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Abstract: Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related death attributed to high fre-
quency of metastasis and multiple drug resistance. We aim to examine the underlying molecular mechanism and to 
seek potential strategies to reverse primary/acquired resistance to regorafenib. Topoisomerase IIα (TOP2A) is criti-
cal for tumorigenesis and carcinogenesis. Clinically, high-TOP2A expression was correlated to shorter overall survival 
(OS) of patients, but its role in drug resistance of HCC remains unknown. Here, we screened the expression profiling 
of TOP2A in HCC and identified TOP2A as an upregulated gene involved in the resistance to regorafenib. Sustained 
exposure of HCC cells to regorafenib could upregulate the expression of TOP2A. Silencing TOP2A enhanced HCC 
cells’ sensitivity to regorafenib. TOP2A inhibition by doxorubicin or epirubicin synergized with regorafenib to sup-
press the growth of sorafenib-resistant HCC tumors that possessed the sorafenib-resistant features both in vitro 
and in vivo. Thus, targeting TOP2A may be a promising therapeutic strategy to alleviate resistance to regorafenib and 
thus improving the efficacy of HCC treatment.
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Introduction

Liver cancer ranks the third leading cause of 
cancer-related deaths worldwide, with an esti-
mated 906,000 new cases and 830,000 
deaths in 2020 [1, 2], Liver cancer exhibits an 
extremely high degree of malignancy, develop-
mental concealment, and rapid progression. 
Thus, it is asymptomatic in its early stage, caus-
ing delays in timely diagnosis [1, 3, 4]. He- 
patocellular carcinoma (HCC) accounts for 
~90% of primary liver cancer burden [1, 3]. For 
early-stage HCC, surgical resection, radiofre-
quency ablation, liver transplantation, or trans-
arterial embolization (TACE) can extend pa- 
tients’ life expectancy [3]. However, over 80% 
of patients with HCC are diagnosed at an 
advanced stage disease and therefore cannot 
be treated with available therapeutic options 
[1, 3, 5]. Patients diagnosed with advanced 
stage HCC are ineligible for curative surgery, so 
therapeutic options are very limited in availabil-

ity and efficacy. Currently, treatment for ad- 
vanced-stage HCC is limited to systemic thera-
py [1, 3, 5].

Regorafenib, a multi-kinase inhibitor targeting 
the RAS/RAF/MEK/ERK pathway, has been 
approved to treat advanced/metastatic HCC as 
a second-line systemic therapy by the US Food 
and Drug Administration (USFDA) in April 2017 
[6]. Similar with the first-line systemic drug 
sorafenib, regorafenib is an oral tyrosine kinase 
inhibitor that targets vascular endothelial 
growth factor receptors (VEGFRs), platelet-
derived growth factor receptor beta (PDGFR-β), 
fibroblast growth factor receptor 1 (FGFR1), 
receptor tyrosine kinases (RET), Raf, angiopoi-
etin-1 receptor (TIE-2), as well as kinases KIT 
and B-RAF [7-9]. However, regorafenib pro-
longed overall survival (OS) of patients who had 
disease progression after failure with sorafenib 
by only 2.8 months. Its efficacy was significantly 
reduced by primary or acquired resistance [10]. 
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To date, few studies have investigated molecu-
lar mechanisms underlying resistance to rego-
rafenib in human HCC. 

