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Abstract: Verticillin A is a diketopiperazine compound which was previously isolated from Amanita flavorubescens Alk
(containing parasitic fungi Hypomyces hyalines (Schw.) Tul.). Here, we initially found, by wound healing assay and
Transwell assay in vitro, that verticillin A possesses an inhibitory effect against the migration and invasion of the human
colon cancer cell. Subsequently, c-mesenchymal-epithelial transition factor (c-Met) was identified as a molecular
target of verticillin A by screening key genes related to cell migration. Verticillin A-mediated c-Met suppression is at the
transcriptional level. Further study demonstrated that verticillin A suppressed ¢c-MET phosphorylation and decreased
¢c-MET protein level. In addition, verticillin A inhibited the phosphorylation of c-MET downstream molecules including
rat sarcoma (Ras)-associated factor (Raf), extracellular signal-regulated kinase (ERK), and protein kinase B (AKT).
Overexpression of Erk partially reversed the verticillin A-mediated anti-metastasis action in the human colon cancer
cell. More importantly, verticillin A also inhibited cancer cell metastasis in vivo. Thus, verticillin A can significantly inhibit
the migration and invasion of colon cancer cells by targeting c-Met and inhibiting Ras/Raf/mitogen-activated extra-
cellular signal-regulated kinase (MEK)/ERK signaling pathways. Therefore, we determined that verticillin A is a natural
compound that can be further developed as an anti-metastatic drug in human cancers.
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stone treatment is surgery. For early-stage cancers,
surgery alone may cure the disease (Lino-Silva et al.,
2019). Adjuvant chemotherapy following surgery is
recommended (Printz, 2017; Oh et al., 2018). Targeted

1 Introduction

Colorectal cancer (CRC) is the third-most com-
mon type of cancer and the third leading cause of

cancer-associated mortality worldwide (Lino-Silva
et al., 2019). There are four main treatments for colon
cancer patients: chemotherapy, radiotherapy, surgery,
and targeted therapy (Engstrom, 2012). The corner-

¥ Corresponding author
¥ The two authors contributed equally to this work
" Project supported by the Zhejiang Provincial Natural Science Foundation
of China (No. LY20H160039), the National Natural Science Founda-
tion of China (No. 31570811), and the Siyuan Foundation, Hongkong,
China

ORCID: Fei-yan LIU, https://orcid.org/0000-0003-1007-1366
© Zhejiang University and Springer-Verlag GmbH Germany, part of
Springer Nature 2020

therapy is a personalized cancer therapy (Kou et al.,
2017). However, more than 90% of cancer-related
mortality is due to metastasis, which increases the
difficulty of treatment (Budchart et al., 2017). Me-
tastasis is a complicated process, involving cell ad-
hesion, migration, and invasion. However, most steps
in metastasis remain unclear (Christiano et al., 2000;
Kou et al., 2017). Metastasis consists mainly of two
steps: (1) physical translocation of a cancer cell to a
distant organ; (2) development of the cancer cell into
a metastatic lesion at that distant location (Fan et al.,
2017). Once the formation of distant metastasis occurs,
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the mortality rate of CRC patients will increase sig-
nificantly (Cohen et al., 2017). Therefore, there is an
urgent need to develop chemotherapeutic agents to
prevent metastasis effectively.

The c-mesenchymal-epithelial transition factor
(c-MET) signaling system regulates many important
cellular processes in development, cell function, and
tissue homeostasis (Birchmeier et al., 2003). It has
been reported to be related to the development and
progression of many types of cancers (Mo and Liu,
2017). Recently, various studies have demonstrated that
overexpression or genetic aberration of ¢-Met occurs
in many cancers (Giordano et al., 1992; D'Amico et al.,
2016; Amold et al., 2017; Chiche et al., 2019), and c-Met
overexpression was reported to be associated with CRC
invasion and distant metastasis. Therefore, c-Mer might
be an important biomarker in CRC (Lee et al., 2018).

