3, respectively. Further

chemical optimization based on DC-TEAD in 1072 yielded a selective TEAD3 inhibitor DC-

TEAD3in03 with the IC50 value of 0.16 � 0.03 mmol/L, which shows 100-fold selectivity over other

TEAD isoforms in activity-based protein profiling (ABPP) assays. In cells, DC-TEAD3in03 showed se-

lective inhibitory effect on TEAD3 in GAL4-TEAD (1e4) reporter assays with the IC50 value of

1.15 mmol/L. When administered to zebrafish juveniles, experiments showed that DC-TEAD3in03

reduced the growth rate of zebrafish caudal fins, indicating the importance of TEAD3 activity in control-

ling proportional growth of vertebrate appendages.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the Hippo signaling pathway, the transcription factor TEA
domains (TEADs) family proteins (TEAD1‒4) are the most
important terminal regulators, which play an important role in
development, cell proliferation, cell differentiation, tissue ho-
meostasis, and regeneration1e4. Although they are widely
expressed and evolutionarily conserved, the expression of
different subtypes of TEAD proteins (TEAD1‒4) is tissue specific
and each isoform performs different functions5. For instance,
TEAD1 is reported to be involved in heart development, and
knockout of TEAD1 in mouse models can lead to fetal death due
to heart defects6. TEAD2 plays a significant role in the develop-
ment of the nervous system7 while TEAD3 plays an important role
in myoblast differentiation, early fiber assembly and other muscle
tissue development8e10. Additionally, TEAD3 was also found to
play an important role in regulating cardiac differentiation and
epidermal proliferation. Han et al.9 found that in the CVPC (the
earlier cardiovascular progenitor cells) stage, YAP interacts with
TEAD3 to regulate the cardiac differentiation of human-induced
pluripotent stem cells. TEAD1 and TEAD3 jointly regulate
epidermal proliferation11. TEAD3 has also been found to be
specifically expressed in the placenta and multiple embryonic
tissues12. Knockout of TEAD4 in mouse models has been shown to
link to fetal death, suggesting that it is crucial for embryo
transfer13.

Beyond development, a large number of studies have also
shown that the amplification and overactivation of each TEAD
plays a context-dependent role in the occurrence and progression
of malignant diseases, especially cancers14,15. TEAD1 is re-
ported to be involved in the regulation of prostatic epithelial cell
differentiation and epithelial morphogenesis, such as the regu-
lation of cell adhesion to basement membrane16. The over-
expression of TEAD1 has been shown to link to poor prognosis
of prostate cancer patients17, while the increased expression of
TEAD2 mRNA was observed in hepatocellular carcinoma
(HCC) patients18. TEAD4 is also highly expressed in a variety of
cancers and plays an important role in aspects including
epithelial‒mesenchymal transformation (EMT)19, metastasis20,
cancer stem cell dynamics21, and chemotherapy resistance while
the role of TEAD3 in cancer biology has been less investi-
gated22,23. Besides, many TEADeYAP target genes, including
cell surface receptor tyrosine kinase Axl24, connective tissue
growth factor CTGF25, BIRC526 and tumor marker mesothelin
are also associated with tumorigenesis27. Therefore, the devel-
opment of subtype-selective TEAD inhibitors could help un-
derstand the pathological role of each TEAD and has great
potential in the era of precise medicine.

TEAD is a multidomain protein, which is mainly composed of
the N-terminal DNA binding domain (DBD) and the C-terminal
YAP/TAZ binding domain (YBD) with homology up to 91%
between TEAD isoforms3,28,29. TEADs family proteins also
contain highly conserved palmitoylation pockets30 (Supporting
Information Fig. S1). As the TEADeYAP proteineprotein inter-
action interface remains challenging to be targeted, more chem-
istry endeavors have been devoted to the development of the
palmitoylation site located in TEAD-YBD in recent years31,32

(Fig. 1). In 2015, the non-steroidal anti-inflammatory drug flufe-
namic acid was discovered by Pobbati et al. with the KD value of
73 mmol/L33. In 2019, Bum-Erdene et al. discovered a chlor-
omethyl ketone analogue of flufenamic acid TED-347 as a co-
valent TEAD palmitoylation inhibitor that can allosterically
inhibit the TEADeYAP interaction34. K-975, another covalent
TEAD palmitoylation inhibitor, can also directly bind to TEAD
protein and inhibit YAP/TAZeTEAD interaction, and shows
strong anti-tumor effect in the preclinical mesothelioma model35.
Very recently, Genentech reported a non-covalent compound as a
TEAD lipid pocket binder, which inhibited TEAD activity in a
dominant-negative manner31. Besides inhibitors, quinolinol com-
pounds have also been found to act as TEAD-dependent tran-
scriptional activators through binding to the lipid pocket36.
However, those modulators could target multiple TEADs as re-
ported and the development of subtype-selective TEAD inhibitors
lags behind.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Reported small molecules targeting the palmitate-binding pocket of TEADs.
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Previously, our group identified the compound DC-TEADin02,
a vinyl sulfonamide derivative, as a pan-TEAD covalent inhibitor
through virtual screening37. In the present work, by performing
gel-based activity-based protein profiling (ABPP) screening, we
identified DC-TEADin1072 as a TEAD1/3 selective inhibitor with
the novel chemotype featuring an acrylamide warhead. Through
pocket analysis and subsequent rational chemical design, DC-
TEAD3in03, a selective, covalent TEAD3 inhibitor was devel-
oped with an IC50 value of 0.16 � 0.03 mmol/L. In GAL4 reporter
assays, DC-TEAD3in03 selectively inhibited TEAD3 transcrip-
tional activity. Also as expected, DC-TEAD3in03 significantly
increases the content of TEAD3 soluble contents in cellular
thermal shift assay (CETSA), which is a reliable indicator for
direct target engagement in cells.

