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Abstract

Small cell lung cancer (SCLC) is a severe malignant with high morbidity; however, few
effective and secure therapeutic strategy is used in current clinical practice. Oridonin
is a small molecule from the traditional Chinese herb Rabdosia rubescens. This study
mainly aimed to investigate the role of oridonin on inhibiting the process of H1688,
a kind of small cell lung cancer cells from human. Oridonin could suppress H1688
cell proliferation and induce their apoptosis in a high dosage treatment (20 umol/L).
Meanwhile, cell migration was suppressed by oridonin (5 and 10 pmol/L) that did
not affect cell proliferation and apoptosis. The expression level of E-cadherin was
significantly increased, and the expression of vimentin, snail and slug was reduced
after administration of oridonin. These expression changes were associated with the
suppressed integrin 1, phosphorylation of focal adhesion kinase (FAK) and ERK1/2.
In addition, oridonin (5 and 10 mg/kg) inhibited tumour growth in a nude mouse
model; however, HE staining revealed a certain degree of cytotoxicity in hepatic tis-
sue after treatment oridonin (10 mg/kg). Furthermore, the concentration of alanine
aminotransferase (ALP) was significantly increased and lactate dehydrogenase (LDH)
was reduced after oridonin treatment (10 mg/kg). Inmunohistochemical analysis fur-
ther revealed that oridonin increased E-cadherin expression and reduced vimentin
and phospho-FAK levels in vivo. These findings indicated that oridonin can inhibit the
migration and epithelial-to-mesenchymal transition (EMT) of SCLC cells by suppress-
ing the FAK-ERK1/2 signalling pathway. Thus, oridonin may be a new drug candidate
to offer an effect of anti-SCLC with relative safety.
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1 | INTRODUCTION

According to a previous study, lung cancer has a highest cancer death
rate among different cancer diseases.! There were two different his-
tological subtypes in lung cancer: small cell lung cancer (SCLC) and
non-small cell lung cancer (NSCLC). Although only approximately
10%-15% of lung cancers is SCLC, SCLC is the most aggressive and
rapidly growing lung subtype.? According to the previous study, the
5-year survival rate of SCLC is <5%, as most SCLC patients are di-
agnosed at a late period.! In the clinic, cisplatin or carboplatin plus
etoposide is currently commonly used; however, this drug is not
used widely in clinical because of its lower efficacy and highly toxic.®
Therefore, novel and effective anticancer drugs with high safety ef-
fects are urgently required.

Epithelial-to-mesenchymal transition (EMT), which involves a
switch in cellular phenotypic characteristics including the loss of
cell polarity, the weakening of cellular adhesion and cytoskeleton
remodelling, is one of the most important factors that contribute to
the aggressive phenotype of SCLC.# This process is characterized
by an increase in E-cadherin expression and reduction in vimentin
expression.

EMT-induced cells can acquire migratory properties that pro-
mote tumour progression and metastatic development. Although
the process of EMT in different kinds of human malignant tumours
has been described in previous studies,’” the molecular mechanism
by which EMT is triggered in SCLC remains elusive. Previous stud-
ies reported that numerous signalling pathways are associated with
the process of EMT in SCLC; these pathways include the Notch,®
Hedgehog’ and focal adhesion kinase (FAK) signalling pathways.'°
Among these factors, the highly activated FAK signalling pathway is
strongly believed to contribute to triggering EMT in SCLC.

FAK is a 125 kDa non-receptor protein tyrosine kinase which is
located at sites of integrin clustering in focal adhesions; therefore,
FAK plays a central role in cellular processes that include migration
and adhesion.!* FAK has many phosphorylated tyrosine sites, and
these sites are key for the signal transduction function of FAK. The
Y397 site in FAK is an autophosphorylation site that allows binding
to src family kinases, which in turn phosphorylates other FAK res-
idues, leading to downstream signalling. A large number of down-
stream signalling pathways, including the PI3K/Akt, RAF/JNK and
ERK1/2 pathways, are mediated by FAK,'%'* However, few studies
have focused on the underlying mechanism of EMT activation in-
duced by the FAK signalling pathway in SCLC.

Natural products extracted from Chinese herb have recently
received increasing attention in cancer therapy. Oridonin has a mo-
lecular formula of C, H,50, (Figure 1A), an ent-kaurane diterpenoid
identified from the Chinese medicinal herb Rabdosia rubescens. It
was reported that oridonin has multifunctional effects, including an-
ti-inflammatory, antibacterial and anticancer effects.'® In particular,
the anticancer properties of oridonin have received a great deal of
interest. The anticancer effects of oridonin include apoptosis induc-
tion, proliferation inhibition and cell migration via the regulation of

multiple pathways, such as the Notch,*® hedgehog and integrin p1/
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FAK pathway.?” However, the effect of oridonin on cell migration in
SCLC is unclear. Furthermore, the underlying mechanisms of orido-
nin on anticancer effects have not been clearly established.
Therefore, this study focused to investigate the role of orido-
nin on the migration of the H1688 cell and identified the molecular

mechanism involved in this process.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

Oridonin was obtained from Aladdin (Shanghai Biochemical
Technology Co., Ltd.). PF573228 (FAK inhibitor) and PD98059
(ERK1/2 inhibitor) were purchased from Selleck. Roswell Park
Memorial Institute (RPMI) 1640 medium and foetal bovine serum
(FBS) was obtained from Grand Island Biological Company. TRIzol
reagent was obtained from Invitrogen. 3-(4,5-Dimethylthiazol-2-yl)
-2,5-diphenyltetrazolium bromide (MTT) and dimethyl sulphoxide
(DMSO) were purchased from Sigma. Primary antibodies against the
following proteins were used: E-cadherin, vimentin, snail and slug,
which were purchased from Abcam Co., Ltd.; FAK, p—FAK(TyrSW),
ERK1/2 and p—ERKl/Z(ThQOZ/TV'ZM), which were obtained from Cell
Signaling Technology Co., Ltd.; integrin p1 was purchased from
ImmunoWay Biotechnology Company; and f-actin and GAPDH
were purchased from Santa Cruz Biotechnology Co., Ltd. Secondary
anti-mouse and anti-rabbit antibodies were obtained from Pierce.
Opti-MEM serum-free medium and lipofectamine RNAIMAX were
obtained from Thermo Fisher Scientific.

