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The Chinese Herbal Formula Ruyan
Neixiao Cream Inhibits Angiogenesis of

Precancerous Breast Lesions via Regulation
of Ras/Raf/MEK/ERK Signaling Pathway
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Xinyi Ma, MB3, Jieyan Wu, MM!, Dan Qiu, MD', Xinyuan Li, MB*,
Xianxin Yan, MD', and Min Ma, MD'+?

Abstract

Ruyan Neixiao Cream (RUc) is a traditional Chinese herbal formula which can effectively inhibit the angiogenesis of breast
precancerous lesions. In order to reveal the specific mechanism, we carried out experiments in vitro and in vivo. We found
that the conditioned medium of MCF-10AT cells treated with RUc transdermal solution (RUt) could significantly inhibit the
proliferation, migration, invasion, tube formation of HUVECs and the capillary formation of rat aortic rings. RUt may down-
regulate the expression of VEGF, MMP2, and MMP9 in MCF-10AT medium by down-regulating miR-21 and up-regulating
TIMP-3 and RECK. We further confirmed in rats that the microvascular density of precancerous lesions decreased significantly
after external use of RUc, which may be related to the inhibition of Ras/Raf/MEK/ERK signaling pathway related proteins.
Presumptively, RUc may inhibit the angiogenesis of breast precancerous lesions by inhibiting Ras/Raf/MEK/ERK signaling
pathway, thus relieving the inhibition of miR-21 on TIMP-3 and RECK, then down-regulating the secretion of angiogenic factors.
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Introduction

Breast cancer is one of the most common cancers among
women in the world (154/185), accounting for 25% of all
cancers diagnosed in women.' There were 2.08 million new
cases and 626 679 deaths in BC estimated by Global Cancer
Statistics in 2018. The development of breast cancer is a
continuous process, which goes through “usual ductal hyper-
plasia (UDH)-atypical ductal epithelial hyperplasia (ADH)-
ductal carcinoma in situ (DCIS)-invasive breast cancer
(IBC).”> WHO reported that lesions with the possibility of
becoming malignant of more than 20% are classified as pre-
cancerous lesions, which appear before malignant tumors;
some degree of atypical hyperplasia appears in morphology,
but they do not have characteristic malignant changes.? The
canceration rate of atypical hyperplasia of the breast is 4
times greater than other breast hyperplasia, and about 10%
of atypical hyperplasia lesions will develop into breast
cancer.? Therefore, blocking development of breast cancer
in precancerous stage is an important treatment strategy.

Breast cancer is a typical vascular-dependent tumor: it
needs neovascularization when tumor grows to 1 to 2 mm?>*,
Numerous studies have shown that the carcinogenic mech-
anism of breast precancerous lesions is closely related
to tumor angiogenesis, oncogene expression, endocrine
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disorders, and so on.? Studies have shown that with the
process of breast cancer, the more serious the nature of
breast cancer was, the higher the expression of VEGF,
bFGF, and other angiogenic factors in serum and tissues,
and the more neovascularization.>® Clinical studies have
observed that atypical hyperplasia with high microvessel
density (MVD) and high expression of VEGF, bFGF in
serum and carcinoma in situ are high risk factors for breast
cancer.” Imaging study also showed that the blood flow
signal of breast cancer tissue was significantly enhanced,
angiogenesis was active, and the level of tumor angiogen-
esis activity could reflect the prognosis.® Thus, angiogene-
sis is an important pathological change to reflect the
malignant tendency of breast precancerous lesions. In
breast cancer, Ras/Raf/MEK-ERK and other pathways are
highly activated, and are of great significance in occur-
rence and development of breast cancer.’ It has been found
that the Ras/Raf/MEK/ERK signaling node is not only
plays a role in cell proliferation, apoptosis and invasion,
but also is a regulatory center of various signaling path-
ways of angiogenesis.”!” This signaling pathway coordi-
nates many signals that promote or inhibit angiogenesis to
determine the final state of neovascularization.’

For the treatment of breast precancerous lesions, current
Western medicine methods are surgery and medicine.?
Western medicine mainly includes tamoxifen (TAM), ral-
oxifene (Ral), exemestane, anastrozole, targeted drugs, and
some other drugs which need long term follow-up and more
large-scale clinical trials to confirm their efficacy and safety
in preventing and treating of breast precancerous lesions,
such as aspirin, bisphosphonate, metformin, 27-hydroxy-
cholesterol, tretinoin, fenretinide, vitamin D, and calcium.
Although the above methods have certain effects on the
treatment of breast precancerous lesions, they are expensive
or have adverse reactions such as drug resistance.'’!?
Recently, due to the increasing interest in traditional
Chinese medicine anti-tumor effects, research work in this
area is also increasing.'> Anti-tumor angiogenesis proper-
ties of traditional Chinese medicine are gradually becoming
an important research direction.

According to the famous prescription of “Yin Du Nei
Xiao San” in “Yao Lian Qi Mi,” Professor Ma Min obtained
RUc, which is an effective traditional Chinese medicine for
prevention and treatment of breast precancerous lesions.
The preparation process and parameters of RUc has
obtained a national invention patent (national invention cer-
tificate number: CN201110029344.1).'* RUc¢ consists of 9
traditional Chinese herbs, including clove, rhubarb, frank-
incense, myrrh, borneol, rhizoma corydalis, cowherb seed,
Rosae rugosae, and garden balsam stem. Previous studies
have found that both in vitro and in vivo experiments of
RUc and its drug monomer showed good inhibition of cell
proliferation, cell cycle, cell invasion and tumorigenesis of
breast precancerous lesions.!>!® Interestingly, we noticed
that RUc can reduce the expression level of VEGF, FGF2

and other angiogenesis promoting factors in breast precan-
cerous lesions.!”” However, its regulation mechanism of
angiogenesis is still unclear. Therefore, this study intends to
verify the in vivo and in vitro experiments in order to study
the effect of RUc on the Ras/Raf/MEK/ERK signaling path-
way and angiogenesis in breast precancerous lesions.

