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Abstract: (-)-Epigallocatechin-3-gallate (EGCG) is the primary active ingredient in green tea and has been used for
cancer prevention in clinical trials. The anti-tumor effects of EGCG stem from its ability to inhibit the activities of
many oncoproteins, such as AKT, VEGFR, STAT3, and mutant p53. However, the clinical efficacy of EGCG is unsatis-
factory. How to improve the anti-tumor effects of EGCG is an open question. Here we report that EGCG inhibits the
tumor suppressive Hippo signaling pathway and activates downstream YAP in colorectal cancer (CRC) cells. Activa-
tion of YAP impedes the anti-tumor effects of EGCG. YAP blockade increases the sensitivity of CRC cells to EGCG

treatment.
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Introduction

Colorectal cancer (CRC), one of the most com-
monly diagnosed malignancies in both sexes, is
the second leading cause of cancer related
death worldwide. CRC had a global incidence
rate of 6.1% and a mortality rate of 9.2% in
2018 [1]. Moreover, the incidence and mortali-
ty rates of CRC are rapidly increasing world-
wide, and the public health burden of CRC is
expected to increase by 60% in 2030 [2]. CRC
can be classified as sporadic, familial, or inflam-
mation-dependent CRC, among these three
types, sporadic CRC accounts for approximate-
ly 75% of cases [3-5]. Current CRC therapeutic
approaches include surgery, chemotherapy,
and radiotherapy. Metastatic tumors are usu-
ally not amenable to surgical resection. Due to
primary or acquired multidrug resistance
(MDR), CRC patients either respond poorly to
chemotherapy or have a high risk of tumor
relapse [6, 7]. Thus, it is important to under-
stand the molecular mechanisms of MDR in
CRC and develop novel strategies to improve
anti-tumor effect.

The Hippo signaling pathway was named after
Hpo, a Drosophila serine/threonine kinase
identified by several groups in 2003. The Hippo
pathway has emerged as a highly conserved
tumor suppressor pathway that controls organ
size and tissue homeostasis [8]. The core Hippo
pathway consists of a kinase cascade: the
upstream sterile 20-like protein kinases (STK3/
MST2 and STK4/MST1) form complexes with
their adapter protein, Salvador family WW
domain containing protein 1 (WW45). The
MST1/2-WW45 complex phosphorylates and
activates a downstream kinase complex con-
sisting of large tumor suppressor kinase 1/2
(LATS1/2) and its adapter proteins, MOB kinase
activator 1A (MOB1A) and MOB1B [9]. Yes-
associated protein (YAP) and transcriptional co-
activator with PDZ-binding motif (TAZ) are the
major downstream transcription coactivators of
the Hippo pathway [10, 11]. The phosphoryla-
tion of YAP/TAZ at consensus HXRXXS motifs by
LATS1/2 promotes the cytoplasmic retention of
YAP/TAZ by 14-3-3 proteins, and reduces cyto-
plasmic YAP/TAZ levels by facilitating their ubig-
uitination and proteasomal degradation by the
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E3 ligase SCF (B-TrCP) [10-13]. When Hippo sig-
naling activity is compromised, dephosphory-
lated YAP/TAZ accumulates and is translocated
into the cell nucleus where it interacts with TEA
domain transcription factors 1-4 (TEAD1-4) and
activates the transcription of multiple target
genes [14]. The Hippo signaling pathway is fre-
quently inactivated in multiple human cancer
types, including CRC [15, 16]. Furthermore, YAP
activation and elevated expression of YAP tar-
get genes play important roles in CRC tumori-
genesis, progression, and metastasis [17].

Green tea, produced from the leaves of the
Camellia sinensis plant, is one of the most
popular beverages worldwide [18]. The compo-
nents of green tea are well characterized
and have been studied for their beneficial
effects on human health, including antioxidant
effects, antibacterial activities, neuroprotec-
tive roles, cardioprotective effects, and anti-
cancer effects [19, 20]. These health benefits
are generally attributed to green tea polyphe-
nols, particularly catechins. The four most
abundant catechins in green tea are epicate-
chin (EC), epicatechin-3-gallate (ECG), epigallo-
catechin (EGC), and epigallocatechin-3-gallate
(EGCG) [21]. EGCG accounts for approximately
50% of green tea polyphenols and its function
in cancer prevention, such as in gastric cancer,
breast cancer, and CRC, has been extensively
investigated in vitro, in vivo and over epidemio-
logical studies in the last few decades [22-25].
For example, Stalmach et al. (2010) reported
that after consumption of green tea, approxi-
mately 70% of EGCG reaches the colon where it
may effectively interact with colorectal epithe-
lial or CRC cells [26]. In recent years, the anti-
neoplastic mechanisms of EGCG in CRC have
been well characterized and include activation
of the NF-kB signaling pathway, activation of
67LR dependent cell apoptosis, inhibition of
bFGF expression, and inhibition of GSK3alpha
and beta activity, among others [27-30].

In this study, we discovered that EGCG can
inhibit Hippo signaling activity and activate the
proliferative and anti-apoptotic roles of YAP in
CRC cells in vitro, thus resulting in insensitivity
to EGCG treatment. Mechanistically, EGCG pro-
motes the ubiquitination and proteasomal deg-
radation of Hippo signaling core kinases
LATS1/2 by the E3 ubiquitin ligase C-terminus
of Hsc70-interacting protein (CHIP). In turn,
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LATS1/2 degradation leads to YAP hypo-phos-
phorylation, accumulation and translocation
into the cell nucleus, where it upregulates the
transcription of YAP target genes and antago-
nizes EGCG treatment. Inhibition of YAP-TEADs
interaction and knockdown of YAP sensitized
CRC cells to EGCG-induced cytotoxicity. We
conclude that the combination of YAP inhibition
and EGCG treatment showed synergistic anti-
tumor effects in CRC cells.

Materials and methods
Reagents and antibodies

EGCG was obtained from Sigma-Aldrich (St.
Louis, MO, USA) and dissolved in water. Lipo-
fectamine 3000 was purchased from Invitrogen
(Carlsbad, CA, USA). Anti-GAPDH antibody was
purchased from Proteintech (Hubei, China).
Anti-alpha-Tubulin antibody was purchased
from ABclonal Technology (Beijing, China). Anti-
LATS1, anti-LATS2, anti-phospho-LATS1/2 Thr-
1079, anti-phospho-LATS1 Ser909, anti-YAP,
anti-phospho-YAP Serl127, anti-phospho-YAP
Ser381, anti-TAZ, anti-Lamin A/C, anti-MOB1,
anti-phospho-MOB1 Thr35, anti-MST1/2, and
anti-WW45 antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA).
Anti-Flag, anti-Myc and anti-HA antibodies
were purchased from Medical & Biological
Laboratories (MBL, Japan). Anti-heat shock pro-
tein 70 (HSP70), anti-CHIP, and anti-ubiquitin
antibodies were purchased from Abcam
(Waltham, MA, USA).

