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Swertiamarin suppresses proliferation, migration, and invasion of hepatocellular 
carcinoma cells via negative regulation of FRAT1 
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Studies have shown that swertiamarin (STM) has multiple biological activities, but its antitumour effects and
molecular mechanisms are still unclear. The present research aimed to validate the STM’s impacts on the prolif-
eration, migration, and invasion of hepatocellular carcinoma (HCC) cells, and to study its potential mechanism.
Two HCC cell lines were treated with STM. Tumour growth was observed by the mouse tumour xenografts
model. HCC cell lines stably expressing frequently rearranged in advanced T-cell lymphomas 1 (FRAT1) were
generated by lentivirus-mediated overexpression. Cell viability, proliferation, migration, and invasion were
observed using Cell Counting Kit-8 (CCK8), the xCELLigence Real-Time Cell Analyzer system (RTCA), and
transwell analysis, respectively. Quantitative real-time polymerase chain reaction (qRT-PCR) and Western blot-
ting were used to observe the expression of FRAT1 and proteins related to the Wnt/β-catenin signalling pathway.
Tumour growth was inhibited by STM in vivo. STM suppressed the proliferation, migration, and invasion of
HCC cells. STM negatively regulated FRAT1 expression, whereas overexpressed FRAT1 blocked the anti-
tumour function of STM. The results revealed that STM suppressed the FRAT1/Wnt/β-catenin signalling path-
way. The findings of this study provide new insights into investigation of therapeutic strategies against HCC.
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Introduction
Liver cancer is the sixth most frequent tumor type worldwide

and the fourth most frequent type of cancer-related decease.1

Conventional treatments like surgical resection, local resection, liver
transplantation, chemotherapy, and radiation therapy are usually
ineffective because most patients are diagnosed with advanced
disease, after the optimal surgical window or have a poor
prognosis.2,3 Therefore, pharmaceutical drugs and treatment options
are indispensable for hepatocellular carcinoma (HCC) therapy,
especially for advanced-stage patients. Natural products and their
derivatives are important sources of new drugs, and candidate
cancer treatment methods, such as anticancer agents, are receiving
increased attention.4

Swertiamarin (STM), C16H22O10, is a bitter secoiridoid glycoside
and is the main biologically active component of Gentianaceae
plants. STM has various kinds of pharmacological actions,
including antimicrobial,5 antifungal,6 anti-inflammatory,7 anti-
diabetes,8 hepatoprotective,9 and anti-HBV (hepatitis B virus)10

activities. Although some studies were conducted on the anticancer
effects of total glycosylates containing STM extracted from
Gentianaceae,11 relatively little is known about the anticancer effects
of STM and its underlying molecular mechanisms.

In our previous studies, we discovered that STM suppresses
HCC cell proliferation.12 We also conducted a microarray analysis
to identify the underlying mechanism.12 FRAT1 was found to be a
significantly downregulated gene in STM-treated HepG2 cells.
FRAT1 belongs to the glycogen synthase kinase-3β (GSK-3β)
binding protein family and promotes the Wnt/β-catenin signaling
pathway. However, in the previous report, STM was not found to
directly act on the Wnt/β-catenin signaling pathway. In the present
research, we investigated the anticancer function of STM in two
HCC cell lines. We report that STM inhibits proliferation, migration,
and invasion of HCC cells by downregulating the FRAT1/Wnt/β-
catenin signaling axis.

Materials and Methods

Reagents and cell culture
We purchased swertiamarin (purity >95%) from Sigma Aldrich

(St. Louis, MO, USA). Human hepatoma HepG2 and Huh7 cells were
acquired from the Kunming Institute of Zoology. The culture medium
was Dulbecco’s Modified Eagle’s Medium (DMEM) containing 1%
penicillin and 10% fetal bovine serum (FBS). HCC cells were
maintained in a wet incubator  in a 5% CO2 atmosphere at 37°C. In

Table 1, the antibodies and the dilutions used for Western blot are
reported.

Cell viability assay
The CCK8 (CK04, Dongren Chemical, Japan) assay was used

to measure viable cells. 5000 cells were placed in each well of a 96-
well plate and incubated with DMSO or different concentrations of
STM. After 12 h, the CCK8 mix was added. After a further 4 h, each
well absorption values were measured using a microplate reader at
a 450 nm wavelength.

Plate cloning experiment
A plate cloning experiment was used to detect cell proliferation.

