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Triptolide, an extract of Tripterygium wilfordii, has been shown to have a potent anticancer activity. In the
present study, it was found that triptolide could effectively induce apoptosis and inhibit proliferation and inva-
sion in malignant MDA-MB-231 breast cancer cells. The study focused on its effect on inhibiting invasion,
which has not been extensively reported to date. We predicted that triptolide may change invasion activity via
microRNAs (miRNAs), which have been recognized as important regulators of gene expression. miRNAome
variation in MDA-MB-231 cells with or without triptolide treatment demonstrated that miR-146a was upregu-
lated following treatment with triptolide. Our previous studies have shown that miR-146a can inhibit migration
and invasion by targeting RhoA in breast cancer. This time, we found that miR-146a can target Racl, another
key member of the Rho GTPase family. Luciferase reporter containing Racl 3'-UTR was constructed to prove
this hypothesis. In addition, following treatment with triptolide, the expression of RhoA and Racl was found to
be decreased. These results indicated that triptolide exerts its anti-invasion activity through a miRNA-mediated
mechanism, which indirectly regulates the expression of Rho GTPase. Triptolide combined with miR-146a
could improve the effect of triptolide treatment on breast cancer.
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INTRODUCTION

Breast cancer is one of the most common types of can-
cer among women. Tumor recurrence and metastasis are
the main causes of mortality in patients with breast can-
cer. Recent statistics show that breast cancer has become
the first cause of cancer-related mortality among female
cancer patients in China'. Therefore, preventing and treat-
ment of breast cancer metastasis and the clarification of its
metastasis mechanisms are of high clinical significance.
Research on antitumor therapy and the contribution of tra-
ditional Chinese medicine to it have received extensive
attention recently. Several reports have found that certain
components of Chinese herbal medicine can effectively
battle cancer. Triptolide is the main active ingredient of the
compound extracted from the root of traditional Chinese
herb Tripterygiumwilfordii . Triptolide has received atten-
tion for its antitumor activity since the 1970s%*,

In vivo and in vitro experiments have shown that trip-
tolide has an antitumor effect in several types of cancer,
including pancreatic cancer, lung cancer, breast cancer,
and neuroblastoma®®. Triptolide achieves this antitu-
mor effect mainly by inhibiting tumor cell proliferation
and inducing tumor cell apoptosis®™. However, recent
studies have also identified an antimetastatic activity of
tripolide®*. To date, in vivo studies have indicated that
triptolide protects against breast cancer metastasis, but its
specific mechanism of action requires further study?®.

The mechanism through which microRNAs regulate
tumor cell invasion and metastasis has become central in
the field of microRNA (miRNA) research™". miRNAs
bind to target mMRNA sequences through canonical base
pairing between nucleotides 2 to 8 in the 3’-UTR of target
mRNA™, Previous reports have confirmed that miR-146a
has an inhibitory effect on tumor occurrence, develop-
ment, and metastasis, but its specific mechanism of action
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remains to be elucidated" . Recent studies have shown
that miR-146a is closely associated with the prognosis of
breast cancer and plays an important role in the prolifera-
tion, invasion, and metastasis of breast cancer cells'>".

Rho GTPases are members of the small G protein super-
family, which has GTP enzyme activity’**. RhoA and Racl
are important members of the GTPase Rho family. RhoA
and Racl are overexpressed in lung cancer, colon cancer,
breast cancer, and other types of cancer cells. They have
also been demonstrated to play an important role in tumor
invasion and metastasis through their mediation of the
cytoskeleton reorganization of key regulatory proteins®2.

