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Purpurogallin carboxylic acid exhibits synergistic effects with
S-fluorouracil on liver cancer cells in vitro by targeting ABCG2
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Abstract. Purpurogallin carboxylic acid (PCA) is a natural
phenol compound derived from Macleaya microcarpa
(Maxim.) Fedde, which exerts particular antioxidant and
anti-inflammatory capacities. However, the effects and
mechanisms of PCA on liver cancer cells remain unknown.
Therefore, network pharmacology and computer virtual
docking were used to identify the target-proteins of PCA.
In addition, surface plasmon resonance, protease activity
and rhodamine excretion assays were carried out to evaluate
the effects of PCA on the activity of ATP binding cassette
subfamily G member 2 (ABCG2). The synergistic effects of
PCA and 5-fluorouracil (5-FU) on liver cancer cell prolif-
eration, cell cycle arrest, colony formation and spheroid
formation abilities in vitro were determined by Cell Counting
Kit-8 (CCK-8) assay, flow cytometry, western blot analysis,
colony formation and spheroid formation assays, respectively.
ABCG?2 was identified as a potential target of PCA, with a high
docking score. The equilibrium dissociation constant of PCA
for ABCG2 protein was 1.84 yM, while the median inhibi-
tory concentration of this protein was 3.09 yM. In addition,
the results demonstrated that PCA could significantly reduce
the drug efflux capacity of liver cancer cells. CCK-8 assays
revealed that liver cancer cell treatment with 10 uM PCA
and 10 xM 5-FU exhibited the most potent synergistic effects
on liver cancer cell proliferation at 48 h. Additionally, cell
co-treatment with PCA and 5-FU also significantly attenuated
the colony and spheroid formation abilities of liver cancer cells
in vitro, while it promoted their arrest at the G, phase of the
cell cycle. Furthermore, ABCG2 silencing in liver cancer cells
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notably abrogated the synergistic effects of PCA and 5-FU. In
conclusion, the present study demonstrated that PCA exhibited
synergistic effects with 5-FU on liver cancer cells in vitro via
targeting ABCG2. Therefore, PCA combined with 5-FU may
be a potential strategy for liver cancer therapy.

Introduction

Liver cancer, a malignancy of the digestive system, accounts
for <2 million deaths in China (1). Due to the lack of symp-
toms, patients with liver cancer are commonly diagnosed at
an advanced stage of the disease, making them contraindi-
cated for curative surgical therapy (2). Chemotherapy is the
primary treatment approach for patients with advanced liver
cancer, while 5-fluorouracil (5-FU) is one of the first-line
chemotherapy drugs (3). However, due to its inherent toxicity
to normal cells and multidrug resistance, 5-FU has limited
clinical application (4). Currently, several natural products,
such as curcumin (5) and quercetin (6), have been identified to
exert synergistic effects with 5-FU, thus enhancing its efficacy.
Consequently, novel chemosensitizers are urgently needed to
treat patients with liver cancer.

Purpurogallin carboxylic acid (PCA; molecular formula,
C12H8O7; IUPAC name, 2,3,4,6-tetrahydroxy-5-oxobenzo[7]
annulene-§-carboxylic acid) is a natural phenol compound
derived from Macleaya microcarpa (Maxim.) Fedde, which is
also the oxidation product of gallic acid in fermented tea (7).
Zeng et al (8) demonstrated that treatment with PCA could
relieve corneal endothelial cell injury by reducing oxidative
stress. Furthermore, Rambabu ez al (9) revealed that PCA
exhibited significant suppressive effects on the proliferation
ability of MCF7 and A549 cancer cells by targeting claudin-4.
However, its effects and molecular mechanisms on liver cancer
cells remain elusive.

