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1 | INTRODUCTION

Abstract

Formononetin is a natural isoflavone compound found mainly in Chinese herbal med-
icines such as astragalus and red clover. It is considered to be a typical phytooes-
trogen. In our previous experiments, it was found that formononetin has a two-way
regulatory effect on endothelial cells (ECs): low concentrations promote the prolif-
eration of ECs and high concentrations have an inhibitory effect. To find a specific
mechanism of action and provide a better clinical effect, we performed a structural
transformation of formononetin and selected better medicinal properties for for-
mononetin modifier J1 and J2 from a variety of modified constructs. The MTT assay
measured the effects of drugs on human umbilical vein endothelial cell (HUVEC)
activity. Scratch and transwell experiments validated the effects of the drugs on
HUVEC migration and invasion. An in vivo assessment effect of the drugs on ovariec-
tomized rats. Long-chain non-coding RNA for EWSAT1, which is abnormally highly
expressed in HUVEC, was screened by gene chip, and the effect of the drug on its
expression was detected by PCR after the drug was applied. The downstream factors
and their pathways were analysed, and the changes in the protein levels after drug
treatment were evaluated by Western blot. In conclusion, the mechanism of action of
formononetin, J1 and J2 on ECs may be through EWSAT1-TRAF6 and its downstream
pathways.
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in China's Xinjiang, Jilin, and Yunnan-Guizhou plateaus and Hubei's
mountainous areas.® Research has shown that red clover contains

According to the literature, the consumption of vegetables and fruits
is negatively correlated with cancer morbidity and mortality. It can
also be said that eating more plant-based foods has a certain effect
on the incidence of cancer. Phytooestrogens are a class of non-ste-
roidal compounds found in plants.? Red clover, also known as red
axle, is a perennial herb of the genus Trifolium, which grows wildly

a large number of isoflavones, which have anticancer and antitu-
mour properties, regulate the balance of human hormones, improve
osteoporosis, have antioxidant and free radical scavenging func-
tions, etc Red clover is a natural medicine with great prospects.*>
Formononetin is a biologically active phytooestrogenic isoflavone
extracted from red clover.
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The phytooestrogens found in plant foods have non-steroidal
oestrogen-like activity and are considered to be natural substitutes
for oestrogen.® The phytooestrogens can be divided into four cat-
egories: the isoflavones, alfalfa, lignans and coumarins.” Among
these categories, isoflavones (eg daidzein, genistein, calycosin and
formononetin) dominate the research on phytooestrogens because
they are the most biologically active ingredients in soya beans and
they have been shown to significantly inhibit tumours.®? Previous
studies have shown that formononetin can be used as a pharma-
cological oestrogen analogue.’®!! People have long recognized that
tumour growth and metastasis require angiogenesis.12 Currently,
HUVEC is considered to be a valuable in vitro angiogenesis model
because they can form a capillary structure called a tube under ap-
propriate stimulation.’® Studies have also shown that formonone-
tin has antitumour effects in several types of cancer, such as breast
cancer, osteosarcoma and ovarian cancer.!*> Our previous exper-
imental results show that formononetin has a two-way regulatory
effect on HUVEC; that is, low concentrations promote proliferation
of HUVEC, while high concentrations produce inhibition,'® but the
specific mechanism remains to be understood. After conducting
long-term experiments, we found that the solubility of formononetin
is low and that the concentration required inhibiting cells is too high.
To compensate for these shortcomings, another laboratory that we
worked with has structurally modified the drug, and in many modi-
fied species, J1 and J2 (purity > 98.0%) have been screened.

The growth of blood vessels, a process known as angiogenesis,
is a complex and co-ordinated process that involves multiple cellular
cytokines and signal pathways.'® Insulin-like growth factor-1 (IGF-1)
is a new target to treat cardiovascular disease, effectively inhibiting
EC apoptosis and promoting cell growth and migration through bind-
ing to the IGF-1 receptor (IGF-1R), which is expressed on the surface
of vascular endothelial cells (VECs).Y” Additionally, intercellular ad-
hesion molecule 1 (ICAM-1) is an Ig-like cell adhesion molecule that
is excreted by several types of cells, including leucocytes and ECs.*®
ICAM-1 is involved in polymorphonuclear leucocyte-induced angio-
genesis and is an early hallmark of the angiogenesis process. It en-
dows the adhesive interaction between VECs and the extracellular
matrix, hence promoting the growth of vascular endothelial cells.?’
These factors stimulate the proliferation, differentiation and me-
tastasis of vascular endothelial cells; promote the formation of new
blood vessels; provide sufficient oxygen and the nutrients neces-
sary for tumour growth; provide a good growth environment for tu-
mours; and accelerate tumour growth and proliferation. Therefore,
inhibition of the formation of blood vessels has become a key step in
the treatment of cancer.

It has recently been reported that long non-coding RNAs (In-
cRNAs) are capable of regulating the proliferation, migration, inva-
sion and chemoresistance of certain cells and are now considered
to be novel regulators of gene expression.?°2® In addition, INcRNA
is also involved in the process of cardiovascular development and
pathophysiology.?”

In this study, we initially screened several IncRNAs that were

abnormally highly expressed in HUVEC but showed decreased

gene expression levels after drug treatment. The difference in
the expression of EWSAT1 was found to be more significant.
Next, the downstream target was predicted to be TRAF6 with
EWSAT1 as the upstream target. TRAF6 is involved in the down-
stream pathway TAK1-C-jun/lkBa. To explore the mechanism of
this pathway and the role of the drugs, we performed the follow-
ing research.