In the present study, it was found that triptolide exerts
an antitumor activity through inducing breast cancer cell
apoptosis and inhibiting their proliferation, migration, and
invasion. In this study, miR-146a was found to be upreg-
ulated in triptolide-treated breast cancer cells. Previous
data from our laboratory showed that miR-146a could
inhibit migration and invasion by targeting RhoA in breast
cancer”. In addition, miR-146a was found to target Rac1,
another key member of the Rho GTPase family. Areverse
correlation was observed between Racl and miR-146a.
miR-146a was also found to target Racl 3'-UTR directly,
thereby downregulating breast cancer cell migration and
invasion. Triptolide could specifically induce RhoA and
Rac1 downregulation. A comprehensive analysis of these
results led us to the conclusion that triptolide may inhibit
breast cancer cell metastasis through inducing the expres-
sion of miR-146a, a negative regulator of Rho GTPase.
In the present study, we want to preliminarily elucidate
the association between miR-146a and Rho GTPase, and
search for potential antimetastatic agents and promis-
ing molecular targets that could be used in breast cancer
treatment for the inhibition of metastasis.

MATERIALSAND METHODS
Cell Culture and Drug Treatment

Human breast cancer cell line MDA-MB-231 was
maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Life Technologies, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, Life Technologies) and 1% antibiotics (Gibco,
Life Technologies). The cells were incubated at 37°C in
a 5% CO, humidified atmosphere until 75% confluent.
Triptolide (398%; Yuanye Bio-Technology, Shanghai,
P.R. China) was stored in a stock solution in dimethyl sul-
foxide (DMSO; Sangon, Shanghai, P.R. China) at —20°C
and diluted to various concentrations with serum-free
culture medium when used.

Cell Counting Kit-8 (CCK-8) Assay
Cell growth and viability were measured using Cell

Counting Kit-8 (CCK-8; KeyGEN, Nanjing, Jiangsu,
P.R. China). Cells at a density of 1x10° cells/well in
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medium were placed into 96-well plates and were contin-
uously cultured for 24 h. Then the cells were treated with
triptolide (0, 5, 10, 15, 20, and 25 ng/ml). At the harvest
time, 10 pl of CCK-8 was added into each well, and after
1-h incubation cell viability was determined by measur-
ing the absorbance of the converted dye at 450 nm. The
experiments were performed in triplicate.

Flow Cytometry Analysis of Cell Apoptosis

Apoptotic cells were identified by FITC-conjugated
Annexin-V/propidium iodide (PI) staining (KeyGEN)
according to the manufacturer’s instructions and ana-
lyzed with Cytomics TM FC 500 (Beckman, Brea, CA,
USA). Both early apoptosis (annexin V*, PI") and late
apoptosis (annexin V" and P1%) cells were included in cell
death measures.

Cell Migration Assay

Transwell invasion assays were performed by
Transwell chamber (Corning, New York, NY, USA) on
MDA-MB-231 cells, which were treated with triptolide
and control for 24 h. Then the cells were resuspended in
serum-free DMEM and placed in the top chamber with
Matrigel-coated membrane (BD, San Jose, CA, USA).
The lower portion of the chamber contained 20% FBS as
a chemoattractant. After the cells were cultured for 24 h,
we washed the chambers twice by phosphate-buffered
saline (PBS) and stained the chambers by crystal violet.
Five fields were selected randomly and photographed
from each chamber. Then chambers were decolonized by
glacial acetic acid, adding 1 ml 33% glacial acetic acid
into each chamber for 15 s and then removing the liquid.
Quantitative analysis was carried out using the enzyme
marker at 570 nm wavelength. All independent experi-
ments were carried out in duplicate.

Wound Healing Assay

When cell confluence was less than 90% at 24 h after
transfection, wounds were created in confluent cells using
a 200-pl pipette tip, removing any free-floating cells and
debris by PBS. Medium was then added, and culture plates
were incubated at 37°C. Wound healing within the scrape
line was observed at 24-h time points, and representative
scrape lines for each cell line were photographed. The opti-
cal distance of sound was measured using ImageJ software.
All independent experiments were carried out in duplicate.

miRNA Microarray and miR-146a Quantitative Assay

The miRNA microarray was analyzed by Ribobio
(Guangzhou, Guangdong, P.R. China). For analysis of
miR-146a expression, the TagMan One-step RT-PCR
Master Mix Reagents kit and TagMan MicroRNA Assays
kit were purchased from Applied Biosystems (ABI,
Foster City, CA, USA) to detect miR-146a and the control
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miRNA (U6 snRNA). The protocol is two steps, requiring
reverse transcription with miRNA-specific primers, fol-
lowed by reverse transcription quantitative polymerase
chain reaction (QRT-PCR) with TagMan probes (ABI).
Amplification and detection were performed using
StepOne Plus QRT-PCR system (ABI). Quantitative
assay was calculated based on the following equation:
RQ =2-DDCt.