In the zebrafish model, DC-TEAD3in03 showed selective
reduction of the caudal fin growth rate after 14 days of treatment in
2-month-old juveniles. This provides evidence of TEAD3 activity
during proportional growth. Treatment with DC-TEADin1072 on
the other hand showed a reduction in both body growth rate and
caudal tail growth rate, which suggests TEAD3 redundancy during
body development of the zebrafish. These selective inhibitors pro-
vide an efficient chemical genetic platform to study the role of
TEAD1 and TEAD3 during development.
2. Results and discussion

2.1. Discovery of DC-TEADin1072 as a covalent inhibitor
targeting TEAD1 and TEAD3

To find compounds bearing novel chemotype against TEAD pal-
mitoylation site, we used gel-based activity-based protein profiling
(ABPP) assay to screen in-house covalent compound collections
containg 358 compounds with covalent warheads. Compounds with
diverse scaffolds were screened with TEAD3-YBD recombinant
protein at 50mmol/L, and hitswith>80% inhibitionwere picked out
for futher characterization. Among them, DC-TEADin1072 (syn-
thetic routewas shown in Scheme 1) showed inhibitory activity with
an IC50 value of 0.58 � 0.12 mmol/L against TEAD3 (Fig. 2A and
B), whichwasmore potent comparedwith flufenamic acid under the
same conditions33 (Supporting Information Fig. S2). We also syn-
thesized a non-covalent counterpart of DC-TEADin1072 (Scheme
1), namely DC-TEADin1072-N1. As expected, DC-TEA-
Din1072-N1 showed minimal inhibition on TEAD palmitoylation
(Fig. 2C). Further selectivity profiling indicated that DC-
TEADin1072 could also inhibit TEAD1 palmitoylation with an
IC50 value of 0.61 � 0.02 mmol/L against TEAD1 while sparing
TEAD2 and TEAD4 homologues (Fig. 2D, Supporting Information
Fig. S3). In amass spectrometry (MS) study, a highermass peakwas
detected with the difference in mass by þ259.5 Da after the incu-
bation of TEAD1 and TEAD3 protein with excessive DC-
TEADin1072 for 24 h at 4 �C, which was in accordance with the
molecular weight of DC-TEADin1072 via direct Michael addition
(Fig. 2E and F). In addition, the extracted ion chromatogram indi-
cated that the precursor ion of this peptide [SPMC(C16H21NO2)
EYMINFIHK] can be only found in compound treated group
(Fig. 2G). Collectively, these results confirmed that compound DC-
TEADin1072 is a dual TEAD1/3 covalent inhibitor.

Notably, further differential scanning fluorimetry (DSF) ex-
periments showed that the interactions of wild-type TEAD3-YBD
with DC-TEADin1072 resulted in a significant thermal transition
with the DTm value of w5 �C at the ratio of 1:20 (Fig. 3A). To
further clarify the specific modification of DC-TEADin1072 on
the exact cysteine of TEAD1/3, all cysteines of TEAD1/3-YBD



Figure 2 The discovery of DC-TEADin1072 as a covalent TEAD1 and TEAD3 autopalmitoylation inhibitor. (A) The chemical structures of

DC-TEADin1072 and DC-TEADin1072-N1. (B) and (C) The inhibitory activities of DC-TEADin1072 and DC-TEADin1072-N1 in the click-

based ABPP assay. The band intensity was quantified in ImageJ (NIH). The experiments were performed in biological triplicates and the data

was shown as mean � SD, n Z 3. (D) DC-TEADin1072 selectively inhibited TEAD1 and TEAD3 palmitoylation while sparing TEAD2 and

TEAD4. (E)‒(G) Mass spectrometry demonstrated the covalent modification of DC-TEADin1072 on TEAD1 and TEAD3 recombinant protein.

Scheme 1 Synthetic route of DC-TEADin1072 and DC-TEA-

Din1072-N1. Reagents and conditions: (i) phenol, PPh3, DEAD,

anhydrous THF, Ar, 0 �C to rt, 8 h. (ii) 4 mol/L HCl in 1,4-dioxane, rt,

2 h. (iii) Acryloyl chloride (propionyl chloride), TEA, DCM, 0 �C, 2 h.
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were individually mutated to alanine and subjected to thermal
shift evaluation. Compared with other TEAD mutants, the
TEAD3-YBD C371A mutant and the TEAD1-YBD C359A
mutant significantly abolished the compound effect on protein
thermal stability demonstrating selective engagement with Cys371
of TEAD3 and Cys359 of TEAD1 (Fig. 3B, Supporting Infor-
mation Fig. S4). As it is still controversial whether a small
molecule occupying the lipid binding site could abolish the
TEAD‒YAP interaction, we also explored the compound effect on
TEAD‒YAP interaction in the fluorescence polarization (FP)
assay using fluorescein isothiocyanate (FITC)-labeled YAP pep-
tide (61e100). Interestingly, the results indicated that DC-
TEADin1072 showed minimal effect on TEAD‒YAP interac-
tion, which is also observed with flufenamic acid and DC-TEA-
Din0237 (Supporting Information Fig. S5).
2.2. Binding mode analysis of DC-TEADin1072

To further delineate the binding mode of DC-TEADin1072 and
elucidate the mode-of-action (MOA) of the series of compounds,
covalent docking was performed using Covalent Docking panel
integrated in Maestro 9.137. The results show that DC-
TEADin1072 adopts a similar conformation with endogenous
substrate myristic acid (Fig. 3C). Additionally, the acrylamide
group adjacent to the opening of the pocket forms hydrogen bonds
at C371, which shares the similar binding mode to the carboxyl
group of flufenamic acid with TEAD2 (Fig. 3D). Molecular



Figure 3 Biochemical and biophysical methods demonstrated the direct binding of DC-TEADin1072. (A) TEAD3 thermal shift assays.

Synthetic YAP peptide was used as the positive control with the ratio of 1:5. The experiments were performed in biological triplicates. (B) The

shift of Tm values of TEAD3-YBD WT and TEAD3-YBD mutants with DC-TEADin1072. (C) and (D) The alignment of DC-TEADin1072

(green) with myristic acid (salmon) (PDB code: 5OAQ)38 and flufenamic acid (grey) (PDB code: 5DQ8)33. (E) and (F) The predicted binding

mode of DC-TEADin1072 with TEAD3-YBD in molecular docking studies.

Scheme 2 Synthetic route of DC-TEAD3in01. Reagents and con-

ditions: (i) Mg, 1,2-dibromoethane, anhydrous THF, Ar, rt to 60 �C,
2 h. (ii) N-(tert-Butoxycarbonyl)-4-piperidone, anhydrous THF, Ar,

0 �C to rt, 3 h. (iii) 4 mol/L HCl in 1,4-dioxane, rt, 2 h. (iv) Acryloyl

chloride, TEA, DCM, 0 �C, 2 h.
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docking studies indicate that DC-TEADin1072 could form
extensive hydrophobic interaction with V338, F251, M374, M370,
V320 and T336 in the hydrophobic groove (Fig. 3E and F). In
conclusion, the docking results rationalize the inhibitory activity
of DC-TEADin1072 and establish a possible binding mode for
further structural modification.