2 | MATERIALS AND METHODS
2.1 | Cell culture

HUVEC (The Chinese Academy of Sciences) was cultured in RPMI-
1640 medium (Invitrogen) containing 10% foetal bovine serum (FBS;
Gibco) and cultured at 37°C, a 5% CO, concentration and saturated
humidity. The cells were well adhered and routinely digested accord-
ing to the density and fusion of the cells, and the medium was re-
placed with phenol red-free RPMI-1640 medium (Gibco) (containing
10% foetal bovine serum solution treated with dextran) 4 days be-
fore the experiment. Then, the cells were allowed to grow for 4 days.
In addition, the medium was changed to low-serum RPMI-1640 me-
dium (containing 0.5% foetal bovine serum solution) for 24 hours

before the cell experiments.

2.2 | MTT assay

Formononetin (C,,H,,0,) (purity > 98.0%, Yuanye Biotechnology
Co., Ltd.) and the J1(C,,H,,O,) (purity > 98.0%) and J2 (C,gH,,N,O,)
(purity > 98.0%) were dissolved in dimethyl sulphoxide (DMSO) to
prepare J1 and J2 stock solutions, which was stored at 4°C for fur-
ther use. Cell proliferation after treatment with J1 and J2 was tested
by the MTT assay. Human umbilical vein endothelial cell was inocu-
lated in 96-well plates (5 x 10° cells per well) for 12 hours and then
exposed to various concentrations of J1 or J2 (0, 0.1, 0.5, 1, 2, 4, 8,
16, 32 umol/L) (O group added to DMSO). After 48 hours, the cells
were incubated with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT) for 4 hours and then lysed in DMSO. Optical
density (OD) values were measured at 490 nm using a plate reader

(BioTek Instruments).

2.3 | Wound healing assay

Cell migration ability was assessed with a wound healing assay. Equal
numbers of cells were cultured in 6-well plates until 95% confluence
was reached. Wound gaps were created by scraping the cell sheets
with a sterile 10-uL pipette tip. The floating cells were removed by
washing the wells with phosphate-buffered saline (PBS). Changes in
the scratched area were observed daily for 4 days by an inverted
microscope (Leica). The wound width was measured to calculate the

cell migration ability.
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2.4 | Plate colony formation experiment

Human umbilical vein endothelial cell was seeded at a low density
in 6-well plates (500 cells/well in triplicate) and was cultured for
2 weeks. Then, the cells were washed twice with PBS, fixed with 4%
paraformaldehyde for 15 minutes and stained with a Gram staining
solution for 20 minutes.

2.5 | Transwell invasion assay

Cell invasion was assessed using a 24-well Millicell suspension cell
culture insert with an 8 um polyethylene terephthalate (PET) mem-
brane (Millipore) according to the manufacturer's instructions.
Subsequently, 5 x 10* cells from each group were suspended in
200 pL of serum-free medium and inoculated into the upper cham-
ber. Then, formononetin and J1 were added, and 500 uL of com-
plete medium containing 10% FBS was added to the lower chamber.
After incubation at 37°C for 48 hours, the non-invasive cells were
carefully removed from the upper surface of the filter. The invading
cells in the lower chamber (below the surface of the filter) were fixed
in 100% methanol, stained with 0.1 mg/mL crystal violet solution
(Beyotime Biotechnology) and counted under a microscope. Five
random fields of view were counted for each well, and the mean was

determined.

2.6 | Apoptosis staining

Cells were seeded in 6-well plates (12 x 10* cells/well) and cultured
to confluence with different concentrations of formononetin (O,
16, 32 and 64 pmol/L) or J1 (0, 4, 8 and 16 pmol/L) (O group added
to DMSO) for 48 hours. The nuclear morphology of the apoptotic
cells seeded in the 6-well plates was observed using Hoechst 33258
stain. Briefly, cells were washed three times with PBS for 10 min-
utes, fixed in 4% paraformaldehyde for 20 minutes at 4°C, washed
three times with PBS, stained with Hoechst 33258 (500 pL/well,
Beyotime Institute of Biotechnology) stained for 5 minutes, washed
again with PBS three times, covered with anti-fade solution and then
observed using the abovementioned fluorescence microscope (mag-
nification, x400).

2.7 | Microarray of IncRNAs

Total RNA was extracted from HUVEC using the miRNeasy mini
kit (Qiagen) according to the manufacturer's protocol. RNA am-
plification and labelling were performed using the Amino Allyl
MessageAmp Il aRNA Amplification Kit (Ambion). Labelled
cDNA was subjected to hybridization using the Human IncRNA
OneArray Plus microarray (Phalanx Biotech Group), followed by

scanning using an Agilent scanner (Agilent Technologies). Agilent

Feature Extraction software (version 11.0.1.1) was used to grid
and extract the data.

2.8 | Gene function analysis

The predicted target genes of differentially expressed IncRNAs were
input into the Database for Annotation, Visualization and Integrated
Discovery, which utilizes Gene Ontology (GO) analysis to analyse
the molecular functions represented in the IncRNA profile (XuanC
Bio). Furthermore, the potential functions of these differentially
expressed IncRNAs in the pathways were determined by the Kyoto
Encyclopedia of Genes and Genomes database.