P-glycoproteins are promising drug efflux pumps, that
have been extensively studied for their association with
resistance to chemotherapeutic drugs (10,11). ATP binding
cassette subfamily G member 2 (ABCG?2) is a member of the
P-glycoprotein family, which is upregulated in several types of
cancer, including liver cancer (12). A previous study indicated
that ABCG2 upregulation was associated with poor outcome
in patients with liver cancer (13). Additionally, pharmacology-
and genetic engineering technology-mediated ABCG2
downregulation could increase the sensitivity of liver cancer
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cells to 5-FU (14). Therefore, exploring novel molecules to
inhibit ABCQG?2 is a potential strategy for treating liver cancer.

The present study aimed to uncover the effects and under-
lying molecular mechanism of PCA on the behavior of liver
cancer cells, thus suggesting that PCA could exert synergistic
effects with 5-FU on liver cancer cells in vitro via targeting
ABCG2.

Materials and methods

Network pharmacological analysis. The secondary struc-
ture of PCA was downloaded from PubChem Compound
(https:/www.ncbi.nlm.nih.gov/pccompound; acces-
sion no. 137628491). Subsequently, the secondary structure
of PCA was imported into TargetNet (http:/targetnet.scbdd.
com/calcnet/index/) and Super-PERD (https://prediction.
charite.de/) to predict the potential targets of PCA, with a possi-
bility of =0.8. The predicted targets of PCA were visualized
using Cytoscape (version 3.9.1; The Cytoscape Consortium).
Finally, the intersected targets were used for further analysis.

Computer virtual docking. The crystal structure of ABCG2
(accession no. 6VXI), G protein-coupled receptor 35 (GPR35;
accession no. 8H8J) and thyroid stimulating hormone receptor
(TSHR; accession no. 4QT5) were downloaded from Protein
Data Bank (https://www.rcsb.org/). Subsequently, the crystal
structure of the aforementioned proteins was imported into
SYBYL-X software (version 2.0; Tripos, Inc.; Certara) to
perform structural optimization, including deletion of primary
ligands, hydrogenation and adhesive end repair. Finally,
the aforementioned proteins and the secondary structure of
PCA were imported into AutoDock software (v1.5.6; UCSF
Computer Graphics Laboratory) to perform flexible docking.
Among them, ML230, a recognized ABCG?2 inhibitor, was
used as a positive control to compare the score of the binding
between PCA and ABCG2. The binding sites between
PCA and ABCG2 were visualized using PYMOL software
(version 2.5; Schrodinger).

Surface plasmon resonance (SPR). Purified ABCG2 proteins
were obtained from Sino Biological Inc. and were then desali-
nated using the AKTA protein purification system (Cytiva).
Subsequently, proteins were dissolved in buffer solution
(200 mM HEPES, 2 mM NaCl and 0.5% DMSO) and were
conjugated with sodium acetate solution (pH 4.0) using the
Biacore T200 system (Cytiva). Following conjugation with
human metal-organic framework, an ethanolamine solution
(1.0 M; Shanghai Ruji Biological Technology, Co., Ltd.) was
used to block the uncoupled proteins at 28°C for 6 h. The chip
was then added to a buffer solution for 10 h. PCA was dissolved
in the buffer solution (10 mmol/l HEPES, 150 mmol/l NaCl and
3 mmol/l EDTA) of the mobile phase. The binding constants
between ABCG2 proteins and PCA were determined using
a multi-cycle model. The flow rate of the mobile phase, the
binding time and the dissociation time were set at 30 ul/sec,
240 and 300 sec, respectively.

Enzymatic activity determination. Firstly, all molecular
reagents were dissolved in 1X Assay Buffer (5 mM MgCl,,
50 uM NADP*, NaCl 150 mM, pH 8.0 Tris-HCl 50 mM).

Additionally, the purified ABCG?2 proteins were diluted in a
final concentration of 25 nM. Subsequently, a total of 35 ul/well
protein dilution was added into a 384-well plate. Each well was
then supplemented with 10 ul PCA reagent (0.01-100 xM) and
incubated at room temperature for 1 h in the dark. Finally, the
enzymatic reaction was initiated following the addition of 5 ul
ATP/well. Following incubation for 30 min, the fluorescence
intensity values were measured at a wavelength of 450 nm
using the Varioskan LUX multifunctional microplate reader
(Thermo Fisher Scientific, Inc.).