Materials and Methods

Reagents

All herbs were provided by the First Affiliated Hospital of
Jinan University (China). Blank matrix and RUc (1 g of
high or low dose RUc respectively contained 4g or 2¢g
herbal drugs) was prepared in the School of Traditional
Chinese Medicine, Jinan University.'*!® The effective com-
ponents and quality control of drugs have been analyzed by
HPLC-MS in our previous studies.'* 7,12-dimethylbenz(a)
anthracene (DMBA) was purchased from Tokyo Chemical
Industry Co., Ltd (Tokyo, Japan). Tamoxifen was purchased
from Chi-Fei Chemical Co., Ltd (Wuhan, China). The
DMEM/F-12 medium, DMEM High Glucose medium,
horse serum, fetal bovine serum (FBS) and rhEGF were
purchased from Gibco BRL (Grand Island, NY, USA).
Matrigel was purchased from BD Biosciences (San Jose,
CA, USA). VEGF, MMP2, and MMP9 ELISA kits were
purchased from Cusabio Biotech Co., Ltd (Wuhan, China).
H-Ras, c-Raf, MEK, p-MEK, ERK, p-ERK, c-jun, and
c-fos primary antibodies were purchased from Cell
Signaling Techniques (Beverly, MA, USA). VEGF, MMP2,
MMP9, CD34, and B-actin were purchased from Abcam
(Cambridge, MA, USA).

Cell Culture and Transfection

We obtained the breast precancerous lesion cell line MCF-
10AT from the American Karmanos Cancer Research
Institute (KCI). We purchased human umbilical vein endo-
thelial cells (HUVECs), MCF-10A and human mammary
epithelial cells (HMEpiC) from ATCC. We cultured MCF-
10A and MCF-10AT cells in DMEM/F-12(1:1) supple-
mented with 5% horse serum, 10 pg/ml Insulin, 50 png/ml
hydrocortisone, 20 ng/ml recombinant EGF, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. We cultured HUVECs
and HMEpiC in DMEM medium (supplemented with 10%
FBS, 100U/ml Penicillin, and 100 pg/ml Streptomycin).
We cultured all cells in a 37°C constant incubator contain-
ing 5% CO2, following standard protocols.

We transfected H-Ras siRNA (siH-Ras), miR-21-mimic
and miR-21-inhibitor into cells using Lipofectamine 2000
(Invitrogen Life Technologies, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol. We quantified transfec-
tion efficiency by counting green fluorescent protein
(GFP)-positive cells 24 hours after transfection and found
them to be about 60% to 70%.
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Animal Studies

A total of 60 female Sprague-Dawley specific-pathogen-
free rats (weight 160-180g) were purchased from Jinan
Pengyue Experimental Animal Breeding Co., Ltd
(Shandong, China), Animal Certificate Number (Certified
No. SCXK (Lu)2014-0007). All animals had free access to
food and tap water. After adaptation for 1 week, we ran-
domly divided rats into 6 groups according to their weight
(8 per group): Normal group, Model group, Matrix group,
TAM group, H-RUc group, and L-RUc group. All animal
experiments were approved by the Laboratory Animal
Ethics Committee of Jinan University (Ethics number:
2018319-136) (Guangzhou, China). All procedures were in
line with the Statute on the Administration of Laboratory
Animal approved by China’s Council 1988.

As described previously,'*!* we combined DMBA
with estrogen and progesterone to establish the breast
precancerous lesion rat model. Then the RUc groups and
TAM group were applied the ointment containing medi-
cine on the rat’s breast for treatment, while the matrix
group was applied the medicine-free ointment and the
model group was not applied with any ointment. At the
14th week, rats were sacrificed, the breast tissue sam-
ples were obtained and either stored at —80 °C or fixed
in 4% paraformaldehyde phosphate buffer for further
examination.

Conditioned Medium Preparation

According to the experimental needs, the HEMpiC, MCF-
10A, and MCF-10AT cells in logarithmic growth period
were cultured in complete medium for 24 hours, then
washed with PBS 3 times, adding new medium according
to the groups. After 48 hours culture, we collected super-
natant and centrifuged as conditioned medium (CM),
stored at —80°C.

Cell Viability Assay

We used the MTT assay to measure cell viability. In short,
we cultured cells in different CM for 48 hours. Then we
added 20 ul MTT to each well, further incubating them for
4hours. We removed the supernatant, added 200 ul DMSO
and shook for 10 minutes. Finally, we detected the optical
density (OD) value under 490nm by a microplate reader
(Biorad, CA, USA), and used the following formula to
count the results of the viability assay:

imental _
Cell survival rate (expenmen al group j

blank group OD
[control group —

x100%
blank group OD

Scratch Wound Healing Assay

HUVECs of logarithmic growth period were seeded in a
24-well plate at 1 X 103/mL and cultured to 85% confluence.
Then we scratched the cell monolayer with a pipette tip, and
washed the well plate with PBS 3 times to remove the cell
fragments produced by the scratches. Then, we added CM to
the plate, measured the scratched widths of each group at 0
and 24 hours respectively, and analyzed the wound closure.

Invasion Assay

About 50ml diluted Matrigel was spread evenly in the
upper transwell chamber, which was placed for 30 minutes
in 37°C constant incubator. HUVECs of logarithmic growth
stage were collected, and added the CM to make the cell
suspension. We added 100pl cell suspension to upper
chamber, 500 pul complete medium containing 10% FBS
was added to the lower chamber, and it was cultured for
24 hours. Then the medium, Matrigel and removed the non-
penetrative cells on the upper chamber. After fixation and
staining, different visual fields were randomly selected to
take photos under the microscope.