Plasmids

For LATS1 and YAP expression, the human
LATS1 and YAP coding sequences (CDS) were
PCR-amplified from total HEK293T cDNA with
TransStart FastPfu DNA Polymerase (Transgen,
Beijing, China) and ligated into the pEF-3xFlag
vector. The complete human CHIP CDS was
PCR amplified from total HEK293T cDNA, full-
length CHIP and two CHIP deletion mutants
comprising 1) amino acids 1-189 (CHIP delta
TPR) and 2) 135-303 (CHIP delta U-box) were
inserted into pEF-Myc vector. HA-LATS2 was a
gift from Professor Jae Hong Seol’s lab (Seoul
National University, Korea), and used as a PCR
template for pEF-Flag-LATS2 cloning. We intro-
duced K30A, H260Q, 1235A, and R272A, in
CHIP to generate CHIP loss-of-function mutants
using the Fast Mutagenesis System (Transgen).
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We also generated pEF-Flag-YAP S127A and
pEF-Flag-YAP S381A mutations with the sa-
me method. pEF-Flag-YAP 5S/5A (S61/109/
127/164/381A) mutations were introduced
using the Fast Multisite Mutagenesis System
(Transgen). ShRNA sequence for CHIP or YAP
knockdown were chosen from verified literature
and cloned into the Agel/EcoRI sites of the
pLKO.1 vector.

pLKO.1-shCHIP-1: CCGGGAAGAGGAAGAAGCG-
AGACATCTCGAGATGTCTCGCTTCTTCCTCTTCT-
TTTTG; pLKO.1-shCHIP-2: CCGGGCAGTCTGTG-
AAGGCGCACTTCTCGAGAAGTGCGCCTTCACAG-
ACTGCTTTTT, pLKO.1-shYAP-1: CCGGGCCACC-
AAGCTAGATAAAGAACTCGAGTTCTTTATCTAG-
CTTGGTGGCTTTTTG; pLKO.1-shYAP-2: CCGG-
CAGGTGATACTATCAACCAAACTCGAGTTTGGTT-
GATAGTATCACCTGTTTTTG.

All constructs were verified by Sanger se-
quencing.

Cell lines, cell culture, transfection, and infec-
tion

HEK293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, USA)
supplemented with 10% fetal bovine serum
(FBS). Human HCT116 CRC cell line was gift-
ed from Dr. Dahua Chen’s laboratory in 2016.
SW620 cell line was purchased from the
National Collection of Authenticated Cell
Cultures (Shanghai, China) in 2019. RKO and
LoVo cells were purchased from the American
Type Culture Collection (Rockville, MD, USA).
The provider performed cell line authentica-
tions via DNA fingerprinting. Determination of
cell vitality and assessment of mycoplasma
contamination were performed with PCR based
assay in our lab. HCT116 cells were cultured
in RPMI-1640 medium (Gibco BRL, NY, USA)
supplemented with 10% heat-inactivated FBS
(Hyclone, Yokohama, Japan). RKO and SW620
cells were grown in DMEM containing 10% FBS.
All cell lines were maintained in the logarithmic
phase of growth at 37°C in a humidified incuba-
tor with 5% CO,, in air. Cells used in experiments
were within 10 passages of thawing. Trypsin,
phosphate-buffered saline (PBS), penicillin,
streptomycin and glutamine (100X) were ob-
tained from Gibco.

Cells were transfected with overexpression
constructs using Lipofectamine 3000 (Invi-
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trogen, CA USA) according to the manufactur-
er's protocol. In transient transfection experi-
ments, plasmid DNA was kept constant with
the empty vector. shRNAs were delivered via
infection with lentiviruses produced by co-
transfection of HEK293T cells with pLKO.1-
shScramble, pLKO.1-shCHIP, or pLKO.1-shYAP
plasmids and packaging plasmids (psPAX2 and
pMD2.G). Stable pools were selected with 2
pug/mL of puromycin (Amresco, TX, USA) for 5
days.

RNA preparation, reverse transcription, and
quantitative real-time PCR (qPCR)

RNA was isolated using TRIzol reagent accor-
ding to the manufacturer’'s instructions
(Invitrogen). Next, 1 ug of RNA was mixed
with Oligo(dT) and random primers and reverse
transcribed into complementary DNA (cDNA)
using the PrimeScript™ Il 1st Strand cDNA
Synthesis Kit (TaKaRa, Japan). Subsequently,
diluted cDNA was used for gPCR analysis
using TransStart Top Green gPCR SuperMix
(Transgen) on an LC480 Il Real-Time PCR
System (Roche, Switzerland). In all experi-
ments, GAPDH RNA served as the internal (nor-
malization) control and calibrator controls were
chosen appropriately. Human PCR primers
were as follows: LATS1, sense-5-AAACCAG-
GGAATGTGCAGCAA-3’, antisense-5-CATGCCT-
CTGAGGAACTAAGGA-3’; LATS2, sense-5-ACC-
CCAAAGTTCGGACCTTAT-3’, antisense-5-CATT-
TGCCGGTTCACTTCTGC-3’; YAP, sense-5-CCTC-
GTTTTGCCATGAACCAG-3’, antisense-5-GTTCT-
TGCTGTTTCAGCCGCAG-3’; CTGF, sense-5-GTG-
GAGTATGTACCGACGGC-3’, antisense-5-GCAG-
GCACAGGTCTTGATGA-3’; CYR61, sense-5-CT-
GCGAAGATGGGGAGACAT-3’, antisense-5-GCC-
TGTAGAAGGGAAACGCT-3’; ANKRD1, sense-5™-
GGAGATACCCCGTTGCATGA-3’, antisense-5-TG-
TTGAGATCCGCGCCATAC-3’; ABCC1, sense-5'-
CTCTATCTCTCCCGACATGACC-3’, antisense-5-
AGCAGACGATCCACAGCAAAA-3’; ABCB1, sense-
5-AGGAGGCCAACATACATGCC-3’, antisense-5-
GCTGTCTAACAAGGGCACGA-3’; ABCG2, sense-
5-CAGGTGGAGGCAAATCTTCGT-3’, antisense-
5-ACCCTGTTAATCCGTTCGTTTT-3’; E-Cadherin,
sense-5-CAGCCACAGACGCGGACGAT-3’, anti-
sense-5-CTCTCGGTCCAGCCCAGTGGT-3’; Z0-3,
sense-5-GTGGGGGCCGATTGACTGTT-3’, anti-
sense-5-GTGTGCTGTTCCCAGATGGTC-3’; N-Ca-
dherin, sense-5-TTGAGCCTGAAGCCAACCTT-3,
antisense-5-TGTAGGTGGCCACTGTGCTTAC-3’;
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Vimentin, sense-5-TGGCCGACGCCATCAACAC-
C-3, antisense-5-TGCTGCTCCAGGAAGCGCA-
C-3; Snail, sense-5-GCACATCCGAAGCCAC-
AC-3’, antisense-5-GGAGAAGGTCCGAGCACA-
3’; Slug, sense-5-TTCGGACCCACACATTACCT-3,
antisense-5-TTGGAGCAGTTTTTGCACTG-3’;
GAPDH, sense-5-CTGGGCTACACTGAGCACC-3’,
antisense-5-AAGTGGTCGTTGAGGGCAATG-3'.
The relative expression levels of the target
genes were calculated as 2-{(ACpofgene)- (ACp of GAPDH)] |
where Cp represents the threshold cycle for
each transcript.

