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ABSTRACT 

The Mechanism and Efficacy of  

Targeting YAP-TEAD in Colorectal Cancer 

 

Ji Soo Park 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Hei-Cheul Jeung) 

 

 

The Hippo signaling pathway is an emerging pathway associated with organ 

growth control, stem cell function, regeneration and tumor suppression. In this 

study, we attempted to identify the role of targeting YAP-TEAD1 for treatment 

of colorectal cancer (CRC) cell lines. Growth and promotion of cancer cells, and 

alteration of cellular proliferation pathway were evaluated using YAP1 knock-

down clones. In human CRC cell lines, drug efficacy and mechanism were also 

investigated using verteporfin (VP), a currently available drug for YAP-TEAD1, 

and a novel drug candidate. 

The knock down of YAP1 led to time-dependent decrease of cellular growth 

by inhibiting MAPK/ERK and AKT signaling pathway from in vivo and in vitro 

experiments. Cellular invasion, migration, and survivals were also suppressed 

by inhibiting YAP. Because Hippo pathway does not have dedicated 

extracellular ligand-receptor complex, the most promising therapeutic target is 

the binding of YAP and TEAD, a transcriptional co-activator and its partner. VP 

was known to suppress the binding of YAP-TEAD1. In this study, VP 

significantly decreased the growth of CRC cells, and the binding of YAP-

mutated TEAD1, as well as YAP-TEAD1. Other potential drugs, cucurbitacin, 

thiazovivin, and pazopanib, also inhibited YAP-TEAD1 and growth of CRC cell 

lines. In addition, we discovered a novel drug candidate to selectively inhibit 
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YAP-TEAD1 binding, and found that this hit compound had favorable efficacy 

in suppression of cellular growth of CRC cell lines. 

The Hippo effector YAP may influence the progression of human CRC by 

mediating proliferation, invasion, migration, and survivals of cancer cells. 

Targeting YAP/TEAD1 could be a potential therapeutic target in human CRC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-------------------------------------------------------------------------------------- 

Key words: hippo pathway, YAP, colorectal cancer 
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I. INTRODUCTION 

Since deletion of Warts (wts) gene was shown to result in dramatic 

overgrowth of multiple tissues in Drosophila melanogaster 1,2, researchers 

found that Hippo (hpo), Salvador (sav), and Mob as tumor suppressor (mats) 

also restricted tissue growth and cell proliferation, and promoted apoptosis3-9. 

Salvador-Warts-Hippo pathway had been extensively studied as a novel 

signaling pathway which controlled cellular processes, and named ‘Hippo 

pathway’10,11.  

Yorkie (yki) is the key functional effector molecule of the Hippo pathway12 . 

Yorkie functions as a transcriptional co-activator, and is regulated by the 

interaction with warts on a single WW domain. The Hippo pathway is highly 

evolutionary conserved also in mammals. Mammalian tissues demonstrate the 

mammalian orthologues of the molecules in the Hippo pathway: hippo 

homologues, mammalian STE20-like protein kinase 1/2 (MST1/2); salvador 

homologue, Salvador family WW domain-containing protein 1 (SAV1); mats 

homologue, MOB1A/B; and yorkie homologues, Yes-associated protein (YAP) 

and transcriptional coactivator with a PDZ-binding domain (TAZ) (Figure 1)11. 
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Figure 1.  The Hippo pathway in D. melanogaster and mammals13 (Nat Cell Biol 

2011).  

 

The main function of the Hippo pathway is to negatively control the activity 

of YAP and TAZ, which are two homologous transcriptional co-activators 

which promote cell proliferation and inhibit cell death. If the upstream 

regulators activate LATS1/2 in the Hippo pathway, LATS1/2 phosphorylates 

YAP/TAZ. Thus phosphorylated YAP and TAZ create 14-3-3 binding sites 

resulting in cytoplasmic retention and ubiquitin-mediated proteosomal 

degradation (Hippo pathway ‘ON’). However, if LATS1/2 does not 

phosphorylate YAP/TAZ, they would locate into the nucleus, and promote 

TEAD-mediated transcription (Hippo pathway ‘OFF’) (Figure 2)14.  
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Figure 2. The core of the Hippo signaling pathway and its mode of action (Trends in 

Cell biology 2015). 

 

Among the putative functions of YAP and TAZ, the major role is assumed to 

be transcriptional co-activation. Nuclear YAP/TAZ binds to transcriptional 

factors (TFs), and promote growth and viability of tissue by regulating 

transcription of the TF-specific genes. TEAD is known to be a key mediator of 

the organ overgrowth and tumorigenesis. YAP-TEAD mediated transcription 

produces many kinds of molecules related to (i) cellular proliferation, Areg, 

Cry61, CTFG, IGFBP4, DKK1, BMP4 and others; (ii) anti-apoptosis, Bcl-XL, 

BIRC5, and others; (iii) progress of cell cycles, CCND1 and others; (iv) glucose 

transport, GLUT3 and others; (v) angiogenesis, AMOTL2, ANKRD1, and 

others (Table 1 and Figure 2). In addition to transcriptional co-activation, YAP 

and TAZ are expected to have roles in miRNA processing, sequestering β-

catenin and SMAD2/3 in cytoplasm15.  
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Table 1. Selected small molecule modulators of the Hippo pathway 

Compounds Targets Effects 

Verteporfin YAP Inhibits YAP-TEAD interaction and transcriptional activity in 

vitro: suppresses hepatomegaly and HCC caused by YAP 

overexpression or Nf2 deletion in mouse liver 

Dasatinib Tyrosine 

kinase 

inhibitor 

Suppresses proliferation of β-catenin-active cell lines in vitro; 

this suppression depends on the inhibition of YES1 and 

resulting inactivation of the YAP–β-catenin–TBX5 complex. 
Inhibits the growth of Apc-null colon organoids and suppresses 

intestinal hyperplasia of Axin1-mutant zebrafish 

Latrunculin A, 

Latrunculin B, 
Cytochalasin D 

F-actin All of these actomyosin cytoskeletal drugs inhibit YAP nuclear 

localization as well as YAP and TEAD activity in various cell 
lines 

Blebbistatin Non-muscle 

myosin 

Inhibits YAP nuclear localization as well as YAP and TEAD 

activity in various cell lines 

Dobutamine β-adrenergic 
receptor 

antagonist 

Causes YAP Ser 127 phosphorylation, cytoplasmic 
accumulation and suppression and suppression of YAP-TEAD 

transcriptional activity in vitro 

ML7 MLCK Inhibits YAP nuclear localization as well as YAP and TEAD 
activity in various cell lines 

Y27632 RHO kinase Inhibits YAP nuclear localization as well as YAP and TEAD 

activity in various cell lines 

Botulinum toxin 
C3 

RHO 
 

Inhibits YAP nuclear localization as well as YAP and TEAD 
activity in various cell lines 

9E1 MST1 Inhibit MST kinase activity in vitro and in Hela cells; has 

significant but incomplete selectivity and also inhibits GSK3β 

and PIM1 

LPA. S1P, 

thrombin 

LPA-, S1P-

and 

thrombin 
receptors 

(GPCR2) 

 

