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Burdock (Arctium lappa) is a popular vegetable in China and Japan that is consumed
for its general health benefits. The principal active component of burdock is arctigenin,
which shows a range of bioactivities in vivo and in vitro. Here, we investigated the
potential anti-tumor effects of arctigenin using two human hepatocellular carcinoma
(HCC) cell lines, HepG2 and Hep3B, and sought to elucidate its potential mechanisms of
action. Our results showed that arctigenin treatment inhibited cell growth in both HepG2
and Hep3B cell lines (IC50 of 4.74 nM for HepG2 cells, and of 59.27 nM for Hep3B cells).
In addition, migration, invasion, and colony formation by HepG2 cells were significantly
inhibited by arctigenin. By contrast, treatment of Hep3B cells with arctigenin did not alter
these parameters. Arctigenin also significantly reduced the levels of gankyrin mRNA
and protein in HepG2 cells, but not in Hep3B cells. A luciferase assay indicated that
arctigenin targeted the −450 to −400 region of the gankyrin promoter. This region is
also the potential binding site for both C/EBPα and PPARα, as predicted and confirmed
by an online software analysis and ChIP assay. Additionally, a co-immunoprecipitation
(Co-IP) assay showed that binding between C/EBPα and PPARα was increased in
the presence of arctigenin. However, arctigenin did not increase the expression of
C/EBPα or PPARα protein. A binding screening assay and liquid chromatography–
mass spectrometry (LC–MS) were performed to identify the mechanisms by which
arctigenin regulates gankyrin expression. The results suggested that arctigenin could
directly increase C/EBPα binding to the gankyrin promoter (−432 to −422 region),
but did not affect PPARα binding. Expression of gankyrin, C/EBPα, and PPARα were
analyzed in tumor tissues of patients using real-time PCR. Both C/EBPα and PPARα

showed negative correlations with gankyrin. In tumor-bearing mice, arctigenin had a
significant inhibitory effect on HCC growth. In conclusion, our results suggested that
arctigenin could inhibit liver cancer growth by directly recruiting C/EBPα to the gankyrin
promoter. PPARα subsequently bound to C/EBPα, and both had a negative regulatory
effect on gankyrin expression. This study has identified a new mechanism of action of
arctigenin against liver cancer growth.
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INTRODUCTION

Plants have been a vital food source for humans since our species
first evolved. In addition to their use as basic foodstuffs, plants
have also been exploited for medicinal purposes in order to
avoid or treat diseases and to extend lifespan. As a result, a large
number of plants have been identified for use because of their
multiple beneficial functions, particularly in traditional medicine.
However, in recent decades there has been much dispute on
the benefits of traditional Chinese medicine (TCM) compared
to those of Western-based medical strategies due to the lack of
clarity regarding the mechanisms of action of plant compounds
in TCM (Brand and Zhao, 2017; Fleischer et al., 2017; Yang et al.,
2017). To overcome this problem, modern Chinese medicine
focuses on extracting and purifying the active ingredients from
herbal remedies, such as from the fruit of Forsythia suspense
Vahl (Forsythiae Fructus) and from Ginkgo biloba extracts, and to
identify their potential mechanisms of action. As a consequence,
TCM has been increasingly applied in the treatment of clinical
diseases (Swarup et al., 2008; Wu et al., 2014; Lu G.D. et al., 2015;
Wang et al., 2018).

Burdock root (Arctium lappa L.) has remarkable health
benefits and is widely eaten as a vegetable in Asia, especially
in China. In recent years, the active component of burdock
root, arctigenin, has been demonstrated to possess multiple
pharmacological functions and to have anti-tumor, anti-oxidant,
anti-inflammatory, anti-viral, neuroprotective, and endoplasmic
reticulum (ER) stress regulatory effects (Tsai et al., 2011; Gu
et al., 2012; Zhang N. et al., 2013). Previous studies have
demonstrated that arctigenin is a powerful antineoplastic agent
that can suppress proliferation of cancer cells and promote
apoptosis through various mechanisms. For example, arctigenin
induces apoptosis in the human lung adenocarcinoma cell line
A549, regulates the NOX1 and p-38MAPK pathways in the
human breast cancer cell line MDA-MB-231, increases the
Bax/Bcl2 protein ratio in the human breast cancer cell line
MCF-7, regulates the NFκB, PI3K/AKT, and Stat3 pathways
in the human prostate cancer cell line LNCaP, induces cell
cycle arrest at the G0/G1 phase in gastric cancer cells, and
regulates the Wnt/β-catanin signaling pathway to block the cell
cycle at the G2/M phase in colorectal cancer cells (Jeong et al.,
2011; Susanti et al., 2012; Wang et al., 2014; Su and Wink,
2015). Arctigenin has also been reported to induce apoptosis
in the hepatocellular carcinoma (HCC) cell lines HepG2 and
SMMC7721 by decreasing the mitochondrial outer membrane
potential and enhancing Bax expression; however, arctigenin does
not affect normal hepatic cells (Lu Z. et al., 2015). These studies
suggest that arctigenin has an anti-tumor effect via different
mechanisms in different tumor types (Liu et al., 2014; Li A. et al.,
2015). However, the mechanisms of arctigenin activity in tumor
resistance are not yet fully understood.

Hepatocellular carcinoma is one of the most prevalent cancers
worldwide, particularly in Asian countries (Yim et al., 2015).

Abbreviations: C/EBPα, CCAAT/enhancer binding protein alpha; PPARα,
peroxisome proliferator-activated receptor alpha; QRT-PCR, real-time quantitative
RT-PCR.

Although several treatment strategies for HCC are available,
such as surgical resection and radiation and drug treatments,
successful therapy tends to be confined to early stage HCC
(Yim et al., 2015). Therefore, there is an urgent need to
develop effective and safe treatments for patients with HCC.
HCC is accompanied by the dysregulation of various proteins.
For example, the oncoprotein gankyrin, which is a component
of the 19S regulatory cap of the proteasome and is an anti-
apoptotic factor, is over-expressed in some tumor cell types
such as HCC, esophageal squamous cell carcinoma, breast
carcinoma, and endometrial carcinoma (Higashitsuji et al., 2000,
2005; Zhang J. et al., 2013). Gankyrin is mainly involved in
protein–protein interactions, by binding to the ubiquitin ligase
MDM2 to increase ubiquitination of p53 (Higashitsuji et al.,
2005). Gankyrin can also enhance the phosphorylation of pRb, a
tumor suppressor protein, by interacting with cyclin-dependent
kinase 4 (CDK4) (Chattopadhyay et al., 2016). Overexpression of
gankyrin reduces p53 and pRb expression, which contributes to
oncogenic cell function and fate (Chapman et al., 2014; Chapman
and McNaughton, 2015). Regulating the expression or activity of
gankyrin is considered a therapeutic strategy for some cancers
(Jiang et al., 2013; Sakurai et al., 2017). Gankyrin can be inhibited
by C/EBPβ-histone deacetylase I complexes (Jiang et al., 2013),
indicating that C/EBPs might provide critical signals for the
regulation of gankyrin expression.

The C/EBP family supports the quiescent stage of the liver
cells. One member of this family, C/EBPα, is an important
transcription factor that participates in cell cycle regulation,
cellular differentiation, and energy metabolism in various tissues
(Jin et al., 2015; Lu G.D. et al., 2015). It has recently been reported
that C/EBPα is upregulated in HCC cell lines, and results in
hepatic lipid metabolic disturbance and further promotes HCC
development (Lu et al., 2010; Liu et al., 2012; Huan et al.,
2016; Cast et al., 2017). However, to date, there has been no
investigation of the interaction between C/EBPα and gankyrin.
This issue is examined in the present study in HCC cells.