c-MET, the receptor tyrosine kinase encoded by
the Met proto-oncogene, is a cell surface receptor
(Organ and Tsao, 2011). The ligand of ¢c-MET was
identified as hepatocyte growth factor (HGF) (Ren
et al., 2005). Upon binding to HGF, ¢c-MET becomes
phosphorylated, which recruits intracellular signaling
molecules through a number of effector proteins to
activate various downstream pathways, including the
rat sarcoma (Ras)/extracellular signal-regulated ki-
nase (ERK), phosphoinositide-3 kinase (PI3K)/protein
kinase B (AKT)/mammalian target of rapamycin
(mTOR), signal transducer and activator of transcrip-
tion 3 (STAT3), focal adhesion kinase (FAK), and
c-Jun N-terminal kinase (JNK) pathways (Birchmeier
et al., 2003; Thayaparan et al., 2016; Xiang et al.,
2017). Overexpression of c-Met is related to tumor
growth and metastasis. Several inhibitors targeting
c-Met or the downstream molecules are at present in
preclinical studies or in clinical trial (Fodde et al.,
2001; Chaffer and Weinberg, 2011; Sipos and Galamb,
2012; Zhang et al., 2019).

Verticillin A, a natural compound, isolated from
the wild mushroom Amanita flavorubescens Alk, has
been identified as a potent anticancer agent in vitro
and in vivo (Liu et al., 2011; Zewdu et al., 2016). In a
previous study, we demonstrated that verticillin A
inhibited histone methyltransferases SUV39H1 and
MLLI1 to reduce H3K4me3 and H3K9me3 deposition
at a series of apoptosis regulatory gene promoters to
inhibit pancreatic cancer cell proliferation in vitro
(Paschall et al., 2015; Lu et al., 2018). The aim of the
present study is to explore whether verticillin A could

inhibit cancer metastasis. Wound healing assay and
Transwell assay were performed to assess the effect of
verticillin A on migration and invasion of colon can-
cer cells in vitro. Western blotting, quantitative real-
time polymerase chain reaction (qQRT-PCR), RNA
interference (RNAi) assay, and plasmid transient
transfection were also used in the present work to
elucidate its molecular mechanism.

2 Materials and methods
2.1 Cell lines

Colon cancer CT26, RKO, and DLD]1 cell lines
were obtained from the American Type Culture Col-
lection (Manassas, VA, USA), and were incubated in
high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (FBS), penicillin
(100 U/mL)/streptomycin (100 mg/mL) at 37 °C in an
atmosphere of 5% CO,.

2.2 Reagents

Verticillin A was isolated from mushroom with
purity of >99% as described previously (Liu et al.,
2011). Antibodies against c-MET, phosphorylated (p)-
MET (Y1234/1235), AKT, p-AKT, Ras, Ras-associated
factor (Raf), p-Raf, steroid receptor coactivator (Src),
and cellular myelocytomatosis viral oncogene (c-Myc)
were purchased from Cell Signaling Technology
(Beverly, MA, USA). Antibodies against ERK, p-ERK,
urokinase plasminogen activator (u-PA), and N-(4-
hydroxyphenyl) retinamide (HPR)-conjugated secondary
antibodies were supplied by Santa Cruz Biotechnology
(Santa Cruz, CA, USA).

2.3 Mice

BALB/c mice were purchased from the company
SLAC experimental animal in Shanghai, China. Fe-
male mice aged four to six weeks were used.

2.4 Cell viability analysis

Cell viability was tested by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Cells were seeded at a density of 8000 cells per well
in 96-well plates and allowed to adhere overnight.
Cell viability was assessed 48 h after treatment with
various concentrations of verticillin A, and absorb-
ance was measured at 570 nm wavelength.
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2.5 Wound healing assay

Cells were seeded into six-well plates to form a
confluent monolayer after 24 h incubation. Inter-
secting scratches were made across the center of the
well with a pipette tip and washed with phosphate-
buffered saline (PBS) to remove the detached cells.
Then cells were added with different doses of verti-
cillin A. The recording sites of each well were marked,
and representative images were taken at the marked
sites using a microscope (Nikon, Japan). The dis-
tances traveled by the cells were determined by
measuring the wound width.

2.6 Cell migration and invasion assays

The cell migratory ability was measured using
Transwell chambers (Corning, NY, USA) with 8-um
pore-sized filter. Matrigel basement membrane matrix
(Corning, NY, USA) was added to each well before
cells were plated on the upper chamber and incubated
at 37 °C for 30 min. Then cells with serum-free me-
dium were suspended in the upper chamber of the
Transwell insert. DMEM medium containing 10%
FBS with verticillin A or/and HGF (40 ng/mL) was
added to the lower chamber and incubated for 8—10 h
at 37 °C in a 5% CO, incubator. After that, the non-
invading cells were gently removed from the upper
chamber by a cotton-tipped swab. Invading cells in
the lower chamber were fixed with 100% methanol
and then stained with 1 g/L crystal violet, and counted
in five random fields.