2.2 | Celllines and cell culture

A human small cell lung cancer cell line (H1688), a human normal
lung epithelial cell line (BEAS-2B) and a human normal bronchial
epithelial cell line (HBE) were obtained from Zhejiang University,
School of Medicine. The three cell lines were cultured in RPMI 1640
complete medium contained with 10% FBS, 100 U/mL streptomycin
and 100 U/mL penicillin. Cell was cultured at 37°C in a humidified

atmosphere containing 5% CO,,.

2.3 | MTT assay for cell viability

The effect of oridonin on cell viability was assessed using the MTT
assay. Briefly, cells (1 x 10* cells/well) were plated in 96-well cul-
ture plates. After being incubated overnight, the cells were treated
with oridonin (0, 2.5, 5, 10, 20 and 40 pmol/L) for 24 and 48 hours.
10 pL MTT solution (5 mg/mL) was added to each well, and after
4 hours of incubation, the medium was discarded. DMSO (150 pl)
was added to dissolve the resulting formazan crystals. The absorb-
ance value at 570 nm was measured using an enzyme-linked immu-

nosorbent assay reader (Labsystems, Finland). The cell viability rate
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was calculated as follows: cell viability rate (%) = OD of test group/
OD of control group x 100%.

2.4 | Hoechst 33258 staining

Hoechst 33258 staining was used to detect apoptotic nuclei
which were characterized by nuclear fragmentation. H1688 cells
(1 x 10° cells/well) were seeded onto 15-mm microscope cover
glasses in 6-well culture plates. Then, the cells were treated with
oridonin (0, 5, 10 and 20 pmol/L) for 24 hours. After being washed
with PBS, the cells were fixed by using paraformaldehyde (4%) for
30 minutes, stained with Hoechst 33258 for 5 minutes in the dark
and examined under a fluorescence microscope (Olympus).

2.5 | Annexin and Propidium lodide (PI) staining

H1688 cells were seeded in 6-well culture plates. After 24 hours
of oridonin treatment (0, 5, 10 and 20 pmol/L), the cells were har-
vested, and apoptosis levels were detected using Annexin V-/PI
staining kit (Yeasen Biotech Co., Ltd.). First, cells were collected and
washed with PBS. Second, cells were resuspended 2 x 10° cells/mL
in 100 pL binding buffer and then incubated with 5 pL of Annexin
V-FITC and 10 pL of PI staining solution in the dark for 20 minutes
at room temperature. Third, 400 uL of binding buffer was added.
Samples were analysed using a Beckman CytoFLEX with CytExpert
software and assessed according to the percentage of Annexin V-PI-

positive cells.

2.6 | Wound-healing assay

H1688 cells were seeded in 6-well culture plates using complete me-

dium until the cell monolayer reached confluence. A scratch was made

HBE

FIGURE 1 Effect of oridonin on the

W 24h viability of H1688, BEAS-2B and HBE
* % B 48h cells. A, Chemical structure of oridonin.
*xE B, H1688, (C) BEAS-2B and (D) HBE
cells were treated with oridonin (0, 2.5,
- 5,10, 20 and 40 pmol/L) for 24 and

ok ok 48 h and assessed by MTT assay. The
data represent the means + SD of three
independent experiments; *P < .05,

**P < .01, *** P <.001 compared with the
control
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at the centre of each well using a 200-pL pipette tip. The wounded
monolayer was washed twice with PBS and further incubated with
oridonin (0, 5 and 10 pmol/L), PF573228 (10 pmol/L) or PD98059
(10 pmol/L). The open wound was photographed under an inverted
microscope at different time-points (0 and 24 hours), and the width
of the open wound in three fields was measured. The migration index
was calculated as follows: migration index (%) = (‘O’ hour scratch
width-24" hours scratch width)/‘0” hour scratch width x 100%.

2.7 | Transwell migration assay

The ability of H1688 cells to migrate through polycarbonate filters
(6.5 mm) with an 8 pm pore size was assessed according to a previous
study with modifications.® H1688 cells were suspended in serum-
free medium containing the indicated concentration of oridonin (O,
5 and 10 pmol/L), PF573228 (10 pmol/L) or PD98059 (10 pmol/L) in
upper transwell chambers. The lower chambers were loaded with 10%
FBS medium as a chemoattractant. After incubation for 24 hours, cells
in the upper chamber were carefully removed, and cells which were
in the lower chamber surface were fixed with 4% paraformaldehyde
and stained with 0.5% crystal violet. Migrated cells were then pho-

tographed and counted in 3 random fields under a light microscope.

2.8 | siRNAs

All siRNAs were purchased from GenePharma Co., Ltd. Control-A
scrambled siRNAs were used for negative control, respectively. All
siRNAs consisted of scrambled sequences with no specific degra-
dation of any cellular message. FAK, ERK1 and ERK2 siRNAs were
used for specific gene expression knockdown. qRT-PCR was used
to assess the effect of siRNAs on suppressing target mRNA ex-
pression. The sequence of siRNA was used in this study is listed
in Table 1.
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2.9 | RNAinterference

H1688 cells were transfected with FAK siRNA, ERK1 siRNA, ERK2
siRNA or control non-specific siRNA according to the manufactur-
er's instructions. Briefly, cells were plated in 6-well culture plates.
After being incubated overnight, siRNAs were diluted in Opti-MEM
serum-free medium. Then, lipofectamine RNAIMAX was added
to siRNA-Opti-MEM solution. After incubation for 10 minutes,
siRNA-lipid complex was added and incubated for 6 hours. Then,
siRNA-lipid complex was discarded and cells were cultured in RPMI
1640 complete medium for 48 hours. The expression of p-FAK and
p-ERK1/2 was determined by Western blotting. The functional ef-
fects of siRNA on cell migration were evaluated by wound-healing
and transwell migration assay as described above.