Lipid metabolism in the liver is supported by PPARα, a
member of the peroxisome proliferation activated receptor
(PPAR) family (Bajaj et al., 2007). PPARα is a transcription
factor and is expressed in various tissues, with high levels of
expression in liver, intestine, heart, and kidney (Lee et al.,
1995). Activation of PPARα occurs primarily through binding
of ligands such as endogenous arachidonic acid, polyunsaturated
fatty acids, and fatty acid-derived compounds (Fritsche, 2006;
Georgiadi and Kersten, 2012; Rivera et al., 2014). Activated
PPARα promotes uptake, utilization, and catabolism of fatty
acids. PPARα upregulates genes involved in fatty acid transport,
fatty acid binding and activation, and in peroxisomal and
mitochondrial fatty acid β-oxidation. These effects are mediated
through the formation of heterodimers with members of the
retinoid X receptor (RXR) family of steroid receptors and
by binding to specific DNA motifs termed PPAR-response
elements (PPREs) (Li and Glass, 2004; Balanarasimha et al.,
2014; Kersten, 2014). In addition to its role in regulating
fatty acid metabolism, PPARα is involved in the initiation
and development of cancers, such as human prostate cancer,
breast cancer, colorectal cancer, and urinary bladder cancer
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(Gupta et al., 2000; Segawa et al., 2002; Yoshimura et al., 2003;
Crowe and Chandraratna, 2004). PPARα is also involved in the
growth and proliferation of liver cancer cell lines (Jeng et al.,
2018).

The level of the protein gankyrin was found to be
increased in 34 HCCs (Higashitsuji et al., 2000). It has also
been found that the mechanism for ubiquitin proteasome
system (UPS)-mediated elimination of C/EBPα during
carcinogenesis required elevated levels of gankyrin, which
interacts with an isoform of C/EBPα (Wang et al., 2010).
However, the role and relationship of PPARα, C/EBPα,
and gankyrin in the activity of arctigenin against HCC are
obscure.

To elucidate the role and mechanism of action of arctigenin
in HCC, we examined the expression of PPARα, C/EBPα,
and gankyrin as well as the relationship between C/EBPα

and gankyrin. This study demonstrates that arctigenin can
inhibit HCC development and suggests a potentially new HCC
therapeutic pathway.

MATERIALS AND METHODS

Ethics Statement
This study was carried out in accordance with the Chinese
recommendations and legislation on laboratory animals use and
care. The protocol was approved by the Animal Ethics Committee
of Lunan Pharmaceutical Group Co., Ltd. (Linyi, China).

Cell Lines, Antibodies, and Reagents
Hep-3B (ATCC HB-8064) and HepG2 (ATCC HB-8065) cell
lines were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, United States). Anti-gankyrin mAb
(ab182576), anti-C/EBPα mAb (ab40764), and anti-PPARα mAb
(ab8934) were obtained from Abcam (Abcam, Cambridge, MA,
United States). Horseradish peroxidase (HRP)-conjugated goat
anti-rabbit immunoglobulin G (IgG) was obtained from Santa
Cruz (Santa Cruz Biotechnology, Santa Cruz, CA, United States).
C/EBPα proteins were obtained from ORIGENE (Rockville, MD,
United States), and PPARα was obtained from Creative Biomart
(Shirley, NY, United States).

Cell Proliferation Assay
The Cell Titer 96 Aqueous Non-Radioactive Cell Proliferation
Assay was used to determine the number of viable proliferating
cells according to the manufacturer’s instructions. Briefly,
HepG2 and Hep3B cells were cultured in 96-well plates at
a density of 5 × 103 cells per well. Different concentrations
of arctigenin were added to the wells and the cells were
incubated for 24, 48, or 72 h at 37◦C. Twenty microliters
of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium/phenazine methosulfate (MTS/
PMS) solution was added to the 100 µl cell culture medium in
each well. After incubation for 4 h, absorbance at 490 nm was
measured using a Thermo MultiGo spectrophotometer (Thermo
Fisher Scientific Inc., Milford, MA, United States).

Colony Formation Assay
For the colony formation assay, 2 × 105 cells HepG2 or
Hep3B cells were cultured in 6-well plates for 24 h. Different
concentrations of arctigenin were used to treat cells for 48 h. The
cells were trypsinized and counted. Then, 200 cells per well were
seeded into 96-well plates. Ten days later, the cells were fixed
with 70% ethanol and stained with 0.5% crystal violet for 30 min;
visible colonies were manually counted.

Transwell Migration/Invasion Assay
To measure cell migration, transwell inserts with 8-µm pore
sizes were placed in 24-well plates. HepG2 and Hep-3B cells
were treated with 20 µM arctigenin for 2 days. Then, 1 × 105

HepG2 and Hep-3B cells were seeded in the upper chamber.
The lower chamber was filled with Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 10% fetal bovine serum (FBS).
Twenty-four hours later, cells migrating to the underside of
the transwell membrane were fixed with 4% paraformaldehyde
and stained with crystal violet. The migratory cells were viewed
with a NIKON microscope and their numbers were counted in
five different fields of view (Han et al., 2017). Matrigel-coated
transwell chambers (BD Biosciences, United States) were used to
detect cell invasion. HepG2 and Hep3B cells were seeded on the
matrigel matrix in the upper chamber. DMEM culture medium
was added to the bottom chamber with 10 nM of arctigenin. After
48 h, the cells that had invaded the matrigel-coated membranes
were fixed with paraformaldehyde and stained with crystal violet
(Zhang et al., 2015).

Western Blot Analysis
HepG2 and Hep-3B cells were treated with 20 µM arctigenin
for 48 h. The cells were harvested and lysed using cell lysis
buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) (Thermo Fisher, Milford, MA,
United States). Total protein was extracted and separated by
12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), then transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were blocked with 5% non-fat milk
for 1 h at 37◦C, and then incubated with primary antibodies
for 1 h at 37◦C. Anti-gankyrin mAb was diluted at 1:1000, anti-
C/EBPα mAb was diluted at 1:2000, and anti-PPARα mAb was
diluted at 1:1000. After secondary antibody incubation for 1 h at
room temperature (RT), bands were monitored using enhanced
chemiluminescent (ECL) reagent.

Real-Time Quantitative Reverse
Transcription Polymerase Chain
Reaction (QRT-PCR)
HepG2 and Hep-3B cells were treated with 20 µM arctigenin for
48 h. Total RNA was extracted from cells using TRIZOL reagent
(Invitrogen, Grand Island, NY, United States). One microgram
of each RNA sample was used to synthesize first strand cDNA
using a ReverTra Ace qPCR RT Master Mix kit (TOYOBO Co.,
Ltd., Osaka, Japan) according to the manufacturer’s instructions.
Real-time PCR detection with SYBR Green master reagent
(TOYOBO Co., Ltd., Osaka, Japan) was performed with an
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ABI 7300 instrument (Applied Biosystems, Foster City, CA,
United States). Expression of gankyrin, C/EBPα, and PPARα in
patients’ tumor tissues was detected by QRT-PCR. The following
primer sequences were used:

Gankyrin P1, 5′-GCCAAGGGTAACTTGAAGATGA-3′ and
Gankyrin P2, 5′-TCACAGGCTAAGTGTAGAGGAG-3′

(Yang et al., 2016);
C/EBPα P1, 5′-AAGAAGTCGGTGGACAAGAACAG-3′ and
C/EBPα P2, 5′-GCGGTCATTGTCACTGGTCA-3′ (Paz-Priel

et al., 2011);
PPARα P1, 5′-CTACGAGGCCTACCTGAAGAACTT-3′ and
PPARα P2, 5′-CGAGCGTCTTCTCAGCCATAC-3′ (Liu et al.,

2016);
GAPDH P1, 5′-GAGTCAACGGATTTGGTCGT-3′ and
GAPDH P2, 5′-AATGAAGGGGTCATTGATGG-3′.

Plasmid Construction
Different human gankyrin promoter regions (containing
positions −750 to +20, −500 to +20, −450 to +20, −400
to +20, −350 to +20, −300 to +20, and −250 to +20) were
cloned into a XhoI/HindIII digested pGL-3 vector. The primers
are listed in Table 1. XhoI was introduced in all the forward
primers, while HindIII was introduced to reverse primers. All the
recombination plasmids were verified by DNA sequence analysis.
Gankyrin promoter DNA, from −450 to −401, was synthesized
by Shanghai Shenggong, Co.