Signal through the Gα proteins G12/13 to activate RHO and actin, 

which inhibits LATS kinase activity, thereby causing the 

dephosphorylation of YAP and TAZ. This promotes the 
stability and nuclear accumulation of YAP and TAZ, resulting 

in enhanced target gene expression, cell proliferation and cell 

migration in cell lines 

Epinephrine, 

glucagon, 

dihydrexidine 
(agonist for 

depamine 

receptors) 

GPCRs 

 

These molecules signal through GPCRs that signal through the 

Gα protein G5, cAMP. PKA, RHO and actin to activate LATS, 

which results in the phosphorylation of YAP and inhibitors of 
its function in cultured cells. Injection of epinephrine into mice 

results in enhanced phosphorylation of YAP in the heart 
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Many preclinical studies showed that Hippo signaling pathway possibly had 

several pivotal roles in tumorigenesis of cancer. First, overexpression or 

hyperactivation of YAP/TAZ increased proliferation and of cancer cells and 

overgrowth of major organs12,16-19. Second, YAP overexpression blocked tumor 

necrosis, and induced resistance to apoptosis3,20. Third, hyper-activation of 

yorkie in D.melanogaster or YAP in mammalian cell influenced resistance to 

chemotherapy and radiotherapy21-23. Forth, YAP/TAZ promoted pluripotency of 

cancer cells by maintenance of a stem cell phenotype17,24-26. Fifth, tumors with 

deregulation of Hippo pathway showed higher epithelial-mesenchymal 

transition (EMT) and metastasis of cancer cells27,28. 

 

Table 2. Genetic alterations of Hippo pathway genes in human cancers 

Gene Alteration Cancer type References 

NF2 mutation or deletion mesothelioma 

neurofibromatosis type 2  

(schwannoma, 

meningioma) 

Sekido, 2011 

Rouleau et al., 1993 

LATS1/2 gene fusion 

(LATS1-PSEN1) 

mesothelioma Miyanaga et al., 2015 

LATS2 deletion mesothelioma Murakami et al., 2011 

LATS1/2 mutations sporadic in different 

cancers 

Yu et al., 2013b 

YAP amplification hepatocellular carcinoma 

medulloblastoma 

esophageal squamous cell 

carcinoma 

Fernandez-L et al., 2009 

Overholtzer et al., 2006 

Song et al., 2014 

Zender et al., 2006 

mutation (R331W) lung adenocarcinoma Chen et al., 2015a 

gene fusion 

(YAP-TFE3, YAP-

ESR1,  

YAP- C11or f95,  

and YAP-MAMLD1) 

epithelioid 

hemangioendothelioma 

luminal breast cancer 

ependymal tumors 

Antonescu et al., 2013 

Flucke et al., 2014 

Li et al., 2013 

Pajtler et al., 2015 

Parker et al., 2014 

deletion hematological cancer Cottini et al., 2014 

TAZ gene fusion 

(TAZ-CAMTA1 and 

TAZ-FOSB) 

epithelioid 

hemangioendothelioma 

Errani et al., 2011 

Flucke et al., 2014 

Tanas et al., 2011 

GNAQ/ 

GNA11 

activating mutation uveal melanoma Van Raamsdonk et al., 

2009 

Van Raamsdonk et al., 

2010 
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The Hippo signaling pathway is an emerging pathway associated with organ 

growth control, stem cell function, regeneration and tumor suppression. Many 

studies reported that Hippo pathway deregulation in many kinds of human 

cancers, and most of the cases showed overexpression or intranuclear 

translocation of YAP or TAZ in solid tumors including liver, lung, breast, skin, 

colon, and ovarian cancer15,29-33. Although genetic alterations of hippo pathway 

genes were found in human cancers (Table 2)34, and amplification of YAP1 was 

also observed in 5-15% of various kinds of tumors 35,36, direct somatic mutations 

were infrequently observed in Hippo pathway genes among human cancer 

databases including The Cancer Genome Atlas (TCGA) and Catalogue of 

Somatic Mutations in Cancer (COSMIC)15. Because multiple cancer-related 

pathways (i.e. WNT pathway, mTOR pathway, and RAF-MAPK pathway) are 

related to upstream and downstream of Hippo pathway, crosstalk between the 

pathways possibly regulates the Hippo pathway (Figure 3). 

 

 

Figure 3. putative regulatory mechanism and transcriptional products of Hippo 

pathway. 
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In preclinical models, although MST1/2 mediated phosphorylation of 

LATS1/2 is the canonical molecular mechanism for the activation of Hippo 

pathway, recent studies showed that the Hippo pathway are regulated in 

response to various upstream stimuli including (i) FERM domain -containing 

proteins activating core kinase complexes (NF2 KIBRA and WILLIN); (ii) 

cellular polarization and adhesion proteins like α-catenin, E-cadherin, 

CRUMBS, and SCRIBBLE complexes37,38; (iii) G-protein coupled receptors 

(GPCRs) activating Hippo cascading or promoting YAP/TAZ nuclear 

translocation, and (iv) mechanotransduction regulated by F-actin14,15,39,40 

(Figure 4).  

 

 

Figure 4. Hippo signaling pathway and main regulators39 (Clin Cancer Res, 2015). 
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Overexpression of YAP was observed in 52.5-72.6% of colorectal cancer 

(CRC) tissue, and was reported to be related with poor prognosis of disease31,32. 

In addition, recent studies suggested that YAP-TEAD-driven transcription 

promoted cancer cell proliferation resulted from activation of RAS-RAF-MEK 

pathway, by augmenting wild- or mutant-type RAS signaling, or by resistance 

to RAS- and MEK- targeted cancer therapies20,41. Although RAS is an important 

therapeutic target in CRC, no effective inhibitors directly targeting active RAS 

proteins are available. Regarding that Hippo pathway has a role as an escape 

mechanism in targeting RAF-MEK pathway, hippo pathway is the potential 

target to help the treatment of RAS-RAF-MEK pathway activation-related CRC. 

Hippo pathway does not have dedicated extracellular ligand-receptor 

complex13. Therefore, there have been therapeutic interventions targeting 

putative regulators of Hippo pathway; agonist of Gα5-coupled GPGRs, 

antagonists of Gα12/13-coupled GPGRs, antagonists of LPA/S1P receptors, 

antagonists of Rho/ROCK, PDE inhibitors, 14-3-3 stabilizer, modulators of 

mechano-transduction, and others (Table 3).  
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Table 3. Selected modulators of Hippo signaling pathways 

Action 
mechanism 

Compound/ 
molecule 

Target Effect Development stage References 

Interaction with  

Hippo's core 

complex 

C19 MST/LATS 
Phosphorylation of 
MST/LATS 

In vivo: inhibition of 
tumor growth by 90%  

Basu et al., 2014 

Direct target  

YAP/TAZ or  

its complexes 

Verteporfin YAP–TEAD 

Inhibition of  

the YAP–TEAD  

interaction 

In vitro: inhibition of 

YAP1 expression and  
sensitizes cells to 

cytotoxic drugs  

In vivo: inhibition of 
tumor growth in Nf2- 

depleted mouse model 

of liver cancer  
phase III for basal cell 

carcinoma) – 

terminated 
phase I/II with PDT in 

locally advanced  
pancreatic cancer 

Song et al., 2015 

Liu-Chittenden et 

al., 2012 
Huggett et al., 2014 

 
VGLL4-

mimicking 

peptide 

TEAD 
Competition with YAP  
for TEAD binding 

In vitro and in vivo: 

inhibition of tumor 

growth  

Jiao et al., 2014 

Targeting  

upstream 

regulators 

Adrenaline, 

glucagon,  
and 

dihydrexidine 

GPCRs 

G
αS

 

Agonists of G
αS

.  