Cell culture and cell transfection with short interfering
(si)RNA. The normal hepatocyte cell line, THLE-2, and the
HepG2, Huh7 and Huhl liver cancer cell lines were obtained
from Procell Life Science & Technology Co., Ltd. All cell
lines were authenticated by short tandem repeat (STR)
DNA profiling analysis. THLE-2 cells were cultured in the
corresponding special medium (https://www.procell.com.
cn/view/10030.html; Procell Life Science & Technology Co.,
Ltd.) supplemented with 10% FBS, while HepG2, Huh7 and
Huhl cells were cultured in DMEM with 10% FBS (both
from Hyclone; Cytiva). All cell lines were incubated at 37°C
in an incubator with 5% CO,. The siRNAs targeting ABCG2
(si-ABCG2; sense, 5'-CUGGAGAUGUUCUGAUAAA-3'
and antisense, 5'-UUUAUCAGA ACAUCUCCAG-3') and the
normal control siRNAs (si-NC; sense, 5'-UUCUCCGAACGU
GUCACGU-3' and antisense, 5'-ACGUGACACGUUCGG
AGAA-3") were purchased from GenePharma Co., Ltd. Cells
were transfected with the aforementioned siRNAs (both 40
pmol) using Lipofectamine 2000® (Sangon Biotech Co., Ltd.),
according to the manufacturer's instructions at 37°C for
24 h. After 48 h, cells were used for performing biological
experiments.

Rhodamine efflux assay. HepG2, Huh7 and Huhl cells were
seeded into a 6-well plate at a density of 1x10° cells/well.
Subsequently, adhered cells were treated with various concen-
trations of PCA (0, 2.5, 5 and 10 uM) for 24 h. Cells were then
digested and resuspended in a 1-ml culture medium followed
by incubation in the presence of 10 mmol/l rhodamine 123
(Thermo Fisher Scientific, Inc.) for 30 min at 37°C. After
washing three times with PBS, cells were analyzed using a
flow cytometer (NovoCyte Advanteon; Agilent Inc.) at an
excitation wavelength of 488 nm.

Cell Counting Kit-8 (CCK-8) assay and synergy index assess-
ment. THLE-2, HepG2, Huh7 and Huhl cells were seeded into
a 6-well plate at a density of 1x10° cells/well. Cells were then
co-treated with various concentrations of PCA (0, 2.5, 5 and
10 uM) combined with 5-FU (0,2.5, 5, 10 and 20 uM). Following
incubation for 48 h at 37°C, each well was supplemented with
10 ul CCK-8 reagent (Shanghai Yeasen Biotechnology Co.,
Ltd.) and cells were cultured for an additional 2 h at 37°C. The
proliferation rate of liver cells was determined by calculating
the optical density of each well at a wavelength of 450 nm using
the Varioskan LUX multifunctional microplate. The synergistic
index of PCA and 5-FU was measured using Compusyn soft-
ware (version 2.0; ComboSyn, Inc.). A synergistic index of >0.9,
0.9-0.6, 0.6-0.3 and <0.3 indicated no synergy, weak synergy,
moderate synergy and strong synergy, respectively.
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Cell cycle analysis. HepG2, Huh7 and Huhl cells were seeded
into a 6-well plate at a density of 1x10° cells/well. Subsequently,
cells were synchronized for 12 h with DMEM without FBS,
followed by treatment with DMSO, PCA (10 yuM) or 5-FU
(10 M) and their combination for 48 h. Following digestion,
cells were resuspended and fixed in cold 75% ethyl alcohol at
4°C for 24 h. After washing two times with PBS, cells were
stained with propidium iodide (Shanghai Univ Biotechnology
Co., Ltd.) for 30 min in the dark at 28°C. Cell cycle distribution
was assessed using a flow cytometer (NovoCyte Advanteon;
Agilent Inc.) and analyzed with the FlowJo software
(version 7.6.2; FlowJo LLC).