A 3 mL cell suspension (1000 cells) was seeded into 6-well plates.
Colony formation occurred within 7 days. After culturing for 7 days,
we observed the cells fixed with 4% paraformaldehyde stained with
crystal violet through a microscope.

Nude mouse model
The animal experiment was approved by the Hospital Ethics

Committee of the Second Affiliated Hospital of Kunming Medical
University. Four- to eight-week-old male athymic BALB/c nude
mice (No. SCXK-2016-0006) were acquired from the Experimental
Animal Center of Kunming Medical University and complied with
the National Institutes of Health standard. Mice were injected
subcutaneously with 1×107 HepG2 cells. Mice in both groups were
randomly assigned, the control group (n=6) was injected
intratumorally with normal saline, and the treatment group (n=6)
received an intratumoral injection of 10 μg STM. The living
conditions of mice were observed every day, and the length and
diameter of tumors in mice were measured with vernier caliper
every week. The tumor volume was calculated according to the
formula V= a×b²/2 (a was the longest diameter of the tumor and b
was the shortest diameter of the tumor). After 8 weeks of treatment,
animals were sacrificed and tumors were excised to measure weight.

Cell proliferation assays by RTCA
An xCELLigence Real-Time Cell Analyzer (ACEA

Biosciences, San Diego, CA, USA) was used for analyzing HepG2
and Huh7 cell proliferation. Each well of an E-plates 16 (ACEA
Biosciences) was filled with 3000 cells and monitored for 24 h.
When the cells entered the log phase, 10 μL of STM was added in
two independent experiments and monitored in the RTCA
instrument for 72 h.

Cell migration and invasion assay
In the migration assay, we placed 200 μL serum-free cell

suspension (1×105 cells) in the upper transwell chambers. In the
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Table 1. Antibodies used for Western blot.

Name                                          Antibody
                                                    Primary antibody

FRAT1                                                         1:500, OM164801, Omnimabs Alhambra, CA USA
β-catenin                                                  ab32572, 1:1000, Abcam, Cambridge, MA, USA
p-β-Catenin                                              ab11350, 1:500, Abcam, Cambridge, MA, USA
GSK-3β                                                      12456S, 1:1000, Cell Signaling Technology, Danvers, MA, USA
CyclinD1                                                    ab134175, 1:2000, Abcam, Cambridge, MA, USA
GAPDH                                                       ab8245, 1:10,000, Abcam, Cambridge, MA, USA
                                                    Secondary antibody

Goat anti-rabbit                                       ab6721, 1:5000, Abcam, Cambridge, MA, USA
Goat anti-mouse                                     ab6789, 1:5000, Abcam, Cambridge, MA, USA
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invasion assay, we first coated the upper transwell chambers with
Matrigel (BD Biosciences, San Jose, CA, USA), then seeded the
same numbers of cells. We placed 800 µL medium with 20% FBS
in the lower chamber. After culturing for 48 h, we removed the cells
on the upper surface. Then we observed the cells fixed with 4%
paraformaldehyde stained with crystal violet through a microscope.

Cell migration and invasion assay by RTCA
We treated cells with STM for 24 h. Then, the medium was

changed to serum-free medium for 6 h, and we prepared a 1×104/90
μL cell suspension. In the migration assay, 165 μL of 20% FBS
medium was used to fill the lower chamber. Then, the two chambers
were fastened and 90 μL of the serum-free medium was placed into
the upper chamber. The CIM-plates 16 (ACEA Biosciences) was
placed into the RTCA instrument and left to equilibrate for 1 h. Each
well of the CIM-plate 16 was filled with 90 μL of cell suspension
and monitored in the RTCA instrument for 96 h. In the invasion
assay, we first coated the upper transwell chambers with Matrigel,
then seeded the same numbers of cells.

