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Targeting the ILK/YAP axis by LFG-500 blocks
epithelial-mesenchymal transition and metastasis

Cheng-lin Li', Juan Li', Shu-yuan Gong', Meng Huang’, Rui Li', Gui-xiang Xiong", Fan Wang', Qiu-ming Zou?, Qi Qi? and Xiao-xing Yin'

Metastasis is the main cause of mortality in patients with cancer. Epithelial-mesenchymal transition (EMT), a crucial process in
cancer metastasis, is an established target for antimetastatic drug development. LFG-500, a novel synthetic flavonoid, has been
revealed as a potential antitumor agent owing to its various activities, including modulation of EMT in the inflammatory
microenvironment. Here, using a transforming growth factor beta (TGF-f)-induced EMT models, we found that LFG-500 inhibited
EMT-associated migration and invasion in human breast cancer, MCF-7, and lung adenocarcinoma, A549, cell lines, consistent with
the observed downregulation of YAP activity. Further studies demonstrated that LGF-500-induced suppression of YAP activation
was mediated by integrin-linked kinase (ILK), suggesting that the ILK/YAP axis might be feasible target for anti-EMT and
antimetastatic treatments, which was verified by a correlation analysis with clinical data and tumor specimens. Hence, our data
support the use of LGF-500 as an antimetastatic drug in cancer therapy and provide evidence that the ILK/YAP axis is a feasible

biomarker of cancer progression and a promising target for repression of EMT and metastasis in cancer therapy.
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INTRODUCTION

Tumor metastasis is the primary cause of mortality in cancer
patients. However, the biology of metastases and the develop-
ment of druggable targets against tumor metastasis have not
been well defined. Epithelial-mesenchymal transition (EMT)
enables the escape of cells from primary tumors, promoting the
outgrowth of metastases, and it has been established as a target
for metastatic treatment in both preclinical and clinical studies, as
well as for investigations on antitumor drugs [1]. The most
prominent features of EMT are enhanced migration and invasion
of cancer cells, which are utilized as two functional parameters to
assess the modulation of EMT/metastasis in cancer [2]. During
EMT, the levels of the related proteins, N-cadherin and vimentin,
are upregulated, whereas E-cadherin and ZO-1 are downregu-
lated, which can be used as markers for EMT assessment at the
protein level [3]. Moreover, transcriptional repressors of E-
cadherin, such as Snail and Slug, are two markers of EMT at the
transcriptional level [4].

Yes-associated protein (YAP), a transcription modulator, is the
downstream effector of the Hippo signaling pathway, whose
transcriptional activity plays a critical role in EMT and metastasis
[5-7]. The transcriptional activity of YAP depends on its nuclear
translocation and binding to the transcription factor TEAD,
eliciting gene expression signals for EMT [8, 9]. Activation of the
Hippo signaling pathway is mediated by a sequential phosphor-
ylation cascade of serine/threonine kinases MST1/2 and Lats1/2,
leading to YAP phosphorylation, which blocks YAP nuclear

translocation and suppresses its oncogenic activity [10]. Hence,
activation of the Hippo signaling pathway is a well-recognized
strategy for the management of tumor EMT and metastasis.
Various signaling cascades have been demonstrated to regulate
the Hippo pathway and YAP activation in cancer [11, 12]. Integrin-
linked kinase (ILK), a serine/threonine protein kinase, plays
important roles in tumorigenesis, including cell proliferation,
angiogenesis, metastasis, and drug resistance [13-15]. The role of
ILK in EMT has also been revealed [16-18], which is involved in
various mechanisms, such as activation of NF-kB and PI3K/Akt
signaling pathways. Recently, ILK has been reported as an
upstream inhibitor of the Hippo signaling pathway and has been
considered a therapeutic target for cancer treatment [19, 20].
However, the underlying mechanisms of the regulation of the ILK/
YAP axis and anticancer compounds targeting the ILK/YAP axis
have not been identified.

LFG-500 (C30H3,N;05), a novel synthetic flavonoid, has been
demonstrated as a potential antitumor agent owing to its anti-
inflammatory and anticancer effects [21, 22]. We also found that
LFG-500 suppresses EMT in lung adenocarcinoma cells within an
inflammatory microenvironment [23]. In order to provide more
evidence for developing LFG-500 as an anticancer drug, it is
necessary to fully elucidate the anti-EMT effects as well as
underlying mechanisms of LFG-500 action.

Herein, the anti-EMT activity of LFG-500 was investigated in
transforming growth factor beta (TGF-f)-induced EMT model.
Mechanistic studies suggested that YAP activity was blocked via
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ILK inhibition by LFG-500, providing more evidence for the ILK/
YAP axis as a target for EMT modulation. In addition, the clinical
relevance of ILK/YAP axis and cancer metastasis has also been
defined, which provides a theoretical foundation for the applica-
tion of LFG-500 as an antimetastatic drug for cancer treatment.