C/EBPα and PPARα DNA fragments were subcloned into
a pcDNA3.1(-) vector. XhoI and HindIII were introduced into
C/EBPα-specific primers. ApaI and BamHI were introduced
into PPARα-specific primers (Table 1).

Transient Transfection and Luciferase
Assays
HepG2 cells were used for luciferase assays. Recombinant
pGL-3 plasmids containing different regions of the gankyrin

TABLE 1 | Primers for construction.

Primer Sequence (5′ to 3′)

Forward primer

p-750 ATCTCGAGTAGATATCAGGTGGCTCCCA

p-500 ATCTCGAGCTTCCGCCTGCCACTGCAGG

p-450 TACTCGAGGGGGACAGGACCTTTAGGCT

p-400 ATCTCGAGGCTGTCATCCTGGGCCAATT

p-350 TTCTCGAGTTCACACGGTTCCACTCAAA

p-300 ATCTCGAGTTTCATATGGCCGACTCAAC

p-250 TACTCGAGCGCTAGGATCCCTGGGACTT

Reverse primer

p+20 CGAAGCTT TTAGACACAGAGCCGTCCAT

C/EBPα

pF AATACTCGAGATGGAGTCGGCCGACTTCTACG

pR ATATAAGCTTTCACGCGCAGTTGCCCATGGCC

PPARα

pF ATATGGGCCCATGGTGGACACGGAAAGCCCAC

pR CGGCGGATCCTTAATACATGTCCCTGTAGATC

promoter were transiently transfected into HepG2 cells. After
48 h, transfected HepG2 cells were treated with 5 nM arctigenin
for 16 h. Three replicate experiments were performed for
each treatment. The cells were lysed, and luciferase activity
was quantified using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, United States) according
to the manufacturer’s instructions. To evaluate whether
C/EBPα and PPARα could bind to the gankyrin promoter,
pcDNA3.1-C/EBPα/PPARα or pGL3-Gan-P50 (−450 to
−401) were transfected into HepG2 cells, which were then
treated with 10 nM arctigenin. Luciferase activity was detected
using the luciferase assay system (Promega, Madison, WI,
United States).

Co-immunoprecipitation (Co-IP) Assay
A co-immunoprecipitation (Co-IP) assay was performed to
determine the relationship between C/EBPα/PPARα and the
gankyrin promoter. The Co-IP kit was used according to the
manufacturer’s protocol (Li J. et al., 2015). Nuclear extracts of
HepG2 cells and liver tissues were immunoprecipitated with anti-
C/EBPα or anti-PPARα antibodies. The resulting samples were
analyzed using the immunoblotting procedures described above
(Li J. et al., 2015).

Chromatin Immunoprecipitation (ChIP)
Assay
A ChIP assay was conducted using a ChIP kit (Epigentek
Group, Inc., Brooklyn, NY, United States) and the method of
Li J. et al. (2015). Briefly, HepG2 cell DNA was sheared to
200–1,000 base pair lengths. The chromatin solution was then
immunoprecipitated with 10 µg anti-C/EPBα antibodies, anti-
PPARα antibody, or non-immune rabbit IgG as a negative
control. The number of cycles to amplify PCR products was
within the linear range; the PCR products were resolved on a 2%
agarose gel. The following primers were used:

P1, 5′-TTGTCCCTTCCGCCTGCCAC-3′ and
P2, 5′-TGGAGAATGGAGTCAGGTAC-3′.

Binding of Arctigenin With C/EPBα or
PPARα
The hollow fiber-based ligand fishing (HFLF) strategy was used
to determine whether arctigenin could bind to C/EPBα or
PPARα. Hollow fiber membranes with an inner diameter of
500 µm and a pore size of 0.2 µm were purchased from GE
Healthcare. Briefly, C/EBPα and PPARα proteins were injected
into the lumen of hollow fibers that had been treated with
acetone, methanol, and ddH2O. The hollow fiber membranes
were filled with proteins and sealed by heating; they were then
placed into an arctigenin extract (10 mg/ml), and incubated
in an ultrasonic bath at 37◦C for 30 min. After washing with
phosphate-buffered saline (PBS), bound compounds formed
in the lumen were dissociated with 30 µl of methanol. The
fluid was centrifuged at 10,000 × g for 10 min. Twenty
microliters of supernatant was used for liquid chromatography–
mass spectrometry (LC–MS) analysis. The flow chart is shown in
Figure 4A.
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Animal Experiment
Female BALB/c nude mice (6–8 weeks old) received a
subcutaneous injection of HepG2 cells (1 × 106 cells per mouse)
into the left flank on day 1. On day 2, the mice were treated
with arctigenin (1 mg/kg or 10 mg/kg) by subcutaneous injection.
Tumor volumes were measured every 3 days, and the survival rate
was calculated. The data are presented as mean volume± SE.

Immunohistochemistry
Immunohistochemical (IHC) staining of formalin-fixed tumor
tissues was performed to detect C/EBPα, PPARα, and gankyrin
levels. Paraffin embedded tissue sections were de-paraffinized
and re-hydrated. Antigen recovery was performed by boiling in
trisodium citrate buffer (10 mM, pH 6.0). Then, sections were
immunostained with antibodies against C/EBPα, PPARα, and
gankyrin for 2 h at RT, and 1 h at RT with HRP-labeled IgG.
3,3-diaminobezidine (DAB) staining was used to evaluate protein
levels.

Statistical Analyses
Results are expressed as mean± standard deviation (SD). Tumor
volumes are expressed as mean± standard errors (SE). Statistical

analyses were performed using Student’s t-test using GraphPad
prism 5.0, with P < 0.05 considered to be statistically significant.

RESULTS

Arctigenin Inhibits Proliferation,
Migration, and Colony Formation in
HepG2 but Not Hep3B Cells
The effects of treatment for 24 h with a range of arctigenin
concentrations (10−3–106 nM) on HepG2 and Hep3B liver
cancer cell lines cells were determined. As shown in Figure 1A,
arctigenin had a different anti-proliferative effect in the two cell
types: IC50 (maximal inhibitory concentration) was 4.74 nM
in HepG2 cells, but 59.27 nM in Hep3B cells. Assessment of
cell proliferation rates after treatment with 10 nM arctigenin
showed that HepG2 cells were more sensitive than Hep3B cells
(Figure 1B). Analyses of the effects of arctigenin on migration,
invasion, and colony formation showed that the rates of the three
parameters were reduced by 47.1, 59.6, and 60.5%, respectively, in
HepG2 cells (Figures 1C–F). However, there were no differences
in these parameters when Hep3B cells were treated by arctigenin.

FIGURE 1 | Arctigenin inhibits proliferation, migration, and colony formation in HepG2 but not Hep3B cells. (A) IC50 values of arctigenin on HepG2 and Hep3B cells
determined using a cell proliferation assay. (B) Proliferation of arctigenin-treated HepG2 and Hep3B cells at 0, 24, 48, and 72 h. Experiments were performed in
triplicate for each group. (C,D) Migration and invasion of HepG2 and Hep3B cells treated with arctigenin. (E) Representative micrographs and (F) quantification of
crystal violet-stained cell colonies. The control cells were treated with dimethyl sulfoxide. ∗∗P < 0.01, ∗∗∗P < 0.001, arctigenin-treated group vs. the control group.
Arc, arctigenin; Ctrl, control.
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Taken together, these results indicate that arctigenin was able
to inhibit proliferation and migration of HepG2 cells, but not
Hep3B cells, suggesting that arctigenin may act in different
pathways and have different anti-tumor effects in the two cell
lines.