2.10 | Quantitative Real-time PCR

TRIzol reagent was used to extract cell RNA, and the RNA concen-
tration was measured spectrophotometrically. For reverse transcrip-
tion, 1 pg RNA was added to the cDNA synthesis reaction system
(20 pL) using cDNA Synthesis Kit (Takara). For gRT-PCR analysis, the
reaction mixture (20 puL) consisted of 2 uL cDNA, 10 pL of SYBR®
Premix Ex Tag™ (Takara), 1 pL 2.5 U Tag DNA polymerase, 1 pL of
10 pmol/uL primer (Invitrogen) and 6 pL of ddH,O. The cDNA was
denatured by heating to 94°C for 3 minutes. The template was am-
plified by 40 cycles of PCR of 95°C for 10 seconds, 60°C for 30 sec-
onds and 72°C for 30 seconds, and a final extension at 72°C. The
primers used in this study are listed in Table 2. For mRNA analysis,
the relative level of target gene expression was determined using the
cycle threshold (Ct) method and was normalized to the housekeep-
ing gene used as internal control (GAPDH), using the 2-ACt method.

2.11 | Western blot analysis

Radio immunoprecipitation assay buffer (Beyotime Institute
of Biotechnology) was used to extract the proteins in H1688
cells. Protein concentrations were evaluated by Bio-Rad protein

assay (Bio-Rad Laboratories). 30 pg protein of each sample was

TABLE 1 RNA oligo sequence

Gene RNA oligo (5'to 3")

F: 5-UUCUCCGAACGUGUCACGUTT-3'
R: 5-ACGUGACACGUUCGGAGAATT-3'

Negative control

FAK F: 5'-CCUAAGAGUUUACUGGAUUTT-3’
R: 5-AAUCCAGUAAACUCUUAGGTT-3'
ERK1 F: 5-GACCGGAUGUUAACCUUUATT-3'
R: 5-UAAAGGUUAACAUCCGGUCTT-3'
ERK2 F: 5'-CCAUAUCUGGAGCAGUAUUTT-3'

R: 5-AAUACUGCUCCAGAUAUGGTT-3'

WILEY--#%

transferred to PVDF membranes (Millipore Corporation). The
membranes were blocked with 5% non-fat milk in TBST buffer for
1 hour and incubated with primary antibodies (against E-cadherin,
vimentin, snail, slug, p-actin, integrin p1, FAK, p-FAK, ERK1/2 and
p-ERK1/2) at 4°C overnight. After three washes with TBST, the
membranes were incubated with fluorescent secondary antibodies
(LI-COR Biotechnology, Lincoln) for 2 hours at room temperature.
The signals of the bands were quantified using the VICTOR-Z 1420
multilabel counter (EG&G Wallac). The results are expressed as the
relative density. Equal loading protein in each lane was normalized
to the loading p-actin. All densitometry analyses performed in this
study were conducted using ImageJ software (National Institute
of Health).

2.12 | Immunofluorescence assay

The localization of E-cadherin and vimentin expression in the
cells was observed by immunofluorescence staining. H1688 cells
(1 x 10° cells/well) were seeded onto 15-mm coverslips in 6-well
culture plates. Then, the cells were incubated with oridonin (0, 5
and 10 pmol/L) for 24 hours. After this, the cells were harvested
and washed twice with PBS, fixed with paraformaldehyde (4%)
for 30 minutes and permeabilized with 0.2% Triton X-100 for
10 minutes at room temperature. Cells were blocked with BSA
for 30 minutes and incubated with primary antibodies against
E-cadherin and vimentin overnight at 4°C. After washing with
PBS, the cells were incubated with FITC or TRITC conjugated sec-
ondary antibody for 1 hour. Finally, nuclei were labelled with DAPI
for 10 minutes. Pictures were acquired using fluorescence micros-

copy (Olympus).

TABLE 2 Real-time PCR primers

Gene Primer sequences (5' to 3')

F: 5-GAGAACGCATTGCCACATACACTC-3'
R: 5-GGAAGAGCACCTTCCATGACAGAC-3'

E-cadherin

Vimentin F: 5 "-TGAAGTGGATGCCCTTAAAGGAA-3'
R: 5-GCAGGCGGCCAATAGTGTCT-3'
Snail F: 5-CACCTCCAGACCCACTCAGATGT-3'
R: 5-GCAGGGACATTCGGGAGAAGGT-3'
Slug F: 5-GCGAACTGGACACACATACAGTG-3’
R: 5-GCTGAGGATCTCTGGTTGTGGT-3’
FAK F:5'-CTCCTGGTGCAATGGAGCGAGTAT-3'
R: GCAGGTGACTGAGGCGGAATC-3'
ERK1 F:5'-CCCCCTAGCCCAGACAGACAT-3'
R:5'-GGCTGGGCACAGTGTCCATT-3'
ERK2 F:5'-CTGTTCCCAAATGCTGACTCCAA-3’
R:5'-CTCGTCACTCGGGTCGTAA-3’
GAPDH F:5-CCATGACAACTTTGGTATCGTGGAA-3’

R: 5-GGCCATCACGCCACAGTTTC-3'
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2.13 | Animals and tumour xenograft model

Fifteen male BALB/c nude mice (18-20 g, aged 5 weeks) were
provided by the Zhejiang Chinese Medical University Laboratory
Animal Research Center. All procedures in this animal study were
granted by the Ethics Committee of Hangzhou Medical College.
Mice were housed in standard conditions: 21 + 2°C and 45 = 10%,
a 12-hours light/12-hours dark cycle with standard food and water
ad libitum. H1688 cells (1 x 107) in 200 uL of PBS were injected
into the backs of the mice under the skin. When most tumour vol-
umes reached approximately 200 mm?® (approximately one week
after injection), the mice were randomly divided into three groups:
a control group and oridonin groups with a low dosage (5 mg/
kg/d) and a high dosage (10 mg/kg/d). Oridonin was dissolved in
DMSO at the 5 or 10 mg/kg, then diluted with saline to 0.5 or
1 mg/kg, and the oridonin groups received an intraperitoneal in-
jection of 5 or 10 mg/kg oridonin every other day for 21 days. The
control group was administered the same volume of saline. The
mouse weights and tumour volumes were measured every other
day. Tumour volumes were calculated using the following formula:
(length x width?)/2.