Increase YAP 

phosphorylation  

In vitro Yu et al., 2012 

 Dobutamin 

GPC-β- 

adrenergic  
receptor 

Inhibition of YAP 

nuclear location 
In vitro Bao et al., 2011 

 

Cytochalasin 

D,  
latrunculin A  

and B,  

and 
blebbistatin 

F-actin 

Destabilizers of F-actin. 

Inhibition of YAP 
nuclear localization 

In vitro Zhao et al., 2012 

 
Botulinum  
toxin C3 and  

Y27632 

Rho 

Rho inhibition. 

Inhibition of  

YAP/TAZ nuclear 
location 

In vitro 
Sorrentino et al., 

2014 

 Simvastatin 
Rho 

GTPases 

Inhibition of the 

SREBP/ 
mevalonate cascade 

needed  

for Rho GTPase 
activity 

In vitro: inhibition of 

TAZ and 

downregulation  
of TAZ, YAP, and 

CTGF transcripts  
Clinical trials: 

ongoing in several 

cancer types 
(Clinicaltrials.gov). 

Li et al., 2015 

Sorrentino et al., 
2014 

 Dasatinib YES1 

Inhibition of YES1 

needed for  

the YAP–β-catenin 
complex 

Clinical trials: 

ongoing in several 

cancer types  
(Clinicaltrials.gov) 

Strickler et al., 2014 
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The most promising therapeutic target is the binding of YAP and TEAD. 

Because YAP and TAZ are not able to bind to DNA themselves but instead, they 

form complexes with TEADs as their main partners, small-molecule inhibitors 

of the YAP-TEAD complex have been identified and screened for cancer 

therapy. Liu-Chittenden, Pan and colleagues screened the John Hopkins Drug 

library, and identified the 71 hits which inhibit the binding of YAP-TEAD42. 

After preclinical studies, they suggested that two compounds in porphyrin 

family, protoporphyrin IX (PPIX), and verteporfin (VP), could be the small 

molecule inhibitors targeting the interaction between YAP and TEAD42. They 

showed that disruption of YAP-TEAD binding using VP suppressed organ 

overgrowth by YAP overexpression or inactivation of Nf2 in mouse model42. 

However, the mechanism and clinical usefulness are not fully revealed. 

Although recent preclinical studies showed promising results of targeting 

Hippo pathway in human cancer cell lines using VP43-47, VP are still used as a 

photosensitizer for photodynamic therapy in the clinical trials48 (Table 3). As a 

photosensitizer, porphyrin family absorbs light and produces reactive singlet 

oxygen (1O2)49. 1O2 can directly kill tumor cells by the induction of necrosis 

and/or apoptosis. However, the safety of high dose, long-term administration of 

VP for anticancer treatment is not fully investigated. The major adverse 

reactions of VP, the sunburn, photosensitivity, and injection site reaction, should 

be carefully considered for further clinical utilization49. In addition, if possible, 

a novel, effective, and safe drug selectively targeting Hippo pathway will be 

needed for anticancer treatment. 

Herein, we attempted to evaluate the anticancer effect of inhibiting YAP-

TEAD in human CRC cells, and to identify the efficacy and feasibility of 

currently available inhibitors of YAP-TEAD complex using in vitro and in vivo 

models. Based on the proofs and following preclinical studies, we developed a 

novel drug candidate which could selectively target Hippo pathway eligible for 

further investigation. 
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II. MATERIALS AND METHODS 

1. Cell culture, antibodies, and reagents 

Human CRC cell lines (HCT116, HT29, Caco-2, CCD18CO, 

CCD841CoTR, COLO320, DLD-1, HCT1235, HCT8, HCT116, HKH2, 

HT15, HT29, KM12SM, KM14L4, LoVo, LS1034, LS174T, LS513, NCI-

H747, RKO, SK-CO-1, SW116, SW1417, SW403, SW480, SW620, SW948, 

WiDR) were purchased from the American Type Culture Collection (ATCC; 

Manassas, VA, USA), and SNU1684, SNU254, SNU407, SNU503, SNU81, 

SNU977, SNU-C4 were supplied by the Korean Cell Line Bank (KCLB; Seoul, 

Korea).  

Cells were maintained at 37 °C in a humidified atmosphere at 5% CO2, 

grown in RPMI 1640 (Nissui, Japan) supplemented with 10% fetal bovine 

serum (FBS), 100 IU/ml penicillin and 100 μg/ml streptomycin. All cell lines 

used tested negative for mycoplasma contaimination. Subcultures were 

performed following standard procedures. 

 

2. Antibodies and compounds 

Antibodies to YAP, phosphor-YAP, TAZ, ERK, pERK, AKT, pAKT, MEK, 

pMEK, Actin, and GAPDH for protein blotting were purchased from Santa 

Cruz Biotechnology (Dallas, TX, USA). Verteporfin (VP), Cucurbitacin, 

Thiazovivin, Fluvastatin, and Pazopanib was supplied from Sellekchem 

(Houston, TX, USA). 

 

3. YAP1 small interfering RNA (siRNA) transfection 

YAP1 small interfering RNA (YAP1 MISSION®  siRNA, human, 

NM_006106) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The 

media (10% FBS without antibiotics) were changed 4 to 6 hours after 

transfection. The status of knock-down or overexpression was verified by 

immunoblotting and RT-PCR. 
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4. YAP1 small hairpin RNA (shRNA) transfection and isolation of clones 

expressing YAP shRNA 

We purchased lentiviral transduction particles (YAP1 MISSION®  shRNA 

lentiviral transduction particles, human, SHCLNV-NM_006106) from Sigma-

Aldrich (St. Louis, MO, USA). Five kinds of shYAP1 particles were used. 

(TRCN0000107266, 5’-CCGGGCCACCAAGCTAGATAAAGAACT 

CGAGTTCTTTATCTAGCTTGGTGGCTTTTTG-3’; TRCN0000107267, 

5’-CCGGCAGGTGATACTATCAACCAAACTCGAGTTTGGTTGATAG 

TATCACCTGTTTTTG-3’; TRCN0000107268, 5’- CCGGGACCAATAG 

CTCAGATCCTTTCTCGAGAAAGGATCTGAGCTATTGGTCTTTTTG-

3’; TRCN0000300281, 5’-CCGGGACCAATAGCTCAGATCCTTTCTCG 

AGAAAGGATCTGAGCTATTGGTCTTTTTG-3’; TRCN0000300325,5’- 

CCGGGCCACCAAGCTAGATAAAGAACTCGAGTTCTTTATCTAGCT

TGGTGGCTTTTTG-3’).  