2.9 | Quantitative real-time PCR (qRT-PCR) assay

First, RNA was extracted from HUVEC using TRIzol (Gibco-BRL). A
total of 20 ng of RNA was used for reverse transcription, which was
carried out using the Revert Aid First Strand cDNA Synthesis Kit
(Fermentas, Life Sciences). The quantification of EWSAT1, TRAF6
and GAPDH was performed via gRT-PCR. The primers used for gRT-
PCR were as follows: EWSAT1-F: GTGTCTGGCAAGGAACACTA
and EWSAT1-R: GGTGGAGAAGAGGGACAATAAG, TRAF6-F: TC
ATTATGATCTGGACTGCCCAAC and TRAF6-R: TGCAAGTGTCGTG
CCAAGTG, and GAPDH F: GCTACACTGAGGACCAGGTTGTC and
GAPDH-R: AGCCGTATTCATTGTCATACCAGG. Then, HUVEC was
treated with the J1 (0, 4, 8 and 16 pmol/L) formononetin deriva-
tive. After 48 hours, the RNA was extracted and reverse-transcribed
into cDNA. The expression levels of EWSAT1 and TRAF6 in HUVEC
treated with various concentrations of the J1 formononetin deriva-
tive were quantified by gRT-PCR, and GAPDH was used as a house-
keeping gene to calculate the relative expression levels of EWSAT1
and TRAF6.

2.10 | Western blot analysis

Human umbilical vein endothelial cell was treated with the J1. After
48 hours, cell lysates were harvested, and the protein concentration
was determined using a Bio-Rad assay kit (Bio-Rad Laboratories).
Equal amounts of protein were separated by SDS-PAGE and trans-
ferred to a 0.22-pum polyvinylidene fluoride (PVDF) membrane (Bio-
Rad Laboratories). Then, the membrane was blocked with TBST
(Tris-buffered saline, pH 7.6, 0.05% Tween-20) containing 5% skim
milk powder for 2 hours. Membranes were then incubated over-
night at 4°C with the indicated concentrations of the following pri-
mary antibodies: TRAF6, 1:1000 (Abcam); IGF-1R, 1:1000 (Abcam);
B-actin, 1:500 (Zsgb Bio); p-TAK1, 1:5000 (Abcam); TAK1, 1:5000
(Abcam); p-1xBa, 1:3000 (Abcam); IkBa, 1:5000 (Abcam); p-C-jun,
1:5000 (Abcam); and C-jun, 1:5000 (Abcam). After washing three

times with TBST, the blot was incubated with a suitable secondary
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antibody conjugated to horseradish peroxidase at room tempera-
ture for 1 hour and then developed in an electrochemiluminescence
Western blotting detection reagent (Beyotime). The expression level
of the protein was compared to the expression level of the control

based on the relative intensity of the bands.

2.11 | Drugand animals

Formononetin (purity > 98.0%, Yuanye Biotechnology Co., Ltd.) was
dissolved in DMSO to prepare a 160 mg/mL stock solution that was
stored at 4°C for further use. Sprague Dawley rats (female, 6 weeks
old, 200-220 g) were supplied by Hunan SJA Laboratory Animal Co.,
Ltd. Animals were bred in a specific pathogen-free room under a con-
stant temperature of 21-25°C and 50%-60% relative humidity with a
12-hour light/12-hour dark cycle. All experimental procedures were
performed in accordance with the guidelines of the Experimental

Research Institute of Guilin Medical University.

2.12 | Ovariectomy

For the establishment of ovariectomized rat models, 40 female SD
rats were randomly divided into 4 groups: sham operation group
(SHAM group, n = 10), ovariectomized group (OVX group, n = 10),
8 mg/kg/d formononetin group (n = 10) and 16 mg/kg/d formonon-
etin group (n = 10). After being anaesthetized by intraperitoneal (i.p.)
injection of 40 mg/kg pentobarbital sodium, both ovaries were re-
moved from the SD rats to establish ovariectomized rat models. Five
days after surgery, drug administration groups were given 8 mg/kg/d
or 16 mg/kg/d formononetin, respectively, by gavage once a day for
40 days. The animals in the SHAM and OV X groups received saline.
At the end of the administration, the uteri, thoracic aortas and breast
tissues of the rats in the 4 groups were removed and reserved care-

fully for follow-up analysis.

2.13 | Quantitative real-time PCR (qRT-PCR) assay
in vivo

For the analysis of IGF-1R and ICAM-1 mRNA transcription, the
uteri from different groups were collected, and the total RNAs
were extracted by TRIzol reagent (Invitrogen) according to the
standard protocol. The expression levels of the transcripts en-
coding IGF-1R and ICAM-1 were quantified using a Quant One
Step gRT-PCR Kit (SYBR Green) (TIANGEN) and sampled by
the CFX96 Touch™ Real-Time System (Bio-Rad). The specific
primers used in qRT-PCR for IGF-1R, ICAM-1 and f-actin were
IGF-IR-F:  5-AACATCCGGCGAGGCAATAA-3" and IGF-IR-R:
5'-TTCACGTAGCCAGTCACCAC-3', ICAM-1-F: 5'-GAGCGACATTG
GGGAAGACA-3' and ICAM-1-R: 5-CACTCGCTCTGGGAACGAAT
A-3', p-actin-F: 5'-TGTCACCAACTGGGACGATA-3' and f-actin-R:
5'- GGGGTGTTGAAGGTCTCAAA-3'.