2.14 | Haematoxylin and eosin (HE) staining

After 21 days of injection, the mice were anaesthetized using a
1% pentobarbital sodium salt solution (30 mg/kg, Sigma-Aldrich).
Blood samples were collected for biochemical serum analysis. The
harvested tumours were weighed and fixed in a 4% buffered para-
formaldehyde solution for 24 hours. Fixed tissues were embedded
in paraffin and cut into 4-um sections. The sections were subjected
to haematoxylin and eosin staining according to a standard protocol.
Major organs (the lung, liver, heart and kidney) were collected, fixed
in a 4% buffered paraformaldehyde solution and paraffin-embedded
for HE staining. The results were visualized and photographed with

a light microscope.

2.15 | Immunohistochemistry analysis

The expression levels of E-cadherin, vimentin and p—FAK(TVr397)
were detected by immunohistochemical staining in xenograft tu-
mours. Briefly, 4-pm tissue sections were dried overnight at 37°C,
deparaffinized in xylene, rehydrated with gradient alcohol and
immersed in 10 mmol/L citric acid (pH 6.0). The sections were
incubated with primary antibodies against E-cadherin, vimentin
and p-FAK (M%7 gvernight at 4°C. Then, the sections were in-
cubated in biotinylated second antibody (1:200, Boster Biological
Technology) for 2 hours at room temperature. After washing in
PBS, these sections were incubated in an avidin-biotin-peroxidase
complex solution (ABC, 1:100, Boster Biological Technology). The
results were visualized with diaminobenzidine and photographed

with a light microscope.

2.16 | Statistical analysis

All data are shown as the mean *+ standard deviation (SD). The
analyses were performed using GraphPad Prism. Significant dif-
ference was determined by one-way ANOVA. The intergroup
differences were determined by Tukey's post hoc test for multi-
ple comparisons. A P value of <.05 was regarded as statistically
significant.

3 | RESULTS

3.1 | The cell viability was reduced by high
concentrations of oridonin in H1688 cells but not in
normal cells

The cytotoxic effect of oridonin on cells was determined by MTT
assay. As shown in Figure 1B, treatment with lower concentrations
of oridonin (0, 2.5, 5 and 10 pmol/L) for 24 hours did not affect the
cell viability of H1688 cells; however, high concentrations of ori-
donin (20 and 40 pmol/L) significantly reduced cell viability for 24
and 48 hours (P < .05). Furthermore, we also examined the effect
of oridonin on BEAS-2B and HBE. In contrast, no marked cytotoxic
effects were observed in these cell lines when they were exposed to
the same concentrations of oridonin (except for 40 pmol/L) for 24
and 48 hours (Figure 1C,D).

3.2 | Apoptosis was not induced by the
application of lower concentrations of oridonin

As a high concentration of oridonin was reported to induce apop-
tosis,'? therefore, to investigate whether lower concentrations of
oridonin could induce apoptosis in H1688 cells, some experiments
were performed. First, as demonstrated in Figure 2A, the result of
Hoechst staining showed that the percentage of apoptotic cells char-
acterized by nuclear condensation and fragmentation was approxi-
mately 4.88 + 1.22% in the control group (Figure 2B). Meanwhile,
the percentage of apoptotic cells in the oridonin treatment groups
(5 and 10 pmol/L) was 4.83 + 0.74% and 5.80 * 1.11%, respectively,
and there was no difference in the percentage of apoptotic cells be-
tween these three groups. However, the percentage of apoptotic
cells in the group treated with 20 pmol/L oridonin was 8.10 + 1.79%,
which was significantly higher than that in the control group (P < .01,
Figure 2C,D). Second, there was only a small percentage of early
apoptotic cells in the control and oridonin treatment groups (5 and
10 pumol/L); however, the apoptotic ratio in the 20 pmol/L oridonin
treatment group was apparently increased compared with the con-
trol group according to flow cytometry (P < .01, Figure 2,D).

The above results showed that lower concentrations of oridonin
(5 and 10 pmol/L) were not cytotoxic and had no effect on apoptosis
induction. Therefore, non-cytotoxic concentrations of oridonin (5

and 10 pmol/L) were used in subsequent experiments.
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FIGURE 2 The effect of oridonin

on the apoptosis of H1688 cells was
determined with Hoechst 33258 and
Annexin V-TITC/PI staining. A, H1688
cells were treated with oridonin (0, 5, 10
and 20 pmol/L) for 24 h, and morphology
changes in cell nuclei were observed

by Hoechst 33258 staining. A marked
increase in apoptotic cells exhibiting

a heterogeneous intensity, chromatin
condensation and fragmentation
appeared after 24-h treatment with

20 pmol/L oridonin. Scale bars = 50 pm.
The pooled data from nine sections for
each group are summarized in (B). C,
Annexin V-TITC/PI staining measured
by flow cytometry revealed a significant
increase in the apoptotic cell ratio in the
20 pmol/L oridonin treatment group.

D, Quantification of the results of flow
cytometry. ***P < .001; ns, not significant
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3.3 | Oridonin inhibited migration and reduced EMT
in H1688 cells

Migration is one of the important characteristics of EMT. As shown
in Figure 3A, the wound-healing assay showed that treatment with
oridonin (5 and 10 pmol/L) for 24 hours resulted in a reduction in
cell migration because migration index was significantly reduced
than that in the control group (P < .05). Furthermore, as shown in
Figure 3B, the number of migrated cells was markedly reduced after
oridonin treatment (5 and 10 pmol/L) for 24 hours. It indicated that
oridonin can inhibit H1688 cancer cell migration.

102 10° 104 10° 10° 107
Annexin V

As some proteins, including E-cadherin, vimentin, snail and slug,
are involved in triggering the EMT process, the expression of these
proteins was measured. As shown in Figure 3C,D, the expression
levels of vimentin, snail and slug, as determined by real-time PCR and
Western blotting, were decreased in cells treated with high concen-
trations of oridonin, whereas E-cadherin expression was increased in
high dosage-oridonin treatment groups (10 pmol/L) when compared
with the control group (P < .001). Furthermore, there are an increase
in E-cadherin expression and a decrease in vimentin expression after
oridonin treatment (10 pmol/L), as shown by immunofluorescence
staining, which was consistent with the results of Western blotting
(Figure 3E).