2.7 qRT-PCR

Total RNA was extracted using TRIzol (Invi-
trogen, CA, USA) for qRT-PCR analysis of gene
expression. qRT-PCR reactions were performed in an
ABI PRISM 7300 system (Applied Biosystems, CA,
USA). The amplification of specific PCR products
was detected using SYBR Green PCR Master Mix
(Applied Biosystems, CA, USA). The used PCR pri-
mer sequences of human were shown in Table 1.

2.8 Western blot analysis

Cells were lysed in a total lysis buffer. The cell
lysates were separated on 12% gels and transferred to
a polyvinylidene fluoride (PVDF) membrane (Mili-
pore, Bellerica, MA, USA). The membrane was in-
cubated in 0.05 g/mL skimmed milk. Blocked mem-
branes were incubated with primary antibodies and

Table 1 Used PCR primer sequences of human

Gene Primer sequence

E-cadherin Forward: 5'-GCTCACATTTCCCAACTC-3'
Reverse: 5'-GTGGCAATGCGTTCTCTA-3'

c-Met Forward: 5'-CTTAGCCAACCGAGAGAC-3'
Reverse: 5'-GGGAAGGAGTGGTACAAC-3'
u-PA Forward: 5'-AAAACCTCATCCTACACA-3'
Reverse: 5'-ATCAGCTTCACAACAGTC-3'
RhoA Forward: 5'-GCTGGGCAGGAAGATTAT-3'
Reverse: 5'-GTGTGCTCATCATTCCGA-3'
RhoC Forward: 5'-CTCATCGTCTTCAGCAA-3'
Reverse: 5'-AGTGCTTCACCTCTGGGG-3'
p-actin Forward: 5'-ACACCCCAGCCATGTACGTT-3'

Reverse: 5'-“TCACCGGAGTCCATCACGAT-3'

secondary antibodies according to the manufacturers’
protocol. Immune complexes were detected with
enhanced chemiluminescence (Pierce ECL, Thermo
Scientific, MA, USA).

2.9 RNA interference assay

DLDI1, RKO, and CT26 cells expressing small
interfering RNA (siRNA) targeting ¢-Met or non-
targeting siRNA were generated using Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA, USA) fol-
lowing the manufacturer’s protocol. The sequence is
5-GCCCAACUACAGAAAUGGU-3' for human c-Met-
specific siRNA and 5'-UAGCGACUAAACACAUC
AAUU-3' for non-targeting siRNA. The sequence is
5'-GCCGCGTATGTCAGTAAAC-3' for mouse c-Met-
specific siRNA and 5-TTCTCCGAACGTGTCAC
GT-3' for non-targeting siRNA. Then the migration
and invasion capabilities of these cells were measured
by Transwell assay.

2.10 Plasmid transient transfection

Plasmids pcDNA3.1(+)-Erk and negative con-
trol were provided by Icartab (Jiangsu, China). To
overexpress Erk, cells were transfected with plasmids
for 24 h using Lipofectamine 2000 (Invitrogen, CA,
USA) according to the manufacturer’s protocol. Later,
cells were incubated with a different concentration of
verticillin A for 24 h to determine the cell migration
and invasion ability by Transwell assay.

2.11 In vivo study

Four to six weeks old BALB/c mice were inocu-
lated with murine colon cancer cell CT26 through tail
vein injection (1x10° cells/mouse). Three days later,
the mice were randomly divided into two groups.
Seven mice were used in each group. The experimental
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group was injected with verticillin A at a dosage of
1 mg/kg body weight. PBS was used as vehicle con-
trol. Injection was conducted every other day for 14 d.
Then the mice were sacrificed. The lung tissues of the
mice were taken out and fixed in formalin, and the
number of tumors was counted. Body weight was
measured to determine the toxicity.

2.12 Statistical analysis

In vitro data are presented as meantstandard
deviation (SD) of three independent experiments. Sta-
tistical analysis was performed using one-way analysis
of variance (ANOVA) and Student’s #-test. A P-value
of <0.05 was considered as statistically significant.