Tube Formation Assay

As described in Zhang et al,'® HUVECs of logarithmic
growth period were collected, and CM was added. We
seeded the cells in a 48-well plate which was coated with
Matrigel. After 6 hours of cell culturing in the incubator, we
observed the formation of lumen structure under inverted
microscope, and 10 fields of vision were randomly selected
to count and analyze the lumen structure.

Chorioallantoic Membrane Vascular Assay
(CAMVA)

A total of 40 fertilized chicken eggs (3-day-old) were incu-
bated at 37.8°C and 60% humidity for 10days. We opened
a small window at the top of the air chamber and removed
the shell membrane, and dripped sterile physiological saline
on the shell membrane. We washed out the air in the air
chamber, causing negative pressure in the air chamber and
forming an artificial air chamber. Finally, 100 ul culture
medium was added to each group’s allantoic membrane
under aseptic conditions, sealed with aseptic adhesive tape,
and incubated at 37.8°C and 60% humidity. After 5days of
incubation, we collected allantoic membrane, and observed
the CAM angiogenesis under microscope and counted.

Rat Aortic Ring Assay

As described in Zhang et al,'® the aorta separated from the
thoracic region of SD rats was cleaned, the fat around the
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Table |I. The Primer Sequence of Genes.

Gens Species Forward primer (5'—3’) Reverse primer (5'—3)
TIMP-3 Homo CTATCGGTATCACCTGGGTTGTA ATGCAGGCGTAGTGTTTGGA
RECK Homo AGCACATAATGGGGCAACAAGC GGCACAATGGTGAGACCTACA
GAPDH Homo GGACCTGACCTGCCGTCTAG GTAGCCCAGGATGCCCTTGA
TIMP-3 Rat CCCTTTGGCACTCTGGTCTA TGTCAGCAGGTACTGGTATTTGT
RECK Rat GTGGCAGTGGATTACTATGGG CTGGTGGAATGATGGGTTTG
GAPDH Rat GCCTTCCGTGTTCCTACC CCTGCTTCACCACCTTCTT

blood vessel and small branches of microvasculature was
removed and the aorta then was cut into 1 to 1.5 mm rings.
After starvation overnight in a 37°C incubator, we randomly
placed the arterial rings at the bottom of the 48-well plate
coated with Matrigel, and another 100ul Matrigel was
drawn to cover the arterial rings. After coagulation, we
added 500 pl conditioned medium to each well for further
culture, and the growth state of the aortic ring was observed
for numbers and branches of neovascularization with
inverted fluorescence microscope (Carl Zeiss, Germany).
The number of neovascularizations in each well was
recorded and analyzed on the 6th day.

Enzyme-linked Immunosorbent Assay (ELISA)

The expression levels of VEGF, MMP-2, and MMP-9 in
CM were detected according to the instructions of the
ELISA kit. The quantitative determination of concentration
was carried out in accordance with the manufacturer’s pro-
cedures and repeated 3 times.

RT-PCR

Total RNA was isolated from the cells using the RNAiso
Plus and then reverse-transcribed using iScript cDNA
Synthesis Kit according to the manufacturer’s instruc-
tions. An equal volume of cDNA was then used for
RT-PCR using the SYBR-Green Quantitative PCR kit and
the CFX96 Touch Real-Time PCR Detection System (Bio-
Rad, USA). RT-PCR primers are showed in Table 1. The
relative quantification results were calculated using the
formula 2744¢,

Western Blot

The total protein of each group was extracted from cells
and rat tissue, and the BCA protein assay kit was used to
analyze the protein concentration. The total protein was
separated by SDS-PAGE gel (P0O012AC, Beyotime
Biotechnology, China) was electrophoretically transferred
to PVDF membranes (#88520, Thermo Fisher, USA) and
sealed for 1 hour, and incubated overnight at 4°C with the
following primary antibodies: H-Ras, c-Raf, p-MEK,
p-ERK, RECK, TIMP3, VEGF, MMP2, and MMP9. After

washing the membrane with TBST, it was incubated with
the corresponding Goat anti-rabbit IgG (H + L) secondary
antibody of Goat anti-mouse IgG (H + L) secondary anti-
body for 1 hour. Finally, protein bands were electrochemi-
luminescence kit and visualized in ChemiDoc Imaging
System (BIO-RAD, USA), Image J software was used to
analyze the gray scale quantitation of Western blots.

Luciferase Reporter Assay

The wild-type (WT) or mutant (MUT) type of TIMP-3 and
RECK 3'-UTR were synthesized and fused to a luciferase
reporter vector psiCHECK-2 (Promega, Madison, WI,
USA). MCF-10AT cells were co-transfected with reporter
vector and miR-21 mimics or negative control. After trans-
fection for 24 hours, the relative luciferase activity was
measured using a Dual-Luciferase Reporter Assay System
according to the manufacturer’s instructions.

HE Staining

The breast tissue of rats was fixed in 4% paraformaldehyde
phosphate buffer for 24hours. After dehydration, it was
embedded in paraffin and cut into sections with thickness of
6 um continuously. After HE staining, the morphological
changes of mammary tissue of rats were observed under
light microscope (Nikon, Japan) and the images were col-
lected for analysis.

Immunohistochemistry Assay

The sections were dewaxed and hydrated, and endogenous
peroxidase was blocked with hydrogen peroxide. Then anti-
gen was retrieved by citrate buffer. After that, the slides
were incubated with primary and secondary antibodies,
used DAB staining, counterstained with hematoxylin buffer
and sealing. Finally, the expression of CD34 in rat breast
tissue was observed under Olympus BXS53 microscope
(Janpan) and analyzed with Image J software.