Microarray
After HepG2 cells were treated with DMSO or STM, total

RNA from each sample was isolated using Trizol (Invitrogen,
Carlsbad, CA, USA) and purified using mirVana miRNA Isolation

Kit (Ambion, Austin, TX, USA) following the manufacturer’s
instructions. RNA integrity was determined by denatured agarose
gel electrophoresis. DNA microarray was performed according to
standard protocol. CapitalBio cRNA Amplification and Labeling
Kit (CapitalBio, BeiJing, China) was used to produce fluorescent
dye labeled cDNA. The labeled cDNAs were then hybridized to
Agilent human mRNA Array which was designed with eight iden-
tical arrays per slide (8 x 60K format). After hybridization at 42°C
overnight, the arrays were washed with 2x SSC and 0.2% SDS at
42°C for 5 min, followed by washing with 0.2x SSC and 0.2%
SDS at room temperature for 5 min. The array data were analyzed
for data summarization, normalization and quality control by using
the GeneSpring software V13 (Agilent, Carpinteria, CA, USA). To
select the differentially expressed genes, we used threshold values
of ≥2 and ≤−2-fold change and Benjamini-Hochberg corrected p
value of 0.05. The data were Log2 transformed and median cen-
tered by genes using the Adjust Data function of CLUSTER 3.0
software. Finally, tree visualization was performed using Java
Treeview (Stanford University School of Medicine, Stanford, CA,
USA)

Lentivirus infection and generation of stable cell lines
The lentivirus with FRAT1 cDNA (over- FRAT1) was produced

by OBIO (Shanghai, China). The cDNA sequences of FRAT1
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Figure 1. STM suppressed the growth of HCC. A) Cell viability assays in HCC cells exposed to the indicated doses of STM. B) Effect
of STM on colony formation in HepG2 and Huh7. C) Tumor tissues of nude mice. D) Tumor volumes of two nude mice group. E)
Tumor weights of two nude mice group. F) Cell proliferation determined by CCK8 assay. G) Cell proliferation determined by RTCA
analysis. *p<0.05, **p<0.01.
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(NCBI, NM_005479.4) were incorporated by OBIO. FRAT1 level
was identified by RT-PCR and Western blot.

RNA extraction and qRT-PCR 
The entire RNA of HepG2 and Huh7 cells was separated using

TRIZOL reagent (Invitrogen) following the protocol. For the
reverse-transcription of RNA, we used the PrimeScript™ RT
reagent Kit (Takara, Dalian, China) with gDNA Eraser by the
protocol. Quantitative real-time PCR was executed on a CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories,
Hercules, CA, USA) with SYBR Premix Ex Taq (Takara, Dalian,
China). We normalized mRNA transcription levels with GAPDH
expression. Table 2 displays the sequences of the primers. The
mRNA values of FRAT1 and β-catenin were calculated using the 
2–ΔΔCt method. 

Western blot
We used RIPA lysis buffer to extract the total protein. We supplemented

it with protease inhibitor and phosphatase inhibitor and separated it using
10% sodium lauryl sulfate-polyacrylamide gel electrophoresis. After
transfer to a 0.22 µm polyvinylidene difluoride (PVDF) membrane, the
membrane was incubated with 5% bovine serum albumin for 1 h and then
with a primary antibody (Table 1) at 4 °C overnight. The membrane was
washed for 5 min 3 times in Tristan Buffered saline Tween (TBST), then
were cultivated with the secondary antibody (Table 1) for 1 h. Protein bands
were analyzed using Image-Pro Plus 6.0.

Statistical analysis
We performed each experiment at least three times. The data of

the two samples were compared using the Student’s t-test. The data
of the multiple samples were compared using the one-way analysis
of variance. Data were expressed as mean ± SD. Values of p<0.05
were considered statistically significant.

Results 

STM significantly suppresses the growth of HCC
To test STM’s action on HCC cell growth, we exposed HCC

cells to STM in different concentrations for 24-120 h. STM

Figure 2. STM decreased HCC cell migration and invasion, and negatively regulates FRAT1. A) Cell migration determined using trans-
well assays; scale bar: 100 μm. B) Cell migration determined using RTCA assays. C) Cell invasion determined using transwell assays;
scale bar: 100 μm. D) Cell invasion determined using RTCA assays. E) Differentially expressed genes (DEGs) were assessed after the
STM treatment of HepG2 cells; the red dot is the FAT1 gene, which is a significantly DEG; the red dot FRAT1 was p=0.01, log2FC=
−4.32. F) FRAT1 mRNA level by qRT-PCR assay in HCC cells treated with STM. G) The protein level of FRAT1 in HCC cells treated
with STM determined from Western blot analysis. *p<0.05, **p<0.01.
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Table 2. Primers used for qRT-PCR.