MATERIALS AND METHODS

Drug and reagents

LFG-500 (99.1% purity) was dissolved in dimethyl sulfoxide
(DMSO) and stored at —20°C. Before each in vitro study, the
stock solution was diluted with medium to the required
concentrations. The controls were treated with the same amount
of carrier solvent (0.1% DMSO) in the corresponding experiments.
LFG-500 injection was supplied by Professor Qing-long Guo (China
Pharmaceutical University, Nanjing, China) for the in vivo study.
The YAP (S127A) plasmid was a kind gift from Professor Xiu-ping
Zhou (Xuzhou Medical University, Xuzhou, China). Antibodies
against B-actin (AP0060) were obtained from Bioworld (St. Louis
Park, MN, USA). Antibodies against E-cadherin (Cat# 3195), N-
cadherin (Cat# 13116), vimentin (Cat# 5741), Snail (Cat# 3879),
Slug (Cat# 9585), MST1 (Cat# 14946), p-MST1/2 (T183/T180)
(Cat# 49332), YAP (Cat# 14074), p-YAP (S127) (Cat# 13008), Lats1
(Cat# 9153), p-Lats1 (T1079) (Cat# 8654), MYPT (Cat# 8574), p-
MYPT (T696) (Cat# 5163), Merlin (Cat# 12888), and p-Merlin
(5518) (Cat# 13281) were purchased from Cell Signaling Technol-
ogy (Shanghai, China). Antibodies against ILK (ab52480), ZO-1
(ab96587), and TEAD4 (ab97460) were obtained from Abcam
(Cambridge, UK). IRDyeTM800-labeled secondary antibodies were
purchased from Rockland Immunochemicals Inc. (Philadelphia, PA,
USA). All other reagents were obtained from standard commercial
sources.

Cell culture

Human breast cancer MCF-7 and MDA-MB-231 cell lines, human
hepatocellular carcinoma HepG2 cell line, human colorectal cancer
SW480, and human lung adenocarcinoma A549 cell line were
obtained from the Cell Bank of Shanghai Institute of Biochemistry
and Cell Biology (Chinese Academy of Sciences, Shanghai, China).
MCF-7 and A549 cells were cultured in RPMI-1640 and F-12 media,
respectively (Gibco, Invitrogen, Carlsbad, CA, USA). MDA-MB-231
and SW480 cells were cultured in Leibovitz's L-15 medium, and
HepG2 cells were maintained in DMEM. The growth medium was
supplemented with 10% fetal bovine serum (ExCell Bio, Taicang,
Jiangsu, China). Human mammary epithelial MCF10A cells were
purchased from the American Type Culture Collection (Manassas,
VA, USA) and cultured in a 1:1 mixture of F-12 medium and DMEM
(DMEM/F-12), containing 0.1 pg/mL cholera enterotoxin, 10 ug/mL
insulin, 0.5 pg/mL hydrocortisone, 20 ng/mL epidermal growth
factor, and 5% horse serum. The cells were maintained in a
humidified atmosphere under standard culture conditions (95%
air, 5% CO,, and 37 °C).

Spontaneous metastasis mouse model

Male PyMT mice (FVB/N-Tg [MMTV-PyVT] 634Mul/J mice) were
obtained from the Model Animal Research Center of Nanjing
University (Certificate No. SCXK-[Su] 2010-001) and were randomly
bred with homozygous FVB females to obtain female MMTV-PyMT
mice. The animals were raised in stainless steel cages under strictly
controlled conditions (22 + 2 °C, 55%-65% humidity, 12 h light/day
cycle) and provided ad libitum access to food and water. All
animal experimental and surgical procedures were performed
according to the Guide for the Care and Use of Laboratory
Animals. The study was approved by the Committee on Ethics of
Animal Experiments of the Xuzhou Medical University. The
surgeries were performed under sodium pentobarbital
anesthesia (Sigma-Aldrich, St. Louis, MO, USA) to minimize animal
suffering.
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Chamber migration and invasion assay

Chamber migration and invasion assays were conducted using a
transwell system (10-mm diameter, 8-um pore-size, polycarbonate
membrane; Corning Costar, Cambridge, MA, USA) as previously
described [24, 25]. The migrated or invaded cells were stained
with 0.5% crystal violet and quantified by manual counting in five
randomly chosen fields for each group.

Immunofluorescence and Western blot assay

YAP nuclear translocation in cells was measured using immuno-
fluorescence assay as previously described [26]. For Western blot
assay, cells were collected and Western blot analysis was
performed according to our previously reported methods [27].
Blots were analyzed using the Odyssey Infrared Imaging System
(LI-COR Inc., Lincoln, NE, USA). Polyclonal anti-B-actin was used to
verify equal protein loading.

Electrophoretic mobility shift assay (EMSA)

The DNA-binding activities of TEAD4 in nuclear extracts were
assessed using EMSA utilizing the EMSA kit (Beyotime Biotechnol-
ogy, Nantong, China) with biotin-labeled double-stranded TEAD
oligonucleotides (Viagene Biotech Inc., Tampa, Florida, USA)
according to the manufacturer's recommendations. The forward
oligo of the TEAD probe (5'-3') was TTCGGGACCAGGCCTGGAATG
TTTCCACC/biotin/ [28].