Arctigenin Inhibits the Expression of
Gankyrin in HepG2 but Not Hep3B Cells
As mentioned earlier, the levels of gankyrin are increased
in many cancers and, therefore, gankyrin is considered a
potential therapeutic target in liver cancer (Nanaware et al.,
2014; Zamani et al., 2017). To investigate whether gankyrin
is involved in the potential anti-tumor activity of arctigenin,
we investigated the levels of gankyrin protein in HepG2 and
Hep3B cells by immunoblotting and examined gene expression
by QRT-PCR. The results showed comparatively high protein
and gene expression levels in HepG2 cells but only a basal
level of both in Hep3B cells. Arctigenin treatment significantly
reduced gankyrin mRNA and protein levels in HepG2 cells
(77 and 56% reduction in levels, respectively, Figures 2A–
C). To investigate the mechanism of this inhibitory effect,
different segments of the gankyrin promoter were cloned and
inserted into a pGL-3-luciferase vector, and then transfected
into HepG2 cells. After arctigenin stimulation, luciferase
activity was assayed (Figure 2D). The analysis showed that
luciferase activity was not influenced when the promoter region
−250 to +20 was inserted into the pGL-3-luciferase vector
compared with the control group (pGL3-vector). However, for
the region from −250 to −500 [pGL3-gankyrin-(-500-+20)],
luciferase activity was significantly decreased after arctigenin

treatment; no further reduction was observed if the region
was extended from −750 to +20 (Figure 2D). These results
indicate that the potential target of arctigenin on the gankyrin
promoter was from −500 to −250. Subsequently, this region
of the promoter was further cut into smaller lengths, and
luciferase assays demonstrated that the domain from −450
to −400 was the main active site for arctigenin binding
(Figure 2E).

C/EBPα and PPARα Are Involved in
Gankyrin Expression, Which Is
Influenced by Arctigenin Treatment
To further investigate potential factor(s) involved in arctigenin-
mediated inhibition of gankyrin, we used the online software
JASPAR1 and TFBIND2 to profile the −450 to −401 region
of the gankyrin promoter. We identified two overlapping
sequences for the binding sites of C/EBPα (−432 to −422)
and PPARα (−426/−412) (Figure 3A). To determine whether
C/EBPα and/or PPARα mediated arctigenin-induced inhibitory
effects, we constructed expression plasmids for C/EBPα and
PPARα. pcDNA3.1(-)-C/EBPα and/or pcDNA3.1(-)-PPARα

plasmid were co-transfected with pGL3-gankyrin-(-450/-401)
into HepG2 cells. A luciferase activity assay demonstrated that
C/EBPα and PPARα could individually inhibit luciferase activity,
and that this inhibitory effect was enhanced when both were
present. Arctigenin significantly decreased luciferase activity in
combination with C/EBPα, but not with PPARα (Figure 3B).

1http://jaspar.genereg.net/cgi-bin/jaspar_db.pl
2http://tfbind.hgc.jp/

FIGURE 2 | Arctigenin inhibits expression of gankyrin in HepG2 but not Hep3B cells. (A,B) Western blot showing level of gankyrin protein in HepG2 and Hep3B cells
with or without arctigenin treatment. (C) Gankyrin mRNA levels in HepG2 and Hep3B cells with or without arctigenin treatment. (D) Human gankyrin
promoter-reporter constructs (from –750 to +20 truncated into different lengths) were transfected into HepG2 cells following arctigenin treatment. The activity of the
gankyrin promoter (from –500 to –250) was blocked by arctigenin. (E) Human gankyrin promoter-reporter constructs (from –500 to +20 truncated into different
lengths) were transfected into HepG2 cells following arctigenin treatment. The activity of the gankyrin promoter (from –450 to –400) was blocked by arctigenin
treatment. Basal activity levels measured in cells transfected with the pGL-3 empty vector were set as 1. Triplicate experiments were conducted for each set.
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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A ChIP assay to investigate the binding status of C/EBPα and
PPARα on the gankyrin promoter (−450 to −401) showed that
arctigenin treatment significantly increased C/EBPα binding
but did not affect binding of PPARα in this promoter region
(Figures 3C,D). Although the predicted binding sites of C/EBPα

and PPARα in the gankyrin promoter (from −450 to −401)
overlap, the luciferase assay demonstrated that there was no
competition between the transcription factors, rather that they
showed synergism in their activities. These results implied that
C/EBPα and PPARα interacted, and that this interaction was
modified by arctigenin to inhibit gankyrin expression. To verify
this interpretation, a Co-IP assay was used to detect whether
protein–protein binding occurred between C/EBPα and PPARα

and whether it was influenced by arctigenin. The analysis showed
that C/EBPα could bind with PPARα. An oversaturated C/EBPα

antibody was used to immunoprecipitate C/EBPα, and arctigenin
significantly increased PPARα binding to C/EBPα (Figure 3E),
and in accordance with IP-PPARα (Figure 3F). Immunoblot and
QRT-PCR assays demonstrated that the levels of C/EBPα

and PPARα mRNA and protein did not differ with arctigenin
treatment. Compared with the control group, arctigenin
treatment significantly increased the movement of C/EBPα from
the cytoplasm to the nucleus (Figures 3G–I), which implies
that C/EBPα, not PPARα, mediated the arctigenin-triggered
inhibitory effects on gankyrin expression.

Arctigenin Binds With C/EBPα in Vitro,
but Not PPARα
The potential mechanisms by which C/EBPα and PPARα might
mediate arctigenin-triggered inhibition of gankyrin were next
investigated using a hollow fiber-based ligand fishing (HFLF)

strategy to determine whether C/EBPα and/or PPARα bind
with arctigenin. Microporous hollow fibers filled with C/EBPα

or PPARα were used as baits to hook arctigenin, followed
by dissociation of target-ligand complexes. The identity of
the ligand (arctigenin) was then confirmed by LC–MS. The
screening procedure using HFLF and HPLC–MS/MS is shown
in Figure 4A. Representative extracted ion chromatograms
after spiking with arctigenin (multiple reaction monitoring
model) are shown in Figure 4B. Different washing times,
ranging from 5 to 45 min, after incubation were studied under
ultrasonic conditions using PBS buffer (pH 7.4). As shown in
Figure 4C, in the C/EBPα-baiting group, the concentration of
arctigenin increased after a 5-min wash, peaked at 15 min,
and reached a plateau at 30 min. However, the concentration
of arctigenin was unchanged in the PPARα-baiting group. The
results indicated that arctigenin could bind with C/EBPα, but not
PPARα.

Gankyrin Expression Is Increased and Is
Negatively Correlated With C/EBPα and
PPARα in Liver Cancer Tissues
Next, we examined the relationship of C/EBPα, PPARα, and
gankyrin expression in liver cancer tissues using QRT-PCR.
We found that the level of gankyrin mRNA was greater
in liver cancer tissues than normal tissues (Figure 5A). In
contrast, the C/EBPα and PPARα mRNA levels were both
lower in liver cancer tissues compared to normal tissues
(Figures 5B,C). We used GraphPad Prism 5 software to
investigate the associations between C/EBPα, PPARα, and
gankyrin expression. A regression analysis showed that gankyrin
mRNA levels were negatively correlated with the levels of C/EBPα

FIGURE 3 | C/EBPα and PPARα are involved in gankyrin expression, which is modulated by arctigenin. (A) The predicted target sequences of human C/EBPα and
PPARα located on the gankyrin promoter (–450 to –401). (B) C/EBPα and PPARα show a synergistic inhibitory activity on a gankyrin-reporter plasmid. (C,D) Binding
of C/EBPα and PPARα to the gankyrin promoter in a ChIP assay (C) and calculated (D). (E,F) Binding of C/EBPα to PPARα in a Co-IP assay, using anti-C/EBPα and
anti-PPARα antibodies for immunoprecipitation. (G,H) Total and nuclear protein levels of C/EBPα, and PPARα in HepG2 cells with or without arctigenin treatment as
determined by immunoblotting (G) and calculated (H). (I) C/EBPα and PPARα mRNA levels in HepG2 cells with or without arctigenin treatment were determined by
QRT-PCR. Triplicate experiments were conducted for each set. ∗∗P < 0.01.
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FIGURE 4 | Arctigenin binds with C/EBPα but not PPARα in vitro. (A) Schematic illustration of an HFLF assay combined with LC–MS. (B) Structure and
representative extracted ion chromatograms of spiked arctigenin (multiple reaction monitoring model). (C) Arctigenin concentration vs. washing time profiles in an
HFLF assay. Triplicate experiments were conducted for each set.