We plated HCT116 and HT29 cells by 5 x 105 cells per well, 24 hours prior 

to transduction. After thawing the lentiviral stock, we incubated the cell-viral 

particle mixture at 37℃ overnight for efficient transfection. The viral particle-

containing medium were removed and replaced with fresh medium. For 

selection of stable knock-down clones, we treated puromycin treatment to kill 

untransduced cells. Harvested cells were plated to 3 plates (6 wells), and 

treated with puromycin (2μg/mL). Knock-down of YAP was confirmed by 

immunoblotting. The clones with the most decreased expression of YAP were 

selected and used for further evaluation. 

 

5. Analysis of cell viability 

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 

assay was used to assess the viability of CRC cell lines. The cells were plated 

in 96-well plates at 1×104 cells/well in a final volume of 100 µl. The number 
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of viable cells was determined 24 hours after the inoculation of compounds. 

MTT solution was added to each well and cells were incubated at 37°C for 4 

h; the medium was then removed and 150 µl dimethyl sulfoxide was added to 

solubilize the formazon. Then, the microplate was incubated at 37°C for 15 

min.  

Absorbance was measured with a multi-well ELISA automatic spectrometer 

recorder (Behring ELISA Processor II, Germany) at 570 nm. Results are 

expressed as percent cell survival, which was calculated using the following 

formula: % survival = [(mean absorbance of test well − standard 

absorbance)/(mean absorbance of control well − standard absorbance)] × 100. 

The IC50 of each drug in each cell line was calculated using Calcusyn software 

(Biosoft, Cambridge, UK), and transformed into a log10 scale. Absorbance of 

medium in the absence of cells served as the blank. 

 

6. Measurement of cell growth and doubling time 

Cell growth and proliferation were determined using a doubling time assay. 

Cells were seeded at 2 × 103 cells/well of a 96-wells plate, collected and 

counted every 24 h during 144 h. Doubling time was calculated as dt = log 2 

× t/(log N − log N0), where dt = doubling time, t = time point of counting (h), 

N = number of cells counted, and N0 = initial number of cells seeded. 

 

7. Apoptosis assay (Flow cytometry analysis) 

1 × 105 cells were dissociated by exposure to Accutase solution (Sigma 

Aldrich, St. Louis, MO, USA), washed and resuspended in PBS. For the 

detection of Annexin V, cells were stained with an Annexin V Fluos staining 

kit (Roche, Mannheim, Germany). Data acquisition was performed with a 

FACScan flowcytometer (Becton Dickinson, San Jose, CA, USA), and 

analyzed using CellQuest software (Becton Dickinson, San Jose, CA, USA). 
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8. YAP-TEAD1 binding – luciferase assay 

To identify the YAP-TEAD1 binding in CRC cells, luciferase assay was 

performed (Figure 5 and Figure 6).  

 

Figure 5. Schematic illustration of luciferase assay system. 

 

 

Figure 6. Main components of luciferase assay system for detecting YAP-TEAD binding 

in this study. 
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We plated 3 x 105 of HEK293T cells per well in 6-well plate, and replaced 

the media with 2 mL/well of DMEM (Dulbeco’s Modified Eagle Medium). 

The cells were transfected with 1 μg of pHA-YAP, 1 μg of pGal4-TEAD4, 1 

μg of UAS-luciferase reporter vector. DMSO (dimethyl sulfoxide) was 

dispensed into each well with or without investigational drugs (i.e. VP), at a 

final concentration of 10 μM/ 10 μL. Luciferase activity was assayed using 

Luciferase Assay System (Promega, Madison, WI, USA) following the 

manufacturer’s instruction. All luciferase activities were normalized to β-

galactosidase activity. 

 

9. Invasion assay using trans-well filters 

A standard transwell filter assay was used for the invasion assay with a 

modification. Transwell filters (diameter, 6.5 mm; pore size, 8 µm; BD 

Biosciences, Bedford, Massachusetts, USA) were coated on the lower side 

with 8 µg/µl Matrigel and placed on a 24-well plate containing medium 

supplemented with 0.1% BSA. Cells were harvested with a cell dissociation 

solution and suspended in medium with 1% BSA. Cells (1×105) were added to 

the upper compartment of a transwell chamber and allowed to migrate for 24 

h at 37°C.  

For protocols involving drug treatment, VP was added to the upper 

compartment. After 48 h, non-migrated cells on the upper side of the 

membrane were removed with a cotton swab, and migrated cells on the bottom 

surface of the membrane were fixed in 3.7% paraformaldehyde in PBS and 

stained with crystal violet for 10 min at room temperature (RT). Cell migration 

was quantified by counting the number of cells in three inserts. The data are 

expressed as the average number of cells/insert. 

 

10. Sphere culture and tumor sphere-forming assay 

For gathering cells from spheres, HCT116 cells were resuspended in serum-
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free DMEM-F12 (Thermo Scientific, Waltham, MA, USA) supplemented with 

epidermal growth factor (EGF, 20 ng/ml), basic fibroblast growth factor 

(bFGF, 20 ng/ml) and 1 × B27. Spheres were collected after 7 days, and protein 

was extracted for WB analysis or dissociated with Accutase (Sigma-Aldrich, 

St Louis, MO, USA) for FACS analysis. To estimate sphere-forming capacity, 

cells were plated at 500 cells per well in 12-well, super-low adherence vessels 

(Corning, Lowell, MA, USA) containing serum-free DMEM-F12 

supplemented with EGF (20 ng/ml) and 1 × B27. Medium was replaced every 

3 days to replenish nutrients. Colonies >50 μm in diameter were counted under 

a microscope. 

 

11. Human CRC xenograft model 

Female, 6–8-week-old athymic nude (nu/nu) BALB/c mice were housed in 

laminar-flow cabinets under specific pathogen-free conditions. The present 

study was performed under protocols approved by the Animal Care and Use 

Committee of the College of Medicine of Yonsei University. Our animal 

research program is accredited by AAALAC International.  

For murine model of human CRC, tumor cells (1×107) were injected 

intradermally into the right preauricular area of nude mice. The xenograft mice 

were randomized into three treatment groups as follows (N=6 per group); 

control group (implanted with HCT116 cells), scrambled control shRNA 

group (implanted with HCT116shc cells), and experimental group (implanted 

with HCT116shYAP cells). Intralesional injections in the tumor and 

peritumoral area were performed for 5 consecutive days/week for 4 weeks. 