Luciferase reporter assay

The 8xGTlIC-luciferase (a gift from Stefano Piccolo, Addgene
plasmid #34615) and pRL-SV40 (Renilla luciferase driven by SV40)
reporter constructs (Promega, Madison, WI, USA) were transfected
into the cells. Luciferase activity was assessed after the cells were
treated with TGF-B and various concentrations of LFG-500 (2, 4, or
8 uM) using the Dual-Luciferase” Reporter Assay System (Promega,
Madison, WI, USA).

Real-time PCR

Total RNA isolation and real-time PCR were conducted as
described previously [29]. The primer sequences synthesized at
Sangon Biotech Co,, Ltd. (Shanghai, China) were as follows: human
ILK, 5/-TCC ACC TGC TCC TCA TCC-3' (forward) and 5’-CCT CAT
CAA TCA TTA CAC TAC GG-3' (reverse); B-actin, 5'-GGC GGC ACC
ACC ATG TAC CCT-3' (forward) and 5'-AGG GGC CGG ACT CGT CAT
ACT-3’ (reverse); mouse ILK, 5'-CAG TGG ATG CAG GGA TGA TGT
TCT G-3’ (forward) and 5’-AAA TGG GAC CCT GAA CAA ACA C-3/
(reverse); and f-actin, 5-AGA GGG AAA TCG TGC GTG AC-3/
(forward) and 5-CAA TAG TGA TGA CCT GGC CGT-3' (reverse).
Samples were run in the LightCycler 480 Real-Time PCR system
(Roche, Basel, Switzerland) at the following conditions: 95 °C for
10 min followed by 50 cycles of 95 °C for 15s, and 60 °C for 30s.

In vivo tumor growth and metastasis assay

Female MMTV-PyMT transgenic mice were randomly divided into
the following two groups (n = 7/group): vehicle control group and
30 mg/kg LFG-500 group. According to a previous study, female
MMTV-PyMT transgenic mice promptly develop breast carcinoma
at 10 weeks [30]. Thus, the mice were intravenously injected with
vehicle or LFG-500 solution every alternate day from week 11 until
death. Next, the tumors were collected and weighed. The lungs
were rapidly excised, washed, and fixed. The number of metastatic
nodules on the lung surface was counted using a dissecting
microscope. Histological sections of the lungs were stained with
hematoxylin and eosin to verify the presence of malignant
nodules and to determine the location and extent of the
micrometastatic foci.

Tissue microarray and immunohistochemistry

Breast cancer tissue microarray (TMA) was purchased from Shanxi
Alenabio Biotechnology (#BR20837a, Shanxi, China), which
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included 1-mm diameter dots of 104 primary breast cancer tissues
and 104 corresponding lymph nodes with metastases. All
experiments involving samples from human subjects were
performed in accordance with relevant guidelines and regulations.
The levels of proteins in lung metastatic nodules or TMA
specimens were examined using immunohistochemistry, accord-
ing to previously described methods [31].

Tissue microarray analysis

YAP and ILK staining in TMA specimens were scored indepen-
dently by two pathologists (who were blinded to the clinical data)
using a semiquantitative immunoreactivity score (IRS) as reported
previously [32]. Category A documented the intensity of
immunostaining on a scale of 0-2, with a score of 0 indicating
negative staining, 1 indicating weak staining, and 2 indicating
strong staining. Category B documented the percentage of
immunoreactive cells on a scale of 1-4, with a score of 1
indicating 0%-25% immunoreactive cells, 2 indicating 26%-50%
immunoreactive cells, 3 indicating 51%-75% immunoreactive
cells, and 4 indicating 76%-100% immunoreactive cells. IRS was
obtained by multiplying scores from categories A and B and
ranged from 0 to 8, and the expression was classified as low (IRS,
0-3) or high (IRS, 4-8).

Statistical analysis

Data from at least three independent experiments are expressed
as the mean+SEM. Differences between the groups were
evaluated using one-way analysis of variance and Dunnett’s post
hoc test. For TMA, the associations between YAP or ILK levels and
clinicopathologic parameters were evaluated using Fisher’s exact
test. The comparison of YAP or ILK levels in primary cancer tissues
and corresponding metastatic lymph nodes was performed using
the Wilcoxon test (grouped). All statistical analyses were
conducted using SPSS software (version 19.0; SPSS, Inc., Chicago,
IL). Significant differences were represented by *P < 0.05 or **P <
0.01.

RESULTS

LFG-500 inhibits EMT-associated migration and invasion in cancer
cells

Enhanced cellular motility and invasion are prominent features of
the EMT in cancer cells. Hence, LFG-500-treated cells were
subjected to cell migration and invasion assays. The data showed
that, within the noncytotoxic range of concentrations, a high dose
of LFG-500 suppressed cell migration and invasion in both MCF-7
and A549 cells (Fig. 1a, b). To validate the role of EMT in the anti-
migration and anti-invasion activities of LFG-500, TGF-B-induced
EMT cell models were employed [33, 34]. Data showed that TGF-3
induced cell motility, which could be reversed by LFG-500
administration (Fig. 1c, d). The transwell invasion assay also
showed that LFG-500 suppressed the enhanced invasion in a
concentration-dependent manner (Fig. 1e-g). These results
indicate that LFG-500 suppresses cell migration and invasion in
cancer cells, which may be involved in the repression of EMT.