Statistical Analysis

Statistical analysis was performed using SPSS 21.0 soft-
ware. Data are presented as mean = SD. One-way ANOVA
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Figure |. Effect of different cells’ CM on the proliferation, migration, invasion, and generation of angiogenesis of HUVECs. (A) The
effect of CM of different cells on the cell viability of HUVECs was analyzed by MTT assay. (B) The effect of different cells’ CM on the
migration of HUVECs was analyzed by scratch wound healing assay. (C) The effect of different cells’ CM on the invasion of HUVECs

was analyzed by transwell assay. (D) The ability of HUVECs to generate angiogenesis in vitro was analyzed by tube formation.
*P <05 versus Control. #P<.05 versus HMEpiC CM. 4P <.05 versus MCF-10A CM.

and Student-Newman-Keuls (S-N-K) method was using to
compare the difference in groups. When variance was
uneven, Tamhane’s T2 method was used. P <.05 was con-
sidered to be statistically significant.

Results

The CM of MCF-10AT Cells Promoted the
Proliferation of HUVECs

MTT assay was performed to determine the viability of
HUVECs exposed to the CM of HMEpiC, MCF-10A, and
MCF-10AT cells. We found that there was no significant dif-
ference in the viability of HUVECs in the CM of HMEpiC
and MCF-10A cells (Figure 1A). And the CM of MCF-10AT
cells significantly promoted the proliferation of HUVECs,
compared to the CM of HMEpiC or MCF-10A cells.

The CM of MCF-10AT Cells Enhanced the
Migration, Invasion, and Tube Formation of
HUVECs

The experiments of migration ability of endothelial cells
included scratch wound healing assay and transwell inva-
sion assay. As shown in Figure 1B to D, the migration, inva-
sion, and tube formation of HUVECs in control group,
HMEpiC group and MCF-10A group showed no difference.
Compared with the control group, the migration of HUVECs
in MCF-10AT group was significantly enhanced. Moreover,

the invasion of HUVECs in MCF-10A and MCF-10AT
groups also was significantly promoted. Additionally, com-
pared with the control group, the formation of HUVECs
tube-like structure in MCF-10AT group was promoted.

The CM of MCF-10AT Cells Promoted

the Germination of Microvasculature in
Chorioallantoic Membrane Vascular and Rat
Aortic Ring

The effect of the CM of HMEpiC, MCF-10A, and MCF-
10AT cells on the germination of microvasculature in vivo
was detected by using the chorioallantoic membrane vascu-
lar and rat aortic ring. As shown in Figure 2, the microves-
sels around the rat aortic rings in MCF-10AT group were
significantly increased versus those in control group.
Meanwhile, compared with control group, the CM of MCF-
10AT group significantly promoted the density of CAM
blood vessel plexus. However, there was no difference in
the germination of microvasculature between control group,
HMEpiC group and MCF-10A group.

The Expression Levels of VEGF, MMP2, and
MMP9 in HMEpiC, MCF-10A, and MCF-10AT
Cells

The expression levels of VEGF, MMP2, and MMP9 were
examined by ELISA in the CM of HMEpiC, MCF-10A, and
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Figure 2. Effect of different cells CM on the angiogenesis in vitro. (A) The effect of different cells’ CM on the formation of
microvessel sprouting from rat aortic rings. (B) Effect of different cells’ CM in angiogenesis of embryonic CAM. Data are shown as the
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*P < .05 versus Control. #P<.05 versus HMEpiC CM. 4P < .05 versus MCF-10A CM.
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Figure 3. The expression levels of VEGF, MMP2, and MMP9 in HMEpiC, MCF-10A, and MCF-10AT cells. (A) VEGF, (B) MMP2, (C)

MMP9, the levels were tested from different cells’ CM. Data are representative results of 3 independent experiments.

#P < .05 versus HMEpiC CM. 4P <.05 versus MCF-10A CM.

MCF-10AT cells. As shown in Figure 3, compared with the
CM of HMEpic or MCF-10A cells, the expression of VEGF,
MMP2, and MMP9 were significantly increased in the CM
of MCF-10AT cells. Then, we used Western blot to verify
their protein expression levels in cells. The results shown
that the protein expressions of VEGF, MMP2, and MMP9
were significantly up-regulated in the MCF-10AT cells,
compared with HMEpic or MCF-10A cells (Figure 4).

Effect of RUt on the Viability of HUVECs and
MCF-1 0AT cells

To determine the dose of RUt in HUVECs and MCF-10AT
cells, we measured the cell viability by MTT assay with dif-
ferent concentrations of RUt (0.2%, 0.4%, 0.8%, 1.6%, 2.4%,
3.2%, 4.8%, 6.4%) for 48 hours. As shown in Figure 5, RUt

could significantly inhibit the proliferation of MCF-10AT
cells in a dose-dependent manner. The minimum effective
concentration of RUt on MCF-10AT cells was 0.4%, and
the 50% inhibitory concentration (IC50) of RUt was about
1.58%. However, the minimum effective concentration of
HUVECs was 3.2% and the IC50 was 7.93% for RUt. This
result indicated that low doses of the RUt may first affect
MCF-10AT cells rather than HUVECs.

RUt Suppressed the Expression of H-Ras and
c-Raf in MCF-10AT Cells

In order to investigate the regulation of Ras signaling path-
way on angiogenesis, we carried out protein detection. The
results of Western blot showed that the protein expressions
of H-Ras and c-Raf were significantly decreased in the
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Figure 5. Effect of RUt on the cell viability of MCF-10AT cells and HUVECs. (A) MCF-10AT cells were treated with increasing doses
of Rut for 48 hours incubation. (B) HUVECs cells were treated with increasing doses of Rut for 48 hours incubation. Then the cell
viability was determined by the MTT assay. The data of cell viability are shown as mean = SD, and the no RUt treatment was used as a

control group.
*P <.05 versus Ohour.

TAM and different doses of RUt treated groups, and RUt
had a dose-dependent effect (Figure 6). Among them, the
inhibition of H-Ras and c-Raf protein expression was most
significant in the 2.4% concentration of RUt.