FIGURE 3 The migration of H1688 cells was reduced by oridonin treatment via suppression of the EMT process. A, Cell migration in
H1688 cells treated with oridonin (5 and 10 umol/L) and control H1688 cells was determined by wound-healing assay. Representative
sections indicating a significant decrease in migration index after 24 h of oridonin treatment (left); scale bars = 100 pm. Analysis of data
representing three independent experiments (right). B, Cell migration was determined by transwell assay after oridonin (0, 5 and 10 pmol/L)
treatment for 24 h. Cells that travelled through the transwell membrane in each group were stained with crystal violet and obviously
decreased after 24 h of oridonin (5 and 10 pmol/L) treatment (left); scale bars = 100 um. Analysis of data representing three independent
experiments (right). C, Western blotting was applied and showed that the protein expression of E-cadherin was significantly increased after
24 h of oridonin (5 and 10 pmol/L) treatment, whereas the expression of vimentin, snail and slug was decreased in the oridonin-treated
groups. D, Relative mRNA expression of E-cadherin, vimentin, snail and slug in H1688 cells was analysed by quantitative real-time PCR and
normalized to GAPDH mRNA expression. The data represent three independent experiments. E, Imnmunofluorescent staining was performed
and showed that the expression of E-cadherin (red) was increased and the expression of vimentin (green) was decreased in H1688 cells
treated with oridonin (10 pmol/L) for 24 h. * P < .05, ** P < .01, *** P < .001
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FIGURE 4 The anti-EMT effect of oridonin was mediated by inactivation of the FAK/ERK1/2 signalling pathway. A, Representative
Western blots showing that integrin f1 p-FAK and p-ERK1/2 levels were reduced in the oridonin (5 and 10 pmol/L) treatment groups (left).
Bar graphs represent quantitative differences in the expression of integrin 1 p-FAK and p-ERK1/2 (right). Data represent the means + SD
of four independent experiments. B, Representative Western blots showing that PF573228 (10 pmol/L), an inhibitor of FAK, reduced the
expression of p-FAK and p-ERK1/2, which was similar to the effect of oridonin (10 pmol/L). In addition, the expression of p-ERK1/2 was
down-regulated by PD98059 (left), and data represent the means + SD of four independent experiments (right). C, The protein expression of
E-cadherin and vimentin was detected by Western blotting (left), and the data represent the means + SD of four independent experiments
(right). D, The protein expression of snail and slug was detected by western blotting, and the data represent the means + SD of four
independent experiments (right). E, Representative sections indicated that the migration index wound space was significantly decreased
after 24 h of oridonin (10 pmol/L), PF573228 (10 umol/L) or PD98059 (10 pmol/L) treatment (left); scale bars = 100 um. Analysis of data
representing three independent experiments (right). F, Cells that travelled through the transwell membrane in each group were stained with
crystal violet and obviously decreased after 24 h of oridonin (10 pmol/L), PF573228 (10 pmol/L) and PD98059 (10 pmol/L) treatment (left);
scale bars = 100 pm. Analysis of data representing three independent experiments (right). *P < .05; **P < .01; ***P < .001
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FIGURE 5 Specific knockdown of FAK, ERK1 and ERK2 could reduce the migration of H1688 cells. A, The mRNA levels of FAK, ERK1
and ERK2 were significantly reduced after 48 h of siRNA-mediated knockdown. B, The protein expression of p-ERK1, p-ERK2, p-FAK,
E-cadherin and vimentin was detected by Western blotting (left), and the data represent the means + SD of four independent experiments
(right). C, Representative sections indicated that the migration index wound space was significantly decreased after siRNA-mediated
knockdown (left); scale bars = 100 um. Analysis of data representing three independent experiments (right). D, Cells that travelled through
the transwell membrane in each group were stained with crystal violet and obviously decreased after siRNA-mediated knockdown (left);
scale bars = 100 pm. Analysis of data representing three independent experiments (right). *P < .05; **P < .01; ***P < .001

3.4 | Oridonin inhibited the FAK-ERK1/2 signalling
pathway in H1688 cells

To characterize the possible mechanism underlying the effect
of oridonin on inhibiting H1688 cell migration, the expression of
the FAK and ERK1/2 proteins, which are regulated by the FAK
pathway, was examined. As shown by Western blotting and in
Figure 4A, integrin p1, p-FAK and p-ERK1/2 expression was dras-
tically decreased after exposure to oridonin (5, 10 pmol/L) for
24 hours compared with the control group (P < .001). To confirm
that the protective effect of oridonin on cell migration indeed in-
volves suppressing the FAK pathway, the FAK inhibitor PF573228
and the ERK1/2 inhibitor PD98059 were used. First, the expres-
sion of p-FAK and p-ERK1/2 was reduced by application of the

FAK inhibitor PF573228; however, the ERK1/2 inhibitor PD98059
could only down-regulate the expression of p-ERK1/2 (Figure 4B)
as ERK1/2 is a downstream protein of FAK. Next, Western blotting
showed that the expression of E-cadherin was obviously increased
after PF573228 and PD98059 treatment, whereas the expression
levels of vimentin, snail and slug were significantly decreased when
compared with the control group (P < .001, Figure 4C,D), which was
similar to the effect of oridonin. Finally, migration index was high-
est in the control group (P < .001, Figure 4E), whereas the number
of migrated cells in the control group was greater than that in the
other groups (P < .001, Figure 4F). Although migration index and
the number of migrated cells were reduced by the administration of
oridonin, PF573228 and PD98059, the effect of PD98059 against
EMT was weaker than that of PF573228, which suggests that many
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FIGURE 6 The daily injection of oridonin could reduce tumour weight and volume and exhibited a high level of safety. A, Representative
images of tumour from three groups. 1: control group, 2: oridonin (5 mg/kg) group and 3: oridonin (10 mg/kg) group. Scale bars = 1 cm. B,
The tumour width (W) and length (L) were measured by a micrometre every other day. Tumour volumes were calculated as (L x W?)/2.C,
The tumour weight was significantly reduced after treatment with oridonin (5 and 10 mg/kg). D, Body weight was not obviously altered
after treatment with oridonin (5 and 10 mg/kg). E, The administration of oridonin (5 and 10 mg/kg) had no effect on the health of nude mice,
as assessed by body weight. F, H&E staining to examine major organs in oridonin-treated mice. There was no obvious pathological change

in the lung, heart and kidney; however, the hepatic cord was narrowed following treatment with a high concentration of oridonin; scale

bars = 100 pm. *P < .05; **P < .01; ***P < .001

downstream signalling pathways besides the ERK1/2 pathway are
involved after FAK activation.