2.3. Development of DC-TEAD3in03 as a selective TEAD3
inhibitor

In order to achieve the selectivity within the TEAD family, we
compared all the TEADs-YBD crystal structures to see if there is
any structural difference to design subtype-selective TEAD in-
hibitors. Interestingly, we found that there is a unique tyrosine
(Y233) in TEAD3, while in other TEAD isoforms, it has been
replaced with phenylalanine (Supporting Information Fig. S6).
Thus, follow-up medicinal chemistry optimization on the
piperidine of DC-TEADin1072 was conducted aiming to design
selective inhibitors that could capture this specific hydroxyl
group via hydrogen bond. The synthetic routes of DC-
TEAD3in01, DC-TEAD3in02 and DC-TEAD3in03 were
shown in Schemes 2 and 3.

Among this series, DC-TEAD3in01, DC-TEAD3in02 and DC-
TEAD3in03 show potent inhibition (Fig. 4A‒D, Supporting In-
formation Fig. S7). Among them, DC-TEAD3in03 shows best
inhibitory activity against TEAD3 with the IC50 value of
0.16 � 0.03 mmol/L and profound selectivity over other TEAD
isoforms in both gel-based ABPP and DSF experiments (Fig. 4E
and F). Additionally, site mutation studies indicated that DC-
TEAD3in03 could significantly improve the thermal stability of
TEAD3 protein, while it had minimal effect on widetype TEAD1,
TEAD1 C359S and TEAD3 C371A mutants, proving the direct
modification site of the compound (Fig. 4G). To further demon-
strate the direct interactions of the identified TEAD inhibitors with
corresponding TEADs and evaluate the cellular uptake of the
compounds, overexpressed TEAD3 from DC-TEAD3in03-treated
HEK293T cell samples was enriched and subjected to mass
spectrometry. As expected, the peptide containing the exact
cysteine was mapped out demonstrating the DC-TEAD3in03
could covalently label TEAD3 in cells (Fig. 4H).

To understand molecular mechanism of the selectivity of those
TEAD inhibitors, we revisited the docking result of DC-
TEADin1072 and conducted covalent docking for DC-
TEAD3in01-03 using covalent docking module in Schrödinger
software. The results showed that the L383 of TEAD2 and L366
of TEAD4 have steric clash with DC-TEADin1072, which may



Scheme 3 Synthetic route of DC-TEAD3in02 and DC-TEAD3in03. Reagents and conditions: (i) tert-butyl tetrahydropyrimidine-1(2H)-

carboxylate (tert-butyl piperazine-1-carboxylate), K2CO3, DMF, 90 �C, 8 h. (ii) 4 mol/L HCl in 1,4-dioxane, rt, 2 h. (iii) Acryloyl chloride, TEA,

DCM, 0 �C, 2 h.

Figure 4 The biophysical and biochemical characterization of DC-TEAD3in03. (A) The chemical structures of DC-TEAD3in01, DC-TEA-

D3in02 and DC-TEAD3in03. (B)‒(D) The inhibitory activities of DC-TEAD3in01, DC-TEAD3in02 and DC-TEAD3in03 through CuAAC-based

click chemistry. The band intensity was quantified in ImageJ (NIH). The experiments were performed in triplicate and the data was shown as

mean � SD, nZ 3. (E) DC-TEAD3in03 selectively inhibited TEAD1 and TEAD3 palmitoylation while sparing TEAD2 and TEAD4. (F) and (G)

DC-TEAD3in03 significantly improved the thermostability of TEAD3 but had minimal effect on TEAD1 or corresponding C359S mutant.

Synthetic YAP peptide was used as the positive control with the ratio of 1:5. The experiments were performed in triplicate. (H) The modification

of transfected-TEAD3 upon 50 mmol/L DC-TEAD3in03 treatment for 6 h was detected by MS experiments.
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account for the selectivity over TEAD2 and TEAD4 (Fig. 5A).
The hydroxyl group of DC-TEAD3in01 and the nitrogen atom in
piperazine (DC-TEAD3in02) and hexahydropyrimidine moiety
(DC-TEAD3in03) could form a hydrogen bond to the unique
tyrosine (Y223) of TEAD3, which distinguishes it from TEAD1
(Fig. 5B‒F). To validate the docking model, we also mutated the
Y223 to phenylalanine, the activity of DC-TEAD3in03 signifi-
cantly decreases with the IC50 value close to 18.5 � 4.9 mmol/L



Figure 5 The binding mode analysis of DC-TEAD3in03. (A) Binding mode of DC-TEADin1072 (magenta) with TEADs protein (TEAD1:

6IM539, TEAD2: 5EMV30, TEAD3: 5EMW30, TEAD4: 3JUA40). DC-TEADin1072 forms clash (red dash) with Leu383 in TEAD2 and Leu366 in

TEAD4, rationalizing the selectivity towards TEAD1 and TEAD3. (B) Binding mode of DC-TEAD3in01 with TEAD3. (C) Binding mode of DC-

TEAD3in02 with TEAD3. (D) Binding mode of DC-TEAD3in03 with TEAD3. (E) The clash (red dash) between DC-TEAD3in03 (orange) and

TEAD2, TEAD4. (F) Overlap mode of DC-TEADin1072 (cyan) and DC-TEAD3in03 (salmon) with TEAD3.
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(Supporting Information Fig. S8) in gel-based ABPP assays,
which consolidates our docking model.

2.4. DC-TEAD3in03 selectively engaged TEAD3 in cells

To verify if the observed biochemical selectivity could be trans-
lated into cells, we did CETSA experiments to monitor TEAD
engagement in HEK293T cells. The results showed that treatment
of DC-TEADin1072 could increase the thermal stability of the
TEAD1 and TEAD3 while treatment of selective TEAD3 inhibitor
DC-TEAD3in03 only increased the soluble fraction of TEAD3
demonstrating its cellular uptake and direct engagement (Fig. 6A
and B, Supporting Information Fig. S9).

In order to further evaluate the inhibitory effect of our
compounds in cells, we performed TEAD-specific luciferase
reporter assays with DC-TEAD3in03 and the negative com-
pound DC-TEADin1072-N1. As expected, the treatment of with
DC-TEAD3in03 in cells transfected with the TEAD luciferase
reporter led to significant reduction in TEAD reporter activity
compared with DC-TEADin1072-N1 while it had minimal ef-
fect on the unrelated TOP Flash beta-catenin reporter system,
demonstrating the specificity of the compound in the regulation
of the Hippo signaling pathway (Fig. 6C and D). In order to
simultaneously exclude the interference from different endog-
enous expression levels of TEAD1‒4 proteins, we expressed
each TEAD homologue fused with yeast GAL4 DNA binding
domain (TEAD1‒4). The cells were transfected with GAL4-
TEAD expression vector together with secreted luciferase re-
porter vector under the control of promoters containing
9�GAL4 DNA binding elements. At the same time,
overexpressing YAP can activate TEAD transcription and
significantly enhance luciferase activity. DC-TEAD3in03 was
used to treat TEAD1, TEAD2, TEAD3 and TEAD4, respec-
tively. The results showed that DC-TEAD3in03 had selective
inhibition on TEAD3 transcrptional activity with its IC50 value
of 1.15 mmol/L (Fig. 6E).