Immunoblotting

Cells were treated as indicated in the figures,
and washed twice with ice-cold PBS. Then cells
were harvested in a lysis buffer (50 mM Tris (pH
7.4), 150 mM NaCl, 1 mM ethylenediaminetet-
raacetic acid (EDTA), 1 mM ethylene glycol tet-
raacetic acid (EGTA), 1% Triton X-100, 0.5 mM
dithiothreitol (DTT), 2.5 mM sodium pyrophos-
phate (Na,P,0,), 50 mM sodium fluoride (NaF),
1 mM sodium vanadate (Na,vVO,) and 2 mM
phenylmethylsulfonyl fluoride (PMSF)) with pro-
tease inhibitor cocktail (APExBIO, TX, USA) for
30 min. Lysates were centrifuged at 13,000
rpm for 15 min at 4°C. The total protein concen-
trations were determined using Bradford
reagent. The supernatants were mixed with
equal volumes of Laemmli sample buffer and
boiled for 10 min, and 25 ug of each protein
sample was subjected to SDS-PAGE using 8%
or 10% gels. The proteins were electrophoreti-
cally transferred to nitrocellulose membrane
and probed for 3 hr at room temperature or
overnight at 4°C with the indicated antibodies.
After several washing steps, the membranes
were incubated for 60 min with horseradish
peroxidase-conjugated secondary antibodies
(Biosharp, Beijing, China) and washed seven
times for 5 min each. The proteins of interest
were visualized with Super Signal West Pico
chemiluminescent substrate (Pierce Biotech-
nology, Rockford, IL, USA). Chemiluminescent
imaging was performed with a Tanon-5200
Chemiluminescent Imaging System (Tanon
Science & Technology, Shanghai, China).
Densitometric scanning of immunoblots was
performed using ImageJ software (Bethesda,
MD, USA).

Co-immunoprecipitation

Cells were lysed in immunoprecipitation buffer
(50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1%
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Nonidet P-40, 10% glycerol, 50 mM NaF, 1 mM
Na3V04, 2 mM PMSF and 1 mM EDTA) contain-
ing protease inhibitors on ice for 30 min and
then clarified by centrifugation at 15,000xg for
15 min at 4°C. A fraction of each cleared lysate
was reserved as inputs, and the remainder was
precleared with a 50% suspension of protein
A/G-Sepharose beads (Amersham Biosciences,
WI, USA). Each sample was immunoprecipitat-
ed for 2 hr at 4°C with 5 g of the appropriate
antibodies on protein A/G-Sepharose beads or
Flag-Beads (Sigma Aldrich). Immunocomplexes
were washed four times with lysis buffer and
eluted by boiling in Laemmli sample buffer. The
precipitates were examined via western blot-
ting using the indicated antibodies.

In vivo ubiquitination assay

For ubiquitination assays, HCT116 cells in 6-cm
dishes were transfected with the indicated
plasmids for 48 hr. 6 hr prior to cell harvesting,
20 uM of MG132 (Calbiochem, Germany) was
used to inhibit proteasome activity. For immu-
noprecipitation, centrifuged cell pellets were
boiled in 300 uL of SDS lysis buffer (50 mM
Tris-HCI, pH 6.8, 1.5% SDS) for 15 min. Then,
250 puL of boiled protein lysates were diluted
with 3 ml ice-cold EBC/bovine serum albumin
(BSA) buffer (50 mM Tris-HCI, pH 6.8, 180 mM
NaCl, 0.5% CA630, 0.5% BSA) containing
protease inhibitors. Lysates were incubated
with the indicated antibodies overnight and
then conjugated to protein A/G beads
(Amersham Biosciences) for 2 hr at room
temperature. The beads were collected by
centrifugation at 5,000xg for 3 min at 4°C
and washed 5 times with ice-cold EBC/BSA
buffer. Immunocomplexes were resuspended
and boiled with 30 pyL of Laemmli sample buf-
fer and subjected to Immunoblotting. Poly-
ubiquitylated proteins were detected with anti-
ubiquitin antibodies.

Cytosol/nuclear protein fractionation

For cytosol/nuclear protein fractionation, HCT-
116 cells treated as indicated in the figures
were pelleted and resuspended in 3 relative
volumes of hypotonic buffer (20 mM HEPES
pH 7.4, 5 mM NaF, 1 mM Na_VO,, 1 mM EDTA)
supplemented with Protease Inhibitor Cocktail
(APEXBIO) and 1 mM DTT. Upon incubation on
ice for 20 min, 0.5% Triton X-100 was added
and mixed well, and lysates were centrifuged at
13,000 rpm for 30 s at 4°C to collect the cyto-
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solic fractions. The nuclear pellets were then
resuspended in 1 volume of nuclear lysis buffer
(20 mM HEPES, pH 7.4, 25% glycerol, 420 mM
NaCl, 1.5 mM MgCl,, 1 mM EDTA) supplement-
ed with Protease Inhibitor Cocktail and 1 mM
DTT. Nuclei were incubated for 30 min at 4°C
with constant agitation and then centrifuged at
13,000 rpm for 30 min at 4°C. To decrease the
salt concentration of the nuclear fractions,
sample were adjusted with 1 volume of nuclear
lysis buffer without NaCl, supplemented with
Protease Inhibitor Cocktail and 1 mM DTT.
Cytosolic and nuclear fractions were analyzed
by Immunoblotting. alpha-Tubulin and Lamin
A/C served as controls for the cytosolic and
nuclear fractions, respectively.

Immunofluorescence staining

HCT116 cells were seeded on sterile glass cov-
erslips in 6-well plates and treated with EGCG
for the indicated times. All samples were fixed
for 20 min with 4% formaldehyde in PBS and
incubated in 0.5% Triton X-100 for 20 min at
room temperature. After three washings with
PBS, all slides were incubated 1 hr with block-
ing buffer (5% BSA in PBS) and then stained
with primary antibody against YAP overnight at
4°C. After five washings with PBS, all slides
were incubated with fluorescent-labeled sec-
ondary antibody and DAPI (Sigma) in the
dark at room temperature. Slides were ana-
lyzed by confocal microscopy (Zeiss, LSM 880,
Germany).