DNA topoisomerases II are enzymes essential 
for DNA replication, transcription, and recombi-
nation, as well as for chromosome compaction 
and segregation. In eukaryotes, topoisomeras-
es present as homodimers, and each subunit is 
composed of three functional domains (signal 
transduction region, ATPase domain and bro-
ken heavy chain region) [11]. The signal trans-
duction region at the C-terminal is mainly relat-
ed to DNA recognition, and the rest are the 
main active regions. The enzyme binds to DNA 
substrate with abnormal conformation through 
non-covalent bonds to form a complex. After 
introducing negative supercoil, the nick is con-
nected. The whole process is as follows: (1) 
double stranded carbon skeleton of DNA is bro-
ken, making it easy to pass through the gap 
and change topological state; (2) ATP hydrolysis 
enables topoisomerase to undergo configura-
tion conversion and be returned to normal 
structure [12, 13]. There are two isoforms of 
topoisomerase II in humans, α (TOP2A) and β 
(TOP2B), located on chromosomes 17q21-22 
and 3p24, respectively. TOP2A is essential for 
survival and growth [12-14]. During DNA tran-
scription, TOP2A removes DNA supercoiling. At 
the end of DNA replication, TOP2A is essential 
for chromosome condensation and segrega-
tion. Importantly, TOP2A is involved in various 
types of tumors, such as pancreatic cancer, 
breast cancer, lung cancer, glioblastoma, gas-
tric cancer, colorectal cancer, hepatocellular 
carcinoma [15-22]. TOP2A is a key tumor-pro-
moting gene frequently amplified in various 
human cancers and closely associated with 
cancer growth, metastasis, recurrence, and 
chemotherapy resistance [22]. However, if 
TOP2A is involved in resistance of HCC to rego-
rafenib remains mysterious. Therefore, it is 
essential to investigate molecular mechanisms 
underlying drug resistance to regorafenib and 
to explore strategies to enhance efficacy of 
regorafenib in HCC. To fill in the gap in knowl-
edge, we demonstrate, for the first time, that 
genetic and chemical inhibition of TOP2A 
reverses acquired resistance of human HCC to 
regorafenib. These results reveal a novel 
molecular mechanism underlying resistance to 
regorafenib in HCC and provide supporting evi-
dence that TOP2A inhibitors may offer an 

attractive strategy for treating aggressive and 
regorafenib-resistant HCC.

Materials and methods

Cell culture, antibodies, and reagents

Human HCC cell line HepG2 was purchased 
from the American Type Culture Collection 
(ATCC; Manassas, VA, USA). Human HCC cell 
line Huh7 was purchased from Cell Bank of 
Type Culture Collection, Chinese Academy of 
Sciences (Shanghai, China). Cells were cultured 
at 37°C in Dulbecco’s modified Eagle’s me- 
dium (DMEM) (Gibco BRL, Grand Island, NY, 
USA) with 10% fresh fetal bovine serum. The 
corresponding sorafenib-resistant cells, nam- 
ed as Huh7-SR and HepG2-SR, were estab-
lished by culturing parental cell lines in gradu-
ally increased concentrations of sorafenib. The 
concentration of sorafenib was slowly increas- 
ed by 0.25 μM per week until stable growth in 
10 μM sorafenib, as previously described [5, 
22]. The antibodies (Abs) against TOP2A and 
cyclin D1 were purchased from ABclonal 
Biotech Co., Ltd. (Wuhan, China). The antibody 
against cleaved caspase-3 was from Cell 
Signaling Technology (Danvers, USA). Sorafenib 
was purchased from Jinan Trio Pharmatech Co., 
Ltd. (Jinan, China). The anti-β-actin, secondary 
Abs were purchased from Beijing Zhongshan 
Golden Bridge Biotechnology Co., Ltd. (Beijing, 
China). Regorafenib was purchased from 
Shanghai Biochempartner Co., Ltd. (Shanghai, 
China). Doxorubicin and epirubicin were pur-
chased from Shanghai Biochempartner Co., 
Ltd. (Shanghai, China). Sorafenib, regorafenib, 
doxorubicin, and epirubicin were dissolved in 
dimethyl sulfoxide to make a stock solution. 
The (3,4,5-dimethylthiazol-2-yl)-2,5-diphenylte- 
razolium bromide (MTT) was purchased from 
Solarbio, Co., Ltd. (Beijing, China).