2.5. In vivo regulation of proportional growth

As a downstream effector of the Hippo signal transduction
cascade, it has been reported that TEAD1, TEAD2 and TEAD4
regulate the proportional growth of tissues, such as the heart, brain
and skull bones during early development, while the role of
TEAD3 during development has not been established yet41. To
investigate the biological effect of DC-TEAD3in03 on propor-
tional growth of a vertebrate animal, we treated juvenile zebrafish
with DC-TEAD3in03 (0.25 mmol/L) for 14 days and evaluated the
proportional growth relationship between the animal body and
caudal fin. DC-TEAD3in03-treated fish showed a reduction in the
growth rate of the caudal fin after 14 days of treatments (Fig. 7A
and B). Inspection of the caudal fin showed no ectopic or
tumorous growth from the chronic DC-TEAD3in03 treatments
(Fig. 7C). Although we observed a significant reduction in the
outgrowth of the caudal fin, we did not observe a significant dif-
ference between the growth of the overall body rate or lengths
(Fig. 7D‒F), indicating that TEAD3 is specifically involved in the
proportional growth of appendage tissues. TEAD3 redundancy has
been described in keratinocyte growth9. We hypothesized that
TEAD3 redundancy is responsible for the observation that the
body growth rate did not alter upon DC-TEAD3in03 treatment



Figure 6 DC-TEAD3in03 selectively engaged TEAD3 in cells. (A) HEK293T cells were treated with 50 mmol/L DC-TEADin1072 for 6 h in

CETSA experiments to demonstrate the direct binding of DC-TEADin1072 with TEAD1 and TEAD3 in intact cells. (B) HEK293T cells were

treated with 50 mmol/L DC-TEAD3in03 for 6 h in CETSA experiments to demonstrate that DC-TEAD3in03 significantly increased the thermal

stability of TEAD3 in intact cells. (C) and (D) The effect of DC-TEAD3in03 on TEAD-dependent/independent reporter system. The results shown

are mean � SD of three technical replicates (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, N.S.: P > 0.05), n Z 3. (E) The effect of

DC-TEAD3in03 on TEAD1, TEAD2, TEAD3, and TEAD4 activities in GAL4 reporter system. HEK293T cells were transfected with a GAL4-

LUC reporter, together with expression vectors for GAL4-TEADs constructs as indicated. The results shown are mean of three technical rep-

licates, n Z 3.
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alone. Therefore, we exposed 2-month old AB wild type juvenile
fish to 0.25 mmol/L dual TEAD1/3 inhibitor DC-TEADin1072 for
14 days. We observed that the tail growth speed was reduced
compared to DMSO treatment, no differences in tail length and no
ectopic aberrations in fin morphology (Fig. 7G‒I), corroborating
the findings described in Fig. 6A‒C. The body growth rate
decreased significantly upon DC-TEADin1072 treatment and the
body length was nearly significantly different (P Z 0.054, Fig. 7J
and K). No obvious ectopic or tumorous growth were observed in
the body of the fish (Fig. 7L). These findings suggest that TEAD1
and TEAD3 have a supplemental role in the proportional body
growth during development of juvenile fish.



Figure 7 DC-TEAD3in03 decreases vertebrate appendage growth during the juvenile growth phase. (A) Growth rates of the caudal fins of

DMSO-treated and DC-TEAD3in03-treated zebrafish during the juvenile growth phase (starting at 2 months of age). (B) The average and standard

deviation of fin lengths of DMSO- and DC-TEAD3in03-treated fish at the indicated time points. (C) Caudal fins of zebrafish before treatments

(d0) and after 14 days of continuous treatment (d14). (D) Growth rates of the bodies of DMSO-treated and DC-TEAD3in03-treated zebrafish

during the juvenile growth phase (starting at 2 months of age). (E) Measurements of the body length of untreated and treated zebrafish during the

juvenile growth phase (starting at 2 months of age). (F) Images displaying zebrafish bodies after treatment with DMSO and DC-TEAD3in03. (G)

Growth rates of the caudal fins of DMSO-treated and DC-TEADin1072-treated zebrafish during the juvenile growth phase (starting at 2 months of

age). (H) The average and standard deviation of fin lengths of DMSO- and DC-TEADin1072-treated fish at the indicated time points. (I) Caudal

fins of zebrafish before treatments (d0) and after 14 days of continuous treatment (d14). (J) Growth rates of the bodies of DMSO-treated and DC-

TEADin1072-treated zebrafish during the juvenile growth phase (starting at 2 months of age). (K) Measurements of the body length of untreated

and treated zebrafish during the juvenile growth phase (starting at 2 months of age). (L) Images displaying zebrafish bodies after treatment with

DMSO and DC-TEADin1072. Scale bars equal 1 mm.
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3. Conclusions

TEADs and its co-activator YAP/TAZ are essential components in
Hippo pathway which play a pivotal role in physiological and
pathological events. There are four TEAD homologues (TEAD1‒
4) in mammalian cells, which showed tissue-specific expression
patterns, and each plays a unique role in both development and
cancer progression. Thus, the identification of subtype-selective
TEAD inhibitors remains of paramount importance, which will
allow us to discern the individual contributions of TEAD protein
to both normal human physiology and disease. Recent study
showed that TEADs could undergo autopalmitoylation which is a
more druggable pocket for chemical intervention. However, cur-
rent inhibitors targeting the palmitoylation sites of TEADs, such
as flufenamic acid and TED-347, all act on multiple TEADs.
Thus, there is urgent need to develop subtype-selective TEAD
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inhibitors. Here, starting from the dual TEAD1/3 inhibitor DC-
TEADin1072 identified from ABPP-based screening, we ob-
tained a potent, selective TEAD3 covalent inhibitor DC-
TEAD3in03 with a novel chemotype. The selectivity was also
translated into cell context as validated by TEAD-specific reporter
assays and CETSA assays. Our observations that DC-TEAD3in03
specifically reduced the growth rate of the caudal fins without
promoting tumorigenesis argues that the inhibitor strictly affects
coordinated, proportional growth. To sum up, the study demon-
strates for the first time that selective targeting TEAD is achiev-
able which shed light on the development of other TEAD subtype-
selective inhibitors beyond TEAD3 and DC-TEAD3in03 could be
used an effective chemical tool to investigate the physiological
and pathological role of TEAD3 in different contexts.