Plasmid Constructs and miR-146a Mimic Synthesize

The 3’-UTR of the human Racl gene (NM_006908)
was PCR amplified from human genomic DNA. The
primers were digested and cloned into the pmiR-RB-
REPORT™ Vector (RiboBio) at Xhol and Notl sites,
which was named pmiR-Racl-wt. Site-directed mutagen-
esis with miR-146a target sites in the Racl was carried
out using site-directed mutagenesis kit (TaKaRa, Dalian,
Liaoning, P.R. China), with pmiR-Rac1-wt as a template,
which was named pmiR-Racl-mut. Mimic miR-146a,
control oligo was chemically synthesized by RiboBio. All
transfections were carried out using Lipofectamine 2000
reagents (Invitrogen, Carlsbad, CA, USA), according to
the reagent manufacturer’s instructions.

Dual-Luciferase Reporter Assay and 3'-UTR-Binding
Ste Mutagenesis

MDA-MB-231 cells were seeded in a 24-well plate
24 h before transfection. They were transfected with
0.4 pg various pmiR-REPORT plasmids, 20 pM mimic
miR-146a, or control oligo using Lipofectamine 2000.
Firefly and Renilla luciferase activities were measured
consecutively by using Dual Luciferase Assay (Promega,
Madison, WI, USA) according to the manufacturer’s
instructions; 0.02 pg of the Renilla luciferase vector
PRL-TK (Promega) was used for normalization. All inde-
pendent experiments were performed in triplicate.

Quantitative Analysis of RhoA and Racl

Total RNA was prepared using TRIzol (TaKaRa),
and cDNA was generated by PrimerScript RT reagent kit
(TaKaRa) and amplified using RhoA or Racl primers with
SYBR Premix Ex-Tag" kit (TakaRa). The primer sequences
for RhoA were 5-TTTGGAGGTGGCATAGCCTT-3
(forward) and 5-ATGTTTAGTCAGCTGGAGAGAAG
AG-3’ (reverse); the primer sequences for Racl were 5'-TG
CATTGTTGTGCCGAGAAC-3' (forward) and 5'-GAGG
CATGGCAGGTGTAAGA-3’ (reverse); and the primer
sequences for b-actin were 5'-CCCTGGACTTCGAGCA
AGAG-3’ (forward) and 5'-AATGCCAGGGTACATGGT
GG-3' (reverse). Amplification and detection were per-
formed using StepOne Plus QRT-PCR system (ABI).
b-Actin was used to normalize the expression of RhoA
and Racl. Quantitative assays were calculated based on
the following equation: RQ =2-DDCt.
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Western Blot Analysis

Protein was extracted from breast cancer cell lines
using RIPA buffer [150 mM NaCl, 1% NP-40, 50 mM
Tris-HCI (pH 7.4), 1 pg/ml leupeptin, 1 mM deoxy-
cholic acid, 1 mM phenylmethysulfonyl fluoride, and 1
mM EDTA] including a protease inhibitor cocktail and
phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO,
USA), following the manufacturers’ instructions. Equal
amounts of protein sample (50 pg) were separated by
12% SDS-PAGE and transferred to a PVDF membrane
using the Bio-Rad semidry transfer system (Bio-Rad
Laboratories, Hercules, CA, USA). Western blotting was
performed using anti-b-actin, anti-RhoA, and anti-Racl
(CST, Denver, CO, USA). The signals were detected with
an ECL kit (Beyotime, Nantong, Jiangsu, P.R. China),
according to the manufacturer’s instructions.