2.14 | Western blot assay in vivo

For the analysis of IGF-1R and ICAM-1 protein expression, the
uteri from different groups were collected, and the total protein
was extracted by RIPA reagent (Solarbio) by adding 1% PMSF pro-
tease inhibitors (Solarbio) according to the standard protocol. Then,
the mixtures were sonicated on ice with a Sonifier cell disruptor
(75%, 5 minutes). After incubation for 30 min on ice, the mixtures
were centrifuged at 16 099.2 g for 10 min at 4°C. The concentra-
tion of the supernatant was determined with a BCA protein assay
kit. Ten micrograms of protein was separated by 10% or 8% SDS-
polyacrylamide gel, and then, the protein in the gel was transferred
to the activated PVDF membrane. After sealing with 5% skim
milk, the PVDF membranes were incubated with the correspond-
ing IGF-1R antibody (1:1000) (Abcam), ICAM-1 antibody (1:1000)
(Abcam) or B-actin antibody (1:500) (Zsgb Bio) at 4°C overnight, ac-
cording to the molecular weights of the different proteins. The next
day, the membranes were washed with TBST three times and then
incubated with anti-rabbit IgG/HRP (1:2000) (Zsgb Bio) and goat
antimouse IgG/HRP (1:2000) (Zsgb Bio) for 2 hours. Protein bands
were visualized using electrochemiluminescence (ECL) Western
blot detection reagents (Beyotime) under a ChemiDoc™ XRS (Bio-
Rad) system.

2.15 | Immunohistochemistry

The uteri, thoracic aortas and breast tissues from the different
groups were collected and fixed in 4% paraformaldehyde over-
night, dehydrated using a series gradient of ethanol, carefully
embedded in paraffin and sectioned into 5-pm-thick slices. After
deparaffinization in xylene and hydration with a series gradient
of ethanol, sections of the tissues were incubated with 3% H,0,
for 10 minutes, followed by three PBS washes. Antigen retrieval
from the samples was conducted by microwave treatment in cit-
rate buffer (pH 6.8). Then, sections were separately incubated
with primary antibodies: anti-IGF-1R receptor antibody (1:200)
(Abcam) and anti-ICAM-1 antibody (1:200) (Abcam) at a constant
temperature of 4°C overnight. After washing three times with PBS,
sections were probed with the corresponding secondary antibody
using a PV-9000 polymer detection kit (Zhongshan), and immuno-
reactivity was visualized using 3,3-diaminobenzidine (DAB). After
counterstaining with haematoxylin, sections were observed under

a light microscope (Olympus).

2.16 | Statistical analysis

All data are presented as the mean * standard deviation (SD).
Statistical significance was tested by two-tailed Student's t test or
one-way ANOVA using SPSS 19.0 software. Statistical significance
was set at P < .05, and extreme significance was set at P < .01. All

statistical diagrams were performed using GraphPad Prism 5.0.
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(A) Is the molecular structure of formononetin, J1 and J2, respectively. (B) HUVECs were treated with different concentrations

of formononetin, J1 and J2 (0, 0.1, 0.5, 1, 2, 4, 8, 16, 32 pmol/L) for 48 h. The final concentrations of the compounds are shown. The cell
proliferation rates were determined by the MTT assay (mean * SD). *P < .05 vs control group (O pmol/L). (C) Representative pictures of the
number of HUVEC colonies. HUVECs were treated with formononetin (0, 16, 32 and 64 pmol/L) and J1 and J2 (0, 4, 8 and 16 pmol/L). (D)
In the apoptosis staining experiment, HUVEC was treated with different concentrations of three drugs for 48 h, and more apoptotic bodies

were observed in the high concentration group

3 | RESULTS

3.1 | Inhibitory effects of different concentrations
of formononetin and J1 and J2 on endothelial cells

Due to the solubility of formononetin, the concentration of the drug
required to inhibit cells was too high, so modification of the formon-
onetin structure was carried out to obtain two modified drugs, J1
and J2. Figure 1A shows the molecular structure of each drug. To
elucidate the effects of these two plus formononetin on endothelial
cells, MTT experiments were performed to examine the effects of
these drugs on cells and to determine which J1 and J2 have better
effects. As shown in Figure 1B, with increasing concentrations of
formononetin and J1, an inhibitory effect was observed on HUVEC.
However, the inhibition of J1 is stronger than that of J2. It can also
be seen in Figure 1C,D that high concentrations of J1 and J2 have an
inhibitory effect on HUVEC, and similarly, the inhibitory effect of J1
is significantly stronger than J2.

3.2 | The J1 and J2 affected the invasion and
migration of HUVEC

We used several different concentrations of each J1 and J2 (0, 4,
8 and 16 pmol/L) and formononetin (0, 16, 32 and 64 pmol/L) to
examine the effect of the drugs on the migratory ability of HUVEC.
Figure 2A-C shows the experimental results. The relatively high con-
centrations of J1 had a significant effect on HUVEC at 12 hours and
24 hours, while the effect of formononetin and J2 was not notable.
The drug effect of J1 was significantly stronger than that of J2, so we
used formononetin and J1 for the transwell experiment. Based on
the results of the transwell experiment (Figure 2D,E), we concluded
that as the concentrations of formononetin or J1 increase, fewer
HUVEC pass through the basal lamina, and formononetin and J1 are
more effective at higher concentrations. It can be concluded that the
concentration required for the inhibitory effect from formononetin
on HUVEC was significantly higher than that of J1, which also indi-
cates that the inhibitory effect of J1 is better.
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experiments. *P < .05 vs control group (O pmol/L)

3.3 | Effect of formononetin on ovariectomized rats

The bodyweight of the rats slightly increased during the adminis-
tration (Figure 3A). The uterine coefficient represents the relative
weight of the uterus to the bodyweight, and the results showed
that after 16 mg/kg/d administration, the uterine coefficient signifi-
cantly increased compared with the OVX model group (Figure 3B),
suggesting that 16 mg/kg/d group may promote uterine growth by
oestrogen-like effects. However, the effect of 8 mg/kg/d group is
not good.