3 Results

3.1 Effect of verticillin A on survival of colon
cancer cells

Human colon cancer cells DLD1 and RKO, and
murine colon cancer cell CT26 were treated with
different concentrations of verticillin A for 48 h and
the survival rate was analyzed. The ICs, (half maxi-
mal inhibitory concentration) values of verticillin A
for DLD1, RKO, and CT26 were 895.7, 306.5, and
177.2 nmol/L, respectively. The results demonstrated
that verticillin A significantly suppressed colon can-
cer cell survival in a dose-dependent manner. The
sensitivity to verticillin A varied with the different
types of cells (Fig. 1).

3.2 Effects of verticillin A on colon cancer cell
migration and invasion in vitro

To examine the effects of verticillin A on cell
migration and invasion, we first conducted a wound-
healing assay in colon cancer cells DLD1, RKO, and
CT26. We found that verticillin A treatment re-
markably inhibited the ability of wound healing in
DLDI1, RKO, and CT26 cells, compared to the cells
without verticillin A treatment. The inhibitory effect
was about 50% after verticillin A treatment for 48 h in
DLDI1 and CT26. In addition, verticillin A signifi-
cantly inhibited colon cancer cell migration in a dose-
dependent manner (Fig. 2).

Through Transwell assay with Matrigel, we fur-
ther showed that verticillin A significantly reduced
colon cancer cell invasive ability dose-dependently.
The numbers of all three cell lines that invaded through
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Fig. 1 Cytotoxicity of verticillin A in colon cancer cells
Human colon cancer cells DLD1 (a) and RKO (b), and
murine colon cancer cell CT26 (c) were treated with dif-
ferent concentrations of verticillin A for 48 h and then ana-
lyzed by MTT assay to determine the sensitivity of different
types of colon cells to verticillin A. Data are presented as
meantstandard deviation (SD), n=3

the membranes were fewer than half of those under
untreated condition at higher concentrations (Fig. 3).
Our data demonstrated that verticillin A dose-
dependently inhibited colon cancer cell migration and
invasion.

3.3 Effects of verticillin A-targeted c-Met on colon
cancer cell migration and invasion

The above observation indicated that verticillin
A significantly inhibited the migration and invasion
of colon cancer cells DLD1, RKO, and CT26. In order
to find out which metastasis-related genes were af-
fected by verticillin A, qRT-PCR analysis was used to
screen the metastasis-related gene expression.
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Fig. 2 Effect of verticillin A on the migration of colon cancer cells in vitro
Verticillin A suppressed the migration of colon cancer cells in vitro. Colon cancer cells DLD1 (a), RKO (b), and CT26 (c)
were treated with 0.1 and 0.2 umol/L verticillin A for 24 and 48 h. Then the effect of verticillin A on the migratory ability of
these tumor cells was analyzed by wound healing assay in vitro. Data are presented as mean+tstandard deviation (SD), n=3.

" P<0.05, " P<0.01
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Fig. 3 Effects of verticillin A on colon cancer cell migration and invasion
Verticillin A inhibited colon cancer cell migration and invasion in vitro. Through Transwell assay, colon cancer cells
DLDI1 (a), RKO (b), and CT26 (c) were treated with different concentrations of verticillin A for 24 h. Then, the number of
trans-membrane cells to the lower chamber was detected. The relative migration rate was determined. Magnification: 10x10.
Data are presented as meanzstandard deviation (SD), n=3. " P<0.05, " P<0.01

Human colon cancer cell lines DLD1 and RKO
were treated with 0.2 and 0.1 umol/L verticillin A for
24 h, respectively. Total RNA was extracted and
analyzed by RT-PCR to detect the expression of key
genes associated with tumor metastasis, including
c-Met, E-cadherin, u-PA, RhoA, and RhoC. Among
these genes, the expression of ¢-Met and u-PA was
downregulated significantly while the others exhibited
little change (Fig. 4a).

Next, we analyzed the influence of verticillin A
on the metastasis-associated protein levels in colon

cancer cells by western blotting, and found that ver-
ticillin A selectively decreased c-MET protein level
in a dose-dependent manner in DLD1, RKO, and
CT26 cells, suggesting that c-Met might be the mo-
lecular target of verticillin A (Fig. 4b).