Effect of RUt on miR-21, TIMP-3, and RECK in
MCF-10AT Cells

Then, we measured the expression of miR-21, TIMP-3, and
RECK mRNA in MCF-10AT cells after RUt treatment. The
miR-21, TIMP-3, and RECK mRNA levels were not altered
by vehicle in MCF-10AT cells (Figure 7). However,

miR-21 was significantly decreased, while TIMP-3 and
RECK mRNA were increased in the TAM and different
doses of RUt treated groups. Additionally, the 2.4% concen-
tration of RUt had the most significant regulatory effect, so
the 2.4% concentration was selected for subsequent
experiments.

MiR-2 | Targeted 3°UTR of TIMP3 and RECK
mRNA to Suppress its Protein Translation

MiR-21 level was negatively associated with TIMP3 and
RECK mRNA expression in MCF-10AT cells. According to
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Figure 6. Effect of RUt on the expression of H-Ras and c-Raf in MCF-10AT. MCF-10AT were treated with different medicines
or different concentrations for 48 hours. (A) Representative Western blot images of H-Ras and c-Raf in MCF-10AT cells. (B) The
quantification of H-Ras and c-Raf protein levels. Data are shown as the mean = SD.

*P <05 versus Control. #P < .05 versus vehicle.

TargetScan (http://www.targetscan.org/mamm), miRTar-
Base  (http://mirtarbase.mbc.nctu.edu.tw/php/index.php),
and miRDB (http://mirdb.org/) database prediction results,
TIMP3 and RECK mRNA are potential targets of miR-21 in
breast tumor. The binding sites between miR-21 and TIMP3,
RECK are shown in Figure 8A. The dual-luciferase reporter
assay indicated that miR-21 mimics could impair the lucif-
erase activity of the WT TIMP3 and RECK, but not of the
MUT TIMP3 and RECK (Figure 8B). In addition, the
results of Western blot showed that the protein expression
of TIMP3 and RECK increased in MCF-10AT cells trans-
fected with miR-21 inhibitor compared with transfected
with NC, indicating that TIMP3 and RECK are targets of
miR-21 in MCF-10AT cells (Figure 8C).

The CM of MCF-10AT Cells After RUT
Treatment Inhibited the Proliferation,
Migration, Invasion, and Tube Formation of
HUVECs

It is worth noting that the proliferation of HUVECs was
inhibited in the CM of MCF-10AT cells after treating with
RUt or TAM (Figure 9). Meanwhile, the migration, inva-
sion and tube formation of HUVECs were reduced in the
CM of MCF-10AT cells, which were treated with RUt or
TAM, as shown in Figure 9B to D. We transfected siH-Ras
into MCF-10AT cells to silence H-Ras expression. The
results showed that the inhibition of RUt on the HUVECs
was reversed.
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Figure 7. Effect of RUt on the expression of angiogenesis-associated genes miRNA2I, TIMP-3, and RECK in MCF-10AT cells.
(A) miRNA-21, (B) TIMP-3, (C) RECK. RT-PCR was used to analyze the expression levels of mMRNA in MCF-10AT cells. Data are

representative results of 3 independent experiments.
*P<.05 versus Control. #P<.05 versus Veh.

The CM of MCF-10AT Cells After RUT
Treatment Reduced the Germination of
Microvasculature in Rat Aortic Ring

As shown in Figure 10, the microvessels around the rat aor-
tic rings in the CM of the RUt group and TAM group were
significantly less than those in the Veh group. Meanwhile,
there was no significant difference in the Veh group and the
MCF-10AT-CM RUt+siH-Ras group.

RUt Down-Regulated VEGF, MMP2, and MMP9
in the CM of MCF-10AT Cells

As shown in Figure 11, the expressions of VEGF, MMP2,
and MMP?9 in the CM of MCF-10AT cells of RUt group and

TAM group were significantly reduced, while silenced
H-Ras could restore inhibitory effect of VEGF, MMP2, and
MMP9 by RUt.

Effect of RUt on the Key Protein Expression of
Ras/Raf/MEK/ERK Signaling Pathway in MCF-
| 0AT Cells

Furthermore, to explore the effect of RUt on the signal
transduction pathways involving Ras/Raf/MEK/ERK, we
used Western blot. The results showed that the expressions
of H-Ras, c-Raf, p-MEK, p-ERK, c-jun, and c-fos were
decreased significantly in the RUt group and TAM group
(Figure 12). When siH-Ras was transfected into MCF-10AT
cells to silence H-Ras expression, the regulatory effect of
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*P <.05 versus NC.

RUt on the key protein expression of the Ras/Raf/MEK/
ERK signaling pathway in MCF-10AT cells disappeared.

RUt Regulated Angiogenesis-Associated Protein
in MCF-10AT Cells

Furthermore, the protein expression of VEGF, MMP-2, and
MMP-9 were down-regulated, while RECK and TIMP-3
were up-regulated in MCF-10AT cells by treating with RUt
or TAM (Figure 13). The regulatory effect of angiogenesis-
associated protein induced by RUt was restored by siRNA
mediated silencing of H-Ras.

The Pathological Changes in Breast Tissue of
Breast Precancerous Lesions Rats

In order to further verify the inference of the cell experi-
ments, we carried out experiments in vivo. The animal
model was established by DMBA combined with estrogen
and progestin induction in SD female rats, and TAM was
used as the positive control. The pathological morphologi-
cal characteristics showed that there was no precancerous
lesion or invasive cancer in the Normal group. However,
varying degrees of precancerous lesions and invasive carci-
noma were found in the breast tissues of the Model group,
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Figure 9. Effect of the CM of MCF-10AT cells after different treatment on the proliferation, migration, invasion and tube formation
of HUVECs. (A) The effect of the different treatments’ CM on the cell viability of HUVECs was analyzed by MTT assay. (B) The
effect of the different treatments’ CM on the migration of HUVECs was analyzed by Scratch wound healing assay. (C) The effect of
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Figure 10. Effect of RUt on the formation of microvessel sprouting from rat aortic rings. Data are shown as the mean = SD.
*P<.05 versus 10AT-CM Veh. #P<.05 versus |0AT-CM RUt+siH-Ras.