FIGURE 5 | Gankyrin expression was increased and negatively correlated with C/EBPα and PPARα levels in liver cancer tissues. (A–C) QRT-PCR analysis was
performed to detect the expression of C/EBPα (A), PPARα (B), and gankyrin (C) in liver cancer and cancer-adjacent normal tissues. n = 15, ∗P < 0.05, ∗∗P < 0.01,
cancer tissue vs. adjacent normal tissue. (D) Association between gankyrin levels and C/EBPα expression levels. (E) Association between gankyrin levels and
PPARα expression levels.
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(R2 = 0.7328, Figure 5D) and PPARα mRNA (R2 = 0.7048,
Figure 5E).

Arctigenin Inhibits Tumorigenesis in
Liver Cancer by Inhibiting Gankyrin
Expression via C/EBPα and PPARα
The role of arctigenin on tumorigenesis in vivo was investigated
in BALB/c nude mice that had received a subcutaneous
injection of HepG2 cells with or without arctigenin treatment
(1 mg/kg or 10 mg/kg). Tumor volumes were measured
every 3 days. We found that arctigenin decreased HepG2 cell
growth in vivo (Figures 6A,C,D). There were no deaths in the
control (untreated) group of mice throughout the period of the
experiment (30 days). However, a 50% (n = 5) mortality rate
occurred in the positive control group injected with HepG2
cells; all deaths occurred toward the end of the experimental
period (days 21–27) (Figure 6B). In contrast, in the mice treated
with arctigenin, the mortality rate at both 1 mg/kg (20%) and
10 mg/kg (no death) were reduced compared to the positive
control; the deaths occurred toward the end of the experimental
period (days 25 and 28). The possible roles of C/EBPα, PPARα

and gankyrin in the protective effect of arctigenin in the HepG2

cell-xenografted mice were investigated by IHC staining in tumor
tissues of each group of mice. As shown in Figure 6E, gankyrin
staining decreased with the dose of arctigenin; C/EBPα nuclear
levels increased with dose of arctigenin; PPARα levels did not
vary between the three groups. To confirm this outcome, nuclear
proteins were extracted from the tumor tissues of each group
quantified using immunoblots (Figure 6F). The results were
consistent with those of IHC staining.

DISCUSSION

Arctigenin is an active natural ingredient present in the seeds
of Arctium lappa. The antitumor activity of this lignan has been
studied widely. An oral drug, GBS-01, which contains high levels
of arctigenin was found to have a beneficial effect on pancreatic
cancer in a phase I clinical study (Ikeda et al., 2016). Arctigenin
selectively induced apoptosis by upregulating apoptosis-related
genes, including Bax, Fas, and caspase in A549 cells (Susanti
et al., 2013). In the human pancreatic cancer cell line PANC-1,
arctigenin inhibited growth by suppressing the unfolded protein
response (UPR), which is involved in protection against cell death
(Sun et al., 2011). Arctigenin has also been shown to suppress

FIGURE 6 | Arctigenin inhibits liver cancer tumorigenesis in vivo. (A) Volumes of HepG2 tumors in vivo were measured every 3 days with or without arctigenin
treatment. n = 10, ∗P < 0.05, ∗∗P < 0.01. (B) Representative survival curves of each group. (C,D) Representative tumors and weights in each group. n = 10,
∗P < 0.05. (E) Representative images of IHC assay of tumor tissues with gankyrin, C/EBPα, and PPARα. (F) Nucleus proteins were extracted from tumor tissues of
each group, and the levels of gankyrin, C/EBPα, and PPARα were detected by immunoblotting.
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heat shock response in tumor cells (Ishihara et al., 2006). The
anti-tumor mechanisms of arctigenin vary among tumor types.
However, its mode of action is still unclear in some cancers, such
as HCC.

In the present study, we showed that arctigenin efficiently
inhibited HCC growth, invasion, and metastasis in vitro.
Arctigenin also decreased the levels of gankyrin in HepG2
and Hep3B cell lines. As gankyrin is overexpressed in human
liver cancers (Higashitsuji et al., 2000), we evaluated the
levels in two liver cancer cell lines and found high levels
in HepG2 cells, but low levels in Hep3B cells. In our
previous study, arctigenin was found to inhibit the growth
of HepG2 cells, but to have no effect on Hep3B cell
growth (data unpublished). This suggests that gankyrin might
influence the activity of arctigenin in HCCs. Gankyrin can
increase tumor cell growth and promote invasiveness and
metastasis by activating the PI3K/AKT pathway (Fu et al.,
2011). Our results showed that the levels of gankyrin were
higher in tumor tissues than in adjacent tissues. However,
when HepG2 cells were treated with arctigenin, the level of
gankyrin markedly declined. Moreover, a luciferase reporter assay
further indicated that arctigenin reduced gankyrin promoter
activity. Two regulatory factors, C/EBPα and PPARα, which
have binding sites at −432 to −422 and −426 to −412,
respectively, in the gankyrin promoter sequence, play a critical
role in regulating gankyrin expression. The region of the
gankyrin promoter from -450 to -400 was critical for the
effect of arctigenin on C/EBPα- and PPARα-modulated gankyrin
expression.

Our binding screening assay suggested that arctigenin could
bind to PPARα, but not to C/EBPα. When bound to PPARα,
arctigenin did not affect the interaction between C/EBPα and
PPARα in a Co-IP detection. However, the binding of arctigenin
and PPARα disturbed PPARα binding to the gankyrin promoter
and further reduced gene transcription.

In this study, we showed that arctigenin inhibits HCC growth
by reducing gankyrin expression. It was previously reported that
gankyrin could promoted HCC growth through the PI3K/AKT
pathway (Fu et al., 2011). Gankyrin also sustains PI3K signal
activation and promotes colorectal cancer aggressiveness and
progression (He et al., 2016). Arctigenin can induce specific
cytotoxicity in HCC by deactivating the PI3K/AKT pathway
(Lu Z. et al., 2015). Although we did not examine PI3K/AKT
pathway-related proteins, our results are consistent with those
from previous studies. The present investigation identified the
molecular mechanism for arctigenin activity against HCC, and
suggested a new therapeutic strategy for HCC.

AUTHOR CONTRIBUTIONS

JL and J-cY contributed to the conception and design of the study
and approved the final version to be submitted. YS, Y-jT, and
C-hS performed the experiments. L-lZ and TL collected samples
from experimental animals. G-mZ and ZL performed the cell
experiments. Z-zL and B-bL performed the sample detection. JL
and YS contributed to drafting the article and data analysis and
interpretation.

REFERENCES
Bajaj, M., Suraamornkul, S., Hardies, L. J., Glass, L., Musi, N., and DeFronzo,

R. A. (2007). Effects of peroxisome proliferator-activated receptor (PPAR)-α
and PPAR-γ agonists on glucose and lipid metabolism in patients with type
2 diabetes mellitus. Diabetologia 50, 1723–1731. doi: 10.1007/s00125-007-
0698-9

Balanarasimha, M., Davis, A. M., Soman, F. L., Rider, S. D. Jr., and
Hostetler, H. A. (2014). Ligand-regulated heterodimerization of peroxisome
proliferator-activated receptor α with liver X receptor α. Biochemistry 53,
2632–2643. doi: 10.1021/bi401679y

Brand, E. J., and Zhao, Z. (2017). Cannabis in Chinese medicine: are some
traditional indications referenced in ancient literature related to cannabinoids?
Front. Pharmacol. 8:108. doi: 10.3389/fphar.2017.00108

Cast, A., Valanejad, L., Wright, M., Nguyen, P., Gupta, A., Zhu, L., et al.
(2017). C/EBPα-dependent pre-neoplastic tumor foci are the origin of
hepatocellular carcinoma and aggressive pediatric liver cancer. Hepatology
doi: 10.1002/hep.29677 [Epub ahead of print].