Dual-luciferase reporter assay

For luciferase assays, 2x10* HCT116 cells
were seeded in 96-well plates, grown to 70%
confluence and co-transfected with the 8xGTI-
IC-luciferase reporter, Renilla and the indicated
plasmids. 36 hr after transfection, cells were
treated for the indicated times and lysed.
Luciferase activity was detected with the
SpectraMax i3 luminometer (Molecular De-
vices, CA, USA) and the dual luciferase assay
system (Promega, WI, USA) following the manu-
facturer’s instructions. Firefly-luciferase activity
was normalized to Renilla-luciferase activity to
evaluate activity. Each group was assessed in
triplicate.

Chromatin immunoprecipitation (ChIP) assay

For ChIP experiments, 150 mm dishes of Flag-
YAP overexpressing HCT116 cells were treated
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with EGCG for the indicated times. Samples
were then fixed with 1% formaldehyde at room
temperature for 10 min to crosslink chromatin
proteins with genomic DNA and neutralized
with a final concentration of 0.125 M freshly
prepared glycine for 5 min. Cells were lysed in
lysis buffer (50 mM Tris-HCI pH 8.1, 10 mM
EDTA, 1% SDS and protease inhibitors) and the
resulting lysates were sonicated to shear chro-
matin into fragments with an average length of
~300-500 bp. Lysates were precleared with a
50% suspension of protein A/G-Sepharose
beads (Amersham Biosciences) and immuno-
precipitated with 40 uL of Flag-beads (Sigma
Aldrich). The immunoprecipitated DNA frag-
ments were then purified. PCR was then per-
formed with specific primers to determine
whether EGCG affects the binding of YAP to
CTGF and CYR61. The ChIP primers were as
follows: CTGF, sense-5-CGCCAATGAGCTGAA-
TGGAGT-3, antisense-5-TGAGTGTCAAGGGGT-
CAGGAT-3’; CYR61, sense-5-AAAGGTGCAATG-
GAGCCAGG-3’, antisense-5-GTGTTGCAGTGAC-
GTCGG-3..

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay

For MTT assays, cells were seeded at a concen-
tration of 5x10% cells/mL into 96-well plates
and grown overnight. Then the cells were trans-
ferred into serum-free DMEM for another 12 hr.
After serum starvation, the cells were treated
with EGCG at the indicated concentrations and
for the indicated number of days. Cell prolifera-
tion was evaluated with the MTT assay. Briefly,
10 uyL of MTT solution (5 mg/mL, Roche,
Switzerland) was added to each well and incu-
bated for 4 hr at 37°C. Then the supernatant
was aspirated and the MTT-formazan crystals
formed by metabolically viable cells were dis-
solved in 150 pL of DMSO. Finally, the absor-
bance was monitored with a microplate reader
at a wavelength of 490 nm.

Flow cytometric analysis of the cell cycle and
apoptosis

Cells were treated with various concentrations
of EGCG for the designated times. The cells
were then harvested and processed according
to the manufacturer’s protocols, as follow. For
cell cycle analysis, propidium iodide (Pl) from
Biosharp was used. Cells were then analyzed
on a BD FACSCalibur flow cytometer (BD, NJ,
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USA). Data analysis was performed with FlowJo
software (San Carlos, CA, USA). The FITC An-
nexin V and Pl apoptosis assays were per-
formed with the Annexin V-FITC/Pl Apoptosis
detection Kit (Meilunbio, Liaoning, China).
Briefly, 1x10° cells were collected by centrifu-
gation, resuspended in binding buffer, stained
with fluorochrome-conjugated Annexin V and
Pl, and quantified with a BD FACSCalibur flow
cytometer.

EdU labeling assay

EdU labeling assays were performed in 24-well
plates using the EdU Cell Proliferation Assay Kit
(APExBIO). After EGCG treatment, EdU was
added to each well, and incubated for 3 hr at
37°C. EdU-positive cells from 10 fields (200x
magnification) were examined and counted.
Results were presented as the mean number +
SD of EdU-positive cells across independent
experiments.

Detection of intracellular reactive oxygen spe-
cies (ROS) generation

Intracellular ROS were detected by immunofluo-
rescence. Cells were seeded in a 24-well cell
culture plate and incubated for 24 hr. Then, the
cells were treated with EGCG for 24 hr. Medium
with DMSO was used as the control group.
Following treatment, cells were stained with 5
UM of DCFH-DA (Solarbio, Beijing, China) at
37°C for 30 min in the dark. Finally, cells were
incubated in serum-free DMEM and ROS
expression was observed using an inverted flu-
orescence microscope.

Colony formation assay

Cells were resuspended at a density of 400
cells per well in 6-well plates and allowed to
grow at 37°C for 14 days. Colonies were then
fixed and stained with crystal violet solution.

Wound-healing assay

Briefly, equal number of cells were seeded in
6-well plates and allowed to reach confluency.
Several well-spanning scratches were made
with a 10-uL pipette tip and culture medium
was replaced with serum-free medium for
further experimentation. Cell migration was
observed at pre-marked positions below the
wells using a Leica DMi8 inverted microscope
at 100x magnifications.
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Statistical analysis

Data are presented as the mean = S.D. The
results were analyzed with the one-way ANOVA
test using GraphPad Prism software. Each
experiment was carried out at least three times.
Asterisks indicate that the values were signifi-
cantly different from the control (*, P < 0.05;
** P <0.01; *** P <0.001).

Results

EGCG treatment mediates ubiquitination and
protein degradation of LATS1 and LATS2 in
CRC cells

To investigate the effects of EGCG on the Hippo
signaling pathway, we first evaluated EGCG-
induced expression levels of Hippo pathway
components in multiple CRC cell lines with
western blot assays. In both HCT116 and RKO
cells, EGCG treatment led to significantly
decreased protein levels of total LATS1/2 and
phosphorylated LATS1/2 in a dose- and time-
dependent manner (Figures 1A, 1B and S1A),
as determined by immunoblotting with LATS1,
LATS2, phospho-LATS1 (Thr1079) and phos-
pho-LATS1 (Ser909) antibodies. Similar effects
on total LATS1/2 and phosphorylated LATS1/2
were also observed in SW620 and LoVo CRC
cell lines (Figure S1B and S1C). We also exam-
ined the effects of EGCG on endogenous
WW45, MST1/2 and MOB41, which are upstream
of LATS1/2. However, no significant changes
were observed (Figure S1D). Interestingly,
EGCG treatment did not significantly change
the mRNA levels of LATS1/2 in HCT116 cells as
determined by qPCR (Figure S1E). In addition,
EGCG-mediated reductions in LATS1/2 were
restored to control levels upon treatment with
MG132, a proteasome inhibitor. However, the
downregulation of LATS1/2 by EGCG was unaf-
fected by treatment with NH,CI, a lysosome
inhibitor, which indicates that EGCG may pro-
mote LATS1/2 ubiquitination (Figure S1F).
Indeed, EGCG treatment increased the poly-
ubiquitination levels of LATS1 and LATS2 in
HEK293T cells (Figure 1C and 1D).