To determine whether the verticillin A-mediated
suppression of ¢-Met is at the transcriptional level,
gRT-PCR was used to determine the effects of verticil-
lin A on the messenger RNA (mRNA) level of c-Met.
The results showed that verticillin A decreased c-Met
mRNA level in a dose- and time-dependent manner
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Fig. 4 Effect of verticillin A-targeted c-Met on colon cancer cell migration

Verticillin A targeted c-Met to suppress colon cancer cell migration. (a) Human colon cancer cell lines DLD1 and RKO were
treated with 0.2 or 0.1 pmol/L verticillin A for 24 h, respectively. Total RNA was extracted and analyzed by RT-PCR to detect
the expression of key genes correlated to tumor metastasis. (b) Western blot analysis of verticillin A on the metastasis-
associated protein expression of colon cancer cells. Colon cancer cells DLD1, RKO, and CT26 were treated with different
concentrations of verticillin A for 48 h, and then proteins were extracted. The expression of metastasis-associated proteins
was analyzed by Western blot. f-Actin was used as loading control. Densitometric analysis of the protein bands was done
using ImageJ (National Institutes of Health (NIH)). (¢) Colon cancer cells DLD1, RKO, and CT26 were treated with different
concentrations of verticillin A for 24 h, and total RNA was extracted and analyzed by RT-PCR to detect the level of c-Met
mRNA. (d) DLD1, RKO, and CT26 were treated with verticillin A for 0, 3, 6, and 9 h, and total RNA was extracted and
analyzed by RT-PCR to detect the level of c-Met mRNA. Data are presented as meantstandard deviation (SD), n=3.
" P<0.05, " P<0.01, vs. control (0 pmol/L verticillin A or 0 h)
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(Figs. 4c and 4d). Three hours after verticillin A
treatment, c-Met mRNA levels were decreased by
nearly 50% in DLD and RKO cells. These observa-
tions suggest that verticillin A-mediated c-Met sup-
pression is likely at the transcriptional level.

3.4 Effects of c-Met on cell migration and invasion
in colon cancer cells

In order to further understand the action of c-Met
in colon cancer progression, we silenced the c-Met
expression in DLD1, RKO, and CT26 via siRNA-
mediated knockdown. We confirmed the efficiency of
gene silencing by western blot analysis and observed
a 50%-70% decrease in c-MET protein levels in
DLD1, RKO, and CT26 (Fig. 5). We then examined
the effects of c-Met and verticillin A on the migratory
and invasive abilities of colon cancer cells. Our data
demonstrated that the silencing of ¢-Met expression
partially reduced migration and invasion, suggesting
that c-Met may play an important role in regulating
colon cancer cell migration and invasion and is at least
one of the molecular targets of verticillin A (Fig. 5).

3.5 Effects of verticillin A on HGF-induced c-MET
phosphorylation and cell migration and invasion

HGF/c-MET pathway has multifunctional effects
on various cell types (Saigusa et al., 2012; Mo and
Liu, 2017; Parizadeh et al., 2019). Abnormal activa-
tion of the HGF/c-MET signaling pathways is reported
to be associated with cell motility, migration, and
invasion in several tumor types (Giordano et al., 1992;
Gholamin et al., 2014; Glodde et al., 2017). Therefore,
we investigated whether verticillin A affected the
HGF/c-MET signaling pathway. Colon cancer cells
DLD1, RKO, and CT26 were treated with 40 ng/mL
HGF alone or co-treated with 40 ng/mL HGF and
200 nmol/L verticillin A for 0, 3, 6, and 9 h. Then, the
proteins were extracted to conduct western blot analy-
sis. As shown in Fig. 6, stimulation with HGF sig-
nificantly increased c-MET phosphorylation. Three
hours after HGF treatment, c-MET has been activated
and p-MET reached the maximum at 6 h in all three
cell lines. Interestingly, HGF-induced ¢-MET phos-
phorylation at tyrosine residues 1234/1235 was sig-
nificantly attenuated by verticillin A treatment. At
6 h after HGF treatment, the inhibitory effect was
above 50% in all three cell lines (Fig. 6).

Using Transwell assay to detect the HGF-
stimulated migration and invasion of colon cancer

cells indicated that HGF treatment increased the
trans-membrane migratory ability compared to non-
HGF-treated cells. After 24-h treatment with HGF,
the number of cells that migrated through the mem-
branes was 20% more than that without treatment.
However, verticillin A could also suppress this inva-
sive process and the inhibitory effect was about 50%
(Fig. 7). The data indicated that verticillin A could
attenuate c-MET phosphorylation stimulated by HGF
and suppress HGF-induced colon cancer cell migra-
tion and invasion.