4. Experimental

4.1. Chemistry

Unless otherwise noted, all reagents and solvents were purchased
from commercial suppliers and used without further purification.
Reactions were monitored by thin-layer chromatography (TLC) or
UPLC‒MS. UPLC‒MS was performed by Waters ultra-
performance liquid chromatography (UPLC) H-Class with ACQ-
UITY UPLC BEH C18 reversed-phase column (2.1 mm � 50 mm,
1.7 mm, flow rate Z 0.5 mL/min). The analysis process lasted for
5 min with a gradient of 10% acetonitrile to 100% acetonitrile in
0.1% formic acid aqueous solution. Mass analysis was performed
by the Waters SQD2 single quadrupole mass detection system. All
final compounds were purified by C18 reversed-phase preparative
high-performance liquid chromatography (HPLC) column with
H2O and CH3CN as eluents and the purity was confirmed to be
>95% by UPLC‒MS. 1H NMR and 13C NMR spectra were ob-
tained on BRUKER AVANCE II 400 M or BRUKER AVANCE III
500 M NMR spectrometer. High-resolution electrospray ioniza-
tion (ESI) mass analysis was performed by an Agilent 1290e6545
UHPLC-QTOF high-resolution mass spectrometer.

4.1.1. tert-Butyl 4-(2-phenoxyethyl)piperidine-1-carboxylate (2)
DEAD (209 mg, 1.2 mmol) was dissolved into a mixture of PPh3
(314 mg, 1.2 mmol) and anhydrous THF (10 mL) under argon at
0 �C and the mixture was allowed to stir for 10 min. Then com-
pound 1 (229 mg, 1.0 mmol) and phenol (113 mg, 1.2 mmol) in
anhydrous THF (3 mL) were added. The reaction mixture was
stirred in ambient temperature for 8 h. The solvent was removed
under vacuum and the residue was purified by flash silica chro-
matography (gradient 0e10% EA/PE) to afford the title com-
pound 2 (235 mg, yield 77%) as a colorless oil. 1H NMR
(400 MHz, chloroform-d) d 7.33e7.20 (m, 2H), 6.92e6.84 (m,
3H), 4.10 (br, 2H), 4.01 (t, J Z 6.0 Hz, 2H), 2.72 (br, 2H),
1.77e1.70 (m, 5H), 1.47 (s, 9H), 1.24e1.08 (m, 2H). LRMS
(ESI): m/z Calcd. for C18H27NO3Na [MþNa]þ, 328.41, found
328.21.