Chapman, A. M., and McNaughton, B. R. (2015). Synthetic proteins potently and
selectively bind the oncoprotein gankyrin, modulate its interaction with S6
ATPase, and suppress gankyrin/MDM2-dependent ubiquitination of p53. ACS
Chem. Biol. 10, 1880–1886. doi: 10.1021/acschembio.5b00201

Chapman, A. M., Rogers, B. E., and McNaughton, B. R. (2014). Characterization
of the binding interaction between the oncoprotein gankyrin and
a grafted S6 ATPase. Biochemistry 53, 6857–6859. doi: 10.1021/bi50
12354

Chattopadhyay, A., O’Connor, C. J., Zhang, F., Galvagnion, C., Galloway, W. R.,
Tan, Y. S., et al. (2016). Discovery of a small-molecule binder of the oncoprotein
gankyrin that modulates gankyrin activity in the cell. Sci. Rep. 6:23732.
doi: 10.1038/srep23732

Crowe, D. L., and Chandraratna, R. A. (2004). A retinoid X receptor
(RXR)-selective retinoid reveals that RXR-α is potentially a therapeutic target
in breast cancer cell lines, and that it potentiates antiproliferative and apoptotic
responses to peroxisome proliferator-activated receptor ligands. Breast Cancer
Res. 6, R546–R555. doi: 10.1186/bcr913

Fleischer, T., Su, Y. C., and Lin, S. J. (2017). How do government
regulations influence the ability to practice Chinese herbal medicine in
western countries. J. Ethnopharmacol. 196, 104–109. doi: 10.1016/j.jep.2016.
11.047

Fritsche, K. (2006). Fatty acids as modulators of the immune response. Annu. Rev.
Nutr. 26, 45–73. doi: 10.1146/annurev.nutr.25.050304.092610

Fu, J., Chen, Y., Cao, J., Luo, T., Qian, Y. W., Yang, W., et al. (2011).
p28GANK overexpression accelerates hepatocellular carcinoma invasiveness
and metastasis via phosphoinositol 3-kinase/AKT/hypoxia-inducible factor-1α

pathways. Hepatology 53, 181–192. doi: 10.1002/hep.24015
Georgiadi, A., and Kersten, S. (2012). Mechanisms of gene regulation by fatty acids.

Adv. Nutr. 3, 127–134. doi: 10.3945/an.111.001602
Gu, Y., Sun, X. X., Ye, J. M., He, L., Yan, S. S., Zhang, H. H., et al. (2012). Arctigenin

alleviates ER stress via activating AMPK. Acta Pharmacol. Sin. 33, 941–952.
doi: 10.1038/aps.2012.60

Gupta, R. A., Tan, J., Krause, W. F., Geraci, M. W., Willson, T. M., Dey, S. K.,
et al. (2000). Prostacyclin-mediated activation of peroxisome proliferator-
activated receptor delta in colorectal cancer. Proc. Natl. Acad. Sci. U.S.A. 97,
13275–13280. doi: 10.1073/pnas.97.24.13275

Han, L., Wang, P., Sun, Y., Liu, S., and Dai, J. (2017). Anti-melanoma activities
of haspin inhibitor CHR-6494 deployed as a single agent or in a synergistic
combination with MEK inhibitor. J. Cancer 8, 2933–2943. doi: 10.7150/jca.
20319

He, F., Chen, H., Yang, P., Wu, Q., Zhang, T., Wang, C., et al. (2016).
Gankyrin sustains PI3K/GSK-3β/β-catenin signal activation and promotes

Frontiers in Pharmacology | www.frontiersin.org 10 March 2018 | Volume 9 | Article 268

https://doi.org/10.1007/s00125-007-0698-9
https://doi.org/10.1007/s00125-007-0698-9
https://doi.org/10.1021/bi401679y
https://doi.org/10.3389/fphar.2017.00108
https://doi.org/10.1002/hep.29677
https://doi.org/10.1021/acschembio.5b00201
https://doi.org/10.1021/bi5012354
https://doi.org/10.1021/bi5012354
https://doi.org/10.1038/srep23732
https://doi.org/10.1186/bcr913
https://doi.org/10.1016/j.jep.2016.11.047
https://doi.org/10.1016/j.jep.2016.11.047
https://doi.org/10.1146/annurev.nutr.25.050304.092610
https://doi.org/10.1002/hep.24015
https://doi.org/10.3945/an.111.001602
https://doi.org/10.1038/aps.2012.60
https://doi.org/10.1073/pnas.97.24.13275
https://doi.org/10.7150/jca.20319
https://doi.org/10.7150/jca.20319
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00268 March 24, 2018 Time: 13:58 # 11

Sun et al. Arctigenin Mediates Anti-hepatoma Activity of Gankyrin

colorectal cancer aggressiveness and progression. Oncotarget 7, 81156–81171.
doi: 10.18632/oncotarget.13215

Higashitsuji, H., Itoh, K., Nagao, T., Dawson, S., Nonoguchi, K., Kido, T., et al.
(2000). Reduced stability of retinoblastoma protein by gankyrin, an oncogenic
ankyrin-repeat protein overexpressed in hepatomas. Nat. Med. 6, 96–99.
doi: 10.1038/71600

Higashitsuji, H., Itoh, K., Sakurai, T., Nagao, T., Sumitomo, Y., Masuda, T.,
et al. (2005). The oncoprotein gankyrin binds to MDM2/HDM2, enhancing
ubiquitylation and degradation of p53. Cancer Cell 8, 75–87. doi: 10.1016/j.ccr.
2005.06.006

Huan, H., Wen, X., Chen, X., Wu, L., Liu, W., Habib, N. A., et al.
(2016). C/EBPα short-activating RNA suppresses metastasis of
hepatocellular carcinoma through inhibiting EGFR/β-catenin signaling
mediated EMT. PLoS One 11:e0153117. doi: 10.1371/journal.pone.
0153117

Ikeda, M., Sato, A., Mochizuki, N., Toyosaki, K., Miyoshi, C., Fujioka, R., et al.
(2016). Phase I trial of GBS-01 for advanced pancreatic cancer refractory to
gemcitabine. Cancer Sci. 107, 1818–1824. doi: 10.1111/cas.13086

Ishihara, K., Yamagishi, N., Saito, Y., Takasaki, M., Konoshima, T., and
Hatayama, T. (2006). Arctigenin from Fructus Arctii is a novel suppressor of
heat shock response in mammalian cells. Cell Stress Chaperones 11, 154–161.
doi: 10.1379/CSC-148R.1

Jeng, L. B., Velmurugan, B. K., Hsu, H. H., Wen, S. Y., Shen, C. Y., Lin, C. H., et al.
(2018). Fenofibrate induced PPAR α expression was attenuated by oestrogen
receptor α overexpression in Hep3B cells. Environ. Toxicol. 33, 234–247.
doi: 10.1002/tox.22511

Jeong, J. B., Hong, S. C., Jeong, H. J., and Koo, J. S. (2011). Arctigenin induces cell
cycle arrest by blocking the phosphorylation of Rb via the modulation of cell
cycle regulatory proteins in human gastric cancer cells. Int. Immunopharmacol.
11, 1573–1577. doi: 10.1016/j.intimp.2011.05.016

Jiang, Y., Iakova, P., Jin, J., Sullivan, E., Sharin, V., Hong, I. H., et al.
(2013). Farnesoid X receptor inhibits gankyrin in mouse livers and prevents
development of liver cancer. Hepatology 57, 1098–1106. doi: 10.1002/hep.26146

Jin, J., Hong, I. H., Lewis, K., Iakova, P., Breaux, M., Jiang, Y., et al. (2015).
Cooperation of C/EBP family proteins and chromatin remodeling proteins
is essential for termination of liver regeneration. Hepatology 61, 315–325.
doi: 10.1002/hep.27295

Kersten, S. (2014). Integrated physiology and systems biology of PPARα. Mol.
Metab. 3, 354–371. doi: 10.1016/j.molmet.2014.02.002

Lee, S. S., Pineau, T., Drago, J., Lee, E. J., Owens, J. W., Kroetz, D. L., et al.
(1995). Targeted disruption of the α isoform of the peroxisome proliferator-
activated receptor gene in mice results in abolishment of the pleiotropic effects
of peroxisome proliferators. Mol. Cell. Biol. 15, 3012–3022. doi: 10.1128/MCB.
15.6.3012