3.6 Effect of verticillin A on the activation of c-MET
downstream molecules

¢-MET activation in general results in the activa-
tion of its downstream signal cascades, including the
Ras/ERK and PI3K/AKT pathways. These pathways
are crucial for a variety of cellular responses includ-
ing cell survival, migration, and invasion (Organ and
Tsao, 2011; Xiang et al., 2017). However, the rela-
tionship between c-MET expression and activation of
AKT and ERK in colon cancer cells has not been fully
elucidated. To examine whether verticillin A affected
the c-MET downstream molecules, DLD1, RKO, and
CT26 cells were incubated with different concentra-
tions of verticillin A for 48 h and the whole-cell ly-
sates were produced for western blot analysis. As
shown in Fig. 8, treatment of three colon cancer cells
with verticillin A dose-dependently suppressed c-MET
protein expression and decreased its basal activation.
At the same time, we also found that the expression of
several other proteins affecting the cell invasion ca-
pability downstream of c-MET was also reduced, in-
cluding that of Ras and ERK. The phosphorylation of
both AKT and ERK was significantly inhibited after
verticillin A treatment in a dose-dependent manner
(Fig. 8). These results suggested that verticillin A
suppressed c-MET protein expression and the basal
activation of ERK and AKT in colon cancer cells at
the same time.

3.7 Verticillin A-mediated anti-metastatic effects
reversed by Erk overexpression in part

To determine whether Ras/ERK signaling con-
tributed to the inhibitory effect of verticillin A on cell
migration, we tested whether the overexpression of
Erk reversed the action of verticillin A. DLD1 and
RKO cells were transiently transfected with either
an Erk-expressing construct or an empty vector. ERK
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c-Met enhanced cell migration and invasion in colon cancer cells. Silencing c-Met expression via c-Met-specific siRNA
reversed the migration and invasion of colon cancer cells. Colon cancer cells DLD1 (a), RKO (b), and CT26 (c) were
transfected with either small interfering RNA (siRNA)-negative control (NC) or siRNA-c-Met and incubated for 24 h. The
silencing efficiency is confirmed by western blot assay. Another group of silencing cells was treated with verticillin A (VA)
for 24 h. Then, Transwell assay was used to detect the trans-membrane migration ability of these cells. Densitometric
analysis of the protein bands was done using ImageJ (National Institutes of Health (NIH)). Magnification: 10x10. Data are
presented as meantstandard deviation (SD), n=3. ™ P<0.01
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Fig. 6 Effect of verticillin A on c-MET phosphorylation
Western blot analysis showed that verticillin A (VA) inhibited c-MET phosphorylation activated by hepatocyte growth factor
(HGF) in colon cancer cells. DLD1 (a), RKO (b), and CT26 (c) were treated with 40 ng/mL HGF or co-treated with 40 ng/mL
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HGF

levels elevated about 2-fold in DLD1 and RKO cells
after 24-h transfection with Erk-expressing vector
(Fig. 9a). In addition, the expression of p-ERK (Thr202/
Tyr204) was also increased in both Erk-overexpressing
cells (Fig. 9b). Consistent with the elevation of p-ERK
protein level, both DLDI1 and RKO cells that were
transfected with Erk constructs showed a remarkable
increase in their migratory capability as compared to
the cells with an empty vector. The verticillin A-
mediated cell migratory inhibition was partially re-
versed from 45% to 24% in Erk-overexpressing RKO
cells and from 49% to 47% in DLD cells (Fig. 9c).
These observations demonstrated that inhibition of
Erk activation is evident in Erk-transfected cells after
24-h verticillin A treatment and verticillin A-mediated
anti-metastatic effects were reversed by Erk overex-
pression in part in colon cancer cells.