Identification of the anti-EMT activity of LFG-500 in cancer cells

To further characterize the anti-EMT activity of LFG-500, the key
parameters of EMT were examined. Following treatment with TGF-
B and various concentrations of LFG-500, cell lysates were
collected and subjected to Western blotting. Data showed that
TGF-B decreased the expression of epithelial markers ZO-1 and E-
cadherin and increased the levels of mesenchymal markers N-
cadherin and vimentin in MCF-7 cells. LFG-500 reversed these
changes in a dose-dependent manner (Fig. 2a, b). Furthermore,
expression of Snail and Slug, known key regulators of EMT [35],
was also downregulated by LFG-500, which indicated the
repression of EMT by LFG-500 in MCF-7 cells (Fig. 2a, c). Similar
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effects on the EMT-related proteins of LFG-500 were also observed
in A549 cells (Fig. 2d-f). These data demonstrate that LFG-500
inhibits EMT in cancer cells, which may contribute to its
antimetastatic effects.

Repression of EMT by LFG-500 is associated with the Hippo-YAP
signaling pathway

Because the Hippo signaling pathway and the effector YAP activity
play important roles in EMT processes [5-9], we further
investigated whether the Hippo signaling pathway was regulated
by LFG-500. MCF-7 cells were treated as described above, and cell
lysates were analyzed using Western blotting with antibodies
against the core kinases of the Hippo signaling pathway. The data
indicated that following treatment with LFG-500, the levels of
phosphor-MST1/2, phosphor-Lats1, and phosphor-YAP were
upregulated in a dose-dependent manner (Fig. 3a, b). It was
noted that the levels of total YAP decreased with an increase in
phospho-YAP expression in cells treated with increasing concen-
trations of LFG-500 (Fig. 3a, c). These data indicate that LFG-500
stimulates Hippo signaling, leading to the repression of YAP
activity.

YAP oncogenic activity depends on its nuclear translocation and
binding to its cotranscription factor TEAD, promoting transcription
of genes that contribute to cancer initiation and progression
[36, 371. To identify the role of inhibition of YAP activity in LFG-
500-induced EMT repression, we first examined YAP nuclear
translocation in MCF-7 cells treated with LFG-500 in the presence
and absence of TGF-B. LFG-500 treatment remarkably reversed
TGF-B-induced nuclear localization of YAP (Fig. 3d). EMSA results
showed that LFG-500 inhibited binding activities in a dose-
dependent manner (Fig. 3e). Furthermore, the luciferase reporter
assay demonstrated that LFG-500 suppressed the transcriptional
activity of the YAP/TEAD complex (Fig. 3f).

To identify the relationship between regression of YAP activity
and EMT suppression by LFG-500, a continuously active YAP
mutant, YAP (S127A), was employed. Following verification of the
activity of YAP (S127A) using EMSA (Supplementary Fig. S1), cells
were transfected with vector/YAP (S127A) plasmids and treated
with TGF-B/LFG-500 and cell lysates were subjected to Western
blotting analysis. Consistent with the regulation of EMT markers
described above, cells overexpressing YAP (S127A) remarkably
demonstrated an enhanced expression of Snail and vimentin and
downregulated expression of E-cadherin (Fig. 3g, h). Notably, in
the presence of YAP (S127A), the regulatory activity of LFG-500 on
EMT markers was abolished (Fig. 3g, h). The cell migration assay
showed that cells expressing YAP (S127A) were resistant to LFG-
500, representing a low suppressive effect on TGF-B-induced cell
migration (Fig. 3i). The same observations were obtained in A549
cells (Supplementary Fig. S2). Collectively, these results demon-
strate that LFG-500 stimulates Hippo signaling and suppresses
YAP activity, which is associated with the blockade of EMT in
cancer cells.