Western blot analysis. Total proteins were extracted
from HepG2, Huh7 and Huhl cells using RIPA reagent
supplemented with 1% PMSF (both from Shanghai Univ
Biotechnology Co., Ltd.). Following protein quantification
using a BCA kit (cat no. abs9232-500T), proteins were sepa-
rated by 10% SDS-PAGE (Shanghai Univ Biotechnology
Co., Ltd.), followed by transferring onto a PVDF membrane
(Shanghai Univ Biotechnology Co., Ltd.). Following
blocking with 8% skim milk powder in TBS-Tween-20 (0.1%)
(TBST) for 2 h at 28°C, the membranes were incubated with
primary antibodies against cyclin-dependent kinase (CDK)
4 (1:2,000; cat no. 11026-1-AP), CDK6 (1:1,000; cat no.
14052-1-AP), ABCG2 (1:1,000; cat no. 27286-1-AP) and
GAPDH (1:50,000; cat no. 60004-1-Ig) all from Proteintech
Group, Inc. for 16 h at 4°C. After washing free antibodies
three times with TBST, the membranes were incubated
for 2 h at 28°C with the corresponding HRP-conjugated
Affinipure Goat Anti-Mouse (1:3,000; cat no. SA00001-1)
or HRP-conjugated Affinipure Goat Anti-Rabbit (1:3,000;
cat no. SA00001-2) all from Proteintech Group, Inc.
secondary antibodies. Finally, the protein bands were visu-
alized using an ECL reagent (Proteintech Group, Inc.), while
the expression levels of CDK4, CDK6 and ABCG2 were
normalized to those of GAPDH using Image J (version 1.8.0;
National Institutes of Health).

Reverse transcription-quantitative (RT-q)PCR experiments.
Total RNA was isolated from HepG2, Huh7 and Huhl cells
utilizing TRIzol® reagent (Shanghai Yeasen Biotechnology
Co., Ltd.), followed by reverse transcription into cDNA with
an mRNA First Strand cDNA Synthesis kit (Takara Bio,
Inc.) as per the manufacturer's instructions. Subsequently,
quantitative PCR was conducted using the SYBR® Green
Master Mix (Takara Bio, Inc.). Following primers were used
in the experiments: CDK4 forward, 5'-ATGGCTACCTCT
CGATATGAGC-3' and reverse, 5-CATTGGGGACTCTCA
CACTCT-3'; CDK6 forward, 5'-GCTGACCAGCAGTAC
GAATG-3' and reverse, 5-GCACACATCAAACAACCT
GACC-3"; and GAPDH forward, 5'-GGAGCGAGATCCCTC
CAAAAT-3" and reverse, 5'-GGCTGTTGTCATACTTCT
CATGG-3'. Relative mRNA levels of CDK4 and CDK6 were
measured using the 2-24% method (15), while GAPDH was
set as loading control. The qPCR thermocycling protocol
consisted of an initial denaturation step at 95°C for 5 min,
followed by 40 cycles of denaturation at 95°C for 25 sec,
annealing at 60°C for 40 sec and a final elongation step at
72°C for 30 sec.

Colony formation and 3D sphere formation assays. HepG2,
Huh7 and Huhl cells were plated in a 6-well plate and were
then treated with DMSO, PCA (10 uM), 5-FU (10 uM) or their
combination for 48 h at 37°C. For colony formation assays, cells
in each group were first digested and were then seeded into a
6-well plate at a density of 500 cells/well. After culturing for
14 days at 37°C, cell colonies were fixed with 4% paraformal-
dehyde for 20 min at 28°C and stained with 1% crystal violet for
30 min at 28°C (both from Skillbio; Beijing Siqi Biotechnology
Co., Ltd.). Following washing with PBS, cell colonies were
collected using a vidicon (Sony Group Corporation) while
colonies consisting of >50 cells were counted using Image J
(version 1.8.0). Furthermore, for 3D sphere formation assay,
cells in each group were digested and seeded in a 24-well
ultra-low adsorption culture plate (U-section bottom; Absin
Biotechnology Co., Ltd.) at a density of 2,000 cells/well. After
culturing for 21 days at 37°C, images of the formed spheres
were captured under a light microscope (magnification, x4;
Olympus Corporation), while sphere volume was calculated
using the following formula: Volume=(length x width?)/2.