Matrix group, TAM, H-RUc, and L-RUc groups (Figure 14). The results suggested that DMBA combined with estrogen
The mammary tissues in the Model group and Matrix group ~ and progestin could successfully replicate breast precan-
showed atypical ductal or lobular hyperplasia of type III. cerous lesions rat model. What is interesting is that the
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Figure I 1. Effect of RUt on the expression levels of VEGF,
MMP2, and MMP9 in MCF-10AT cells. (A) VEGF, (B) MMP2, (C)
MMP9; the expression levels were tested by ELISA. Data are

representative results of 3 independent experiments.
*P<.05 versus |0AT-CM Veh. #P <.05 versus |0AT-CM+siH-Ras.

incidence of precancerous lesions and invasive carcinomas
were decreased in the TAM, H-RUc and L-RUc groups; the
occurrence rates of precancerous lesions were respectively
decreased by 55.8%, 44.2%, 26.7% (Table 2). This showed
that TAM and RUc could alleviate the pathological changes
of breast tissue in a rat model with breast precancerous
lesions.

Effect of RUc on MVD in Breast Tissue of
Breast Precancerous Lesions Rats

To verify the inhibitory effect of RUc on angiogenesis in
vivo, we used immunohistochemistry (IHC) to detect the
microvascular density (MVD) marker CD34 of rat breast
tissue. The result showed that the expression of CD34 was
increased in the Model group and Matrix group, as shown in
Figure 15. But the expression of CD34 in the TAM, H-RUzc,
and L-RUc groups were significantly decreased, indicating
that RUc reduced the MVD of rat model breast tissue.

Effect of RUc on the Expression of Ras/Raf/
MEK/ERK Signaling Pathway Key Protein in
Breast Tissue of Breast Precancerous Lesions
Rats

In order to verify the intervention mechanism of RUc on the
precancerous breast lesions, SD rats were smeared with dif-
ferent concentrations of RUc every day for 14 weeks.

A Veh TAM RUt siH-Ras RUt+siH-Ras

| T Tee—

e
@0
1

Relative density of protein expression
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Figure 12. Effect of RUt on the regulation of the Ras/Raf/
MEK/ERK signaling pathway. MCF-10AT cells were treated with
different treatment for 48 hours, and Western blot was used to
analyze the regulation of RUt on the Ras/Raf/MEK/ERK signaling
pathway related proteins. (A) Respresentative Western blot

images. (B) The quantification of protein levels.
*P<.05 versus |0AT Veh. #P<.05 versus |0AT RUt+siH-Ras.

Western blot results showed that the expression of Ras/Raf/
MEK/ERK signaling pathway key protein of H-Ras, c-Raf,
p-MEK, p-ERK, c-jun, and c-fos were significantly
increased in the Model group and Matrix group compared
with the Normal group (Figure 16). Nevertheless, the pro-
tein expressions of H-Ras, c-Raf, p-MEK, p-ERK, c-jun,
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Figure 13. Effect of RUt on the regulation of the angiogenesis
related proteins. MCF-10AT cells were treated with different
treatments for 48 hours, and Western blotting was used to

analyze the related proteins.
*P <05 versus |0AT Veh. #P < .05 versus |0AT RUt+siH-Ras.

and c-fos were decreased in the TAM, RUc (High or Low
dose) groups.

Effect of RUc on the Expression of miR-21,
TIMP-3, and RECK mRNA in Breast Tissue of
Rats With Breast Precancerous Lesions

RT-PCR results showed that the expression of miR-21 was
increased, while TIMP-3 and RECK were decreased in the
Model group and Matrix group compared with the Normal
group (Figure 17). At the same time, the expression of

miR-21 was decreased, and TIMP-3 and RECK were
increased in the TAM group and different doses of RUc
groups.

Effect of RUc on Expression of Angiogenesis-
Associated Protein in Breast Tissue of Rats With
Breast Precancerous Lesions

As shown in Figure 18, the protein expression levels of
VEGF, MMP2, and MMP9 in breast tissue of the Model and
Matrix groups were significantly increased compared with
the Normal group. Meanwhile, the expressions of RECK
and TIMP3 were reduced. Additionally, the expression of
VEGF, MMP2, and MMP9 proteins were significantly
decreased, while TIMP-3 and RECK were increased in
TAM and different doses of RUc groups.

Discussion

According to the American Cancer Society’s 2018 estimate,
there were 266 120 new cases of DCIS and 63 960 lobular
carcinoma in situ (LCIS), respectively. And it alone was
anticipated to account for 30% of all new cancer diagnoses
in females.!® Hoogerbruggeet’s prospective study found
37% atypical lobular hyperplasia, 39% atypical ductal
hyperplasia, 25% lobular carcinoma-in-situ, and 15% duc-
tal carcinoma-in-situ in the susceptible population of breast
cancer.”’ The precancerous breast lesions, the essential
stage of breast cancer progression, could be blocked or
reversed via specific drug intervention.?!

MCF-10A cells are derived from an American female
patient with breast fibrocystic lesion, which are spontane-
ously immortalized, non-tumorigenic, “normal” breast epi-
thelial cells.?? Dr. Miller et al?>?* established MCF-10AT
cell model of breast precancerous lesions by transfection of
MCF-10A cells with t24c-h-ras mutation in 1996. MCF-
10AT cells have uncertain proliferative ability, showing a
wide range of structures from normal to atypical hyperpla-
sia and carcinoma in situ. After inoculating the cells into
nude mice, about 25% of transplanted tumors can develop
into infiltrating cancer in 50 days to 2years, which natural
evolution process is very similar to that of human breast
cancer. Therefore, we used MCF-10AT cells as a cell model
of breast precancerous lesions in vitro.