Involvement of ILK in suppression of EMT by LFG-500 in cancer
cells

ILK, an ankyrin repeat-containing serine/threonine protein
kinase, has been shown to inhibit the Hippo signaling pathway,
which is mediated by inducing phosphorylation of MYPT and
downstream Merlin [19, 20]. Hence, we further examined the
effects of LFG-500 on the ILK/MYPT/Merlin cascade associated
with YAP activity and EMT. Our results showed that TGF-
induced ILK expression, whereas LFG-500 reversed the increase
in ILK in a dose-dependent manner (Fig. 4a, b and Supplemen-
tary Fig. S3a, b). In parallel with the regulation of ILK, levels of p-
MYPT and p-Merlin were downregulated by LFG-500 (Fig. 4a, ),
providing an increase in the induction of Hippo signaling and
inhibition of YAP activity by LFG-500 as described above. To
validate the role of ILK regulation in the anti-EMT effects of LFG-
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Fig. 1 LFG-500 inhibits the migration and invasion of MCF-7 and A549 cells induced by TGF-B. Effects of LFG-500 on the viability,
migration, and invasion of MCF-7 (a) and A549 (b) cells. Cells were incubated with different concentrations (2, 4, or 8 uM) of LFG-500 for 48 h,
then cell viability was examined by trypan blue dye exclusion assay, and migration and invasion ability were evaluated using chamber
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Fig. 3 Repression of EMT by LFG-500 associates with Hippo-YAP signaling pathway. MCF-7 cells were incubated with 5 ng/mL TGF-$ and
different concentrations (2, 4, or 8 pM) of LFG-500 for 48 h. a Effects of LFG-500 on the core kinases of Hippo signaling pathway. Levels of p-
MST1/2 (T183/T180), MST1, p-Lats1 (T1079), Lats1, p-YAP (S127), and YAP were detected by performing Western blotting with specific
antibodies; p-actin was used as a loading control. b, ¢ Densitometric analysis of the Western blots; n = 3. d LFG-500 reverses TGF-B-induced
YAP nuclear localization. Cells were immunostained with YAP antibody and DAPI. Representative cells are shown for each treatment (x200).
e The effects of LFG-500 on DNA-binding activities of TEAD4. The binding activity of nuclear extracts to oligonucleotides was detected by
EMSA. A labeled probe containing the area of TEAD binding site was utilized, and the bolt was representative of three experiments. Sale bar,
10um. f LFG-500 inhibits YAP/TEAD transcription activity in TGF-B-induced MCF-7 cells. The 8xGTIIC-luciferase and pRL-SV40 reporter
constructs were transiently transfected into MCF-7 cells. Following different treatment, the promoter activity was detected using the Dual-
Luciferase” Reporter Assay System. g Transfection with YAP (5127A) plasmid reverses the regulatory effects of LFG-500 on YAP and EMT
markers. MCF-7 cells were transfected with vector/YAP (S127A) plasmids and treated with TGF-B/LFG-500 (8 pM). Western blotting
was performed to detect the levels of YAP, p-YAP (S127), Snail, ZO-1, and Vimentin; p-actin was used as a loading control. h Densitometric
analysis of Snail, ZO-1, and Vimentin; n = 3. i Transfection with YAP (S127A) plasmid reverses the inhibitory effects of LFG-500 on TGF-f-
induced migration of MCF-7 cells. The cell mlgratlon was evaluated using chamber migration assay. *P <0.05 and **P <0.01 represent
5|gn|ﬁcant difference from the control group. "P<0.05 and *P<0.01 represent significant difference from the TGF-p group. P <0.05
and ¥P < 0.01 represent significant difference from the TGF-p and LFG-500 group.
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Fig. 4 Involvement of ILK in suppression of EMT by LFG-500. a Effects of LFG-500 on ILK/MYPT/Merlin cascade. Levels of ILK, MYPT, p-MYPY
(T696), Merlin, and p-Merlin (S518) were detected by performing Western blotting with specific antibodies; p-actin was used as a loading
control. b, ¢ Densitometric analysis of the Western blots; n = 3. d ILK overexpression reverses the regulatory effects of LFG-500 on ILK/YAP axis
and EMT markers. MCF-7 cells were transfected with vector/GV230-ILK plasmids and treated with TGF-B/LFG-500 (8 uM). Levels of ILK, p-YAP
(S127), YAP, Snail, ZO-1, and N-cadherin were detected by performing Western blotting with specific antibodies; -actin was used as a loading
control. e, f Densitometric analysis of the Western blots; n = 3. g ILK overexpression eliminates the inhibitory effects of LFG-500 on TGF-f-
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500, cells overexpressing ILK were subjected to LFG-500
treatment. The results showed that ILK overexpression abolished

Fig. S3¢, d), which was verified by migration assay. As shown
LFG-500 notably reversed the TGF-B-induced increase of

the suppressive effects of LFG-500 on EMT represented by the
unchanged levels of EMT markers (Fig. 4d-f and Supplementary
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migrated cells. Overexpression of ILK produced stronger
effects than those induced by TGF-B, which could not be
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abolished by LFG-500 administration (Fig. 4g and Supplemen-
tary Fig. S3e).

The above data indicate that protein levels of ILK are down-
regulated by LFG-500 and that LFG-500 exerts anti-EMT effects by
suppressing YAP activity in an ILK-dependent manner in MCF-7
and A549 cells. We also observed similar effects of LFG-500 in
MDA-MB-231, HepG2, and SW480 cell lines (Supplementary
Fig. S4). Hence, we examined the regulation of ILK by LFG-500
at the mRNA level. Following treatment with various concentra-
tions of LFG-500, mRNA levels of ILK decreased in a concentration-
dependent manner (Fig. 4h and Supplementary Fig. S3f). Collec-
tively, these data demonstrate that LFG-500 suppresses ILK mRNA
and protein expression, leading to activation of the Hippo
signaling pathway and decreased YAP activity, thereby causing
its anti-EMT activity.