Statistical analysis. All results are presented as the
mean * standard deviation, and all experiments were
performed three times. All data were analyzed using SPSS 19.0
software (IBM Corp.). The differences among multiple groups
were analyzed by one-way ANOVA followed by Bonferroni's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

ABCG?2 is a target of PCA. To identify the targets of PCA,
the secondary structure of PCA was downloaded from
PubChem Compound (Fig. 1A). A total of 55 proteins with
binding possibility of =0.8 were predicted as targets of
PCA using the TargetNet online tool (Fig. 1B). Similarly,
a total of 18 proteins with binding possibility of =0.8 were
predicted as targets of PCA using the Super-PERD database
(Fig. 1C). Finally, three proteins, namely ABCG2, GPR35 and
TSHR, were intersected in the aforementioned two databases
(Fig. 1D). To further analyze the binding capacity between
the aforementioned three target proteins and PCA, computer
virtual docking was performed using Autodock software. The
analysis revealed that ABCG2 displayed the best binding score
to PCA (Fig. 1E). The binding score of ABCG2 to PCA was
equivalent to that of its positive inhibitor, ML230 (Fig. 1E). In
detail, PCA could form five hydrogen bonds with the ASP-128
(2.0 A), VAL-130 (2.1 A), GLY-132 (2.5 A and 2.1 A), GLY-179
(3.2 A) and GLN-181 (2.2 A) sites of ABCG2 (Fig. IF and G).
Overall, the aforementioned findings indicated that ABCG2
could be considered as a key target of PCA.

PCA has high affinity with ABCG2 and inhibits ABCG2
activity in liver cancer cells. To further verify the binding
potential between PCA and ABCG2, SPR was carried out. The
analysis revealed that the equilibrium dissociation constant
(K,) of PCA to ABCG2 protein was 1.84 uM (Fig. 2A), thus
indicating that PCA had high binding affinity to ABCG2.
Subsequently, enzyme activity assay was performed and the
results revealed that the median effective concentration (ECs)
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Figure 1. PCA targets ABCG2. (A) The 2D structure of PCA is shown. The protein targets of PCA were predicted using the (B) TargetNet and (C) Super-PERD
online tools. (D) The intersected proteins were predicted using both the TargetNet and Super-PERD databases. (E) The computer docking scores of PCA for
ABCG2, GPR35 and TSHR are presented. (F and G) Global and local schematic presentation of PCA binding to ABCG2. PCA, purpurogallin carboxylic acid;
ABCG2, ATP binding cassette subfamily G member 2; GPR35, G protein-coupled receptor 35; TSHR, thyroid stimulating hormone receptor.
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Figure 2. PCA has high affinity for ABCG2 and inhibits its activity in liver cancer cells. (A) Surface plasmon resonance assay was performed to determine
the affinity of PCA for ABCG2. (B) The inhibitory effects of PCA on ABCG?2 activity are demonstrated. (C) A Cell Counting Kit-8 assay was carried out
to measure the non-specific toxicity of PCA on normal THLE-2 hepatocytes. Rhodamine efflux assays were performed to evaluate the drug efflux ability of
(D) HepG2, (E) Huh7 and (F) Huhl cells, following cell treatment with PCA. PCA, purpurogallin carboxylic acid; ABCG2, ATP binding cassette subfamily

G member 2.

of PCA for ABCG2 was 3.09 uM (Fig. 2B). Notably, the
half-maximal inhibitory concentration (ICs;) of PCA in the
THLE-2 normal hepatocyte cell line was 80.81 uM (Fig. 2C),
thus suggesting that the non-specific toxic effects of PCA
on normal cells were low. It has been reported that ABCG2
can efflux drugs from the inside of the cell to the outside.
Therefore, rhodamine efflux assays were performed to assess
whether PCA could inhibit the efflux capacity of ABCG2. The

results demonstrated that PCA could markedly increase the
accumulation of rhodamine inside HepG2 (Fig. 2D), Huh7
(Fig. 2E) and Huhl1 (Fig. 2F) cells.