Tumor sizes were determined every 3 days blinded to the treatment conditions 

by measuring the length and width of the nodules with a caliper, and volumes 

were calculated as length x width x height. After 4 weeks, mice were sacrificed 

and the primary tumor were removed.  
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12. Statistical analysis 

All analyses were carried out using the SPSS 23 for Windows (IBM, Armonk, 

NY, USA). Quantitative data are represented as the mean of at least three 

independent experiments. Comparison among the three groups was carried out 

by variance analysis (analysis of variance for repeated measurements) for results 

of trans-well invasion assay, the overall growth of melanoma, and 

immumohistochemical staining results. Statistical results are presented as mean 

± SD or SEM where appropriate. Differences were considered as significant 

when the P value was less than 0.05.  
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III. RESULTS 

1. Screening of YAP/ TAZ protein expression and correlation with cell 

viability in CRC cell lines 

Thirty-six kinds of CRC cell lines were screened for YAP and TAZ protein 

expression using Western blot. YAP and TAZ proteins were expressed in 17 

kinds of cell lines, and YAP expression was higher in DLD1, CaCO2, RKO, 

SNU1235, HCT-8, SK-CO-1, and NCI-H747 (Figure 7A). Given that knock-

down of YAP induced more decrease in cell viability compared to knock-down 

of TAZ, YAP may be more promising target (Figure 7B and 7C). However, 

there were no significant correlation between YAP expression and decrease in 

cell viabilities of CRC cell lines transfected siYAP compared to wild type 

(Figure 7D). For further experiments, we selected two CRC cell lines 

(HCT116, KRAS p.G13D and BRAF wild type; HT29, KRAS wild type and 

BRAF p.V600E). 

(A) 

 

(B)  
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(C) 

 

(D) 

 

Figure 7. YAP and TAZ protein expression and cell viability of YAP1 

knock-down CRC cell lines. (A) Several CRC cell lines showed increased 

YAP or TAZ expression. (B) The differences in cell viability after knock-

down of YAP were diverse according to the cell lines. (C) TAZ knock-down 

cell lines showed relatively low decrease in cell viability. (D) Proportion of 

cell viabilities of CRC cell lines transfected with siYAP compared to wild 

type did not showed significant correlation with YAP expression of each cell 

line. 
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2. Anticancer effect and cellular growth inhibitory mechanism in YAP1 

knock-down clones 

Among CRC cell lines, we selected HCT116 (KRAS p.G13D, and BRAF 

wild type) and HT29 (KRAS wild type, and BRAF p.V600E), to compare the 

efficacy and mechanism of knock-down of YAP1 on the cancer cells with 

different tumoral mutational status. For reproducible, long-term silencing of the 

target genes, we established short hairpin RNA (shRNA) of YAP (shYAP) using 

lentiviral particles. Cellular growth was significantly decreased by transfection 

shYAP in HCT116 and HT29 cell lines in time-dependent manner (Figure 8A). 

The knock-down of YAP1 led to inhibition of MAPK/ERK pathway and PI3K 

pathway (Figure 8B), cellular invasion (Figure 8C and D), migration (Figure 

8E and F), and sphere formation of cancer stem cell (Figure 8G and H). 

 

(A) 
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(B) 
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(C) 

 

 

(D) 
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(E) 

 

 

(F) 
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(G) 

 

 

(H) 
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Figure 8. Cellular growth curve and possible inhibitory mechanisms in 

YAP1 knock-down clones. (A) The growth of cancer cells was significantly 

decreased in 3 clones for HCT116 and 2 clones for HT29, selected for knock-

down of YAP1 using shRNA. (B) In the experiment using shYAP-HCT116 

cell lines, the knock-down of YAP1 led to decreased activity of MAPK/ERK 

pathway and PI3K pathway.YAP1 knock-down clones showed decreased 

cellular invasion in (C) images of invaded cells, and (D) invasion rates of 

the clones. (E and F) In wound-healing assay, wound closure progressed 

more slowly in YAP1 knock-down clones, compared with wild type or 

scrambled clones. (G) Sphere cell formation of cancer stem cell was also 

suppressed in YAP1 knock-down clones, and (H) sphere formation rate was 

slower in YAP1 knock-down clones, compared with wild type or scrambled 

clones.   

 

In addition, we conducted in vivo experiments using tumor xenograft model. 

Implanted tumors grew larger and heavier in the mouse with YAP1 knock-

down clones (Figure 9A-C). The tumors harboring knock-down of YAP1 

showed decreased activities of ERK and AKT (Figure 9D).  

 

(A) 
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(B) 

 

 

(C) 
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(D) 

 

Figure 9. in vivo experiments using tumor xenograft model. In YAP1 

knock-down xenograft models, (A and C) tumor size and (B) tumor weight 

significantly decreased compared with wild type or scrambled clone. (D) 

immunohistochemical staining results showed decreased expression of 

pERK and pAKT in YAP1 knock-down tumors.  
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3. Anticancer effect and the mechanism of verteporfin (VP) as an 

inhibitor of YAP-TEAD1 binding 

VP inhibited the binding of not only YAP-TEAD1, but also YAP-mutated 

TEAD1 (Figure 10A). VP suppressed proliferation of tumor cells in dose-

dependent manners in dose-dependent manners (Figure 10B and 10D), which 

was possibly by impeding YAP-TEAD1 binding. VP decreased activity of 

MAPK/ERK and AKT (Figure 10C and 10E).  

(A) 

 

 

(B) 
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(C) 

 

 

(D) 
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(E) 

 

 

Figure 10. YAP-TEAD1 binding, cellular growth and signal alteration after 

treatment with VP. (A) After treatment with VP, CRC cell lines showed 

decreased YAP-TEAD1 binding affinity, which was evaluated using luciferase 

reporter assay. VP also inhibit the binding of YAP-mutated TEAD1. (B) In HT-

29 cell line, VP decreased the growth of the cancer cells, and (C) ERK, AKT, 

and MEK activity. (D) In HCT-116 cell line, VP decreased the growth of the 

cancer cells, and (E) ERK, AKT, and MEK activity. 
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In several human CRC cell lines, cellular growth was significantly 

suppressed by treatment with VP, in dose-dependent and time-dependent 

manners (Figure 11). 

 

Figure 11. Cell growth ratio in several human CRC cell lines treated 

with VP. Cellular growth ratio was assessed on the treatment of 1μM and 

5μM of VP, during 7 days. In several cell lines, VP significantly inhibited 

the growth of cancer cells. 
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VP induced apoptosis and cellular death in CRC cell lines (Figure 12A), 

and decreased invasion of tumor cells (Figure 12B and Figure 12C). 

 

(A) 

 

(B) 
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(C) 

 

Figure 12. Changes in apoptosis and invasion of CRC cells after 

treatment with VP. (A) VP-treated CRC cells showed increased apoptosis 

and cellular death in time and dose-dependent manner. (B) VP suppressed 

cellular invasion in HCT116 cell line. (C) Cellular invasion declined in 

HT29 cell lines, which were especially treated with high concentration 

(10μM) of VP. 
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4. Anticancer effect and the cancer inhibitory mechanisms of other drugs, 

possibly disrupting YAP-TEAD binding (cucurbitacin, thiazovivin, and 

pazopanib) 

We also investigated the efficacy and mechanisms of the available drugs 

possibly disrupting YAP-TEAD bindings. Cucurbitacin (Figure 13), 

thiazovivin (Figure 14), and pazopanib (Figure 15) also inhibited the binding 

between YAP and TEAD1, in dose-dependent manner. cucurbitacin and 

pazopanib suppressed the cellular growth of several human CRC cells (Figure 

13C-E and Figure 15C-E). Cucurbitacin decreased the activity of 

MAPK/ERK and AKT signaling pathway (Figure 16). 