Effects of LFG-500 on tumor metastasis is associated with
regulation of the ILK/YAP axis

As EMT is the key phenotype of cancer metastasis, the MMTV-
PyMT mouse model, an aggressive spontaneous breast cancer
genetic mouse model with a lung metastatic rate of over 90% [38],
was employed to demonstrate the inhibitory effects of LFG-500 on
EMT and metastasis in vivo. MMTV-PyMT transgenic mice that
developed early carcinoma were treated with LFG-500 (30 mg/kg)
and vehicle. LFG-500 treatment remarkably prolonged the survival
time of mice (Fig. 5a). In addition, tumor growth was dramatically
inhibited by LFG-500, as indicated by the lower tumor weights
compared to those in the control group (Fig. 5b). Importantly, LFG-
500 remarkably inhibited lung metastasis, represented by fewer
numbers and smaller metastatic nodules than those in control
mice (Fig. 5¢, d).

To validate the regulation of the ILK/YAP axis and EMT by LFG-
500 in vivo, lung organs with metastatic nodules were examined
using immunohistochemical analysis. Data showed that consistent
with the in vitro data, LFG-500 decreased the expression of ILK
and YAP, whereas it increased phospho-YAP levels in vivo (Fig. 5e,
f). Downregulation of vimentin and upregulation of ZO-1 were
also observed in LFG-500-treated mice, which indicated a
prominent anti-EMT activity of LFG-500 in vivo. In addition,
consistent with the in vitro data, the mRNA levels of ILK were also
decreased by LFG-500 treatment (Fig. 5g). Collectively, these
results demonstrate that LFG-500 blocks cancer metastasis
associated with anti-EMT activity through the modulation of the
ILK/YAP axis.

Identification of ILK/YAP axis as a biomarker for diagnosis and
prognosis of metastatic cancer

Based on the findings that targeting the ILK/YAP axis confers anti-
EMT and antimetastasis activity, the role of the ILK/YAP axis in
cancer transformation and progression was further investigated.
First, normal human epithelial MCF10A cells transfected with YAP
(S127A) and vector were subjected to motility detection. The data
showed that YAP (S127A) induced cell migration, suggesting the
induction of EMT in MCF10A cells (Fig. 6a). Transfection of the
active form of YAP increased the expression of Snail and vimentin
and decreased the expression of E-cadherin and ZO-1, demon-
strating a prominent role of YAP in inducing EMT (Fig. 6b, c). Next,
the role of ILK in YAP-induced EMT was examined. Our results
showed that ILK induced YAP activity and cell migration (Fig. 6d,
e). Further data showed that ILK notably increased YAP expression
in parallel with the induction of EMT, represented by the regulated
levels of EMT markers (Fig. 6f, g).

To verify the role of the YAP/ILK axis in cancer progression
in vivo, we analyzed the clinical correlation with the Kaplan-Meier
plotter database. High expression of ILK and YAP was correlated
with poor survival in breast cancer patients (Fig. 7a, b), suggesting
that the ILK/YAP axis is a strong prognostic factor associated with
poor survival. YAP and ILK levels in primary cancer tissues and

SPRINGERNATURE

corresponding metastatic lymph nodes (YAP for 99 pairs; ILK for
94 pairs) were compared. Data showed that increased YAP levels,
especially enhanced nuclear expression of YAP, were observed in
metastatic lymph nodes (Fig. 7c and Supplementary Fig. S5).
Significant differences in the IRS of ILK expression between
metastatic lymph nodes and primary cancer tissues were also
detected (Fig. 7d). Additionally, YAP/ILK expression and clinico-
pathological features of patients with breast cancer at
different stages were analyzed. Data showed that YAP and ILK
levels in breast cancer tissues were significantly associated with
the malignant stage, but not with age (Tables 1 and 2 and
Supplementary Fig. S6). Using the clinical samples, the correlation
between ILK and YAP expression was analyzed, and the
data indicated a positive correlation between ILK and YAP
expression in metastatic lymph nodes, but not in primary cancer
tissues (Table 3). Taken together, these data demonstrate that ILK/
YAP closely correlates with the progression of cancer, as well as
the poor prognosis in cancer patients, showing a prominent
feature of biomarkers for diagnosis and prognosis of metastatic
cancer.

DISCUSSION

In the present study, we provide evidence demonstrating that
LFG-500, a small-molecule compound, exerts anti-EMT and
antimetastasis effects by targeting the ILK/YAP axis. This finding
highlights the role of the ILK/YAP axis in tumor malignancy and
cancer metastasis, which was validated by the analysis of clinical
specimens from cancer patients. In addition to the biomarker
features of the ILK/YAP axis in cancer progression, our data also
indicate that the ILK/YAP axis is a promising target for clinical
treatment of cancer metastasis.