Li, A., Wang, J., Wu, M., Zhang, X., and Zhang, H. (2015). The inhibition
of activated hepatic stellate cells proliferation by arctigenin through G0/G1
phase cell cycle arrest: persistent p27(Kip1) induction by interfering with
PI3K/Akt/FOXO3a signaling pathway. Eur. J. Pharmacol. 747, 71–87.
doi: 10.1016/j.ejphar.2014.11.040

Li, A. C., and Glass, C. K. (2004). PPAR- and LXR-dependent pathways controlling
lipid metabolism and the development of atherosclerosis. J. Lipid Res. 45,
2161–2173. doi: 10.1194/jlr.R400010-JLR200

Li, J., Wan, Y., Na, S., Liu, X., Dong, G., Yang, Z., et al. (2015). Sex-dependent
regulation of hepatic CYP3A by growth hormone: roles of HNF6, C/EBPα, and
RXRα. Biochem. Pharmacol. 93, 92–103. doi: 10.1016/j.bcp.2014.10.010

Liu, G. Z., Hou, T. T., Yuan, Y., Hang, P. Z., Zhao, J. J., Sun, L., et al. (2016).
Fenofibrate inhibits atrial metabolic remodelling in atrial fibrillation through
PPAR-α/sirtuin 1/PGC-1α pathway. Br. J. Pharmacol. 173, 1095–1109. doi:
10.1111/bph.13438

Liu, H., Liu, Y. Z., Zhang, F., Wang, H. S., Zhang, G., Zhou, B. H., et al. (2014).
Identification of potential pathways involved in the induction of cell cycle
arrest and apoptosis by a new 4-arylidene curcumin analogue T63 in lung
cancer cells: a comparative proteomic analysis. Mol. Biosyst. 10, 1320–1331.
doi: 10.1039/c3mb70553f

Liu, Q., Yuan, B., Lo, K. A., Patterson, H. C., Sun, Y., and Lodish, H. F. (2012).
Adiponectin regulates expression of hepatic genes critical for glucose and lipid
metabolism. Proc. Natl. Acad. Sci. U.S.A. 109, 14568–14573. doi: 10.1073/pnas.
1211611109

Lu, G. D., Ang, Y. H., Zhou, J., Tamilarasi, J., Yan, B., Lim, Y. C., et al. (2015).
CCAAT/enhancer binding protein α predicts poorer prognosis and prevents
energy starvation-induced cell death in hepatocellular carcinoma. Hepatology
61, 965–978. doi: 10.1002/hep.27593

Lu, G. D., Leung, C. H., Yan, B., Tan, C. M., Low, S. Y., Aung, M. O., et al.
(2010). C/EBPα is up-regulated in a subset of hepatocellular carcinomas and
plays a role in cell growth and proliferation. Gastroenterology 139, 632–643.e4.
doi: 10.1053/j.gastro.2010.03.051

Lu, Z., Cao, S., Zhou, H., Hua, L., Zhang, S., and Cao, J. (2015). Mechanism
of arctigenin-induced specific cytotoxicity against human hepatocellular
carcinoma cell lines: hep G2 and SMMC7721. PLoS One 10:e0125727.
doi: 10.1371/journal.pone.0125727

Nanaware, P. P., Ramteke, M. P., Somavarapu, A. K., and Venkatraman, P.
(2014). Discovery of multiple interacting partners of gankyrin, a proteasomal
chaperone and an oncoprotein–evidence for a common hot spot site at the
interface and its functional relevance. Proteins 82, 1283–1300. doi: 10.1002/prot.
24494

Paz-Priel, I., Houng, S., Dooher, J., and Friedman, A. D. (2011). C/EBPα and
C/EBPα oncoproteins regulate nfkb1 and displace histone deacetylases from
NF-κB p50 homodimers to induce NF-κB target genes. Blood 117, 4085–4094.
doi: 10.1182/blood-2010-07-294470

Rivera, P., Arrabal, S., Vargas, A., Blanco, E., Serrano, A., Pavon, F. J., et al.
(2014). Localization of peroxisome proliferator-activated receptor α (PPARα)
and N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD) in cells
expressing the Ca(2+)-binding proteins calbindin, calretinin, and parvalbumin
in the adult rat hippocampus. Front. Neuroanat. 8:12. doi: 10.3389/fnana.2014.
00012

Sakurai, T., Yada, N., Hagiwara, S., Arizumi, T., Minaga, K., Kamata, K., et al.
(2017). Gankyrin induces STAT3 activation in tumor microenvironment and
sorafenib resistance in hepatocellular carcinoma. Cancer Sci. 108, 1996–2003.
doi: 10.1111/cas.13341

Segawa, Y., Yoshimura, R., Hase, T., Nakatani, T., Wada, S., Kawahito, Y., et al.
(2002). Expression of peroxisome proliferator-activated receptor (PPAR) in
human prostate cancer. Prostate 51, 108–116. doi: 10.1002/pros.10058

Su, S., and Wink, M. (2015). Natural lignans from Arctium lappa as antiaging
agents in Caenorhabditis elegans. Phytochemistry 117, 340–350. doi: 10.1016/
j.phytochem.2015.06.021

Sun, S., Wang, X., Wang, C., Nawaz, A., Wei, W., Li, J., et al. (2011). Arctigenin
suppresses unfolded protein response and sensitizes glucose deprivation-
mediated cytotoxicity of cancer cells. Planta Med. 77, 141–145. doi: 10.1055/
s-0030-1250179

Susanti, S., Iwasaki, H., Inafuku, M., Taira, N., and Oku, H. (2013). Mechanism of
arctigenin-mediated specific cytotoxicity against human lung adenocarcinoma
cell lines. Phytomedicine 21, 39–46. doi: 10.1016/j.phymed.2013.
08.003

Susanti, S., Iwasaki, H., Itokazu, Y., Nago, M., Taira, N., Saitoh, S., et al.
(2012). Tumor specific cytotoxicity of arctigenin isolated from herbal plant
Arctium lappa L. J. Nat. Med. 66, 614–621. doi: 10.1007/s11418-012-
0628-0

Swarup, V., Ghosh, J., Mishra, M. K., and Basu, A. (2008). Novel strategy
for treatment of Japanese encephalitis using arctigenin, a plant lignan.
J. Antimicrob. Chemother. 61, 679–688. doi: 10.1093/jac/dkm503

Tsai, W. J., Chang, C. T., Wang, G. J., Lee, T. H., Chang, S. F., Lu, S. C.,
et al. (2011). Arctigenin from Arctium lappa inhibits interleukin-2 and
interferon gene expression in primary human T lymphocytes. Chin. Med. 6:12.
doi: 10.1186/1749-8546-6-12

Wang, G. L., Shi, X., Haefliger, S., Jin, J., Major, A., Iakova, P., et al. (2010).
Elimination of C/EBPα through the ubiquitin-proteasome system promotes
the development of liver cancer in mice. J. Clin. Invest. 120, 2549–2562.
doi: 10.1172/JCI41933

Wang, P., Wang, B., Chung, S., Wu, Y., Henning, S. M., and Vadgama, J. V.
(2014). Increased chemopreventive effect by combining arctigenin, green tea
polyphenol and curcumin in prostate and breast cancer cells. RSC Adv. 4,
35242–35250. doi: 10.1039/C4RA06616B

Wang, Z., Xia, Q., Liu, X., Liu, W., Huang, W., Mei, X., et al. (2018).
Phytochemistry, pharmacology, quality control and future research of
Forsythia suspensa (Thunb.) Vahl: a review. J. Ethnopharmacol. 210, 318–339.
doi: 10.1016/j.jep.2017.08.040