Ras protein is a kind of small molecule GTP enzyme
protein, which is the same as Ran, RAB, Rho, ARF/Sara,
and other subtypes, all of which are members of Ras protein
superfamily. Ras protein is involved in cell proliferation
and differentiation, and is the main regulator of the MAPK
signaling pathway.?> When the extracellular signal is trans-
mitted to the cell membrane, the ligands and specific recep-
tors bind to form dimers, which activate their own tyrosine
kinases, and Ras binds to GTP to activate Ras protein.
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TAM

Figure 14. HE stained images revealed the pathological changes of breast precancerous lesions rats (X200 magnification. Scale bars:

100 um.).

Table 2. The Pathological Changes of Mammary Gland Tissue in Rats in Each Treatment Group.

Groups Breast number No hyperplasia General hyperplasia Precancerous lesions  Invasive carcinoma
Normal 120 113 7 0 0
Model 120 0 12 102 6
Matrix 120 4 19 98 3
TAM 120 19 46 53 2
H-RUc 120 20 48 49 3
L-RUc 120 16 31 70 3

By Kruskal-Wallis H test of several independent samples, the degree of mammary gland hyperplasia of rats in each group was 32=345.547, P=.000.
According to the level of o.=.05, the difference of hyperplasia degree of mammary gland tissue in each group was statistically significant.

Ras-GTP raises Raf kinase, which can activate and catalyze
MEK after phosphorylation, and then cause ERK activa-
tion. Phosphorylated ERK enters the nucleus and activates
the transcription of c-jun, c-fos, c-myc, and other transcrip-
tion factors. Mammalian activator protein-1 (AP-1) is
mainly composed of Jun and Fos families in the form of
dimers. AP-1 is involved in cell growth, proliferation, apop-
tosis, differentiation, and other biological processes by
combining DNA target sequence.?® When Ras pathway is
activated, miR-21 expression is up-regulated, and when
AP-1 expression is inhibited by Fos inhibitor, miR-21
expression is significantly reduced. In the ER-Ras cell line,
the expression level of miR-21 reaches the highest level at
48 to 72hours after Ras activation, and the activity of

PDCD4 of target gene is almost inhibited. When AP-1
activity is inhibited, the expression of miR-21 is down-reg-
ulated and PDCD4 activity returned to the normal level. It
was confirmed by dual-luciferase that there is AP-1 target in
the 5'-flanking regulatory region of pri-miR-21.27-28
Interestingly, we used bioinformatics to predict that there
was a binding site of miR-21 in the 3'UTR of Matrix metal-
loproteinase inhibitor-3 (TIMP-3) and reversion inducing
cysteine rich protein with Kazal motifs (RECK). Then, the
direct target relationship between miR-21 and TIMP-3 and
RECK was confirmed by our dual-luciferase report. The
RT-PCR and Western blot results also confirmed that miR-
21 can negatively regulate the expression of TIMP-3 and
RECK. As we all know, TIMP-3 is one of the members of
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Figure 15. The vascular endothelial cell surface marker CD34 in breast precancerous lesions rats was determined by

immunohistochemistry (X200 magnification).

the TIMPs family. Its biological function is mainly carried
out by the N-terminal domain. The N-terminal domain of
TIMP-3 is inserted into the crack-like active site of MMPs
molecules to form a 1:1 MMP-TIMP complex, so as to
inhibit the activity of MMPs, prevent ECM degradation and
maintain tumor cell stability and inhibition of angiogenesis.?’
Takahashi et al** found RECK by cloning v-ki-ras gene into
NIH3T3 fibroblasts. Human RECK is located on chromo-
some 9p12-13 and contains 13 single nucleotide polymor-
phisms (SNP), which can regulate 3 types of MMP
(MMP-2, MMP-9, and MMP-14). The research showed
that the negative regulation of RECK on MMP-9 might be
through direct inhibition of MMP-9 enzyme activity or
inhibition of extracellular secretion of MMP-9.3! And the
inhibition of RECK on MMP-2 might be due to the inhi-
bition of TIMPs, MT1-MMP, and pro-MMP-2 membrane
anchored trisomic complex on the surface of cell mem-
brane, preventing the maturation of pro-MMP-2.
Furthermore, TIMPs could regulate RECK expression
through the Rapl/Racl pathway, and ultimately partici-
pated in the downregulation of MMPs activity.?> This
study showed that the RUt could inhibit Ras/Raf/MEK/
ERK signal pathway, reduced AP-1 activity, down-regu-
lated miR-21 expression, decreased the inhibition of
miR-21 on TIMP-3 and RECK mRNA, promoted the
expression of TIMP-3 and RECK protein and inhibited the
expression of VEGF, MMP-2, and MMP-9 angiogenic pro-
tein, thus affecting the angiogenesis ability of MCF-10AT
cells. Furthermore, by silencing H-Ras with siRNA, it was

found that RUc lost its inhibitory effect on the Ras/Raf/
MEK/ERK signaling pathway; it could not inhibit AP-1
activity and reduce the expression of miR-21. And there was
no significant difference in the expression of VEGF, MMP-
2, MMP-9 angiogenic proteins compared with the control
group (Figure 19).