3.8 Effect of verticillin A on colon cancer cell lung
metastasis

To determine whether the observation that ver-
ticillin A effectively inhibits colon cancer cell migra-
tion in vitro can be extended to cancer cell migration
suppression in vivo, the murine colon carcinoma cell
CT26 was injected into BALB/c mice. The experi-
mental group was injected with verticillin A at a
dosage of 1 mg/kg body weight. PBS was used as
negative control. As expected, compared with nega-
tive control, mice in the group injected with verticillin
A have less metastasis on their lungs, and there was
no significant change in their body weights, sug-
gesting that verticillin A at this dose may have little
toxicity to mice. Therefore, our data indicated that
verticillin A can inhibit colon cancer cell lung me-
tastasis in vivo (Fig. 10).
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Verticillin A (VA) suppressed hepatocyte growth factor (HGF)-stimulated colon cancer cell migration. Colon cancer cells
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Fig. 8 Effect of verticillin A on the activation of c-MET downstream molecules

Verticillin A suppressed the activation of c-MET downstream molecules. Western blot analysis showed protein levels in
downstream signaling of c-MET regulated by verticillin A. Colon cancer cells DLD1, RKO, and CT26 were treated with
different concentrations of verticillin A for 48 h and then proteins were extracted. Western blot analyzed the key protein
levels that were regulated downstream of c-MET signaling, and -actin was used as loading control. Densitometric analysis
of the protein bands was done using ImageJ] (National Institutes of Health (NIH)). Data are presented as mean+standard
deviation (SD), n=3. " P<0.05, ™ P<0.01, vs. control (0 umol/L verticillin A)

4 Discussion

c-MET receptor has recently been suggested as a
therapeutic target for gastrointestinal cancer metasta-
sis (Mihailidou et al., 2017). Cells overexpressing
c-Met showed high invasion and migratory potentials
(Gardner et al., 2014). Many types of carcinoma have
also been found to express or overexpress c-Met.
According to the statistics, c-MET is overexpressed in
approximately 60%—-70% colon cancer patients’ tu-
mor tissues (Jia et al., 2016). Studies indicated that the
overexpression of ¢c-MET in gastrointestinal cancers
such as pancreatic, gastric, and colon cancers is as-
sociated with tumor growth, progression, and metas-
tasis (Huang et al., 2018; Kim et al., 2018). Therefore,

c-MET is an important regulator of metastasis for-
mation and the HGF/MET pathway is a promising
target for anti-metastasis therapy. In the present study,
we first silenced the expression of c-Met via gene-
specific siRNA or activation of ¢c-MET by HGF in
colon cancer cells to investigate the cells’ migratory
ability. As expected, we found that downregulation of
c-Met expression reduced the migratory ability of
colon cancer cells (Fig. 5). Activation of c-MET by
HGF treatment led to enhanced migratory ability of
colon cancer cells (Figs. 6 and 7).

Our results indicated that c-Met is a key regula-
tor of metastasis formation in colon cancer. Silencing
of c-Met expression or suppression of c-MET activa-
tion could inhibit metastasis in colon cancer.
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Fig. 9 Effect of Erk on the migration—inhibition of verticillin A

Overexpression of Erk partially reversed the migration—inhibition of verticillin A. (a) DLD1 and RKO cells were transiently
transfected with an Erk-expressing construct or an empty vector for 24 h. Cells were analyzed by western blot for the ex-
pression level of ERK. The protein levels were quantified and presented in the bottom panels. (b) The transfected colon
cancer cells were treated with verticillin A at 400 nmol/L (for DLD1 cells) or 200 nmol/L (for RKO cells) for 24 h, and
analyzed by western blot for ERK and p-ERK protein levels. The protein levels were quantified and presented in the bottom
panels. (c) The transfected colon cancer cells were seeded onto the upper chamber and treated with verticillin A for 24 h. Cell
migratory behaviors were analyzed by migration chamber assay. The relative quantitative determination of migrated cells
was calculated with five fields counted per experiment. Magnification: 10x10. Data are presented as mean+tstandard devia-
tion (SD) from three independent experiments. = P<0.05, " P<0.01
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Fig. 10 Effect of verticillin A on colon cancer lung
metastasis

Verticillin A (VA) suppressed colon cancer lung metastasis
in vivo. Murine colon cancer CT26 cells were injected into
BALB/c mice (1x10° cells/mouse). Three days later, mice
were treated with 0.2 mL PBS or 1 mg/kg VA every 2 d for
14 d. The mice were sacrificed and the lung tissues were
removed 21 d later. The lung tissues were fixed in formalin
and photos were taken (upper panel). The number of tumors
on the lung tissues and average weight of each group of
mice are shown. Data are presented as mean+standard error
of the mean (SEM), n=5. ** P<0.01, vs. control

Verticillin A has been reported to be a potent
apoptosis sensitizer in human colon cells to tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)
or factor-associated suicide (FAS) in vitro at nanomolar
concentrations (Paschall et al., 2015). Recently, ver-
ticillin A was also found to be a sensitizer to meta-
static human CRC cells resistant to 5-fluorouracil (5-FU)
which was normally used as a chemotherapeutic drug
for patients with metastatic CRC (Paschall et al., 2015).