Next, to validate that formononetin possessed a protective
effect against VECs in ovariectomized rats, we evaluated IGF-1R
and ICAM-1 mRNA and protein expression levels in the uteri of
different experimental groups. The results showed that after re-

moving the ovaries of the rats to mimic early postmenopausal

women, the OVX group exhibited lower IGF-1R and ICAM-1
mRNA and protein expression levels when compared with the
SHAM group. However, after the administration of formononetin,
16 mg/kg/d group was remarkably up-regulated the IGF-1R and
ICAM-1 mRNA and protein expression levels. In the 8 mg/kg/d
group, the level of mRNA was increased, but the protein level did
not change (Figure 3C-F). These results suggest that 16 mg/kg/d
group, through its up-regulation of angiogenesis-associated fac-
tors (IGF-1R and ICAM-1), may promote growth and exert protec-
tive effects against VECs in uteri.

With the positive data supported above, we further demon-
strated the IGF-1R and ICAM-1 protein expression in the uteri,
thoracic aortas and breast tissues by immunocytochemistry
assay. After administration of formononetin, the 8 mg/kg/d and

16 mg/kg/d groups exhibited higher expression levels of IGF-1R
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FIGURE 3 (A)Bodyweights of ovariectomized rats in during the treatments. (B) Uterine coefficient of ovariectomized rats in different

groups, *P < .05, compared with OVX group. (C,D) The IGF-1R and ICAM-1 mRNA expression of uteri in different groups determined by qRT-
PCR. ***P < .001, compared with OVX group. (E,F) The IGF-1R and ICAM-1 protein expression of uteri in different groups determined by
Western blot. *P < .05, **P < .01, compared with OVX group. (G,H) Effects of formononetin on the expression of IGF-1R and ICAM-1 in uteri,
thoracic aortas and breast tissues of ovariectomized rats determined by immunocytochemistry method. Scale bar: 50 um

and ICAM-1 in the uterine cell vascular membrane compared
with the OVX group (Figure 3G,H). The same trends were also
observed in the thoracic aortas and breast tissues. Here, we con-
cluded that formononetin up-regulated the expression of IGF-1R
and ICAM-1, thus achieving protective and angiogenic effects in
the VECs of the uteri, thoracic aortas and breast tissues of ova-
riectomized rats.

Here, we also used the trend effects of J1 and J2 on rats for in
vivo experiments. The trending effects of J1 and J2 in the in vivo
experiments were not statistically significant.

3.4 | EWSAT1-TRAF6 participates in the
influence of the HUVEC mechanism

To explore the underlying mechanisms of formononetin, J1 and J2
regulation of endothelial cells, IncRNA levels were measured with
microarrays after treatment with formononetin, J1 and J2 (Figure 4).

J1 significantly down-regulated the expression level of EWSAT1.

Next, the downstream target of EWSAT1 was analysed, and it was
determined that TRAF6 is a downstream target of EWSAT1.

3.5 | Effect of J1 on the expression of EWSAT1 and
its related downstream pathway factors

In this study (Figure 5A), after treating HUVEC with J1, the expres-
sion level of EWSAT1 in HUVEC was found to gradually decrease with
an increasing concentration of J1. Moreover, the expression level of
TRAF6 was also found to decrease accordingly. Simultaneously, the
expression of TRAF6 and IGF-1R and the phosphorylation of the re-
lated pathway proteins were also detected. As shown in Figure 5B-F,
the expression levels of TRAF6 and IGF-1R gradually decreased with
increasing J1 concentration, and the phosphorylation level of the re-
lated pathway protein factor TAK1 and its downstream pathway-re-
lated protein also appeared to change. This indicates that J1 reduces
the expression levels of TRAF6 and IGF-1R, thereby affecting the
phosphorylation of TAK1 and IGF-1R and the downstream branches.
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FIGURE 4 IncRNAs expression profile differences between the formononetin-, J1- and J2-treated groups compared to the control group.
(A) The heat map, (B) the volcano plots, (C) the downstream pathway analysis

4 | DISCUSSION

The proliferation of endothelial cells plays a key role in the pro-
cess of angiogenesis, which is necessary for tumour growth and
metastasis.?® Therefore, the endothelium is positioned as a bar-
rier between the blood and blood vessels, and anticancer agents
are damaging to the endothelial layer.?’ Angiogenesis is thought
to be a hallmark of cancer progression in solid tumours larger than
1-2 mm.®° Cancer cells grow rapidly due to the increased vas-
cular supply, which maintains the delivery of oxygen and nutri-
ents as well as the elimination of the waste generated by cells.®!
Hypoxic and nutrient-starved tumours secrete pro-angiogenic
factors that target specific receptors on the surface of vascular
cells to promote neovascularization.® Therefore, controlling the
formation of blood vessels has become one of the primary tasks
involved in treating tumours. Human umbilical vein endothelial cell
is considered to be valuable in vitro angiogenesis model because

they can form a capillary structure called a tube under appropriate

stimulation.'® This study also selected the most experimental
model objects of HUVEC.