PCA exhibits synergistic effects with 5-FU for the inhibition
of the proliferation of liver cancer cells. A previous study
suggested that targeting ABCG2 could increase the sensi-
tivity of liver cancer cells to chemotherapeutic compounds,
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Figure 3. PCA and 5-FU have strong synergistic effects on liver cancer cells. A Cell Counting Kit-8 assay was performed to assess the inhibitory effects
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purpurogallin carboxylic acid; 5-FU, 5-fluorouracil.

including 5-FU (14). Therefore, to assess whether PCA could
display synergistic effects with 5-FU, liver cancer cells were
treated with various concentrations of PCA (0, 2.5, 5 and
10 M) combined with 5-FU (0, 2.5, 5 and 10 M) and then
a CCK-8 assay was performed. Detailed proliferation inhibi-
tion rates of concentration of each combination (PCA + 5-FU)
in HepG2 (Fig. 3A), Huh7 (Fig. 3B) and Huhl (Fig. 3C) are
shown. Based on the inhibition rates, Compusyn software was
used to calculate the synergistic index (also named combined
index, CI) of each combination. The analysis indicated that
10 uM PCA combined with 10 xM 5-FU had a strong syner-
gistic effect in HepG2 (CI=0.25; Fig. 3D, Huh7 (CI=0.23;
Fig. 3E) and Huhl (CI=0.25; Fig. 3F) cells. Therefore, 10 uM
PCA combined with 10 puM 5-FU were considered to present
the optimal synergistic profile and these concentrations were
therefore used for the subsequent experiments.

PCA exerts synergistic effects with 5-FU on inducing the G,
phase arrest of liver cancer cells. Cell cycle analysis indicated
that 5-FU (10 uM) slightly increased the number of HepG2,
Huh7 and Huhl cells in the G, phase of the cell cycle and
slightly decreased those in the S phase (Fig. 4A). Additionally,
PCA significantly amplified the effects of 5-FU on regulating

the cell cycle in liver cancer cells (Fig. 4A). Subsequently, the
expression levels of two biomarkers associated with the G,
phase of the cell cycle, namely CDK4 and CDKG6, were detected
in liver cancer cells treated with PCA (10 uM), 5-FU (10 uM)
or their combination. Therefore, cell treatment with PCA and
5-FU significantly downregulated the protein and mRNA
levels of CDK4 and CDKG6 in HepG2 (Fig. 4B and E) and Huh7
(Fig. 4C and F) cells. However, the downregulation rate was
relatively low. Cell co-treatment with PCA and 5-FU could
significantly and acutely reduce the expression levels of both
CDK4 and CDKG6 in the aforementioned cell lines. In Huhl1 cells,
cell treatment with PCA or 5-FU alone significantly downregu-
lated the protein and mRNA levels of CDK4, but not those of
CDKG6 (Fig. 4D and G). Cell co-treatment with both compounds
significantly and acutely reduced the expression levels of both
CDK4 and CDKG6 (Fig. 4D and G). The aforementioned results
suggested that PCA could exert a synergistic effect with 5-FU
on inducing G, phase arrest in liver cancer cells.