Frontiers in Pharmacology | www.frontiersin.org 11 March 2018 | Volume 9 | Article 268

https://doi.org/10.18632/oncotarget.13215
https://doi.org/10.1038/71600
https://doi.org/10.1016/j.ccr.2005.06.006
https://doi.org/10.1016/j.ccr.2005.06.006
https://doi.org/10.1371/journal.pone.0153117
https://doi.org/10.1371/journal.pone.0153117
https://doi.org/10.1111/cas.13086
https://doi.org/10.1379/CSC-148R.1
https://doi.org/10.1002/tox.22511
https://doi.org/10.1016/j.intimp.2011.05.016
https://doi.org/10.1002/hep.26146
https://doi.org/10.1002/hep.27295
https://doi.org/10.1016/j.molmet.2014.02.002
https://doi.org/10.1128/MCB.15.6.3012
https://doi.org/10.1128/MCB.15.6.3012
https://doi.org/10.1016/j.ejphar.2014.11.040
https://doi.org/10.1194/jlr.R400010-JLR200
https://doi.org/10.1016/j.bcp.2014.10.010
https://doi.org/10.1111/bph.13438
https://doi.org/10.1111/bph.13438
https://doi.org/10.1039/c3mb70553f
https://doi.org/10.1073/pnas.1211611109
https://doi.org/10.1073/pnas.1211611109
https://doi.org/10.1002/hep.27593
https://doi.org/10.1053/j.gastro.2010.03.051
https://doi.org/10.1371/journal.pone.0125727
https://doi.org/10.1002/prot.24494
https://doi.org/10.1002/prot.24494
https://doi.org/10.1182/blood-2010-07-294470
https://doi.org/10.3389/fnana.2014.00012
https://doi.org/10.3389/fnana.2014.00012
https://doi.org/10.1111/cas.13341
https://doi.org/10.1002/pros.10058
https://doi.org/10.1016/j.phytochem.2015.06.021
https://doi.org/10.1016/j.phytochem.2015.06.021
https://doi.org/10.1055/s-0030-1250179
https://doi.org/10.1055/s-0030-1250179
https://doi.org/10.1016/j.phymed.2013.08.003
https://doi.org/10.1016/j.phymed.2013.08.003
https://doi.org/10.1007/s11418-012-0628-0
https://doi.org/10.1007/s11418-012-0628-0
https://doi.org/10.1093/jac/dkm503
https://doi.org/10.1186/1749-8546-6-12
https://doi.org/10.1172/JCI41933
https://doi.org/10.1039/C4RA06616B
https://doi.org/10.1016/j.jep.2017.08.040
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00268 March 24, 2018 Time: 13:58 # 12

Sun et al. Arctigenin Mediates Anti-hepatoma Activity of Gankyrin

Wu, R. M., Sun, Y. Y., Zhou, T. T., Zhu, Z. Y., Zhuang, J. J., Tang, X., et al.
(2014). Arctigenin enhances swimming endurance of sedentary rats partially
by regulation of antioxidant pathways. Acta Pharmacol. Sin. 35, 1274–1284.
doi: 10.1038/aps.2014.70

Yang, C., Tan, Y. X., Yang, G. Z., Zhang, J., Pan, Y. F., Liu, C., et al. (2016).
Gankyrin has an antioxidative role through the feedback regulation of Nrf2
in hepatocellular carcinoma. J. Exp. Med. 213, 859–875. doi: 10.1084/jem.
20151208

Yang, J., Zhou, C. Z., Zhu, R., Fan, H., Liu, X. X., Duan, X. Y., et al.
(2017). miR-200b-containing microvesicles attenuate experimental
colitis associated intestinal fibrosis by inhibiting epithelial-mesenchymal
transition. J. Gastroenterol. Hepatol. 32, 1966–1974. doi: 10.1111/jgh.
13797

Yim, H. J., Suh, S. J., and Um, S. H. (2015). Current management of hepatocellular
carcinoma: an Eastern perspective. World J. Gastroenterol. 21, 3826–3842.
doi: 10.3748/wjg.v21.i13.3826

Yoshimura, R., Matsuyama, M., Segawa, Y., Hase, T., Mitsuhashi, M.,
Tsuchida, K., et al. (2003). Expression of peroxisome proliferator-activated
receptors (PPARs) in human urinary bladder carcinoma and growth
inhibition by its agonists. Int. J. Cancer 104, 597–602. doi: 10.1002/ijc.
10980

Zamani, P., Matbou Riahi, M., Momtazi-Borojeni, A. A., and Jamialahmadi, K.
(2017). Gankyrin: a novel promising therapeutic target for hepatocellular
carcinoma. Artif. Cells Nanomed. Biotechnol. doi: 10.1080/21691401.2017.
1388250 [Epub ahead of print].

Zhang, J., Yang, Y., Zhang, Z., He, Y., Liu, Z., Yu, Y., et al. (2013). Gankyrin plays an
essential role in estrogen-driven and GPR30-mediated endometrial carcinoma
cell proliferation via the PTEN/PI3K/AKT signaling pathway. Cancer Lett. 339,
279–287. doi: 10.1016/j.canlet.2012.10.037

Zhang, N., Wen, Q., Ren, L., Liang, W., Xia, Y., Zhang, X., et al. (2013).
Neuroprotective effect of arctigenin via upregulation of P-CREB in mouse
primary neurons and human SH-SY5Y neuroblastoma cells. Int. J. Mol. Sci. 14,
18657–18669. doi: 10.3390/ijms140918657

Zhang, Y., Lin, C., Liao, G., Liu, S., Ding, J., Tang, F., et al. (2015). MicroRNA-
506 suppresses tumor proliferation and metastasis in colon cancer by directly
targeting the oncogene EZH2. Oncotarget 6, 32586–32601. doi: 10.18632/
oncotarget.5309

Conflict of Interest Statement: YS, Y-jT, Z-zL, B-bL, C-hS, TL, L-lZ, ZL, G-mZ,
J-cY, and JL were employed by Lunan Pharmaceutical Group Co., Ltd.

The reviewer LV and handling Editor declared their shared affiliation.

Copyright © 2018 Sun, Tan, Lu, Li, Sun, Li, Zhao, Liu, Zhang, Yao and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org 12 March 2018 | Volume 9 | Article 268

https://doi.org/10.1038/aps.2014.70
https://doi.org/10.1084/jem.20151208
https://doi.org/10.1084/jem.20151208
https://doi.org/10.1111/jgh.13797
https://doi.org/10.1111/jgh.13797
https://doi.org/10.3748/wjg.v21.i13.3826
https://doi.org/10.1002/ijc.10980
https://doi.org/10.1002/ijc.10980
https://doi.org/10.1080/21691401.2017.1388250
https://doi.org/10.1080/21691401.2017.1388250
https://doi.org/10.1016/j.canlet.2012.10.037
https://doi.org/10.3390/ijms140918657
https://doi.org/10.18632/oncotarget.5309
https://doi.org/10.18632/oncotarget.5309
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Arctigenin Inhibits Liver Cancer Tumorigenesis by Inhibiting Gankyrin Expression via C/EBPα and PPARα
	Introduction
	Materials and Methods
	Ethics Statement
	Cell Lines, Antibodies, and Reagents
	Cell Proliferation Assay
	Colony Formation Assay
	Transwell Migration/Invasion Assay
	Western Blot Analysis
	Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (QRT-PCR)
	Plasmid Construction
	Transient Transfection and Luciferase Assays
	Co-immunoprecipitation (Co-IP) Assay
	Chromatin Immunoprecipitation (ChIP) Assay
	Binding of Arctigenin With C/EPBα or PPARα
	Animal Experiment
	Immunohistochemistry
	Statistical Analyses

	Results
	Arctigenin Inhibits Proliferation, Migration, and Colony Formation in HepG2 but Not Hep3B Cells
	Arctigenin Inhibits the Expression of Gankyrin in HepG2 but Not Hep3B Cells
	C/EBPα and PPARα Are Involved in Gankyrin Expression, Which Is Influenced by Arctigenin Treatment
	Arctigenin Binds With C/EBP in Vitro, but Not PPARα
	Gankyrin Expression Is Increased and Is Negatively Correlated With C/EBPα and PPARα in Liver Cancer Tissues
	Arctigenin Inhibits Tumorigenesis in Liver Cancer by Inhibiting Gankyrin Expression via C/EBPα and PPARα

	Discussion
	Author Contributions
	References