Gene                 Sequence

FRAT1                       Upper primer: 5 -CAGGCCGACCTTGATGGG-3
                                  Lower primer: 5 -TGGGGAAGCTTTGCACGTAA-3
β-catenin                Upper primer: 5 -AACTTGCCACACGTGCAATC -3
                                  Lower primer: 5 -GGTTATGCAAGGTCCCAGC-3
GAPDH                     Upper primer: 5 -GACAGTCAGCCGCATCTTCT-3
                                  Lower primer: 5 -TTAAAAGCAGCCCTGGTGAC-3
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suppressed HCC cell proliferation in a dose-dependent manner. The
IC50 of STM were 87.96±1.408 μg/mL (HepG2) and 56.49±0.759
(Huh7) μg/mL (Figure 1A). Figure 1B shows that 70 μg/mL
(HepG2) and 50 μg/mL (Huh7) STM significantly shortened the
number and size of colonies formed by HCC cells after seven days
of culture. Figure 1C-E show that STM significantly reduced the
volume and weight of the tumor in nude mice.

STM decreases proliferation, migration, and invasion
of HCC cells

Cell proliferation was observed using the CCK8 assay and the
RTCA system separately. Cell migration and invasion were detected
using transwell assay and the RTCA system. The outcome showed that
HCC cell proliferation was significantly reduced by STM (p<0.05,
Figures 1 F, G). Figure 2 A-D show that STM significantly reduced
HCC cell migration and invasion. These results revealed that STM
inhibits HepG2 and Huh7 cell proliferation, migration, and invasion.

STM negatively regulates FRAT1 in HCC cells
FRAT1 was found to be a significantly downregulated gene in

STM-treated HepG2 cells by microarray analysis (Figure 2E). Next,
FRAT1 was measured after STM treatment. The result showed that
STM downregulated FRAT1 in HepG2 and Huh7 cells (Figure 2
F,G). From this result, we hypothesized that FRAT1 may be
involved in STM’s suppressive activity on HCC cells.

STM suppresses HCC cell proliferation, migration, and
invasion by downregulating FRAT1

To identify the function of STM involving FRAT1 in HCC cells,
FRAT1 lentiviral vector (FRAT1-OE) and its corresponding FRAT1
empty lentiviral vector (FRAT1-NC) were transfected into HepG2
and Huh7 cells. Our findings showed that compared with FRAT1-
NC transfection, transfection with FRAT1-OE promoted cell
proliferation, migration, and invasion (Figures 3 A-H). Transfection
with FRAT1-OE impaired the antitumor function of STM (Figures
3 A-H). The above results showed that STM suppresses HCC cell
proliferation, migration, and invasion through silencing FRAT1.

STM inactivates FRAT1/Wnt/β-catenin signaling axis
Per previous studies, FRAT1 is a positive regulator in the

Wnt/β-catenin signaling pathway in cancer. To explore STM’s
function in the FRAT1/Wnt/β-catenin signaling axis, we determined
the expression of pathway-associated proteins. STM treatment
increased the level of p-β-catenin and GSK-3β in comparison with
the control (Figure 4C), whereas FRAT1, β-catenin, and Cyclin D1
were all downregulated by STM (Figures 4 A-C). To further confirm
these findings, we found that overexpression of transfected FRAT1-
OE reduced the function of STM in inhibiting the Wnt/β-catenin
pathway, which was characterized by a reverse change in the above
proteins’ expression levels (Figures 4 A-C). In summary, STM
inactivates the FRAT1/Wnt/β-catenin signaling axis.

Figure 3. STM suppresses HCC cell proliferation, migration, and invasion by silencing FRAT1. A) Cell proliferation by CCK8 analysis
in cells over-expressing FRAT1 treated with STM. B) Cell proliferation per RTCA assay in over-expressing FRAT1 cells treated with
STM. C,D) Cell migration per the transwell assays in over-expressing FRAT1 cells treated with STM; scale bar: 100 μm. E) Cell migra-
tion per the RTCA assays in over-expressing FRAT1 cells treated with STM. F,G) Cell invasion by the transwell assays in over-expressing
FRAT1 cells exposed to STM; scale bar: 100 μm. H) Cell invasion by the RTCA assays in over-expressing FRAT1 cells exposed to STM.
*p<0.05, **p<0.01.
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Discussion
HCC is an important disease with high levels of mortality