PCA has synergistic effects with 5-FU on suppressing the
colony and spheroid formation abilities of liver cancer cells.
Furthermore, colony formation assays revealed that 5-FU signifi-
cantly reduced the colony formation ability of liver cancer cells,
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Figure 4. PCA combined with 5-FU induces the G1 phase cell cycle arrest in liver cancer cells. (A) Flow cytometry was carried out to evaluate the cell cycle
distribution in HepG2, Huh7 and Huhl cells treated with DMSO, 10 uM PCA, 10 uM 5-FU or their combination. Western blot analysis was performed to
detect the protein expression levels of CDK4 and CDKG6 in (B) HepG2, (C) Huh7 and (D) Huhl cells treated with DMSO, 10 uM PCA, 10 M 5-FU or their
combination. Reverse transcription- quantitative PCR was performed to detect the mRNA levels of CDK4 and CDK®6 in (E) HepG2, (F) Huh7 and (G) Huhl
cells treated with DMSO, 10 uM PCA, 10 uM 5-FU or their combination. "P<0.05 and “P<0.01. PCA, purpurogallin carboxylic acid; 5-FU, 5-fluorouracil;

CDK, cyclin-dependent kinase.

and PCA significantly amplified the effects of 5-FU (Fig. SA
and B). Additionally, 3D sphere formation assays demonstrated
that compared with the number of spheres derived from
DMSO-treated cells, that derived for 5-FU-treated cells was
slightly lower. However, the number of spheres derived from cells
co-treated with 5-FU and PCA was significantly lower (Fig. 5C
and D). Taken together, the aforementioned findings indicated
that PCA exhibited synergistic effects with 5-FU on attenuating
the colony and spheroid formation abilities of liver cancer cells.

PCA has no synergistic effects with 5-FU on inhibiting
the proliferation and colony formation abilities of
ABCG2-depleted liver cancer cells. To reveal whether the
synergistic effects of PCA and 5-FU were dependent on
ABCG2, the expression of ABCG2 was silenced in HepG2
and Huh7 cells (Fig. 6A). Therefore, ABCG2 knockdown
inhibited the proliferation and colony formation abilities of
HepG2 and Huh7 cells (Fig. 6B and C). Cell treatment with
5-FU could further attenuate the proliferation and colony
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Figure 5. PCA combined with 5-FU suppresses the colony and spheroid formation ability of liver cancer cells. (A and B) Colony formation assays
were performed to assess the colony formation ability of HepG2, Huh7 and Huhl cells treated with DMSO, 10 uM PCA, 10 uM 5-FU or their combination.
(C and D) 3D sphere formation assays were carried out to determine the spheroid formation ability of HepG2, Huh7 and Huhl1 cells treated with DMSO, 10 M
PCA, 10 M 5-FU or their combination. "P<0.05 and “P<0.01. PCA, purpurogallin carboxylic acid; 5-FU, 5-fluorouracil.

formation abilities of ABCG2-depleted HepG2 and Huh7 cells
(Fig. 6B and C). However, PCA had no effect on inhibiting
the aforementioned processes or enhancing the inhibitory
effects of 5-FU on ABCG2-depleted HepG2 and Huh7 cells
(Fig. 6B and C). The aforementioned findings suggested that
the synergistic effects of PCA with 5-FU on liver cancer cells
were dependent on ABCG2 expression.

Discussion

5-FU, a nucleoside antimetabolite/analog of uracil, is an effec-
tive antitumor drug, which is used to treat liver cancer (16).
However, patients with liver cancer are at risk of developing
acquired resistance to 5-FU, thus limiting its clinical use (17).
It has been reported that p-glycoproteins can promote drug
efflux, which is one of the key factors associated with acquired
drug resistance (18). Therefore, the development of drugs that
target p-glycoproteins could enhance the sensitivity of cancer
cells to 5-FU, thus promoting liver cancer therapy.