In our present study, we first found that verticil-
lin A was an effective tumor metastasis suppressor
both in vitro and in vivo in colon cancer (Figs. 2, 3,
and 10). Subsequently, we observed that c-MET pro-
tein levels were reduced in all three colon cancer cells
after dose-dependent verticillin A stimulation (Fig. 4b),
suggesting that verticillin A-induced c-MET receptor
reduction is a general phenomenon in colon cancer.
We further demonstrated that verticillin A also af-
fected the mRNA expression levels of c-Met in both
time- and dose-dependent manners in all three colon
cancer cells. This indicated that verticillin A inhibited
c-Met expression at the transcriptional level (Figs. 4¢
and 4d). Therefore, verticillin A-mediated metastasis
suppression in colon cancer cells was mainly due to
c-Met inhibition. Furthermore, verticillin A also sup-
pressed HGF-stimulated colon cancer cell migration
and invasion (Fig. 7), indicating that this inhibitory
effect is also related to the inhibition of HGF/c-MET
signaling.

¢-MET activation will enable the activation of
several downstream signaling modulators simulta-
neously. These pathways include the Ras/ERK, PI3K/
AKT/mTOR, phosphatidylinositol 3,4,5-trisphosphate
(PIP3)/protein kinase C (PKC), STAT3/JNK, and FAK
pathways. Ras/ERK can regulate a large number of
genes, including those involved in cell survival, cell
motility, and metastasis (Pan et al., 2018; Du et al.,
2019; Kurtzeborn et al., 2019; Pereira et al., 2019).
Therefore, this pathway is a key pathway to target for
preventing CRC metastasis. PI3K/AKT is mainly
responsible for cell survival (Wei et al., 2017). PIP3/
PKC can negatively regulate c-MET receptor phos-
phorylation and activity (Kiselev et al., 2015). STAT3/
Janus kinase (JAK) (Mao et al., 2018) can regulate
transformation. FAK can lead to cell migration and
the promotion of anchorage independent growth (Hui
et al., 2009). In our present studies, we found that
besides c-MET protein inhibition, verticillin A could
also down-regulate the phosphorylation of c-MET and
several other proteins affecting the cell invasion ca-
pability downstream of c-MET including Ras and ERK.
The phosphorylation of Raf, ERK, and AKT was also
reduced simultaneously as shown in Fig. 8. Verticillin
A dose-dependently reduced the phosphorylation of
Raf, AKT, and ERK, indicating that suppression of
the Ras/ERK pathway may also be the target of the
anti-metastatic action of verticillin A. We further
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validated that overexpression of Erk will enhance the
migratory ability of colon cancer cells and verticillin
A-mediated anti-metastasis effects were partially re-
versed by Erk overexpression (Fig. 9). These results
further demonstrated that the Ras/EKR pathway may
contribute to the verticillin A-mediated colon cancer
cells’ migratory inhibition. Since the PI3K/AKT, STAT,
and FAK pathways are also downstream of c-MET,
they may also regulate the migratory and inhibitory
effect of verticillin A in colon cancers. Indeed, over-
expression of Erk only partially reversed verticillin A-
mediated inhibitory effects on colon cancer cell mi-
gration; however, there is no demonstration that this
depends on c-Met targeting (Fig. 9¢). Further inves-
tigations are required to determine whether the other
pathways downstream of ¢-MET can modulate verti-
cillin A-mediated anti-metastasis in colon cancer cells.

Finally, verticillin A inhibited lung metastasis of
colon cancer cells in an in vivo experimental metas-
tasis model (Fig. 10). The results are interesting and
of potential translational importance.

Although the underlying mechanism of verticil-
lin A anti-metastasis remains to be fully elucidated,
our present studies strongly indicated that verticillin A
may be an effective natural compound that needs to
be further developed, in order to be used as an anti-
metastatic drug for human cancers.

In summary, our current studies showed that
verticillin A suppresses colon cancer migration and
invasion. The inhibition of ¢c-Met expression is at the
transcriptional level and Ras/ERK signaling pathway
may contribute to the anti-metastasis action of verti-
cillin A in colon cancer.
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