 

 

Figure 13. Structure and efficacy of cucurbitacin targeting Hippo 

pathway. (A) Structure of cucurbitacin. (B) YAP-TEAD1 binding affinity 

was decreased after treatment with cucurbitacin, which is dose-dependent. 

Cellular growth ratio decreased in selective CRC cell lines treated with 

cucurbitacin, (C) HCT116, (D) HT29, and (E) HCT15.  
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Figure 14. Structure and efficacy of thiazovivin targeting Hippo 

pathway. (A) Structure of thiazovivin. (B) YAP-TEAD1 binding affinity 

was decreased after treatment with cucurbitacin, in a dose-dependent manner. 

Cellular growth ratio was also investigated in selective CRC cell lines treated 

with thiazovivin, (C) HCT116, (D) HT29, and (E) HCT15.   

 

 

Figure 15. Structure and efficacy of pazopanib targeting Hippo pathway.  

(A) Structure of pazopanib. (B) YAP-TEAD1 binding affinity was decreased 

after treatment with pazopanib, in a dose-dependent manner. Cellular growth 

ratio significantly in selective CRC cell lines treated with 20 μM of 

pazopanib, (C) HCT116, (D) HT29, and (E) HCT15.   
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Figure 16. Signal changes in CRC cell lines (HCT116 and HT29) after 

treatment with cucurbitacin. After CRC cell lines were treated with 

cucurbitacin, cell lines showed decreased activity of AKT, MEK/ERK, and 

mTOR/70S6K signaling pathway, without decline in expression of YAP and 

TEAD1. 
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5. Development of a novel drug candidate targeting YAP-TEAD1 binding 

 

(A) 

 

(B) 

 

Figure 17. Structure and interface between YAP and TEAD complex50. 

(Gene Dev 2010). YAP and TEAD form a heterodimer, which contains three 

interfaces which interact among TEAD and YAP α1, α2, and β1 helixes. 
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YAP has a TEAD-binding domain at the N terminus, which is followed by 

two WW domains and a C terminal transactivation domain. TEAD contains an 

N-terminal TEA DNA-binding domain and C-terminal region responsible for 

YAP interaction. YAP and TEAD form a heterodimer with interaction at three 

interfaces (Figure 17). Based on the three interfaces, we searched drug 

candidates in integrated 3D databases, in cooperation with Bioinformatics and 

Molecular Design Research Center (Seoul, Republic of Korea) and Korea 

Research Institute of Chemical Technology (KRICT, Daejeon, Republic of 

Korea). Using pharmacophore mapping, drug-like filter, and visual inspection, 

we selected 140 kinds of drug candidate (Figure 18, details of the data not 

shown). In addition, we conducted cell line experiments to select an adequate hit 

compound targeting Hippo pathway. 

 

 

Figure 18. Schematic diagram for screening of the candidates for novel 

hit compounds targeting the interfaces between YAP and TEAD. After 

we analyzed the structure of YAP-TEAD complex, we conducted structure-

based and ligand-based drug designs. We screened the drug candidates using 

the structure of interface2/3 of YAP-TEAD complex. 
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Among the 140 compounds selected by the structure, we discovered a hit 

compound (Drug1) harboring favorable efficacy in inhibition of YAP-TEAD 

binding and suppression of cell viability (Figure 19).  

 

(A) 

 

(B) 
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(C) 

 

(D) 

 

Figure 19. Cell line studies evaluating the drug efficacy in YAP-TEAD 

binding and cell viability. (A) For 140 kinds of the compounds, we 

conducted luciferase assay in HT29 cell line, to assess the inhibitory intensity 

of YAP-TEAD binding. (B) Based on decrease in luciferase activity, we 

selected 10 compounds. Ten compounds were assessed cell viability after 

treatment of the compounds using MTT assay in HT29 (C) and HCT116 (D) 

cell lines.  
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We assessed inhibition of cell viability (Figure 20A) and IC50 (Figure 20B 

and Table 4) in several kinds of human CRC cell lines treated with Drug1.  

 

(A) 

 

(B) 
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(C) 

 

 

Figure 20. Anticancer efficacy of Drug1. (A) MTT assay was conducted 

for evaluate relative cell viability in 8 kinds of CRC cell lines treated with 

Drug1. (B) IC50 of Drug1 in several human CRC cell lines (limited IC50 < 

500 μM) (C) Correlation between YAP expression and IC50 of Drug1 in 

several human CRC cell lines (limited IC50 < 500 μM) 

 

 

There were differences in the response to Drug1 according to the kinds of  

CRC cell lines. However, IC50 was not correlated with YAP expression of CRC 

cells (Figure 20C).  

  



45 

 

Table 4.  IC50 of Drug1 in several human CRC cell lines 

  IC
50

(μM) 

Widr 4.59 

HT29 6.4 

HCT15 8.18 

NCI-747 9.88 

Colo205 11.17 

DLD-1 12.28 

RKO 14.13 

SNU407 14.7 

LS513 15.43 

SNU1684 16.1 

SNU977 17.33 

SNU-C4 17.57 

HKH2 20.12 

KM12L4 24.693 

LS174T 31.62 

HCT8 38.58 

SW1417 40.12 

SNU503 41.3 

Colo320DM 63.03 

SNU254 80.7 

LS1034 110.17 

SW620 116.88 

CaCO2 117.89 

HCT116 373.31 

SW480 446.5 

SW48 1433.02 

SNU1235 2520.13 

LOVO 3635 

SW403 60577 

SNU81 100000 
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In HT15, HCT116, SNU1684, HT29, and RKO cell lines, cellular growth was 

decreased after treatment with 10μM of Drug1 (Figure 21). 

 

 

 

Figure 21. Cellular growth ratio after treatment with Drug 1, in several 

human CRC cell lines.  
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Considering the result of cell viability and cellular growth ratio changed by 

Drug1 (Figure 20, Figure 21 and Table 4), we conducted additional laboratory 

studies in HT29, which showed favorable treatment response to Drug1. Drug1 

inhibited YAP/TEAD1 binding affinity in HT29 cell line in dose dependent 

manner (Figure 6H, IC50=6.33 μM). 

 

(A) 

 

(B)                                  (C) 
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 (D)                              (E) 

 

Figure 22. Changes in YAP-TEAD1 binding affinity and amount of the 

target molecules transcribed by YAP-TEAD1 binding. (A) YAP-TEAD 

binding affinity was decreased in HT29 by Drug1; mRNA expression of 

target molecules were significantly decreased by drug 1 in HT29 (B), but not 

in HT116 (C); alteration of cellular proliferation pathway in HT29 (D), and 

in HCT116 (E). 

 

Drug1 inhibited the binding of YAP-TEAD1 in a dose-dependent manner 

(Figure 22A). Production of the major molecules transcribed by YAP-TEAD1 

binding, including BIRC, CTGF, PD-L1, and CCND1, were also suppressed after 

treatment with drug 1 in HT29 cell lines (Figure 22B). However, amount of the 

transcribed products was not changed in HCT116 cell lines, which poorly 
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responded to Drug1 (Figure 22C). Accordingly, activities of MAPK/ERK 

pathway and AKT pathway decreased in HT29 cells, in response to the treatment 

with Drug1, in a dose-dependent manner (Figure 22D), and in a time-dependent 

manner (Figure 23). Drug1 did not suppress the phosphorylation of AKT, ERK, 

P70S6K, and MEK in HCT116 cells (Figure 22E). 