3.5 | The effect of siRNA-mediated knockdown on
cell migration

In order to confirm the role of FAK-ERK1/2 signalling pathway on
cell migration, RNA interference was used to suppress the expres-
sion of FAK and ERK1/2. From the result of Figure 5A, siRNA treat-
ment caused significant down-regulation of target gene in 48 hours.

As shown in Figure 5B, the expression of p-FAK and p-ERK1/2 was

all reduced after incubating si-FAK; meanwhile, ERK1 and ERK2
siRNA treatment caused significant down-regulation of p-ERK1 and
p-ERK2 expression, respectively. Furthermore, the expression of
E-cadherin was obviously increased and the expression of vimentin
was significantly reduced after FAK and ERK1/2 siRNA treatment
(Figure 5B). Finally, migration index and the number of migrated cells
were reduced in the FAK and ERK1/2 siRNA group when compared
with control group (Figure 5C,D). The inhibition effect of cell migra-
tion was even stronger than that in oridonin group.

Taken together, these results provide evidence that EMT activity
is inhibited by oridonin via blockade of the FAK-ERK1/2 signalling
pathway.
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3.6 | Oridonin reduced the tumour volume in vivo
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FIGURE 7 Histochemical analysis was used to detect the effect of oridonin on the expression of E-cadherin, vimentin and p-FAK in vivo

in a nude mouse xenograft model. Scale bars = 50 um

effect against the migration of four selected cancer cell lines (MGC-
803, MCF-7, PC-3 and Eca-109 cells) 2% however, the effect of oridonin
on the H1688 SCLC cell line had not been investigated.

As discussed above, SCLC cells are characterized by high rates
of migration; therefore, the effects of oridonin on the migration
of the H1688 SCLC cell line were first investigated. In the present
study, cell viability was reduced, and cell apoptosis was induced
after the administration of 20 or 40 pmol/L oridonin for 24 hours,
which suggested obvious cytotoxicity in H1688 lung cancer cells
under treatment with high concentrations of oridonin. However,
it was interesting that these concentrations of oridonin did not
affect normal human bronchial epithelial cells, which is consis-
tent with the results of a previous study showing the differen-
tial cytotoxic effects of oridonin on malignant and normal cells.?
Therefore, to elevate the safety of oridonin treatment, lower con-
centrations of oridonin (5 and 10 pmol/L) were assessed, which
demonstrated that neither cell viability nor apoptosis was signifi-
cantly altered under treatment with oridonin at these two lower
concentrations.

Cell migration is one of the most important characteristics

for aggressive cancer.?’ In the present study, oridonin (5 and

10 pmol/L) significantly inhibited H1688 cell migration. First,
wound-healing assays demonstrated that cell migration index was
significantly reduced in the oridonin treatment group. Second, it
showed a reduction in the number of migrated cells in the orido-
nin treatment groups by using transwell migration assays, which
demonstrated the inhibitory effect of oridonin on the migration
of H1688 cells.

EMT is an essential step associated with cancer migration as it
could enhance the ability of cancer cells to migrate.28 Therefore,
we have been suggested that the inhibitory effect of oridonin on
cell migration is associated with EMT. One of the hallmarks of EMT
is the functional loss of E-cadherin, which is associated with ep-
ithelial-to-mesenchymal transition in cancer.?’ A previous study
demonstrated that reduced E-cadherin decreases the strength of
cellular adhesion, resulting in increased cellular motility3°; how-
ever, the overexpression of E-cadherin was sufficient to prevent
migration. Therefore, E-cadherin plays a critical role in migratory
ability. In our study, the expression of E-cadherin was reduced in
SCLC; however, the expression of E-cadherin was increased after
the application of oridonin. As previous studies have found that

cell migration and EMT were inhibited by oridonin in pancreatic
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cancer®® and breast cancer,?

we have been suggested that the
effect of oridonin on inhibiting EMT is associated with increased
E-cadherin expression.

To investigate the mechanism by which oridonin increased the
expression of E-cadherin in this study, the transcription factors
snail and slug were investigated as these two proteins bind to the
E-cadherin promoter to suppress E-cadherin expression.33 The re-
sults showed that the expression of snail and slug was significantly
decreased by oridonin when compared with their expression in the
control group.30 Furthermore, the expression of vimentin was sig-
nificantly decreased after the application of oridonin. Vimentin is
an intermediate filament (IF) protein that promotes the migration of
different cell types.>* Taken together, it demonstrated that orido-
nin affects EMT in H1688 cells via modulating the expression of
E-cadherin and vimentin. These results indicated that the inhibition
of EMT is involved in the antimigratory effect of oridonin.

Arecent study demonstrated that oridonin inhibits MDA-MB-231
human breast cancer cell migration and invasion in vitro possibly
by decreasing the levels of local adhesion kinase (FAK).} FAK, a
non-receptor protein tyrosine kinase, is a key component in initiating
downstream signalling that promotes cell migration.®®> According to
a previous study, both FAK and phospho-FAK are highly expressed
in SCLC cell lines,*® and the increased expression of phospho-FAK
was correlated with spreading, adhesion and migration in SCLC cells.
In this study, the expression of phospho-FAK was decreased in the
oridonin group, which suggested that the effect of oridonin on in-
hibiting cell migration is also associated with the FAK signalling path-
way. Although the specific mechanism of oridonin on inactivating
FAK phosphorylation is not fully classified, one previous literature
has demonstrated that oridonin inhibit FAK though reducing the ex-
pression of integrin 1 which was upstream of FAK.' In this study,
the expression of integrin f1 was indeed reduced after oridonin
application.