LFG-500 is a synthetic anti-inflammatory and antitumor
flavonoid with improved oral bioavailability [21, 22]. Here, we
show that LFG-500 exerts anti-migration and anti-invasion effects
in both MCF-7 and A549 cells at concentrations with no
cytotoxicity, which are associated with suppression of EMT (Figs. 1
and 2). Further investigations indicated that LFG-500-induced YAP
activity confers the anti-EMT effects through downregulation of
ILK expression and concurrent activation of the Hippo signaling
pathway, which was verified by loss- and gain-of-function studies
(Figs. 3 and 4). The anti-EMT effects of LFG-500 were further
validated using in vivo studies, showing potent antimetastatic
effects in an MMTV-PyMT mouse model (Fig. 5). As an upstream
regulator, our data showed that ILK expression was down-
regulated by LFG-500 at both the protein and mRNA levels.
Collectively, our study demonstrates that LEG-500 suppresses EMT
through modulation of the ILK/Hippo/YAP signaling pathway. As a
pivotal regulator of cancer progression, ILK plays important roles
in the regulation of anchorage-dependent cell growth and
survival, cell motility and contraction, vascular development, and
EMT [39-42]. Here, we found that LFG-500 decreased ILK mRNA
levels, suggesting that the transcription of ILK may be regulated
by LFG-500. It has been reported that there are multiple
transcription factor binding sites within the ILK promoter,
including NF-kB [43]. Previously, our group has reported that
LFG-500 blocks cancer cell invasion via downregulation of NF-kB-
induced matrix metalloproteinase-9 expression [22]. Therefore, it is
possible that inhibition of NF-kB contributes to LFG-500-induced
downregulation of ILK, which will be comprehensively investi-
gated in our future work. In addition, as SMAD3/4 is the core
canonical factor of TGF-B-induced EMT signaling [44] and
potential regulator of ILK [45], the effects of LFG-500 on the ILK/
YAP axis are associated with SMAD3/4 function, which will be
explored in our future work.

With the pharmacological study of LFG-500 to demonstrate its
anti-EMT effects, data presented here imply that ILK/YAP axis is a
feasible biomarker and target for the management of advanced
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Acta Pharmacologica Sinica (2021) 42:1847 - 1859 SPRINGER NATURE



LFG-500 blocks EMT and metastasis via the ILK/YAP axis

CL Li et al.
1856
a b Vector + - c
200- 7 +  kDa E3 yaAp
Hl Snail
2 1501 YAP - " — 70 N 371 3 E-cadherin
8E —35 ° =3 z0-1 p
- O f a —_ . . %
25 1007 Snail Y 2, Vimentin %
£ % 59 é
S 50 E-cadherin oo %
—130 sy /
25 14 %
0- = %
z0-1 8 /
Vector + - —180 [7] %
S127A o /
P . + N i %
Vimentin _ 55 0
Vector + -
d 55
S127A
) B-actin AP - +
g 2 — 40
=
°
© _ 1.51
s
g % n f Vector - R g
538 GV230-ILK - + kDa
o ©
2% 0.5 — 55
5 ILK .
g -~ B3 LK
©
0- Hl YAP
Vi . YAP - ! — 70 3 Snail
ector . - 35 m 29 B3 E-cadherin
GV230-LK - * Snail | - 25 E N-cadherin %
= 9 = 1.59 Z0-1 %
. a = %
E-cadherin ﬁ — 130 -% O 3 Vimentin ?
P~
e —180 ST 1 TARE ’
1501 * N-cadherin | W — 130 ﬁ% H é § é
28 HAN 7
0 5= 0.5 H g % ?
T < 100 zo1 | SN % s HUN .
L eo & |HRIHANH HEIBE
D Y=
‘g; 50 Vimentin | Wi Sl | . Vector  + -
s — 55 GV230-LK - +
actin | @D
0- —1— 40
Vector + -
GV230-ILK - +
Fig. 6 ILK increases YAP expression in parallel with induction of EMT. Normal human epithelial MCF10A cells were transfected with YAP
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(S127A) or GV230-ILK plasmids. a YAP (S127A) induces cell migration. The cell migration was evaluated using chamber migration assay. b
Transfection with YAP (S127A) plasmid induces EMT in MCF10A cells. Western blotting was performed to detect the levels of YAP, Snail, E-
cadherin, ZO-1, and Vimentin; $-actin was used as a loading control. ¢ Densitometric analysis of YAP, Snail, E-cadherin, ZO-1, and Vimentin; n =
3.d ILK induced YAP transcription activity in MCF10A cells. Following different treatment, the promoter activity was detected using the Dual-
Luciferase” Reporter Assay System. e ILK overexpression increases migration of MCF10A cells. The cell migration was evaluated using chamber
migration assay. f Effects of ILK overexpression on the levels of YAP, EMT-related proteins in MCF10A cells. The levels of ILK, YAP, Snail, E-
cadherin, N-cadherin, ZO-1, and Vimentin were detected by performing Western blotting with specific antibodies; f-actin was used as a
loading control. g Densitometric analysis of the Western blots; n = 3. *P < 0.05 and **P < 0.01 represent significant difference compared with
control group.

cancers. The role of the ILK/YAP axis in cancer transformation
(EMT) was further validated in MCF10A cells (Fig. 6). Features of
the ILK/YAP axis in cancer patient survival, in the relationship of
ILK or YAP expression with tumor grades, as well as in the
correlation of ILK and YAP expression in the clinic were further
analyzed using the Kaplan-Meier plotter database and patient
specimens (Fig. 7 and Tables 1-3). The ILK/YAP axis is positively
correlated with increased grades of cancer and metastatic stages.
However, it is not a biomarker for cancer initiation and formation
based on the analysis of transcript expression of ILK and YAP in
adjacent normal and tumor tissues in The Cancer Genome Atlas
and GSE19804 databases (data not shown). Hence, the ILK/YAP
axis is a biomarker of cancer metastasis, and targeting the ILK/YAP
axis can be a potential strategy for advanced cancer treatment
and antimetastatic drug development.