 

 

Figure 23. Alteration of cellular proliferation pathway in HT29 cell line 

treated with Drug1 (time dependent). 
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Figure 24. Cellular growth ratio of HT29 cell line treated with control, 

VP, and Drug1. 

 

Drug1 decreased cellular growth similarly to VP (Figure 24). Additionally, in 

xenograft models, growth of tumor was significantly inhibited in the mice treated 

with 100mg/kg QD or 50mg/kg BID of drug 1 (Figure 25). 

 

 

(A) 
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(B) 

 

(C) 

 

Figure 25. in vivo experiments of drug1 using tumor xenograft model. In the 

mice treated with 100mg/kg QD or 50mg/kg BID of drug 1, (A and C) tumor 

size and (B) tumor weight significantly decreased compared with control.  
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To find predictive maker of Drug1, we investigated KRAS mutation status, 

BRAF mutation status, TEAD1 mutation status, and mismatch repair (MMR) 

status of 23 CRC cell lines. Among the factors, MMR status was find to be a 

possible predictive marker of Drug1. CRC cell lines with microsatellite 

instability (MSI) showed more favor response to Drug1 than CRC cell lines with 

microsatellite stability (MSS) (median logIC50 of Drug1, 1.30 (range, 0.91-3.56) 

for MSI cell lines vs. 2.57 (range, 0.81-5.00) for MSS cell lines; P=0.012 using 

median test for k independent samples; Figure 26) 

 

Figure 26. logIC50 of Drug1 according to MMR status. LogIC50 of Drug1 in 

CRC cell lines with MSI (n=13) was significantly lower than logIC50 of Drug1 

in CRC cell lines with MSS (n=10).  
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IV. DISCUSSION 

In the present study, we evaluated the efficacy and the mechanism of targeting 

YAP in human CRC cell lines. YAP is involved in signaling pathway, cellular 

invasion and migration, and sphere formation of cancer stem cell. In the selected 

CRC cell lines, cellular growth and viability were significantly suppressed after 

knock-out of YAP using siRNA or shRNA. Most of currently available drugs, 

verteporfin, cucurbitacin, thiazovivin, and pazopanib, inhibited the binding of 

YAP-TEAD1, resulting in decreased cellular growth. These preclinical data 

indicate that targeting YAP can be a promising target for treatment of CRC in 

clinical setting. Further, we found a novel hit compound with favorable efficacy 

in suppression of YAP-TEAD1 binding and growth of CRC cells. 

The Hippo signaling pathway consists of a large network of proteins including 

serine/threonine kinases mammalian STE20-like protein kinase 1 (MST1), MST2, 

large tumor suppressor (LATS1), LATS2, scaffolding protein Salvador 

homologues 1 (SAV1) (which interacts with MST1 and MST2), scaffolding 

proteins MOB kinase activator 1A (MOB1A) and MOB1B (which interact with 

LATS1 and LATS2, respectively), the transcriptional co-activators Yes-

associated protein (YAP; encoded by YAP1) and transcriptional co-activator with 

PDZ-binding motif (TAZ), and the TEA domain-containing sequence-specific 

transcription factors TEAD1 to TEAD433. Transcriptional co-activators YAP and 

TAZ are key molecules of hippo pathway. YAP and TAZ are not able to bind to 

DNA themselves but form complexes with TEADs as their main partners. 

Because YAP and TAZ activate cellular proliferation and inhibit cellular death by 

binding with TEAD15, and deregulation of Hippo pathway is found in many kinds 

of malignancy, Hippo pathway has been considered as a promising therapeutic 

target for cancer treatment.  

Though the general targets of small-molecule therapeutics are the oncogenic 

kinases, the majority of kinases in the Hippo pathway are tumor suppressors. 

Therefore, the conventional approach of designing small-molecule kinase 
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inhibitor is unlikely to work. Instead, the most attractive anticancer targets in the 

Hippo pathway are YAP and TAZ, as they are the key downstream mediators of 

this pathway. Because these proteins have no known catalytic activity and 

function by engaging domains that facilitate protein-protein interactions with the 

upstream kinases, small-molecule inhibitors of the YAP-TEAD complex is still 

the major mean to inhibit Hippo pathway. 

Although a number of therapeutic interventions targeting Hippo pathway were 

expected to show potential efficacy, there have been considerable concerns about 

the toxicities related to inhibit upstream component of Hippo pathway. Direct 

inhibition of YAP-TEAD may reduce side effects possibly caused by targeting 

upstream components that affect multiple intracellular signaling besides Hippo-

YAP51. Liu-Chittenden et al. screened their drug library, and found the drug 

candidates inhibiting YAP-TEAD, including protoporphyrin IX, hemato-

porphyrin, and VP42. They also reported that binding of VP to YAP changed the 

conformation of YAP in vitro, and VP abolished liver overgrowth induced by 

YAP overexpression or inactivation of Nf2 using YAP-TEAD dominant 

negative mouse model42. However, VP is a benzoporphyrin derivative used as a  

photosensitizer in photocoagulation therapy for macular degeneration15. 

Regarding the adverse events possibly caused by the photo-sensitizing function 

of VP, a novel drug candidate selectively targeting YAP-TEAD can be an 

alternative.   

Novel drug discovery requires several steps before the clinical application. In 

preclinical stage, identification and validation of druggable target, high-

throughput screening, hit to lead, lead optimization, candidate seeking, and 

preclinical development are needed52. In this study, we identified and validated 

the druggable target, YAP-TEAD binding, using human CRC cell lines. In many 

kinds of CRC cell lines, YAP expression was expressed, and knock-down of 

YAP suppressed the cell viability and cellular growth of CRC cells. These 

mechanisms were possibly related to the activity of MAPK/ERK and PI3K 
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pathway, cellular invasion, cellular migration, and sphere formation of cancer 

stem cells. Because the possible means targeting hippo pathway is to inhibit 

YAP-TEAD binding, we confirmed anticancer efficacy and the mechanism of 

YAP-TEAD binding, using VP and other currently available drugs, cucurbitacin, 

thiazovivin, and pazopanib. In the laboratory studies, the drugs significantly 

decreased cellular growth of cancer, which is possibly related to inhibition of 

YAP-TEAD1 binding, followed by impeding proliferation, anti-apoptosis, and 

signaling pathway of cancer cells. Previous research suggested that knock-down 

of YAP induced apoptosis of cancer cells, which was mediated by decrease in 

transcription of anti-apoptotic molecule, Bcl-XL
20. This study also suggested that 

this mechanism promoted resistance to RAF- and MEK- targeted cancer 

therapies20.  