As phospho-FAK directly activates downstream effectors
such as ERK1/2, a set of experiments were performed to delin-
eate whether FAK-ERK1/2 signalling plays a significant role in the
migration and EMT status of H1688 cells. First, the expression of
phospho-ERK1/2 was examined after the administration of orido-
nin. The total levels of FAK and ERK1/2 were not affected, but
the levels of phospho-FAK and ERK1/2 were reduced by orido-
nin. According to previous study, NF-kB pé5, one target-activated
protein of ERK1/2, could bind on slug and snail promoter regions
to increase these two gene expressions.36 Therefore, we have
been suggested that the underlying mechanism of reducing the
expression of snail and slug by oridonin was mediated by inhibiting
ERK1/2- NF-kB.

Second, two inhibitors, PF573228 and PD98059, were used in
the present study. PF573228, an inhibitor of FAK, could indeed
decrease the phosphorylation of FAK and ERK1/2; meanwhile,
cell migration and EMT were also suppressed in cells pre-treated
with PF573228, and a similar phenomenon was observed in the
group treated with PD98059 (an inhibitor of ERK1/2), except for
the decreased phosphorylation of FAK. All the evidence shows

that the anti-EMT activity of oridonin is mediated through mod-
ulation of the FAK-ERK1/2 signalling pathway. However, that the
effect of PD98059 on inhibiting cell migration was decreased is
interesting. This result suggests not only that the ERK1/2 signal-
ling pathway targets a downstream protein of FAK but also that
although the FAK-ERK1/2 signalling pathway plays a critical role
in inhibiting H1688 cell migration, another signalling pathway is
involved.

Finally, FAK and ERK1/2 siRNA were used to suppress FAK-
ERK1/2 signalling pathway. The results showed that siRNA treat-
ment had the effect on inhibiting cell migration. Therefore, the
effect of oridonin on inhibition of EMT was indeed associated with
suppressing FAK-ERK1/2 signalling pathway.

Animal experiments showed that oridonin can clearly reduce
the tumour volume and weight after oridonin treatment; however,
oridonin, especially at high concentrations, had obvious cytotoxic
effects on hepatic tissue and myocardial tissue based on morpho-
logical observations and the results of serum biochemical analysis.
This finding suggests prudence in selecting the dose of oridonin for
clinical use.

In summary, our data demonstrated that oridonin can signifi-
cantly inhibit the migration and EMT of SCLC cells both in vivo
and in vitro. These inhibitory effects are at least partially medi-
ated by suppression of the FAK-ERK1/2 signalling pathway. Thus,
oridonin is a potentially useful antimetastatic agent for future SCLC
treatment.

ACKNOWLEDGEMENTS

This research was supported by grants from Natural Science
Foundation of Zhejiang Province (No: LY19H010002; No:
LY19H280008; No: LY15H070001), Science and Technology
Innovation Project for College Students in Zhejiang Province (No:
2018R427008).

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

AUTHOR CONTRIBUTIONS

LHX and JC designed the study. YZX collected and analysed the data.
WJX and SSZ performed the histological staining and immunofluo-
rescence staining. WJX contributed wound-healing assay and tran-
swell migration assay. The tumour xenograft model was performed
by ZCZ. LHX, YLB and JC performed the experiments, including
Western blot, real-time PCR and flow cytometry. LHX drafted and
wrote the manuscript. JC revised the manuscript. All authors read

and approved the final manuscript.

DATA AVAILABILITY STATEMENT
The data sets generated and analysed during this study are available
from the corresponding author (Jian Chen) on reasonable request.

ORCID

Linhao Xu https://orcid.org/0000-0003-1275-665X


https://orcid.org/0000-0003-1275-665X
https://orcid.org/0000-0003-1275-665X

XU ET AL

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J
Clin. 2018;68:7-30.

Byers LA, Rudin CM. Small cell lung cancer: where do we go from
here? Cancer. 2015;121:664-672.

Rossi A, Martelli O, Di Maio M. Treatment of patients with small-cell
lung cancer: from meta-analyses to clinical practice. Cancer Treat
Rev. 2013;39:498-506.

Sannino G, Marchetto A, Kirchner T, Grunewald TGP. Epithelial-
to-Mesenchymal and Mesenchymal-to-Epithelial ~ Transition
in Mesenchymal Tumors: A Paradox in Sarcomas? Cancer Res.
2017;77:4556-4561.

Rastogi |, Rajanna S, Webb A, et al. Mechanism of c-Met and EGFR
tyrosine kinase inhibitor resistance through epithelial mesenchy-
mal transition in non-small cell lung cancer. Biochem Biophys Res
Commun. 2016;477:937-944.

Ito T, Kudoh S, Ichimura T, Fujino K, Hassan WA, Udaka N. Small
cell lung cancer, an epithelial to mesenchymal transition (EMT)-like
cancer: significance of inactive Notch signaling and expression of
achaete-scute complex homologue 1. Hum Cell. 2017;30:1-10.
YueZ,YuanZ,ZengL,etal. LGR4 modulates breast cancer initiation,
metastasis, and cancer stem cells. FASEB J. 2018;32:2422-2437.
Tsoukalas N, Aravantinou-Fatorou E, Baxevanos P, et al. Advanced
small cell lung cancer (SCLC): new challenges and new expectations.
Ann Transl Med. 2018;6:145.

Jian W, Bai Y, Li X, Kang J, Lei Y, Xue Y. Phosphatidylethanolamine-
binding protein 4 promotes the epithelial-to-mesenchymal tran-
sition in non-small cell lung cancer cells by activating the sonic
hedgehog signaling pathway. J Cell Biochem. 2019;120:5386-5395.
Aboubakar Nana F, Lecocq M, Ladjemi MZ, et al. Therapeutic
Potential of Focal Adhesion Kinase Inhibition in Small Cell Lung
Cancer. Mol Cancer Ther. 2019;18:17-27.