Previous studies have shown that LATS1/2 are
HSP9O0 clients and EGCG is a natural HSP90
inhibitor [31-33]. As a molecular chaperone,
HSP9O typically promotes the stability of its cli-
ent proteins. Thus we hypothesized that EGCG
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Figure 1. EGCG treatment mediates ubiquitination and protein degradation of LATS1 and LATS2 in colorectal cancer
cells. (A) Subconfluent HCT116 cells were treated with EGCG at concentrations of 0, 25, 50, 75, 100 and 125 uyM
for 24 hr. After treatment, cell lysates were analyzed by immunoblotting (IB) for the indicated antigens. An example
blot is shown on the upon. Data were expressed as mean + SD of three independent experiments. (B) RKO cells
were treated with different EGCG dose as in (A). Cell lysates were analyzed by immunoblotting for the indicated an-
tigens. An example blot is shown on the upon, summary data on the bottom Data were expressed as mean + SD of
three independent experiments. (C and D) HCT116 cells were transfected with Flag-LATS1 (C) and Flag-LATS2 (D),
42 h post-transfection, cells were treated with 100 uM EGCG and 20 yM MG132 for another 6 h. Cell lysates were
immunoprecipitated with anti-Flag antibody, followed by IB with indicated antibodies. (E) HCT116 cells were treated
with EGCG in the absence or presence of cycloheximide (CHX, 0.05 mg/mL) for the indicated times, cell lysates were
analyzed by immunoblotting for the expression of endogenous LATS1 and LATS2 proteins. Data were expressed as
mean * SD of three independent experiments.

we found that EGCG indeed enhanced CHIP
ubiquitin ligase activity (Figure S2A). Therefore,
we speculated that CHIP may participate in the
degradation of LATS1/2.

regulates the protein stability of LATS1/2.
Endogenous LATS1/2 turnover was faster in
EGCG-treated samples than in mock-treated
samples, when de novo protein synthesis was
blocked by treatment with cycloheximide (CHX)

(Figure 1E). Collectively, these results show To test this hypothesis, we first examined whe-

that EGCG induces downregulation of LATS1/2
at protein and poly-ubiquitination levels in CRC

cells.

CHIP interacts with and decreases LATS1/2

steady-state levels

HSPQO inhibition typically activates the E3
ubiquitin ligase CHIP, which works together with
HSP70 to promote the ubiquitination and pro-
teasomal and lysosomal degradation of mis-
folded or unfold HSP9O client proteins. Here,
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ther CHIP physically interacts with LATS1/2.
Ectopically expressed CHIP binds to LATS1
and LATS2 in HEK293T cells (Figure 2A and
2B). Domain-mapping experiments revealed
that CHIP associates with LATS1/2 via the
tetratricopeptide repeat (TPR) domain (data
not shown). Next, we tested whether CHIP
affects the steady-state levels of LATS1/2. We
observed that CHIP decreased LATS1 and
LATS2 protein levels in HEK293T cells. In addi-
tion, CHIP-mediated reductions in LATS1/2
were restored to control levels upon treatment

Am J Cancer Res 2023;13(4):1407-1424
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Figure 2. CHIP interacts with LATS1/2 and regulates LATS1/2 protein stability by mediating LATS1/2 ubiquitination.
(A and B) Physical interaction between Flag-LATS1 and Myc-CHIP (A), Flag-LATS2 and Myc-CHIP (B) in HEK293T cells.
Indicated plasmids were expressed in HEK293T cells, lysates were pulled-down with anti-Flag antibody followed by
IB with indicated antibodies. (C) CHIP mediated LATS1/2 degradation mainly via the proteasome pathway. Flag-
LATS1 and HA-LATS2 co-transfected with Myc-CHIP were expressed in HEK293T cells. 42 hr after transfection, cells
were treated with 20 yM MG132 or 50 uM NH,Cl for 6 hr and lysates were subjected to western blotting analysis.
(D) Knockdown of CHIP upregulates LATS1/2 and block the down-regulation of LATS1/2 by EGCG. HEK293T cells
were infected with either scrambled-shRNA or CHIP-shRNA lenti-viruses. EGCG treatment for 24 hr after 72 hr of
infection. Endogenous LATS1, LATS2 and CHIP levels were detected by immunoblotting with indicated antibodies. (E
and F) TPR domain of CHIP is required for CHIP mediated LATS1/2 downregulation. Flag-LATS1 (E) and Flag-LATS2
(F) co-transfected with Myc-CHIP WT or deletion mutants of CHIP (CHIPATPR, 135-303aa; CHIPAU-box, 1-189aa)
were expressed in HEK293T cells. Lysates were subjected to immunoblotting with indicated antibodies. (G and H)
E3 ligase activity of CHIP is required for CHIP mediated LATS1/2 downregulation. Flag-LATS1 (G) and Flag-LATS2 (H)
co-transfected with Myc-CHIP WT or point mutants of CHIP (CHIPX3%A CHIPH269Q, CHIP'23%4 CHIPR?72%) were expressed
in HEK293T cells. Lysates were subjected to immunoblotting with indicated antibodies. (I and J) CHIP overexpres-
sion increases LATS1/2 ubiquitination. HCT116 were transfected with Flag-LATS1 (I) and Flag-LATS2 (J) with overex-
pressed Myc-CHIP WT. Cell lysates were immunoprecipitated with anti-Flag antibody, followed by IB with indicated
antibodies.
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with MG132. However, CHIP-mediated LATS1/2
downregulation was unaffected by treatment

and inhibited their degradation by EGCG (Figure
2D). We then determined which region(s) of

with NH,CI (Figure 2C). These results indicate
that CHIP negatively regulates LATS1/2 levels
through the proteasomal degradation pathway.
Importantly, knockdown of CHIP enhanced the
steady-state levels of endogenous LATS1/2
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CHIP is/are critical for LATS1/2 degradation.
First, CHIP TPR and U-box deletion mutants
were used to map the specific region of CHIP
required for LATS1/2 degradation. Our results
showed that the CHIP TPR is necessary for
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LATS1 and LATS2 degradation (Figure 2E and
2F). Surprisingly, a CHIP U-box deletion mutant
(lacking the E3 ligase U-box domain) was still
able to decrease LATS1/2, as previously report-
ed [34, 35]. Next, we generated CHIP con-
structs with point mutations and repeated this
experiment. A K30A mutation in the CHIP TPR
domain disrupts interactions with HSP70/90
chaperone proteins, whereas 1235A, H260Q,
and R272A mutations in the CHIP U-box domain
all abolished its E3 ligase activity. WT CHIP, but
not CHIP mutants (K30A, H260Q, 1235A, and
R272A) were found to decrease LATS1 and
LATS2 (Figure 2G and 2H).

Given that CHIP is an E3 ligase that physically
associates with LATS1/2, we speculated that
LATS1/2 may be poly-ubiquitinated by CHIP. We
performed in vivo ubiquitination experiments
by overexpressing Flag-tagged LATS1 or LATS2
and Myc-tagged CHIP in HEK293T cells. CHIP
incorporated poly-ubiquitin chains into LATS1/2
(Figure 2l and 2J). In contrast, LATS1/2 dis-
played decreased poly-ubiquitination when
CHIP was knocked down (Figure S2B and S2C).
On the basis of these data, we propose that
CHIP-mediated poly-ubiquitination of LATS1/2
targets it for proteasomal degradation.