KRAS mutation has been documented in 35-40% of colorectal cancers 

(CRCs). About 85-90% of these mutations occur in codon 12 or 13. The 

remaining mutations mainly occur in codon 61(5%) and 146 (5%)53. NRAS and 

HRAS mutations are less common (1-3%). BRAF is a serine-threonine kinase 

that is directly activated by KRAS. Around 5-15% of activating mutation in the 

BRAF gene were reported in metastatic CRC (mCRC) patients. Mutations in 

BRAF are considered mutually exclusive to those of KRAS mutations54. In most 

studies, it showed no response to use cetuximab or panitumumab in patients with 

BRAF-mutant mCRC in the chemotherapy-refractory setting. Although 

activating mutations in RAS genes are among the most frequent events in 

numerous human carcinomas, no effective inhibitors targeting active RAS 

proteins are available. Other approaches for targeting KRAS are to inhibit its 

post-translational modifications or other components of its key signaling axes, 

or to use synthetic lethality of KRAS mutations (PLK1, APC/C, STK33, SNAIL, 

TAK1, Bcl-XL/ MEK and others). Recent studies also identified the YAP 

transcriptional co-activator as a key mediator of the oncogenic effect of 

KRAS55,56. In this respect, targeting YAP can be applied for treatment of human 
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mCRC. 

In BRAF mutated melanoma, BRAF inhibitor with the combination of MEK 

inhibitor (MEKi) decreased drug resistance and improved the survival 

outcome57,58. In contrast to addicted cancers, the examples of BRAF mutant 

melanoma, the oncogenic addiction exhibited by activating KRAS mutations in 

CRC does not exist at downstream levels of the RAS-MEK-ERK pathway, 

because there are effector pathways without including mutant RAS (PI3K-AKT-

mTOR pathway and others). In such tumors, MEKi displays cytostatic rather than 

cytotoxic activity, inhibiting proliferation rather than inducing apoptosis59. 

Therefore, combination with other agents is necessary. According to the previous 

study conducted by Lin et al., combination of YAP and RAF or MEK inhibition 

was be lethal in both BRAF- and RAS- mutant cell lines20. In this study, human 

CRC cell lines with mutation of KRAS (HCT116) and mutation of BRAF (HT29) 

showed decreased tumor growth and phosphorylation of ERK, a downstream 

effector of RAS-RAF-ERK pathway after knock-down of YAP. Targeting YAP-

TEAD1 will be tried as a novel strategy for treatment of human CRC with somatic 

mutations at RAS or RAF family.  

 Therefore, a drug candidate targeting YAP-TEAD1 binding will be tried in 

combination with MEKi in selected CRC patients. In the present study, we 

screened drug database, based on three YAP-TEAD binding interfaces. As a result 

of preclinical studies evaluating YAP-TEAD binding affinity and cell viability, 

we found a drug candidate targeting YAP-TEAD binding. This novel drug 

candidate (a tentative name, drug 1) inhibited YAP-TEAD binding, production of 

the molecules transcribed by YAP-TEAD binding, activity of proliferative 

pathways, and growth of tumors, also in vivo study. In addition, we tried to find 

predictive factors for targeting YAP. However, expression level of YAP was not 

significantly related to decline of cell viability resulted from knock-down of YAP1. 

Drug1 inhibited YAP-TEAD binding and following transcription of major 

molecules including BIRC5, CTGF, PD-L1, and CCND1 in HT29, but not in 
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HCT119, which was possibly related to characteristics of the compound. 

Although we analyzed the correlation between IC50 of Drug1 and known 

oncogenic mutations, including KRAS mutation, BRAF mutation, and TEAD1 

mutation status of CRC cell lines, we did not find any significant correlation 

among them. Rather, MSI status of CRC cell lines were related to favorable 

response to Drug1. 

 In further studies, we plan to refine Drug1, to develop a promising lead 

compound. We will also conduct more studies to find predictive markers for 

Drug1, by comparison of gene expression profiles (DNA sequencing of YAP1 

and TEAD1-4, cDNA microarray of CRC cell lines). 

 

V. CONCLUSION 

The Hippo effector YAP may influence the progression of human CRC by 

mediating proliferation, invasion, migration, and sphere formation of cancer cells. 

Targeting YAP-TEAD1 could be a potential therapeutic target in human CRC. 
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ABSTRACT (IN KOREAN) 

 

대장암에서 YAP-TEAD 억제의 효과와 기전 확인 

 

<지도교수 정 희 철> 

 

연세대학교 대학원 의학과 

 

박 지 수 

 

 

Hippo 신호전달경로는 장기의 성장, 줄기세포 기능, 신생, 종양의 

성장 억제에 관련되는 새로운 경로이다. 이 연구에서, 우리는 대장암 

세포주를 대상으로 YAP-TEAD1을 억제하는 것이 치료적인 역할을 

할 수 있는지 밝히고자 하였다. YAP1을 넉다운 시킨 세포주에서 

암세포의 성장과 진행, 세포 성장 경로에 변화가 있는지 확인 

하였으며, 대장암 세포주에서 베르테포르핀 (VP)과 새로운 약물 

후보를 이용하여 약물의 효과와 기전을 연구하였다. 

대장암 세포주에서 YAP1을 넉다운 시켜 YAP을 억제한 후 세포의 

성장과 MAPK/ERK 신호전달경로 및 AKT 신호전달경로의 활성도 

억제가 나타났으며, 세포의 침투와 전이, 성장이 억제되는 것을 

확인하였다. Hippo 신호전달경로는 세포 외 리간드-수용체 복합체를 

가지고 있지 않기 때문에, 경로를 억제하는 가장 효과적인 방법은 

전사 보조활성제인 YAP과 TEAD1의 결합을 억제하는 것이다. 우리는 

이러한 방법이 실제로 Hippo 신호전달경로를 억제하는 데에 사용될 

수 있을지 확인하고자 하였고, VP를 이용하여 이를 시험하였다. VP는 

YAP-TEAD1의 결합을 억제하는 것으로 알려져 있는 약물로서, 이 

연구에서도 VP은 대장암 세포주의 성장을 억제하였으며, YAP-TEAD1 
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뿐 아니라 YAP과 변이된 TEAD1 간의 결합도 억제하였다. 다른 

잠재적인 약물들인 커커비타신 (cucurbitacin), 티아조비빈 (thiazovivin), 

파조파닙 (pazopanib) 역시 YAP-TEAD1의 결합과 세포주 성장을 

억제하였다. 따라서 YAP-TEAD1의 결합을 억제하는 것이 실제로 

hippo 신호전달경로를 억제하는 데에 효과적인 방법일 수 있다는 

결론을 얻었다. 그러나 이러한 약물들은 YAP-TEAD1의 결합만을 

선택적으로 억제하는 약물이 아니므로 약물 안전성과 적절한 약물 

용량을 선택하는 데에 문제가 발생할 가능성이 있다. 따라서, 우리는 

YAP-TEAD1의 성장을 선택적으로 억제하는 새로운 약물 후보를 

발굴하였으며, 이 초기 화합물이 대장암 세포주의 성장을 효과적으로 

억제하는 것을 확인하였다. 

Hippo 신호전달경로의 작동인자인 YAP는 종양 세포의 증식, 침투, 

전이, 생존을 통해 대장암 진행에 영향을 준다고 생각된다. YAP-

TEAD1 결합을 효과적으로 억제함으로써 추후 사람 대장암의 치료 

성적을 높일 수 있도록 더 많은 연구가 필요할 것이다. 
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