Our results indicate that formononetin has a two-way regulatory
effect on endothelial cells, that is, a low concentration (>16 pmol/L)
promotes the proliferation of HUVEC, and a high concentration
(<16 pmol/L) inhibits HUVEC, but the specific mechanism is still un-
clear.X® In addition, long-term experimental studies have found some
shortcomings of formononetin, that is, the solubility of the drug is
poor and the concentration required for the drug effect is large.
Considering these problems, the drug was modified to obtain for-
mononetin modifier, J1 and J2, which were selected from numerous
modifier. However, the trend of J1 and J2 in vivo is not statistically
significant.

Next, six samples of HUVEC were prepared, which were for-
mononetin (0, 10 pmol/L), J1 (O, 10 pmol/L) and J2 (0, 10 umol/L),
and subjected to gene screening. Several IncRNAs were found to be
highly expressed in HUVEC, and the fold change of EWSAT1 after
treatment with J1 was significantly higher than that of the other two
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FIGURE 5 (A) HUVECs were treated with various concentrations of the J1 (0, 4, 8 and 16 pmol/L) for 48 h, and then, the EWSAT1

and TRAF6 mRNA expression levels were assessed by real-time PCR (mean * SD). The results are representative of three independent
experiments performed in triplicate. *P < .05 vs control group (0O pmol/L). HUVECs were treated with various concentrations of the J1 (O,
4,8 and 16 pmol/L) for 48 h, and then, the protein expression levels of IGF-1R (B), TRAF6 (C), p-TAK1 (D), p-c-Jun (E) and p-IkBu (F) were
determined by Western blot (mean + SD). The results are representative of three independent experiments performed in triplicate. *P < .05

vs control group (O pmol/L)

drugs after treatment with drugs. At the same time, based on the
above results, J1 had better effects on HUVEC than formononetin
and J2. Therefore, mechanism experiment was carried out using J1.
After EWSAT1 was screened, its downstream target was analysed
and predicted, and TRAF6 was found to be the downstream target
of EWSAT1.

TRAF6 is a member of the TNF receptor-associated factor
(TRAF) family.82 Recent studies have shown that inhibition of the
TRAF6/NF-xB/MMP2 pathway can affect endothelial cell inva-
sion and migration.33 Studies have also shown that inhibition of
the AT1R-NF«xB-TRAF6-mitogen-activated protein kinase (MAPK)
pathway affects endothelial cell proliferation and vascular regen-
eration.3* These results may indicate that TRAF6 also plays an im-
portant role in endothelial cell proliferation, invasion and migration.
Upon stimulation, TRAFé is recruited into the receptor complex and
activated by the IL-1 receptor-associated kinase 1 (IRAK1), which
binds to the TRAF domain of TRAF6.3° The IRAK1/TRAF6 com-
plex is then excised from the receptor and binds to the membrane
portion of TAK1 and the TAK1-associated binding proteins TAB1
and TAB2.%° IRAK1 remains on the membrane and subsequently
degrades, and then, the complex of TRAF6, TAK1, TAB1 and TAB2

enters the cytoplasm, forming a large complex with Ubc13 and
Uev1A.%¢ TRAF6 acts as an E3 ubiquitin ligase with Ubc13/Uev1A,
catalysing the formation of a Ké63-linked polyubiquitin chain and
then activating TAK1.37%7 TAK1 then phosphorylates and activates
MAPK and IB kinase (IKK).*

Vascular growth, a process called angiogenesis, is a complex and
co-ordinated process involving multiple cytokines and signalling
pathways.*>*? Insulin-like growth factor-1 (IGF-1) is a novel target
that inhibits endothelial cell apoptosis by binding to the IGF-1 re-
ceptor (IGF-1R) and promoting cell growth and migration. Recently,
studies have shown that IGF-1R can inhibit the proliferation of os-
teosarcoma cells through its downstream pathways, JNK and C-jun
N-terminal kinase.*3

In this study, after treatment of HUVEC with different con-
centrations of the formononetin derivative J1 for 48 hours, the
expression levels of TRAF6, IGF-1R and C-jun and the phosphor-
ylation levels of TAK1, IxBa and C-jun were detected. The levels
of phosphorylation change, and it was found that with increas-
ing J1 concentration, the expression level of the TRAFé protein
gradually decreased, the phosphorylation level of the correspond-
ing pathway proteins (including TAK1) changed accordingly, and
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the IGF-1R protein level also decreased. Correspondingly, the
phosphorylation level of C-jun downstream was also reduced
accordingly.

In summary, the above experimental results show that for-
mononetin and J1 and J2 have the ability to inhibit endothelial cell
proliferation, invasion and migration. It was found that J1 is superior
to formononetin and J2. In addition, the selected IncRNA (EWSAT1)
and its downstream targets were analysed, and the corresponding
downstream pathways were found. This study confirmed that the
formononetin derivative J1 regulates the expression of TRAF6 and
its downstream TAK1- and IkBa/C-jun-related factors by mediating
the expression of EWSAT1, and the IGF-1R-C-jun pathway also has
an effect on ECs. These advances in the understanding of the drug
action of formononetin and formononetin modifier and their inhibi-
tion of the angiogenic processes necessary for tumour growth and
metastasis may provide opportunities for their clinical application in

tumour therapy.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science
Foundation of China (grant number 81560591), National Natural
Science Foundation of China (grant number 81660610) and
National Natural Science Foundation of Guangxi (grant numbers
2017GXNSFDA198019).

CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed

as a potential conflict of interest.

AUTHOR CONTRIBUTIONS

Zhaoquan Huang and Jian Chen conceived and designed the study.
Xin Li conducted an experiment. Chen Huang, Chengliang Sui and
Guangying Qi analysed the data. Xin Li, Chunmei Liang and Qian Yao
Ren drafted and revised the manuscript. All authors read and ap-

proved the final manuscript.

ORCID

Zhao Quan Huang https://orcid.org/0000-0001-8848-7930

DATA AVAILABILITY STATEMENT
Data available on request from the authors.

REFERENCES

1. Boeing H, Bechthold A, Bub A, et al. Critical review: vegeta-
bles and fruit in the prevention of chronic diseases. Eur J Nutr.
2012;51:637-663.

2. ChenJ, ZengJ, Xin M, Huang W, Chen X. Formononetin induces cell
cycle arrest of human breast cancer cells via IGF1/PI3K/Akt path-
ways in vitro and in vivo. Hormone Metab Res. 2011;43(10):681-686.

3. Pakalapati G, Li L, Gretz N, Koch E, Wink M. Influence of red
clover (Trifolium pratense) isoflavones on gene and protein ex-
pression profiles in liver of ovariectomized rats. Phytomedicine.
2009;16:845-855.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Burdette JE, Liu J, Lantvit D, et al. Trifolium pratense (red clover) ex-
hibits estrogenic effects in vivo in ovariectomized Sprague-Dawley
rats. J Nutr. 2018;132:27-30.

Lam ANC, Demasi M, James MJ, Husband AJ, Walker C. Effect
of red clover isoflavones on Cox-2 activity in murine and human
monocyte/macrophage cells. Nutr Cancer. 2004;49:89-93.

Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its re-
ceptors. Nat Med. 2003;9:669-676.

Liu X-J, Li Y-Q, Chen Q-Y, Xiao S-J, Zeng S-E. Up-regulating of
RASD1 and apoptosis of DU-145 human prostate cancer cells
induced by formononetin in vitro. Asian Pacific J Cancer Prev.
2014;15:2835-2839.

Tse G, Eslick GD. Soy and isoflavone consumption and risk of gas-
trointestinal cancer: a systematic review and meta-analysis. Eur J
Nutr. 2016;55:63-73.

Jin H, Leng Q, Li C. Dietary flavonoid for preventing colorectal neo-
plasms. Cochrane Datab Syst Rev. 2012;8(8):CD009350.

Vivacqua A, Bonofiglio D, Recchia AG, et al. The G protein-cou-
pled receptor GPR30 mediates the proliferative effects induced
by 17beta-estradiol and hydroxytamoxifen in endometrial cancer
cells. Mol Endocrinol. 2006;20:631-646.

Chen J, Zhao X, Ye Y, Wang Y, Tian J. Estrogen receptor beta-me-
diated proliferative inhibition and apoptosis in human breast
cancer by calycosin and formononetin. Cell Physiol Biochem.
2013;32:1790-1797.

Distler JH, Hirth A, Kurowska-Stolarska M, Gay RE, Gay S, Distler
O. Angiogenic and angiostatic factors in the molecular control of
angiogenesis. Q J Nucl Med. 2003;47:149-161.

Matsui J, Wakabayashi T, Asada M, Yoshimatsu K, Okada MS. Cell
factor/c-kit signaling promotes the survival, migration, and cap-
illary tube formation of human umbilical vein endothelial. Cells.
2004;279:18600-18607.

Zhou Q, Zhang W, Li T,, et al. Formononetin enhances the tumor-
icidal effect of everolimus in breast cancer MDA-MB-468 cells
by suppressing the mTOR pathway. Evidence-based complement.
Altern Med. 2019;2019:1-8.

Zhang J, Liu L, Wang J, Ren B, Zhang L, Li W. Formononetin, an
isoflavone from Astragalus membranaceus inhibits prolifera-
tion and metastasis of ovarian cancer cells. J Ethnopharmacol.
2018;221:91-99.

Chen J, Zhang X, Wang Y, Ye Y, Huang Z. Formononetin promotes
proliferation that involves a feedback loop of microRNA-375 and
estrogen receptor alpha in estrogen receptor-positive cells. Mol
Carcinog. 2016;55:312-319.

Arvat E, Broglio F, Ghigo E. Insulin-like growth factor I: implications
in aging. Drugs Aging. 2000;16:29-40.

Van De Stolpe A, Van Der Saag PT. Intercellular adhesion mole-
cule-1. J Mol Med. 1996;74:13-33.

Yasuda M, Shimizu S, Ohhinata K, et al. Differential roles of ICAM-1
and E-selectin in polymorphonuclear leukocyte-induced angiogen-
esis. Am J Physiol Physiol. 2013;282:C917-C925.

Booy EP, McRae EK, Koul A, Lin F, McKenna SA. The long non-cod-
ing RNA BC200 (BCYRN1) is critical for cancer cell survival and pro-
liferation. Mol Cancer. 2017;16(1):109.

Li J, Chen Y, Chen Z, et al. SPRY4-IT1: a novel onco-
genic long non-coding RNA in human cancers. Tumor Biol.
2017;39(6):101042831771140.

Hua F, Liu S, Zhu L, Ma N, Jiang S, Yang J Highly expressed long
non-coding RNA NNT-AS1 promotes cell proliferation and inva-
sion through Wnt/p-catenin signaling pathway in cervical cancer.
Biomed Pharmacother. 2017;92:1128-1134.