EGCG induces YAP hypo-phosphorylation,
nuclear localization and activation in CRC cell
lines

LATS1/2 is the major upstream kinase for YAP/
TAZ phosphorylation, nuclear localization, and
transcriptional coactivator activity. To investi-
gate whether EGCG-mediated LATS1/2 reduc-
tion leads to YAP/TAZ hypo-phosphorylation,
HCT116 cells were treated with EGCG. We
observed that levels of endogenous YAP protein
were moderately increased in a dose- and time-
dependent manner. Additionally, Ser127 and
Ser381, two major sites on YAP that are phos-
phorylated by LATS1/2, exhibited decreased
phosphorylation levels, as detected by com-
mercially available phospho-YAP specific anti-
bodies (Figures 3A and S3A-C). Similar YAP and
phospho-YAP trends were also observed in RKO
cells (Figures 3B, S3D and S3E). Neither TAZ
nor YAP mRNA levels changed in CRC cells in
response to EGCG (Figure S3F). Phosphoryla-
tion at YAP Ser127 by LATS1/2 creates a bind-
ing motif for cytoplasmic protein 14-3-3, which
promotes YAP cytoplasmic retention and in-
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activation. However, phosphorylation at YAP
Ser381 by LATS1/2 produces a docking site for
the E3 ligase beta-TrCP, which leads to YAP
ubiquitination and degradation. We hypothe-
sized that EGCG-mediated YAP Ser381 hypo-
phosphorylation accounted for the observed
YAP protein upregulation. To this hypothesis, we
mutated all five LATS1/2 phosphorylation sites
on YAP (YAP 5SA) [36] or constructed individual
YAP S127A and YAP S381A mutations as previ-
ously described. Experiment with HCT116 cells,
ectopically expressing YAP 5SA, YAP S127A, or
YAP S381A showed that the YAP 5SA and YAP
S381A phospho-resistant mutants ablated
responses to EGCG (Figure 3C). We further ana-
lyzed the subcellular localization of overex-
pressed YAP in HCT116 cells by immunofluo-
rescence. We found that a portion of YAP was
translocated into the cell nucleus after EGCG
treatment (Figure 3D). Nuclear-cytoplasmic
fractionation assays in HCT116 cells further
confirmed that EGCG treatment increased
endogenous nuclear YAP levels (Figure 3E).
Collectively, these results show that EGCG
induces hypo-phosphorylation and nuclear
localization of YAP in CRC cells.

We also investigated the effects of EGCG treat-
ment on YAP transcriptional activity in CRC
cells. Previous studies have shown that dephos-
phorylated YAP binds to TEAD transcription fac-
tors to promote transcription of target genes
such as CTGF and CYR61 [37-39]. The com-
pound Verteporfin (VP) reportedly specifically
disrupts YAP-TEADs interactions, thus inhibiting
YAP-TEADs complex formation and transcrip-
tional activity. Therefore, we examined the
expression of YAP target genes in response to
EGCG. In HCT116 and RKO cells, EGCG treat-
ment significantly induced the expression of
CTGF, CYR61 and ANKRD1, whereas VP par-
tially blocked their upregulation (Figures 3F
and S4A). We also examined the effect of EGCG
treatment on YAP transcriptional activity using
the previously described 8xGTIIC-luciferase
reporter [40]. EGCG strongly induced YAP acti-
vation on the synthetic promoter of the 8xGTI-
IC-luciferase reporter, which was alleviated by
VP treatment (Figure 3G). In order to further
study the relationship between YAP and EGCG
treatment, we generated HCT116 and RKO
cells with stable YAP knockdown (Figure S4B
and S4C). EGCG-induced expression of CTGF,
CYR61 and ANKRD1 was substantially reduced
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Figure 3. EGCG upregulates the nuclear translocation and transcriptional activity of YAP in colorectal cancer cells.
(A, B) Subconfluent HCT116 (A) cells or RKO cells (B) were treated with EGCG at concentrations of 0, 25, 50, 75,
100 and 125 pM for 24 hr. After treatment, cell lysates were analyzed by immunoblotting for the indicated antigens.
(C) HCT116 cells were transfected with Flag-YAP 5SA, Flag-YAP S127A, or Flag-YAP S381A mutants, EGCG treatment
was performed as the same as in (A), cell lysates were prepared for immunoblotting with the indicated antibodies.
(D, E) HCT116 cells were treated with solvent or EGCG for 24 hr, the subcellular localization of YAP was detected by
immunofluorescence (IF) analysis (D) and nuclear-cytoplasmic fractionation assay (E) with the indicated antibodies.
(F) HCT116 and RKO cells were treated with solvent or Verteporfin (VP, a specific YAP-TEAD inhibitor) in combination
with or without EGCG (75 puM) for 24 hr, mRNA expression of CTGF and CYR61 were detected by qPCR. (G) HCT116
cell were co-transfected with YAP responsive reporter 8xGTIIC-luciferase and Renilla and treated with solvent or VP
in combination with or without EGCG (75 puM) for the indicated times, dual luciferase reporter assay were performed
to quantify YAP transcriptional activities. (H) shNC and shYAP HCT116 or RKO cells were treated with EGCG (75
uM) for 24 hr, CTGF and CYR61 mRNA levels were analysed by qPCR. (I) shNC and shYAP HCT116 cell clones were

1416 Am J Cancer Res 2023;13(4):1407-1424



Improving the effect of EGCG in CRC

co-transfected with YAP responsive reporter 8xGTIIC-luciferase and Renilla and were treated with EGCG (75 uM) for
the indicated times, dual luciferase reporter assay was performed to quantify YAP transcriptional activities. (J) YAP
overexpression HCT116 cells were firstly treated with EGCG (75 puM) for 24 hr, chromatin immunoprecipitation assay
confirmed that EGCG treatment increased YAP binding on CTGF and CYR61 promoter.

under these conditions (Figures 3H and S4D).
Similarly, YAP knockdown mitigated EGCG-in-
duced YAP-mediated activation of the 8xGTIIC-
luciferase reporter (Figure 3l). ChIP assays
showed that EGCG-mediated CTGF and CYR61
expression was at least partially dependent on
YAP (Figure 3J). Collectively, these data indi-
cate that EGCG induces YAP hypo-phosphoryla-
tion, nuclear translocation and transcriptional
activation in CRC cell lines.