Satistical Analysis

All data are presented as mean+SD of three indepen-
dent experiments. Assays for characterizing phenotypes
of cells were analyzed by Students t-test or one-way
ANOVA. Values of p<0.05 were considered as statisti-
cally significant. All statistical analyses were performed
using the SPSS 22.0 software package (SPSS Inc.,
Chicago, IL, USA).

RESULTS

Triptolide Inhibited Cell Proliferation and Induced Cell
Apoptosisin MDA-MB-231 Célls

CCK-8 was used to detect breast cancer cell prolifera-
tion and access the effects of different triptolide concen-
trations and treatment times (Fig. 1A). Flow cytometry
was used to detect the changes in the apoptotic activity
of breast cancer cells following treatment with 15 ng/
ml triptolide for 48 and 24 h. It was found that the apo-
ptotic activity of cells at 48 h was significantly increased
(p<0.01) (Fig. 1B and C). These results indicated that
triptolide can inhibit cell proliferation and induce apopto-
sis in breast cancer cells. To study the anti-invasion effect
of triptolide in MDA-MB-231 cells and avoid the inter-
ference of cell apoptosis and necrosis, the cell death rate
of <50% dose (<15 ng/ml) was selected as the study dose,
and 24 h was selected as the observation time point in the
following experiments.

Triptolide Inhibits Invasion in MDA-MB-231

Wound healing and Transwell cell invasion assays were
used to detect the metastasis of cells treated with differ-
ent drug concentrations for 24 h. The results showed that
the metastatic activity of breast cancer cells was inhibited
following treatment with 5 ng/ml triptolide and signifi-
cantly inhibited following treatment with 10 and 15 ng/
ml triptolide for 24 h (Fig. 2).
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Figure 1. Effect of triptolide treatment on the cell proliferation and apoptosis of breast cancer cells. (A) MDA-MB-231 cells treated
with triptolide (5, 10, 15, 20, and 25 ng/ml) for 24 and 48 h. The level of cell proliferation was detected using the Cell Counting Kit
(CCK-8). (B, C) The percentage of apoptotic cells was determined by FACS analysis using annexin \/propidium iodide (PI) staining.
Data are presented as the mean+SD. n=3. **p<0.01 versus 0 ng/ml group.
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Figure2. Triptolide inhibits invasion in MDA-MB-231 cells. (A) Effect of triptolide on MDA-MB-231 cell migration was determined
by a wound healing assay. MDA-MB-231 cells were plated in six-well plates and allowed to grow to 90% confluence in complete
medium. Cell monolayers were wounded using a sterile micropipette tip (200 ul) and were further treated with triptolide (0, 5, 10, and
15 ng/ml) for 24 h and migrated into the wound surface following transfection. Images were acquired at 0 and 24 h after wounding.
(B) The wound width was quantified. (C) Effect of triptolide on cell invasion was determined by the Transwell assay. MDA-MB-231
cells pretreated with triptolide (0, 5, 10, and 15 ng/ml) for 24 h were plated in Transwell chambers coated with Matrigel at the same
density and then incubated for another 24 h. Photographs of the cell invasion were captured through the polycarbonate membrane
stained with crystal violet dye (original magnification, x200). (D) The OD570 of the crystal violet stain is shown. Data are presented
as the mean+SD. n=3. OD, optical density. *p<0.05 and **p<0.01 versus 0 ng/ml group.
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Triptolide Alters the MicroRNAome of MDA-MB-231

miRNA gene chip was used to detect the variation of
miRNAome in breast cancer cells treated with 15 ng/ml
triptolide for 12, 24, and 48 h. Various expressions of
miRNAs were observed following triptolide treatment,
and this variety was verified by RT-gPCR. In particular,
miR-146a was significantly upregulated in triptolide-
treated breast cancer cells. These results indicated that
triptolide can induce miR-146a expression in breast can-
cer cells (Fig. 3).