4.1.2. 1-(4-(2-Phenoxyethyl)piperidin-1-yl)prop-2-en-1-one
(DC-TEADin1072)
Compound 2 (100 mg, 0.3 mmol) was added into 4 mol/L HCl in
1,4-dioxane solution (3 mL) and the reaction mixture was allowed
to stir at ambient temperature for 2 h. The solvent was removed
under vacuum and the residue was used directly in next step
without further purification. (ii) the residue obtained in step (i) and
TEA (101 mg, 1 mmol) were dissolved in anhydrous DCM (3 mL)
at 0 �C, then acryloyl chloride (36 mg, 0.4 mmol) was added
dropwise. The reaction was stirred at 0 �C for 2 h then quenched
with water. The solvent was removed under vacuum and the res-
idue was purified by reversed-phase preparative HPLC (gradient
5%e95%, CH3CN/H2O with 0.1% TFA) to afford the title com-
pound DC-TEADin1072 (56 mg, yield 72%) as a colorless oil.
Purity: 100%. 1H NMR (400 MHz, chloroform-d) d 7.33e7.23
(m, 2H), 6.94 (t, J Z 7.3 Hz, 1H), 6.89 (d, J Z 7.8 Hz, 2H), 6.58
(dd, JZ 16.8, 10.6 Hz, 1H), 6.25 (dd, JZ 16.8, 1.9 Hz, 1H), 5.66
(dd, J Z 10.6, 1.9 Hz, 1H), 4.66 (d, J Z 13.1 Hz, 1H), 4.07e3.92
(m, 3H), 3.05 (t, J Z 12.2 Hz, 1H), 2.64 (t, J Z 11.9 Hz, 1H),
1.89e1.78 (m, 3H), 1.78e1.68 (m, 2H), 1.35e1.10 (m, 2H). 13C
NMR (126 MHz, CDCl3) d 164.86, 158.37, 128.98, 127.51,
126.74, 120.22, 113.94, 64.58, 45.64, 41.84, 35.13, 32.64, 32.38,
31.28. HRMS (ESI): m/z Calcd. for C16H22NO2 [MþH]þ,
260.1645, found 260.1639.
4.1.3. 1-(4-(2-Phenoxyethyl)piperidin-1-yl)propan-1-one (DC-
TEADin1072-N1)
Starting with compound 2 (100 mg, 0.3 mmol), following similar
procedures to that for compound DC-TEADin1072 afford the title
compound as colorless oil (61 mg, yield 78%). Purity: 99.37%. 1H
NMR (400 MHz, chloroform-d) d 7.31e7.24 (m, 2H), 6.94 (t,
J Z 7.4 Hz, 1H), 6.91e6.85 (m, 2H), 4.68e4.58 (m, 1H), 4.00 (t,
J Z 6.1 Hz, 2H), 3.90e3.78 (m, 1H), 3.06e2.93 (m, 1H),
2.62e2.48 (m, 1H), 2.34 (q, J Z 7.5 Hz, 2H), 1.85e1.69 (m, 5H),
1.22e1.09 (m, 5H). 13C NMR (126 MHz, CDCl3) d 171.62,
158.38, 128.97, 120.20, 113.94, 64.62, 45.20, 41.42, 35.19, 32.65,
32.30, 31.35, 26.09, 9.13. HRMS (ESI): m/z Calcd. for
C16H24NO2 [MþH]þ, 262.1802, found 262.1803.
4.1.4. (3-(Benzyloxy)propyl)magnesium bromide (4)
Polished magnesium strip (162 mg, 6.8 mmol) and anhydrous
THF (10 mL) were added into a dried three-necked bottle under
argon then degassed the mixture for three times. Compound 3
(1380 mg, 6.0 mmol) in anhydrous THF (2 mL) and 1,2-
dibromoethane (10 mL) was added respectively. The mixture
was stirred for a while at ambient temperature until reaction
initiation was observed and then heated to 60 �C for 2 h. After the
reaction completed, the suspension was cooled to ambient tem-
perature and the Grignard reagent was prepared.
4.1.5. tert-Butyl 4-(3-(benzyloxy)propyl)-4-hydroxypiperidine-
1-carboxylate (5)
The suspension of compound 4 was cooled to 0 �C and N-(tert-
butoxycarbonyl)-4-piperidone (300 mg, 1.5 mmol) in anhydrous
THF (2 mL) was added dropwise. The mixture was allowed to stir
at ambient temperature for 2 h. While TLC showed the reaction
was completed, quenched the reaction with water (10 mL). The
mixture was extracted with ethyl acetate (10 mL � 2), and the
combined organic layers were dried over anhydrous sodium sul-
fate and concentrated in vacuum. The residue was purified by flash
silica chromatography (gradient 0e5% MeOH/DCM) to afford the
title compound 5 (450 mg, yield 86%) as a colorless oil. 1H NMR
(400 MHz, chloroform-d) d 7.39e7.27 (m, 5H), 4.52 (s, 2H), 3.79
(br, 2H), 3.51 (t, J Z 5.8 Hz, 2H), 3.15 (br, 2H), 2.46 (s, 1H),
1.77e1.68 (m, 2H), 1.64 (s, 2H), 1.59 (t, JZ 7.7 Hz, 2H), 1.49 (s,
2H), 1.45 (s, 9H). LRMS (ESI): m/z Calcd. for C20H31NO4Na
[MþNa]þ, 372.46, found 372.48.
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4.1.6. 1-(4-(3-(Benzyloxy)propyl)-4-hydroxypiperidin-1-yl)
prop-2-en-1-one (DC-TEAD3in01)
Starting with compound 5 (105 mg, 0.3 mmol), followed the
similar synthetic procedure of compound DC-TEADin1072 to
afford the title compound as colorless oil (77 mg, yield 85%).
Purity: 100%. 1H NMR (400 MHz, chloroform-d) d 7.38e7.26
(m, 5H), 6.58 (dd, J Z 16.8, 10.6 Hz, 1H), 6.24 (dd, J Z 16.8,
1.9 Hz, 1H), 5.65 (dd, JZ 10.6, 1.9 Hz, 1H), 4.51 (s, 2H), 4.37 (d,
J Z 13.1 Hz, 1H), 3.72 (d, J Z 13.4 Hz, 1H), 3.56e3.38 (m, 3H),
3.08 (td, J Z 12.8, 2.8 Hz, 1H), 2.88 (brs, 1H), 1.78e1.67 (m,
2H), 1.68e1.55 (m, 4H), 1.54e1.39 (m, 2H). 13C NMR
(126 MHz, CDCl3) d 164.78, 137.35, 127.97, 127.44, 127.28,
127.21, 126.75, 72.64, 70.32, 68.28, 41.61, 40.09, 37.75, 37.20,
36.20, 22.78. HRMS (ESI): m/z Calcd. for C18H26NO3 [MþH]þ,
304.1907, found 304.1908.
4.1.7. tert-Butyl 4-(3-(benzyloxy)propyl)piperazine-1-
carboxylate (6)
Compound 3 (275 mg, 1.2 mmol), tert-butyl piperazine-1-
carboxylate (186 mg, 1.0 mmol) and K2CO3 (414 mg,
3.0 mmol) were dissolved in DMF (3 mL) in a thick flask. The
reaction mixture was stirred at 90 �C for 8 h. After the mixture
cooled to ambient temperature, water (10 mL) was added and
extracted with ethyl acetate (8 mL � 2). The combined organic
layers were wash with water (10 mL � 2) and saturated saltwater
(10 mL � 1) then dried over anhydrous sodium sulfate and
concentrated in vacuum. The residue was purified by flash silica
chromatography (gradient 0e5% MeOH/DCM) to afford the title
compound 6 (298 mg, yield 89%) as a colorless oil. 1H NMR
(400 MHz, chloroform-d) d 7.37e7.26 (m, 5H), 4.49 (s, 2H), 3.51
(t, J Z 6.2 Hz, 2H), 3.41 (brs, 4H), 2.43 (t, J Z 7.4 Hz, 2H), 2.36
(brs, 4H), 1.79 (td, J Z 7.4, 6.2 Hz, 2H), 1.45 (s, 9H). LRMS
(ESI): m/z Calcd. for C19H31N2O3 [MþH]þ, 335.47, found
335.27.
4.1.8. tert-Butyl 3-(3-(benzyloxy)propyl)tetrahydropyrimidine-
1(2H)-carboxylate (7)
Starting with compound tert-butyl tetrahydropyrimidine-1(2H)-
carboxylate (186 mg, 1.0 mmol), followed the similar synthetic
procedure of compound 6 to afford the title compound as colorless
oil (277 mg, yield 83%). 1H NMR (400 MHz, chloroform-d)
d 7.38e7.26 (m, 5H), 4.50 (s, 2H), 4.09 (brs, 2H), 3.53 (t,
J Z 6.3 Hz, 2H), 3.45 (br, 2H), 2.72 (br, 2H), 2.52 (t, J Z 7.4 Hz,
2H), 1.84 (br, 2H), 1.61 (td, J Z 7.4, 6.3 Hz, 2H), 1.45 (s, 9H).
LRMS (ESI): m/z Calcd. for C19H31N2O3 [MþH]þ, 335.47, found
335.57.
4.1.9. 1-(4-(3-(Benzyloxy)propyl)piperazin-1-yl)prop-2-en-1-
one (DC-TEAD3in02)
Starting with compound 6 (100 mg, 0.3 mmol), followed the
similar synthetic procedure of compound DC-TEADin1072 to
afford the title compound as colorless oil (66 mg, yield 76%).
Purity: 99.33%. 1H NMR (400 MHz, chloroform-d) d 7.37e7.24
(m, 5H), 6.54 (dd, J Z 16.8, 10.5 Hz, 1H), 6.27 (dd, J Z 16.8,
1.9 Hz, 1H), 5.67 (dd, J Z 10.5, 1.9 Hz, 1H), 4.49 (s, 2H),
3.76e3.62 (m, 2H), 3.59e3.47 (m, 4H), 2.50e2.39 (m, 6H),
1.85e1.74 (m, 2H). 13C NMR (126 MHz, CDCl3) d 165.37,
138.55, 128.44, 127.79, 127.68, 127.64, 127.60, 68.43, 55.32,
53.48, 52.80, 45.80, 41.95, 27.14. HRMS (ESI): m/z Calcd. for
C17H25N2O2 [MþH]þ, 289.1911, found 289.1919.
4.1.10. 1-(3-(3-(Benzyloxy)propyl)tetrahydropyrimidin-1(2H)-
yl)prop-2-en-1-one (DC-TEAD3in03)
Starting with compound 7 (100 mg, 0.3 mmol), followed the
similar synthetic procedure of compound DC-TEADin1072 to
afford the title compound as colorless oil (72 mg, yield 83%).
Purity: 100%. Compound DC-TEAD3in03 was obtained as a
mixture of non-separable E/Z stereoisomers and showed separate
signals in 13C NMR spectrum due to hindered rotation causing by
the tertiary amide motif42. 1H NMR (400 MHz, methanol-d4)
d 7.40e7.21 (m, 5H), 6.84e6.64 (m, 1H), 6.29e6.13 (m, 1H),
5.83e5.67 (m, 1H), 4.49 (s, 2H), 4.34 (s, 1H), 4.28 (s, 1H),
3.71e3.65 (m, 2H), 3.54 (q, JZ 5.9 Hz, 2H), 2.81 (q, JZ 7.7 Hz,
2H), 2.65e2.51 (m, 2H), 1.90e1.75 (m, 2H), 1.75e1.63 (m, 2H).
13C NMR (126 MHz, methanol-d4) d (E/Z stereoisomers): 167.75,
167.55, 139.81, 129.36, 128.89, 128.83, 128.76, 128.64, 73.94,
73.89, 69.24, 69.20, 68.03, 63.79, 53.12, 51.51, 51.16, 46.59,
43.18, 28.40, 28.31, 24.64, 24.00. HRMS (ESI): m/z Calcd. for
C17H25N2O2 [MþH]þ, 289.1911, found 289.1916.
4.2. Protein expression and purification