The material basis and mechanism of action of tradi-
tional Chinese medicine are the focus of current research
on traditional Chinese medicine. In our previous study,'*
the HPLC-MS analysis result showed that RUc contains
15 main active components, including gallic acid, ciani-
danol, chlorogenic acid, tetrahydropalmatine, rosmarinic
acid, quercetin, luteolin, eugenol, kaempferol, apigenin,
rhein, emodin, aloe emodin, 11 keto-B-boswellic acid,
and 3-acetyl-11-keto-B-boswellic acid. These compo-
nents can be divided into organic acids, tannins, alka-
loids, volatile oil, anthraquinone, and flavonoids.'
Eugenol can down-regulate the c-Myc/PGC-1B/ERRa
signal pathway of MCF-10AT cells, inhibit oxidative
phosphorylation (OXPHOS) and fatty acid oxidation
(FAO), reduce oxidative stress of cells, and induce apop-
tosis and S-phase cell block through HER2/PI3K-Akt
pathway and effectively reduce or inhibit breast precan-
cerous lesions.'>!'® Aloe emodin can induce apoptosis of
MCEF-10AT and MCF-7 cells by up-regulating miR-15a/
miR-16-1 of Becl-2.3° Acetyl-11-keto-B-boswellic acid
can inhibit the expression of ER-a protein through
LINC00707/miR-206, thus promoting the apoptosis of
MCEF-10AT cells and inducing the cell cycle arrest of
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Figure 16. Effect of RUc on the regulation of the Ras/Raf/MEK/
ERK signaling pathway in mammary tissue of rats with breast
precancerous lesions. (A) Respresentative Western blot images
of Ras/Raf/MEK/ERK signaling pathway related proteins in
mammary tissue of rats. (B) The quantification of Ras/Raf/MEK/

ERK signaling pathway related proteins levels.
*P < .05 versus Normal group. #P<.05 versus Model group. 4P <.05
versus Matrix group.

GO/G1 phase. Boswellic acid can be used as an effective
anticancer drug, affecting angiogenesis (VEGF), inflam-
mation (TNF-a, IL-12), apoptosis (caspase-3, caspase-9)
and antioxidants (SOD and CAT), thus inhibiting the pro-
liferation of MCF-7 cells and enhancing VEGF antibody
induced cell death.** Quercetin inhibited calcineurin
activity and calcineurin/nuclear transcription factor path-
way, and inhibited angiogenesis of MCF-7 xenograft
tumor in nude mice.>* Rhein inhibited VEGF-stimulated

Relative expression of RECK

Figure 17. Effect of RUc on the expression of angiogenesis-
associated genes miRNA2I[, TIMP-3 and RECK in mammary
tissue of rats with breast precancerous lesions. (A) miRNA-21,
(B) TIMP-3, (C) RECK. RT-PCR was used to analyze the
expression levels of mMRNA in mammary tissue of rats. Data are
representative results of 3 independent experiments.

*P <05 versus Normal group. #P<.05 versus Model group. 4P <.05
versus Matrix group.

HUVECs proliferation, migration and tubular structure
formation through PI3K/AKT/ERK signaling pathway
under normoxia and hypoxia conditions, and inhibited
hormone dependent (MCF-7) and non dependent (MDA -
MB-4358S) cell viability in a dose-dependent manner.*®
Kaempferol regulates VEGF/VEGFR2 and its down-
stream signal cascades (PI3K/AKT and MEK/ERK) by
reducing the level of VEGFR-2 protein and kinase activ-
ity, and has an inhibitory effect on angiogenesis in
HUVECs stimulated by VEGF.?” Emodin can down-reg-
ulate the transcriptional activity of Runx2, inhibit the
expression of MMPs and VEGFR-2 protein in breast
cancer, and further inhibit tumor-induced metastasis and
angiogenesis.’® The above studies confirmed that many
effective ingredients in RUc can promote the apoptosis
of breast tumor cells, regulate energy metabolism and
inhibit angiogenesis, thus inhibiting the proliferation of
breast tumor cells. In this study, MCF-10AT cells were
selected as the observation object to explore the effect of
RUc on the angiogenesis of breast precancerous cells.
The results showed that RUt could inhibit the prolifera-
tion of MCF-10AT cells, but had low cytotoxicity to
HUVEC:s. It is worth noting that the conditioned medium
of MCF-10AT cells treated with RUt could inhibit the
proliferation, migration, invasion and tubular structure
formation of HUVECSs, and reduce the number of new
capillaries in rat aortic rings. It is revealed that in the
process of inhibiting angiogenesis, RUt might first act on
MCF-10AT cells, rather than directly exert cytotoxic
effects on HUVECs.
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Figure 18. Effect of RUc on the regulation of the angiogenesis
related proteins in mammary tissue of rats with breast
precancerous lesions. (A) Representative Western blot images
of RECK, TIMP-3, VEGF, MMP2, and MMP9 in mammary tissue
of rats. (B) The quantification of angiogenesis related proteins
levels.

*P <05 versus Normal group; #P<(.05 versus Model group; 4P <.05
versus Matrix group.

In order to further verify the above inference, we estab-
lished a rat model of breast precancerous lesions for in vivo
experiments. It is noteworthy that the in vivo results also
support the inference of in vitro cell experiments. After
treatment with RUc, the microvessel density of rats with
breast precancerous lesions decreased, and the related pro-
teins of Ras/Raf/MEK/ERK signaling pathway, H-Ras,

Figure 19. Mechanism of inhibitory Ras/Raf/MEK/ERK
signaling pathway related proteins in MCF-10AT cells treated
with RUc.

c-Raf, p-MEK, p-ERK, c-jun, and c-fos were inhibited. In
addition, miR-21, VEGF, MMP2, and MMP9, the angio-
genic genes, were also inhibited, while TIMP-3 and RECK
TIMP-3 and RECK were increased, and the trend of protein
expression and gene was consistent.

Conclusion

In summary, the potential mechanism of angiogenesis in
breast precancerous lesions may be closely related to the
Ras/Raf/MEK-ERK signaling pathway. We found that RUc
can inhibit the angiogenesis of breast precancerous lesions,
which may be attributed to its inhibition of the Ras/Raf/
MEK/ERK signaling pathway; it reduced the damage of
miR-21 to TIMP3 and RECK, decreased the protein expres-
sion of VEGF, MMP2 and MMP9 and then suppressed the
angiogenesis ability of endothelial cells.
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