Racl 3-UTRs Were Potential miR-146a Target Genes

The target genes affecting tumor cell migration
and invasion were predicted using the microRNA.org
database. In a candidate gene study, it was found that
the 3’-UTRs of the Racl gene have a complementary
region with miR-146a (Fig. 4A). The Racl 3'-UTRs
may be miR-146a binding sites of target genes. The
identified miR-146a expression suggests that miR-146a
may directly or indirectly regulate the Racl genes.
Furthermore, a luciferase reporter plasmid and mutant
plasmid containing Racl 3'-UTR was constructed. The
luciferase activity of each group of cells was detected
following transfection with Promega dual reporter
assay Kit. The reporter activity was found to be signifi-
cantly reduced by the ectopic expression of miR-146a
(p<0.001), while no significant change was observed
in the mutant plasmid (Fig. 4B). These results indicated
that the 3'-UTRs of Racl were functional targets of
miR-146a in MDA-MB-231 cells.
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The Expression of Rho GTPase Was Changed
in Triptolide-Treated MDA-MB-231 Cells

The cells were transfected with miR-146a mimics,
which led to the upregulation of the miR-146a expression,
after treatment with or without triptolide (Fig. 5A). The
gene expression of RhoA and Racl in triptolide-treated
MDA-MB-231 cells was assessed using RT-qPCR (Fig.
5B). Cells in the miR-146a mimic and triptolide-treated
groups exhibited a lower RhoA and Racl gene expression
than those in the blank control group (p<0.001). According
to the Western blot analysis results (Fig. 5C and D), the
RhoA and Racl protein concentration decreased (p<0.01)
upregulating miR-146a and treating with triptolide. These
results indicated that both triptolide and miR-146a could
regulate RhoA and Racl expression. These results also
confirmed that miR-146a can target RhoA and Racl genes,
thus affecting breast cancer cell invasion and metastasis.

DISCUSSION

Triptolide isthe main active ingredient of the traditional
Chinese herb T. wilfordii. In recent years, triptolide has
been found to exert a potent anticancer activity in several
types of cancer®®. However, the underlying mechanism
remains unclear. Existing research has mainly focused
on triptolide-induced apoptosis, and certain studies have
identified triptolide-induced inhibition of metastasis in
vivo, but its specific mechanism of action requires further
study®. The experimental results indicated that triptolide
can inhibit proliferation and apoptosis in breast cancer
cells, which is consistent with previous studies™?*%,

= 0ng/ml

== 15ng/mi

Relative expression of miR-146a

Figure 3. Triptolide-regulated microRNAs in MDA-MB-231 cells. (A) Heatmap representation of differentially expressed human
microRNAs (miRNAs) following triptolide treatment (15 ng/ml for 0, 12, 24, or 48 h) in MDA-MB-231 cells was measured using
microarray analysis. Only miRNAs with a strong differential expression (t-test between 0 and 24 h replicate time points; p<0.05) are
shown. (B) miR-146a expression [as assessed using reverse transcription quantitative polymerase chain reaction (RT-gPCR)] in MDA-
MB-231 cells following 12, 24, and 48 h of 15 ng/ml triptolide treatment. The expression of miR-146a was normalized against U6.
Bars represent the mean+SD. n=3. **p<0.01 versus 0 ng/ml group.
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Figure 4. Racl 3'-UTRs are potential targets of miR-146a. (A) A luciferase reporter of Racl 3’-UTR was constructed, which con-
tained the binding sites of miR-146a, as predicted by bioinformatics analysis. A luciferase reporter of Rac1 3’-UTR containing mutated
binding sites of miR-146a was also constructed. (B) miR-146a inhibited the luciferase activity of the reporter containing the Racl
3’-UTR in MDA-MB-231 cells. However, miR-146a could not inhibit the luciferase activity of the reporter containing a mutated
sequence of the Racl 3’-UTR. **p<0.01 versus control oligo group.