It has been reported that ABCG2, a member of the
p-glycoprotein family, plays a role in the resistance of
cancer cells to several therapeutic agents (19). As part of its
normal function, ABCG2 transports toxic metabolites from
the fetal to the maternal blood vessels of the placenta (20).
ABCG?2 upregulation in liver cancer tissues was revealed
to be associated with poor prognosis and multi-drug resis-
tance (13). Targeting ABCG?2 could be a significant strategy

to enhance the sensitivity of liver cancer cells to several
drugs. A previous study revealed that inhibition of ABCG2
could increase the effects of doxorubicin on eliminating liver
cancer stem cells (21). Similarly, ABCG2 knockdown could
enhance the sensitivity of liver cancer cells to sorafenib (22).
Therefore, the development of drugs targeting ABCG2 could
help liver cancer therapy. Actually, several drugs targeting
ABCG2 have been reported. For example, isocorydine was
demonstrated to suppress ABCG2 activity and induce liver
cancer cell apoptosis (23). In addition, chrysin was found
to inhibit the expression of ABCG2 and enhance the sensi-
tivity of liver cancer cells to sorafenib (24). However, the
majority of the aforementioned natural products exhibited
indirect effects on ABCG2. These drugs may mediate some
toxic side effects through other targets, while inhibiting the
effects of ABCG2.

In the present study, network pharmacology, computer
virtual docking and enzymatic activity detection experi-
ments revealed that PCA had high binding affinity to ABCG2
and discriminative activity against ABCG2. Consistently,
PCA could significantly inhibit the drug efflux capacity of
liver cancer cells. This evidence is consistent with previous
theories (25,26) that targeting ABCG2 reduces drug
efflux. Actually, in comparison with numerous previously
discovered drugs, it is posited that PCA exhibits enhanced
specificity for ABCG2 binding, suggesting a potential
advantage of PCA.
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Figure 6. PCA has no synergistic effect with 5-FU on inhibiting the proliferation and colony formation abilities of ABCG2-depleted liver cancer cells.
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subfamily G member 2; si-, small interfering RNA.

Natural products are important molecular libraries for
screening the synergistic action of various drugs (27). In
fact, the synergistic action between 5-FU and several natural
products has been widely reported. Therefore, Zeng et al (28)
demonstrated that puerarin, a major isoflavone of the kudzu
root, displayed synergistic effects with 5-FU in liver cancer
cells. Additionally, Li er al (29) revealed that tetrandrine
derivative could target signal transducer and activator of
transcription 3 to enhance the efficacy of 5-FU on targeting
liver cancer cells. Furthermore, Cao et al (30) suggested
that sinomenine combined with 5-FU could synergistically
suppress the proliferation of liver cancer cells. However, the
aforementioned drug combinations revealed high non-specific
toxicity, thus also inhibiting the proliferation of normal cells.
Furthermore, low synergy is another issue.

In the present study, the results revealed that PCA, within
the pharmacological dose range, exhibited less non-specific
toxicity for normal hepatocytes. Further experiments
demonstrated that liver cancer cell (HepG2, Huh7 and Huhl)
co-treatment with 10 uM PCA and 10 yuM 5-FU exhibited a
strong synergistic effect on suppressing cell proliferation, and
cell colony and spheroid formation, as well as, on inducing
G, phase arrest. However, the synergistic effect of PCA with
5-FU in liver cancer cells was abrogated following ABCG2
knockdown, thus indicating that the effects of PCA were
dependent on ABCG2 expression. This evidence aligned with
prior research indicating that targeting ABCG2 can increase
the efficacy of chemotherapy drugs. Notably, in comparison
with numerous previously discovered drugs, low toxicity is
also an advantage of PCA. The present study may provide an
effective therapeutic strategy with low toxicity for liver cancer
treatment via increasing the sensitivity of cells to 5-FU.

In conclusion, the present study demonstrated that PCA
displayed synergistic effects with 5-FU on liver cancer cells
in vitro via targeting ABCG2. PCA combined with 5-FU could

be a potential strategy for liver cancer therapy. However, the
present study has some limitations. More importantly, the syner-
gistic effects of PCA and 5-FU on liver cancer was not verified
in vivo. Therefore, further studies should be performed in the
future to confirm the synergistic effect of these two drugs in vivo.
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