YAP knockdown sensitizes CRC cells to EGCG
partially by decreasing cell proliferation

LATS1/2 are classic tumor suppressors while
YAP usually functions as an oncoprotein. In
many cancers, YAP promotes tumorigenesis
through multiple mechanisms such as acceler-
ation of cell cycle progression. In the current
study, we hypothesized that EGCG mediated
LATS1/2 degradation and YAP activation in
CRC cells could counteract the tumor-suppres-
sive role of EGCG in cell cycle regulation. If true,
knockdown of YAP in CRC cells would increase
the anti-tumor activities of EGCG. Therefore,
cell viability was assessed with the MTT assay,
EdU labeling, colony formation analysis and cell
cycle analysis. In both HCT116 and RKO cell
lines, MTT and colony formation assays showed
that cell growth was decreased by combined
treatment with EGCG and YAP shRNA (Figure
4A-D). We further investigated the effect of
EGCG on the cell cycle distribution of RKO cells
stably expressing shYAP or a negative control
shRNA (shNC). Flow cytometric cell cycle analy-
sis revealed that combined YAP knockdown
and EGCG treatment induced CRC cell accumu-
lation in sub-GO/G1 phase and reduced cells in
S phase, with little change in G2 phase (Figure
4E). Consistently, the number of EdU-positive
cells following combined treatment with EGCG
and shYAP was substantially smaller than that
in the groups treated with YAP shRNA or EGCG
alone (Figure 4F). Altogether, these results indi-
cate that YAP silencing combined with EGCG
treatment decreases CRC cell proliferation.

YAP knockdown sensitizes CRC cells to EGCG
partially by promoting cell apoptosis

YAP downregulation promotes apoptosis by
affecting multiple biological processes, includ-
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ing the accumulation of ROS [41]. To demon-
strate the impact of combined EGCG treatment
and YAP knockdown on ROS generation in CRC
cells, ROS was detected using DCFH-DA, a fluo-
rescent dye. Fluorescence intensity is propor-
tional to ROS levels. RKO cells with both YAP
knockdown and EGGC treatment exhibited
stronger fluorescence signal than RKO cells
treated only with EGGC (without YAP knock-
down) (Figure 5A). Similar results were
observed in HCT116 cells (Figure 5B). In addi-
tion, flow cytometry revealed that RKO cells
with both EGCG-treatment and YAP knockdown
were more apoptotic than control RKO cells
(Figure 5C). In summary, EGCG-induced YAP
activation plays an important role in anti-apop-
tosis. Additionally, knockdown of YAP enhances
the anti-tumor activities of EGCG in CRC cells at
least partially through inhibiting cell prolifera-
tion and promoting cell apoptosis.

Downregulation of YAP sensitizes CRC cells
to EGCG patrtially through modulation of the
epithelial-mesenchymal transition (EMT) and
MDR gene expression

Both EMT and MDR can be involved in tumor
progression and recurrence. Of interest, YAP
can directly or indirectly affect these biological
processes [42-46]. Therefore, we analyzed
changes in wound-healing behavior, EMT mark-
ers expression and MDR gene expression lev-
els. The wound-healing experiments showed
that the migratory capacity of shYAP RKO cells
was significantly reduced in response to EGCG
treatment, when compared to shNC+EGCG
RKO cells (Figure 6A). Accordingly, shYAP com-
bined with EGCG enhanced the expression of
E-cadherin and ZO0-3, but suppressed the
expression of mesenchymal marker genes
(N-cadherin and vimentin), the EMT transcrip-
tion factors Snail and Slug, in HCT116 and RKO
cells (Figure 6B and 6C). Similarly, while EGCG
treatment slightly increased the expression of
some MDR genes, such as ABCB1, ABCC1, and
ABCG2, EGCG treatment in YAP knockdown
RKO and HCT116 cells reduced ABCB1 and
ABCC1 expression (Figure 6D and 6E). These
results suggest that EGCG mediated YAP acti-
vation in CRC cells antagonizes the therapeutic
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Figure 4. YAP knockdown sensitizes colorectal cancer cells to EGCG partly through decreased cell proliferation. (A
and B) Stable knockdown RKO cell lines (A) or HCT116 cell lines (B) with shYAP and shNC were exposed to EGCG
(50 uM) and cell proliferation was measured by MTT assay at the indicated time points. (C and D) Stable knockdown
RKO cell lines (C) or HCT116 cell lines (D) with shYAP and shNC were treated with EGCG (50 uM) for two weeks,
colony formation assay was performed to evaluate the clonogenic ability of cells. Cells were stained by crystal violet
in the left panel and quantified in the right panel. (E) RKO cells were treated with EGCG (50 uM) for 24 hr, and cell
cycle distribution was analyzed by flow cytometry. Representative flow cytograms are shown in the left panel. (F)
Proliferation in shNC or shYAP RKO cells in (A) was detected using the EdU assay and fluorescence microscope after
treated with EGCG (50 pM) for 24 hr. Representative picture as shown in the right panel. All assays were performed
in triplicate and repeated three times.

effect of EGCG at least partially through EMT ruption, are major problems in CRC treatment.
and drug efflux pumps. Combining traditional anti-neoplastic drugs

with bioactive plant-derived primary or second-
Discussion ary metabolites has been an active area of

research in recent years. These combination
Resistance to chemotherapy, tumor recur- therapy strategies have been demonstrated to
rence, and side effect-induced treatment inter- exert additive or synergistic effects on cancer
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Figure 5. YAP knockdown sensitizes colorectal cancer cells to EGCG partly through increased cell apoptosis. (A
and B) ShNC or shYAP RKO cells (A) or HCT116 cells (B) were treated with or without EGCG (50 uM) for 24 hr. The
contents of ROS were measured using an inverted fluorescence microscope using the DCFH-DA fluorescent dye.
Representative photographs (left), and the corresponding cumulative data (right). Data were expressed as mean +
SD of three independent experiments. (C) Flow cytometric analysis of shNC or shYAP RKO cells were treated with
or without EGCG (50 uM) for 24 hr, Flow cytometry profile represented FITC-Annexin V staining on the X axis and Pl

on the Y axis.

prevention and minimize treatment-induced
toxicity. EGCG, a compound from green tea, can
inhibit the proliferation of over 20 different can-
cer lines cell [47]. In the current study, we sys-
tematically investigated the effects and molec-
ular mechanisms of EGCG on Hippo signaling
transduction in CRC cells. We report that in
CRC cells exposed to EGCG, the core Hippo sig-
naling pathway kinase LATS1/2 is ubiquitinated
by the E3 ligase CHIP and degraded by the pro-
teasome. Additionally, the downstream effector
YAP translocates to nucleus and trans-activates
the expression of critical YAP target genes, ulti-
mately antagonizing the anti-tumor effects of
EGCG in CRC cell (Figure 6F).