The YAP-binding domain (YBD) of human TEAD1 (209e426),
TEAD2 (217e447), TEAD3 (219e435), TEAD4 (217e434) and
mutants were cloned in pET28a vector with the N-terminal 6x His
tag as previously37. The proteins were expressed in Escherichia
coli BL21 (DE3) cells strain by induction with 0.4 mmol/L iso-
propyl b-D-thiogalactopyranoside (IPTG) at 16 �C overnight. The
cells expressing 6x His tag proteins were resuspended buffer
containing 50 mmol/L Tris pH 8.0, 100 mmol/L NaCl and
20 mmol/L imidazole pH 8.0, then proteins were then purified by
using the HisTrap FF 5 mL column (GE Healthcare). A second
purification step by size exclusion chromatography using a
Superdex™75 10/300 GL column (GE Healthcare) was then
performed in buffer containing 20 mmol/L HEPES pH 8.0 and
100 mmol/L NaCl. The proteins were detected by SDS-
polyacrylamide gel electrophoresis.
4.3. Compound library

The in-house covalent compound library containing 358 small
molecules with covalent warheads was obtained from commercial
vendors including TargetMol (USA) and SPECS (https://www.
specs.net/). All compounds were dissolved in DMSO prior to
application. All the identified hits will be individually checked by
LC‒MS.
4.4. In vitro palmitoylation assay

Synthetic compounds with different concentrations were incu-
bated with nmol/LTEAD (1e4)-YBD protein at 37 �C for 2 h, and
flufenamic acid (CSNpharm, #CSN12744) was used as a positive
control. Then 2.5 mmol/L palmitoyl coenzyme A (Cayman
Chemical, No. 15968) was added into the centrifuge tube, and
then 30 mi was incubated on ice. The click chemical reaction is
then performed at room temperature. Finally, 6x SDS sample
loading buffer containing 30 mmol/L EDTA was added to termi-
nate the reaction, and the sample was boiled at 95 �C for 5 min43.
The activity of the compound was then analyzed by Western
blotting. The relative band density was quantified in ImageJ
(NIH).

https://www.specs.net/
https://www.specs.net/
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4.5. Mass spectrum
4.5.1. Sample preparation
For intact mass analysis, protein sample solution was diluted to a
concentration of 1 mg/mL in water with 0.1% formic acid. A total
of 2 mg protein was injected for each LC/MS run. For drug con-
jugate sites analysis, sequencing-grade modified trypsin was
added to each sample (enzyme to protein ratio 1:50, w/w) and
incubated at 37 �C for 16 h 20 mg of the digested peptide mixture
was desalted by C18 tip.
4.5.2. LC/MS instruments and bioinformatics analysis
Intact protein was analyzed using an Ultimate 3000 LC coupled
with a Orbitrap Fusion mass spectrometer equipped with a HESI
ion source (Thermo Fischer Scientific, San Jose, CA, USA). Intact
protein samples were separated with an Agilent PLRP-S column
(1.0 mm � 50 mm, 5 mm) using a 15-min gradient (hold at 5% B
for 2 min, 5%e35% B for 6 min, 35%e80% B for 2 min, 80%
hold for 2 min, 80%e5% B for 0.5 min, 5% B for 2.5 min) at a
flow rate of 0.300 mL/min. Mobile Phase Awas made up of water
with 0.1% formic acid, while Mobile Phase B was made up of
acetonitrile with 0.1% formic acid. The mass spectrometry in-
strument parameters were set as the following: the temperature of
the heated capillary was set at 350 �C and the source voltage was
set at 3.5 kV. Orbitrap full scan automatic gain control target,
1 � 106; maximum injection time, 50 ms.

Enzymatic digestion products of peptide mixture were
analyzed on the Easy nano-LC1000 system using a self-packed
column (75 mm � 150 mm; 3 mm ReproSil-Pur C18 beads, 120 Å,
Dr. Maisch GmbH, Ammerbuch, Germany) at a flow rate of
300 nL/min. The mobile phase A of RP-HPLC was 0.1% formic
acid in water, and B was 0.1% formic acid in acetonitrile. The
peptides were eluted with a 60-min gradient (1%e100% mobile
phase B) into a nano-ESI orbitrap Q-Exactive mass spectrometer.
The mass spectrometer was operated in data-dependent mode with
each full MS scan (m/z 300e1600) followed by MS/MS for the 10
most intense ions with the parameters: �þ2 precursor ion charge,
2 Da precursor ion isolation window and 27 normalized collision
energy of HCD. Dynamic Exclusion™ was set as 30 s. The full
mass and the subsequent MS/MS analysis were scanned in the
Orbitrap analyzer with R Z 70,000 and R Z 17,500, respectively.

The MS data was analyzed via software MaxQuant (http://
maxquant.org/, version 1.6.5.0) with oxidation (M) and protein
N-term acetylation set as variable modifications. Trypsin/P was
selected as the digestive enzyme with maximum two missed
cleavages. The false discovery rate (FDR) for peptides and pro-
teins was controlled <1% by Andromeda search engine.
4.6. Protein thermal shift assay

Protein thermal shift assay was performed in QuantStudio 6 Flex
Real-Time PCR System. 5 mmol/L protein was mixed with
5 � SYPRO Orange (SigmaeAldrich, #S5692) before the thermal
cycle (ramped from 25 to 95 �C). All compounds were tested in
the assay buffer containing 20 mmol/L Hepes pH 8.5, 100 mmol/L
NaCl and 2.5% DMSO. The filter was set at ROX with no
quencher and passive filter. The protein melting temperature (Tm)
was calculated with fluorescence raw data by the Protein Thermal
Shift software v.1.3 (Life Technologies). Data were plotted using
GraphPad Prism 7.
4.7. Covalent docking

The specific method of covalent docking has been described
previously37. The covalent docking studies were performed in
Covalent Docking panel in the Maestro program (Maestro, version
9.1; Schrödinger, LLC: New York, 2010) to conduct covalent
docking experi-ments. TEAD3 Cys371 was picked as the nucle-
ophile for covalent reactions (PDB ID: 5EMV). Other parameters
were set as the default.