Alexopoulou AN, Lees DM, Bodrug N, et al. Focal Adhesion
Kinase (FAK) tyrosine 397E mutation restores the vascular leak-
age defect in endothelium-specific FAK-kinase dead mice. J Pathol.
2017;242:358-370.

Zhang J, Francois R, lyer R, Seshadri M, Zajac-Kaye M, Hochwald
SN. Current understanding of the molecular biology of pancreatic
neuroendocrine tumors. J Natl Cancer Inst. 2013;105:1005-1017.
Yang K, Gao K, Hu G, Wen Y, Lin C, Li X. CTGF enhances resis-
tance to 5-FU-mediating cell apoptosis through FAK/MEK/
ERK signal pathway in colorectal cancer. Onco Targets Ther.
2016;9:7285-7295.

Zhang J, Hochwald SN. The role of FAK in tumor metabolism and
therapy. Pharmacol Ther. 2014;142:154-163.

OwonaBA, Schluesener HJ. Molecular Insight in the Multifunctional
Effects of Oridonin. Drugs R D. 2015;15:233-244.

Xia S, Zhang X, Li C, Guan H. Oridonin inhibits breast cancer growth
and metastasis through blocking the Notch signaling. Saudi Pharm J.
2017;25:638-643.

Wang S, Zhong Z, Wan J, et al. Oridonin induces apoptosis, inhibits
migration and invasion on highly-metastatic human breast cancer
cells. Am J Chin Med. 2013;41:177-196.

Chao W, Deng JS, Li PY, Liang YC, Huang GJ.
3,4-Dihydroxybenzalactone Suppresses Human Non-Small Cell
Lung Carcinoma Cells Metastasis via Suppression of Epithelial to
Mesenchymal Transition, ROS-Mediated PI3K/AKT/MAPK/MMP
and NFkappaB Signaling Pathways. Molecules. 2017;22.

Liu X, Kang J, Wang H, Huang T. Mitochondrial ROS contribute to
oridonin-induced HepG2 apoptosis through PARP activation. Oncol
Lett. 2018;15:2881-2888.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

WILEY--#%

Ke'Y, Liang JJ, Hou RJ, et al. Synthesis and biological evaluation of
novel Jiyuan Oridonin A-1,2,3-triazole-azole derivatives as antipro-
liferative agents. Eur J Med Chem. 2018;157:1249-1263.

Dong Y, Zhang T, Li J, et al. Oridonin inhibits tumor growth and me-
tastasis through anti-angiogenesis by blocking the Notch signaling.
PLoS One. 2014;9:113830.

Wan Z, Chai R, Yuan H, et al. MEIS2 promotes cell migration and
invasion in colorectal cancer. Oncol Rep. 2019;42:213-223.

Shi J, Chen Q, Xu M, et al. Recent updates and future perspectives
about amygdalin as a potential anticancer agent: A review. Cancer
Med. 2019;8:3004-3011.

Li X, Sun R, Liu R. Natural products in licorice for the therapy of
liver diseases: Progress and future opportunities. Pharmacol Res.
2019;144:210-226.

Gao S, Tan H, Zhu N, et al. Oridonin induces apoptosis through the
mitochondrial pathway in human gastric cancer SGC-7901 cells. Int
J Oncol. 2016;48:2453-2460.

LuY, SunY, Zhu J, et al. Oridonin exerts anticancer effect on osteo-
sarcoma by activating PPAR-gamma and inhibiting Nrf2 pathway.
Cell Death Dis. 2018;9:15.

Zhang C, Li H, Wang J, Zhang J, Hou X. MicroRNA-338-3p sup-
presses cell proliferation, migration and invasion in human malignant
melanoma by targeting MACC1. Exp Ther Med. 2019;18:997-1004.
Halaoui R, McCaffrey L. Rewiring cell polarity signaling in cancer.
Oncogene. 2015;34:939-950.

Lin D, Wang X, Li X, et al. Apogossypolone acts as a metastasis in-
hibitor via up-regulation of E-cadherin dependent on the GSK-3/
AKT complex. Am J Transl Res. 2019;11:218-232.

LiS, Qin X, Chai S, Qu C, Wang X, Zhang H. Modulation of E-cadherin
expression promotes migration ability of esophageal cancer cells.
Sci Rep. 2016;6:21713.

Liu QQ, Chen K, Ye Q, Jiang XH, Sun YW. Oridonin inhibits pan-
creatic cancer cell migration and epithelial-mesenchymal transition
by suppressing Wnt/beta-catenin signaling pathway. Cancer Cell Int.
2016;16:57.

Li C, Wang Q, Shen S, Wei X, Li G. Oridonin inhibits VEGF-A-
associated angiogenesis and epithelial-mesenchymal transition of
breast cancer in vitro and in vivo. Oncol Lett. 2018;16:2289-2298.
Banerjee P, Surendran H, Chowdhury DR, Prabhakar K, Pal R.
Metformin mediated reversal of epithelial to mesenchymal transi-
tion is triggered by epigenetic changes in E-cadherin promoter. J
Mol Med (Berl). 2016;94:1397-1409.

Battaglia RA, Delic S, Herrmann H, Snider NT. Vimentin on the move:
new developments in cell migration. 2018;F1000Res:7.

Liu C, Li Y, Xing Y, et al. The Interaction between Cancer Stem
Cell Marker CD133 and Src Protein Promotes Focal Adhesion
Kinase (FAK) Phosphorylation and Cell Migration. J Biol Chem.
2016;291:15540-15550.

Tsubaki M, Komai M, Fujimoto S, et al. Activation of NF-xB by the
RANKL/RANK system up-regulates snail and twist expressions and
induces epithelial-to-mesenchymal transition in mammary tumor
cell lines. J Exp Clin Cancer Res. 2013;32:62.

How to cite this article: Xu L, Bi Y, Xu Y, et al. Oridonin
inhibits the migration and epithelial-to-mesenchymal
transition of small cell lung cancer cells by suppressing
FAK-ERK1/2 signalling pathway. J Cell Mol Med. 2020;24:
4480-4493. https://doi.org/10.1111/jcmm.15106



https://doi.org/10.1111/jcmm.15106