1419

YAP is believed to be an oncoprotein that is
hyperactivated in many caner types where it
contribute to the tumorigenesis and recurrence
[42]. We found that EGCG activates YAP in CRC
cells. Similarly, other drugs such as doxorubi-
cin, 5-fluorouracil, and Taxol can also lead to
YAP nuclear translocation and activity to a cer-
tain extent [48-50]. Moreover, YAP expression
levels are positively correlated with colon can-
cer liver metastasis and recurrence after che-
motherapy [49]. Although the upstream mecha-
nisms are different, these data suggest that
YAP activation is the cause of chemotherapy
paradoxically promoting tumor cell survival/
proliferation. Research is clearly needed to fur-
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Figure 6. Downregulation of YAP sensitizes colorectal cancer cells to EGCG partially through modulation of the epi-
thelial mesenchymal transition and Multi Drug Resistance gene expression. (A and B) ShNC and shYAP RKO cells
(A) or HCT116 cells (B) were treated with EGCG (75 uM) for 24 hr, E-cadherin, Z0-3, N-cadherin, Vimentin, Snail
and Slug mRNA levels were analyzed by qPCR. (C) The cell migration capacity of the stable knockdown RKO cell
lines with shYAP and shNC was analyzed by using scratch assay following treatment with EGCG (50 uM) for 24 hr
(magnification, x100) and the percentage of wound closure was statistically analyzed. (D and E) ShNC and shYAP
RKO cells (D) or HCT116 cells (E) were treated with EGCG (75 puM) for 24 hr, ABCC1, ABCB1 and ABCG2 mRNA levels
were analyzed by gPCR. (F) This model describes the key role of YAP in antagonizing EGCG treatment in CRC cells.

1420 Am J Cancer Res 2023;13(4):1407-1424



Improving the effect of EGCG in CRC

ther demonstrate this paradox, since improving
chemotherapy’s effectiveness against tumors
is crucial. At the same time, Hippo-LATS based
tumor-suppressive pathway may play an impor-
tant role in improving anti-tumor effect [51-53].
Therefore, it will be interesting to investigate
whether and how YAP and other components of
the Hippo-LATS pathway interact to improve
anti-tumor effect.

Several recent reports have shown that EGCG
has strong anti-cancer activity and can inhibit
the PI3K-Akt and EGFR signal transduction
pathway and up-regulation of TP53 expression
[54-56]. However, the anti-tumor effects of
EGCG are still controversial in clinical contexts.
For example, due to the instability and rapid
metabolism of EGCG and its derivatives [57], it
is difficult to maintain effective local concentra-
tion of EGCG in tumors. EGCG is also less
potent than conventional anti-cancer drugs;
previous studies have shown that it is approxi-
mately 250-fold less effective than Adriamycin
in lung cancer cell lines [58]. Additionally, EGCG
may not completely eradicate tumor cells or
maintain its effects, indicating that it may pro-
mote the emergence and enrichment of drug-
resistant tumor cell subsets. This factor may
lead to unsatisfactory clinical outcomes follow-
ing EGCG treatment. To address this dilemma,
two options exist including long-term high-dose
EGCG therapy and administration of EGCG
together with other drugs. However, high doses
of EGCG triggers a series of side effects. Phase
I and 1l clinical studies have found that side
effect of EGCG use include hepatotoxicity, nau-
sea, insomnia, abdominal pain, and diarrhea,
among others [59-61]. Therefore, combining
EGCG with other drugs may be a better strategy
to restore drug sensitivity and balance cytotox-
icity. In our study, YAP may be a potential target
for reversing the EGCG sensitivity in CRC cells;
combine EGCG treatment and inhibition of YAP
activity may improve anti-tumor effects. Many
YAP inhibitors are currently in clinical trials, and
more clinical trials are clearly needed to evalu-
ate the anti-tumor efficacy and side effects of
EGCG combined with various doses and types
of YAP inhibitors.

Overall, our results suggest that inhibition of
YAP activity in CRC can be used in combination
with EGGC to improve anti-tumor effects. This
study expanded our understanding on the role
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of YAP in the antagonism of tumor therapy and
provided a theoretical basis for the further dis-
covery and utilization of EGCG in the clinic.
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Figure S1. EGCG regulates the degradation of LATS1/2 protein, not mRNA degradation or upstream regulation. (A)
Subconfluent HCT116 cells were treated with 100 uM of EGCG for the indicated times. After treatment, cell lysates
were analyzed by immunoblotting for the indicated antigens. (B and C) SW620 cells (B) and LoVo cells (C) were
treated with EGCG at concentrations of O, 25, 50, 75, 100 and 125 uM for 24 hr. After treatment, cell lysates were
analyzed by immunoblotting for the indicated antigens. An example blot is shown on the upon, summary data on
the bottom. Data were expressed as mean * SD of three independent experiments. (D) Subconfluent HCT116 cells
were treated with EGCG at concentrations of 0, 25, 50, 75, 100 and 125 uM for 24 hr. After treatment, cell lysates
were analyzed by immunoblotting for the indicated antigens. (E) HCT116 cells were treated with EGCG as the same
as in the (A), levels of LATS1 and LATS2 mRNA were assayed by qRT-PCR. (F) 24 hr after EGCG treatment, cells were
treated with 50 uM MG132 or 50 uM NH,Cl for 6 hr and lysates were subjected to western blotting analysis.
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Figure S2. EGCG activates CHIP’s E3 ubiquitin ligase activity and CHIP knockdown inhibits LATS1/2 poly-ubiquitina-
tion. (A) EGCG activates CHIP’s E3 ubiquitin ligase activity. HCT116 cells were transfected with Flag-CHIP, 42 hours
post-transfection, cells were treated with 100 uM EGCG and 20 yM MG132 for another 6 hr. Cell lysates were immu-
noprecipitated with anti-Flag antibody, followed by IB with indicated antibodies. (B and C) CHIP knockdown inhibits
LATS1/2 poly-ubiquitination. HCT116 cells were infected with either scrambled-shRNA or CHIP-shRNA lenti-viruses.
72 hr after infection, cells were transfected with Flag-LATS1 (B) or Flag-LATS2 (C), 42 hr post-transfection, cells were
treated with 20 yM MG132 for another 6 hr. Cell lysates were immunoprecipitated with anti-Flag antibody, followed

by IB with indicated antibodies.
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Figure S3. EGCG regulates YAP protein, not mRNA. (A) Subconfluent HCT116 cells were treated with 100 uM of
EGCG for the indicated times. After treatment, cell lysates were analyzed by immunoblotting for the indicated anti-
gens. (B and C) Summary analysis for immunoblots displayed in Figure 3A. Data were expressed as mean * SD of
three independent experiments. (D and E) Summary analysis for immunoblots displayed in Figure 3B. Data were
expressed as mean + SD of three independent experiments. (F) HCT116 cells were treated with EGCG as the same
as in the (A), levels of YAP mRNA were assayed by qRT-PCR.
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Figure S4. EGCG upregulates the mRNA expression of ANKRD1. (A) The mRNA expression level of ANKRD1 in RKO
and HCT116 cell samples from Figure 3F was analyzed by gPCR. (B and C) Western Blot (B) and qPCR (C) were used
to analyze the protein and mRNA expression levels of YAP in HCT116 and RKO cell lines with YAP knockdown. (D)
The mRNA expression level of ANKRD1 in RKO and HCT116 cell samples from Figure 3H was analyzed by qPCR.