4.8. Fluorescence polarization assay

Fluorescence polarization experiments were used to determine the
effects of compounds or DMSO at different concentrations on
TEADeYAP interactions. The experiment was conducted in a
384-well black plate (Corning, #3575) using FP buffer (25 mmol/
L Hepes pH 8.0, 100 mmol/L NaCl, 0.1 mg/mL BSA, 1 mmol/L
DTT, and 0.01% NP-40). The compound was incubated with
200 nmol/L TEAD3 protein for 1 h. Then FITC-YAP(61-100)
peptide of 30 nmol/L was added and incubated at room temper-
ature for 30 min44. The Envision Multiplate reader (PerkinElmer)
was used to measure the fluorescence polarization signal at the
excitation wavelength of 480 nm and emission wavelength of
520 nm.

4.9. Cell culture

HEK293T cells were bought from Amercian Type Culture
Collection (ATCC) and cultured in Dulebcco’s modified Eagle’s
medium (Invitrogen) with 10% fetal bovine serum (FBS), 1%
penicillin and streptomycin (Invitrogen).

4.10. Western blotting

Cell lysate samples were heated in a 95 �C heat block for 20 min
and separated by 12% acrylamide SDS-PAGE in Tris-glycine
buffer. The proteins were transferred to nitrocellulose membranes
(GE Healthcare) and blocked for 1 h at room temperature in 5%
non-fat milk (diluted in TBST). Blots were incubated at 4 �C
overnight with primary antibodies: Anti-TEAD4 antibody
(Abcam, #ab58310), Anti-TEAD1-3 (Cell Signaling Technology,
#8526, #8870, #13224), GAPDH (Cell Signaling Technology,
#5174), YAP (Cell Signaling Technology, #14074), DYKDDDDK
Tag (Cell Signaling Technology, #14793), streptavidin-HRP (Cell
Signaling Technology, cat#3999), His-Tag (Cell Signaling Tech-
nology, #12698). After incubation of primary antibodies, blots
were incubated with a 1:10,000 dilution of secondary antibody
(BBI life, #D110058) for 1 h at room temperature. Images were
detected by GE ImageQuant LAS 4000 system with SuperSignal
WestDura (Thermo Scientific, # 34076) as the HRP substrate.

4.11. Luciferase assays

For TEAD reporter assay, HEK293T cells were seeded in 24-well
plates (Corning) at the density of 2 � 105/well. Then cells were
transfected with 200 ng 8xGTIIC-Luc TEADs reporter construct
(Addgene, #34615) or TOPFlash beta-catenin reporter (Addgene,
#12456) and 20 ng pGL4.75 Renilla construct (Promega, #E6931)
as the internal control. The transfected cells were treated with
various concentrations of compounds or DMSO. Luciferase signal
was measured using dual-luciferase reporter assay kit (Promega,
#E1980) according to the manufacturer’s guidelines. Data was

http://maxquant.org/
http://maxquant.org/
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collected in EnVision Multilabel Plate Reader (PerkinElmer) and
plotted in Prism software.

For GAL4-Luc assay, HEK293T cells were transfected with
GAL4-Luc Reporter Plasmid (Genomeditech, #GM-021041) and
GAL4-TEAD1 (Addgene, #33108), GAL4-TEAD2 (Addgene,
#33107), GAL4-TEAD3 (Addgene, #33106) or GAL4-TEAD4
(Addgene, #33105) expression vectors25. In addition, cells were
also transfected with a plasmid expressing YAP45. The cells were
treated with DC-TEAD3in03 at a specified concentration and
cultured at 37 �C for 12 h. Luciferase signal was colleted using
EnVision Multilabel Plate Reader (PerkinElmer).
4.12. Cellular thermal shift assay (CETSA)

Intact cell CETSA was performed in HEK293T cells according to
the previously described protocol37. The cells were transfected
with TEAD1�4 with 3 � FLAG tags at the N-terminal and treated
with 50 mmol/L DC-TEADin1072, DC-TEAD3in03 or an equal
volume of DMSO at 37 �C for 6 h, respectively. Then the cells
were trypsinized and washed with PBS. After several washes, the
cells were resuspended in PBS containing freshly added protease
inhibitor (Roche) and aliquoted into PCR tubes. Each tube was
heated at a specified temperature for 3 min and restored at room
temperature for 3 min. The heated cells underwent three cycles of
freezing (in liquid nitrogen, 1 min) and thawing (in room tem-
perature water, 1 min). Then cell lysates were centrifuged at 4 �C
and 20,000�g for 30 min to separate the soluble components for
western blotting analysis. Primary antibodies: DYKDDDDK Tag
(Cell Signaling Technology, #14793) and anti-GAPDH rabbit
polyclonal antibody (BBI Life Sciences, #D110016) were used for
Western blotting.
4.13. Zebrafish husbandry

AB strain fish were raised in an aquarium system with constantly
flowing water under a 26 �C standard lightedark cycle46. Exper-
iments used male and female fish equally. Fish experiments were
compliant to the general animal welfare guidelines and protocols
(20200903003) approved by legally authorized animal welfare
committees (ShanghaiTech University, ShanghaiTech Animal
Welfare Committee, Shanghai, China).
4.14. Treatment of juvenile fish

ABwild type juvenile fish (2 months old, 10 per dish) were placed in
30 mL sterilized fish facility water in 90 mm dishes. Thewater either
contained a TEAD3 inhibitor (final concentration of 0.25 mmol/L) or
the appropriate dilution of DMSO. The water was continuously
aerated with two needles connected to a benchtop pump. The water
was refreshed once a day and the fishwere fed twice a day. Before the
experiment, each fish of each group was imaged using a Zeiss Stemi
508 stereomicroscope equipped with a Zeiss Axiocam 503 color
camera controlled byZENBlue software (Zeiss) to assess the lengths
of the caudal fins and fish bodies. The length of the fish was analyzed
by ImageJ (NIH). Fin length was measured from the base of the fin
through the middle of the fin, parallel to the middle ray of the fin, to a
virtual line connecting the tips of the lobes to average the length of
both lobes.Body lengthwasmeasured from themost anterior point of
the fish jaw to the base of the caudal fin.
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