worldwide, with China generating half of the world’s total number
of cases.13 Less than 30% of patients can undergo surgery because
most HCC cases are in the advanced disease stage and not eligible
for surgery.14 Food and Drug Administration (FDA) approved
sorafenib and regorafenib for HCC therapy are expensive and fail
to achieve a satisfactory response rate.15,16 In this case, exploring a
rational combination of therapies based on the individual
characteristics of HCC patients is still necessary, including
complementary and alternative medicines.17 To date, many
researchers have focused on isolating monomers from herbal
medicines to find new drugs for HCC treatment. Yang studied the
effect of swertiamarin on the proliferation of MGC803 cells in vitro
and in vivo. Compared with the control group, swertiamarin at
different concentrations could effectively inhibit the proliferation
and induce apoptosis of MGC803 cells.18 In this study, a new
method of HCC treatment was investigated and the mechanism of
its anticancer activity was studied. It was found that STM down-
regulates the FRAT1/Wnt/β-catenin signaling axis to inhibit the
proliferation, migration, and invasion of HCC cells.

Gentianaceae has 87 genera and about 1600 species. Many
Gentianaceae plants are commonly used as hepatic protectors in
traditional Chinese herbal medicines, Tibetan medicine, and Indian
Ayurvedic medicine.19 STM is a monomer isolated from the active
ingredients of these plants and has shown many biological activities.
In an adjuvant arthritis rat model, swertiamarin inhibited the
development of arthritis by inhibiting the release of nuclear factor
kappa-B.20 In the oleic-acid-induced steatosis HepG2 cell model,
swertiamarin attenuated oxidative stress by activating Adenosine
5’-monophosphate-activated protein kinase.21 In a rat model of
Freund’s complete adjuvant-induced arthritis, swertiamarin

significantly attenuated mitogen-activated protein kinase release in
a dose-dependent manner.22 In a rat model of carbon tetrachloride-
induced liver damage, STM therapy improved hepatocyte apoptosis
by attenuating the phosphatidylinositol-3-kinases and protein-
serine-threonine kinase.23 This research focuses on the anticancer
effect of STM on HCC. The data indicate that STM has significant
concentration-dependent anticancer activity in HCC cells and
inhibits tumor growth in vivo. STM has an effective suppression
effect on HCC cells. 

The classical Wnt/β-catenin signaling pathway is known to be
related to tumor progression, including in HCC, breast, ovarian, and
colorectal cancers.24 The nature of WNT signaling is the inhibition
and degradation of β-catenin phosphorylation. β-catenin
accumulates in the cytoplasm and increases nuclear translocation,
thereby inducing the transcription of target genes downstream of
Wnt, such as Cyclin D1.24 In normal cellular homeostasis, the
cytoplasmic GSK3β complex phosphorylates β-catenin and p-β-
catenin is rapidly degraded.25 FRAT1 can promote the
Wnt/β-catenin signaling pathway since it competes with Axin1 to
bind the GSK3β complex and then inhibits β-catenin
phosphorylation.26 FRAT1 is a recognized oncogene, the
overexpression of which is associated with adverse clinical
outcomes in several cancers, including HCC,27 cartilage tumors,28

esophageal squamous cell carcinoma,29 gliomas,30 astrocytoma,31

ovarian cancer,32 and non-small cell lung cancer.33 Our findings
revealed that STM reduces FRAT1, β-catenin, and Cyclin-D1 levels
and increases GSK-3β and p-β-catenin levels in HCC cells, which
means that STW regulates the Wnt/β-catenin signaling pathway. In
STM-treated HCC cells, FRAT1 overexpression led to β-catenin
activation and cyclin D1 expression and attenuated STM inhibition
of HCC cell growth. This suggests that STM’s inhibition of HCC
cells may occur by suppressing the FRAT1/Wnt/β-catenin signaling
axis, at least in part. 
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Figure 4. STM inactivates the FRAT1/Wnt/β-catenin signaling axis. A) FRAT1 mRNA level per real-time PCR analysis in over-express-
ing FRAT1 cells treated with STM. B) β-catenin mRNA level by real-time PCR analysis in over-expressing FRAT1 cells treated with
STM. C) Wnt/β-catenin signaling pathway marker protein levels determined using Western blot assay in over-expressing FRAT1 cells
treated with STM. *p<0.05, **p<0.01.
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In brief, our discoveries indicate that STM suppresses Wnt/β-
catenin signaling pathways in HCC cells at least in part by
downregulating FRAT1, leading to inhibition of proliferation,
migration, and invasion. These data indicate that STW has a
therapeutic potential for HCC.
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