Zhang CY, Yu M, Li X, Zhang Z, Han C, Yan B. Overexpression of
long non-coding RNA MEGS3 suppresses breast cancer cell prolifer-
ation, invasion, and angiogenesis through AKT pathway. Tumor Biol.
2017;39(6):101042831770131.


https://orcid.org/0000-0001-8848-7930
https://orcid.org/0000-0001-8848-7930

LI ET AL

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Zhang R, Xia Y, Wang Z, et al. Serum long non coding RNA MALAT-1
protected by exosomes is up-regulated and promotes cell prolifer-
ation and migration in non-small cell lung cancer. Biochem Biophys
Res Commun. 2017;490:406-414.

Zhang Y, Hu H. Long non-coding RNA CCAT1/miR-218/ ZFX axis
modulates the progression of laryngeal squamous cell cancer.
Tumor Biol. 2017;39(6):101042831769941.

Xu JH, Chang WH, Fu HW, Shu WQ, Yuan T, Chen P. Upregulated
long non-coding RNA LOC90784 promotes cell proliferation and in-
vasion and is associated with poor clinical features in HCC. Biochem
Biophys Res Commun. 2017;490:920-926.

Thum T, Kumarswamy R. The smooth long noncoding RNA SENCR.
Arterioscler Thromb Vasc Biol. 2014;34:1124-1125.

Prager GW, Zielinski CC. Angiogenesis in cancer. In: Biochemical
Basis and Therapeutic Implications of Angiogenesis. Vol. 2; 2013:335-
356. https://doi.org/10.1007/978-1-4614-5857-9_18

Mailloux A, Grenet K, Bruneel A, Bénéteau-Burnat B, Vaubourdolle
M, Baudin B. Anticancer drugs induce necrosis of human endo-
thelial cells involving both oncosis and apoptosis. Eur J Cell Biol.
2001;80:442-449.

Folkman J. Anti-angiogenesis: new concept for therapy of solid tu-
mors. Ann Surg. 1972;175:409-416.

Ramer R, Schmied T, Wagner C, Haustein M, Hinz B. The antiangio-
genic action of cisplatin on endothelial cells is mediated through the
release of tissue inhibitor of matrix metalloproteinases-1 from lung
cancer cells. Oncotarget. 2018;9(75):34048-34055.

Pullen SS, Miller HG, Everdeen DS, Dang TT, Crute JJ, Kehry MR.
CD40-tumor necrosis factor receptor-associated factor (TRAF)
interactions: regulation of CD40 signaling through multiple TRAF
binding sites and TRAF hetero-oligomerization. Biochemistry.
1998;37:11836-11845.

Wu Q, Wu X, Ying X,, et al. Suppression of endothelial cell migra-
tion by tumor associated macrophage-derived exosomes is re-
versed by epithelial ovarian cancer exosomal IncRNA. Cancer Cell
Int. 2017;17:1-13.

Shang J, Guo XL, Deng Y, Yuan X, Liu HG. Regulatory effects of
AT1R-TRAF6-MAPKs signaling on proliferation of intermittent

35.

36.

37.

38.

39.

40.

41.

42.

43.

WILEY-%

hypoxia-induced human umbilical vein endothelial cells. J Huazhong
Univ Sci Technol - Med Sci. 2015;35:495-501.

Jang JH, Kim H, Cho JH. Molecular cloning and functional charac-
terization of peptidoglycan recognition protein OmPGRP-L2 from
the rainbow trout, Oncorhynchus mykiss. Vet Imnmunol Immunopathol.
2017;192:28-32.

Deng L, Wang C, Spencer E, et al. Activation of the Ikb kinase com-
plex by TRAFé6 requires a dimeric ubiquitin-conjugating enzyme
complex and a unique polyubiquitin chain. Cell. 2000;103:351-361.
Lamothe B, Campos AD, Webster WK, Gopinathan A, Hur L, Darnay
BG. The RING domain and first zinc finger of TRAF6 coordinate sig-
naling by interleukin-1, lipopolysaccharide, and RANKL. J Biol Chem.
2008;283:24871-24880.

Xia ZP, Sun L, Chen X, et al. Direct activation of protein kinases by
unanchored polyubiquitin chains. Nature. 2009;461:114-119.

Yang K, Zhu J, Sun S, et al. The coiled-coil domain of TRAF6 is es-
sential for its auto-ubiquitination. Biochem Biophys Res Commun.
2004;324:432-439.

Takeuchi O, Akira S. Pattern recognition receptors and inflamma-
tion. Cell. 2010;140:805-820.

Carmeliet P. Angiogenesis in life, disease and medicine. Nature.
2005;438:932-936.

Carmeliet P, Jain RK. Angiogenesis in cancer and other diseases.
Nature. 2000;407:249-257.

Li YS, Liu Q, He HB, Luo W. The possible role of insulin-like growth
factor-1 in osteosarcoma. Curr Probl Cancer. 2019;43:228-235.

How to cite this article: Li X, Huang C, Sui CL, et al.
Formononetin, J1 and J2 have different effects on endothelial
cells via EWSAT1-TRAF6 and its downstream pathway. J Cell
Mol Med. 2020;24:875-885. https://doi.org/10.1111/
jcmm.14797



https://doi.org/10.1007/978-1-4614-5857-9_18
https://doi.org/10.1111/jcmm.14797
https://doi.org/10.1111/jcmm.14797