The present results also identified a triptolide-induced
antimetastatic activity and early apoptosis in breast can-
cer cells, when triptolide was used in low concentrations.
This suggests that triptolide can inhibit the invasion and
metastasis of breast cancer cells in vitro. However, the
antimetastasis mechanism of triptolide also requires fur-
ther elucidation.

In recent years, miRNAs have been in the center of
biological research, since they are involved in the occur-
rence, development, metastasis, and elimination of tumors
by regulating, among others, gene and protein synthesis,
transcription, and posttranscriptional modification™*®. Our
current study found that the expressions of miRNAs were
varied, after treatment with triptolide in MDA-MB-231
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Figure 5. Both miR-146a and triptolide can affect the Racl and RhoA protein expression in MDA-MB-231 cells. (A) MDA-MB-231
cells were pretreated with miR-146a-mimics, followed by further treatment with or without triptolide. The expression of miR-146a in
MDA-MB-231 cells was measured by RT-gPCR. The gene expression level was normalized to U6. (B) MDA-MB-231 cells were pre-
treated with miR-146a-mimics, followed by further treatment with or without triptolide. The expression of RhoA and Racl mRNA in
MDA-MB-231 cells was measured using RT-qPCR. The gene expression level was normalized to b-actin. (C, D) MDA-MB-231 cells
were treated with miR-146a-mimics or triptolide. The relative protein expression levels of RhoA and Racl were measured by Western
blot analysis and normalized to b-actin. Data are presented as the mean+SD. n=3. *p<0.05 and **p<0.01 versus control group.
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cells. miR-146a was found significantly upregulated fol-
lowing treatment. In our previous study, we found that a
change in the expression of miR-146a can influence the
migration and invasion abilities of breast cancer cells”,
which suggested that triptolide may inhibit the metastasis
of breast cancer cells by inducing the expression of miR-
146a.

miRNAs targeting the regulation of gene 3’-UTRs
is one of the important means in which miRNAs par-
ticipate in the regulation of cell biology™*®. The target
genes affecting tumor cell migration and invasion were
predicted using bioinformatics analysis. In a candidate
gene study, it was found that the 3’-UTRs of both RhoA
and Racl genes have complementary regions (Fig. 4A
and C), which may be the binding sites of miR-146a and
target genes. RhoA and Racl are important members of
the Rho GTPase family associated with tumor progres-
sion and metastasis® . Therefore, it can be speculated
that miR-146a and RhoA and Racl genes may have a fine
regulatory relationship, which impacts the migration and
invasion of tumor cells. Previous data from our laboratory
showed that miR-146a could inhibit migration and inva-
sion by targeting RhoA in breast cancer”. To verify the
regulatory relationship between miR-146a and Racl, we
constructed Racl luciferase reporters and validated the
miR-146a-targeting regulation using the dual-luciferase
reporter system with Racl. In addition, miR-146a over-
expression was induced through the transfection of an
miR-146a mimic. Next, the expression of Racl genes
was detected. The results indicated that miR-146a plays
an important role in regulating Racl gene, which is simi-
lar to its effect on RhoA.

In conclusion, triptolide can induce the expression of
miR-146a in breast cancer cells. The secreted miR-146a
reduced the expression of RhoA and Racl mRNA, effec-
tively reducing the metastatic activity of breast cancer
cells. The aim of the present study was to elucidate the
mechanism of the antitumor activity of triptolide and to
find the connection between the triptolide-induced inhi-
bition of breast cancer cell metastasis and the mechanism
of miR-146a target regulating Rho GTPase expression.
The protective effect of triptolide against invasion and
metastasis in breast cancer cells was verified. Triptolide
influenced breast cancer cell migration and invasion by
inducing the expression of miR-146a, which regulated
two important Rho GTPases: RhoA and Racl. The results
of the present study could serve as a reference for the
association between miR-146a and Rho GTPase and
assist in the search for promising molecular targets that
could inhibit breast cancer metastasis.
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