SPRINGERNATURE

Since the discovery of ILK in 1996, accumulating evidence has
demonstrated ILK as a target for cancer treatment because of its
roles in biological processes associated with tumorigenesis
[43, 46, 47]. Targeting ILK to block cancer development and
progression has been demonstrated using gene knockdown
techniques, as well as small molecular inhibitors in vitro and
in vivo [48, 49]. However, no compound has been tested in clinical
trials worldwide. Therefore, the discovery of new agents targeting
ILK for cancer therapy is urgently needed. Flavonoids are natural
polyphenols found in plants, fruits, vegetables, teas, and medicinal
herbs. In the last decade, the use of phytochemical compounds,
including flavonoids, as an interesting and promising strategy for
cancer therapy was explored. The anticancer effect of flavonoids is
mainly due to their antioxidant and anti-inflammatory activities
and their potential to modulate molecular targets and signaling
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Fig. 7 YAP/ILK axis is a biomarker for diagnosis and prognosis of metastatic cancer. Survival analysis of ILK (a) and YAP (b) in breast cancer
obtained from the Kaplan-Meier Plotter database. Survival was evaluated as RFS (relapse free survival). ¢ Enhanced YAP levels were observed
in metastatic lymph nodes. Because some samples were lost during antigen retrieval or because relevant cells were absent in the core tissue,
YAP levels were examined in 99 pairs that provided both primary cancer tissues and corresponding metastatic lymph nodes. Representative
images are shown. Distribution of YAP staining (T tumor tissue, N metastatic lymph nodes, AIRS = IRSy — IRSy). P values were calculated using
Wilcoxon test (grouped). d Enhanced ILK levels were observed in metastatic lymph nodes. Because some samples were lost during antigen
retrieval or because relevant cells were absent in the core tissue, ILK levels were examined in 94 pairs that provided both primary cancer
tissues and corresponding metastatic lymph nodes. Representative images are shown. Distribution of ILK staining (T tumor tissue,
N metastatic lymph nodes, AIRS = IRSy — IRSt). P values were calculated using Wilcoxon test (grouped).

Table 1. Relationship between YAP expression and Table 2. Relationship between ILK expression and clinicopathological
clinicopathological features of patients with breast cancer. features of patients with breast cancer.
Variables n=99 cases Variables n=95 cases
Low? (%) High? (%) P° Low? (%) High? (%) PP
All patients 58 (58.6) 41 (41.4) All patients 49 (51.6) 46 (48.4)
Age, year 0.421 Age, year 0.539
<50 29 (54.7) 24 (45.3) <50 24 (48.0) 26 (52.0)
>50 29 (63.0) 17 (37.0) 250 25 (55.6) 20 (44.4)
Stage 0.030 Stage 0.019
1 44 (66.7) 22 (33.3) 1 38 (60.3) 25 (39.7)
11 14 (42.4) 19 (57.6) 1l 11 (34.4) 21 (65.6)

2Samples with IRS of 0-3 or with IRS of 4-8 were classified as having high
or low YAP expression, respectively.
PTwo-sided Fisher’s exact test.

2Samples with IRS of 0-3 or with IRS of 4-8 were classified as having high
or low ILK expression, respectively.
PTwo-sided Fisher’s exact test.
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Table 3. Correlation between ILK and YAP expression in primary
cancer and metastatic lymph nodes.

Variables Low® High? pb
Primary cancer® 0.381
ILK 49 46
YAP 56 39
Metastatic lymph node? 0.036
ILK 28 69
YAP 42 55

2Samples with IRS of 0-3 or with IRS of 4-8 were classified as having high
or low expression, respectively.

PTwo-sided Fisher’s exact test.

“n =095 cases.

91 =97 cases.

pathways [50]. In the present study, LFG-500, a novel synthetic
flavonoid with improved bioavailability after oral administration
[21, 22], has been shown to exert potent anti-EMT and
antimetastatic effects in vitro and in vivo via downregulation of
ILK, which sheds light on the utilization of flavonoid compounds
for cancer targeted therapy.

In summary, we provide compelling evidence demonstrating
that LFG-500 suppresses EMT and cancer metastasis through the
ILK/YAP axis. Moreover, the role of the ILK/YAP axis positively
correlates with the EMT process and cancer malignancy grades.
Our findings not only offer a potential candidate against EMT and
metastasis, but also delineate features of the ILK/YAP axis as a
biomarker and a target for advanced cancer treatment.
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