Western blot

As described previously [5, 23], cells were 
treated as required, washed twice in cold PBS 
at pH 7.3 scraped, collected by centrifugation 
at 1500 rpm at 4°C. Equal amounts of protein 
extracts from tumor tissues of the animals. 
Briefly, the total proteins were extracted by lysis 
buffer (Beyotime Biotechnology; Beijing, China). 
The proteins were extracted using a Protein 
Extraction Kit (Bio Teke Corporation; Beijing, 
China) according to the manufacturer’s instruc-
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tions. The protein concentration of lysates  
was determined using protein assay kit (Bio-
Rad; Richmond, CA, USA). The lysates were 
boiled in loading buffer for 5 min. Then, 30 
μg-50 ug protein was subjected to sodium 
dodecyl sulfate (SDS) polyacrylamide gel elec-
trophoresis. Resolved proteins were trans-
ferred onto polyvinylidene difluoride (PVDF) 
membranes. The membranes were blocked 
with 5% skim milk in TBST (Tris-buffered saline 
with 0.1% Tween 20) for 2 h and incubated  
with primary antibodies against TOP2A, cyclin 
D1, cleaved caspase-3, and β-actin, overnight 
at 4°C. After washing for 5 times with TBST,  
the membranes were incubated with the sec-
ondary Ab for 2 hours at room temperature.  
The membranes were washed for 5 times with 
TBST. The antibody-antigen complexes were 
observed by placing the membranes in a gel-
imaging system and adding 200 μL/membrane 
of enhanced chemiluminescence (ECL) plus 
detection reagent (Pierce Chemical; Rockford, 
IL, USA). β-actin was used as loading control. All 
experiments were repeated thrice.

Cell viability assay

Cell viability was analyzed using MTT Assay. 
Briefly, Huh7, HepG2 and corresponding sor- 
afenib-resistant cells were seeded in 96-well 
plates at a density of 3 × 103 cells/well over-
night, subjected to different treatments (trans-
fected with siTOP2A and/or incubated with  
160 nM doxorubicin or gradually increasing 
concentrations of sorafenib or regorafenib or 
doxorubicin for 24 to 48 hours, respectively). 
After treatment, the supernatant was discard-
ed. Culture medium was replaced by 200 μl 
fresh medium containing MTT solution (0.5 
mg/ml) and incubated for another 4 h at 37°C. 
The purple formazan crystals were resuspend-
ed in 200 μl of DMSO. The absorbance was 
measured at 490 nm by a microplate reader. 
An optical density (OD) at 490 nm was mea-
sured. Cell viability (%) was calculated accord-
ing to the formula: (experiment OD value-blank 

Invitrogen’s RNAi express online design soft-
ware, together with literature search. Then, 
double-stranded siRNA sequences for TOP2A 
and negative control siRNA were synthesized  
by GenePharma Pharmaceutical Technology 
Co., Ltd. (Shanghai, China). The siRNAs target-
ing TOP2A were named as siTOP2A-1, siTO-
P2A-2 whereas negative control siRNA as NC. 
All sequences and corresponding target genes 
were shown in Table 1. As described previously 
[5], after reached 70% to 90% confluence in 
6-well plates, Huh7, HepG2, Huh7-SR, and 
HepG2-SR cells (5 × 105 cells per well) were 
incubated with siRNAs and NC by using equal 
volumes Lipofectamine 3000 (Thermo Fisher 
Scientific; Massachusetts, USA) diluted with 
Opti-MEM medium at a final concentration of 
50 nM according to the manufacturer’s instruc-
tions. After corresponding siRNAs were trans-
ferred into HCC cells for 24 to 48 hours, expres-
sion of the related proteins was analyzed by 
Western blot, and the cell viability was tested 
by MTT. All the above experiment was repeated 
three times.

Validation of the aberrant expression of TOP2A 
in HCC based TCGA datasets 

The survival data were acquired in The Cancer 
Genome Atlas (TCGA) database and the overall 
survival (OS) was analyzed by the Kaplan-Meier 
Plotter.

Quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR)

Huh7, HepG2 cells and the corresponding 
sorafenib-resistant cells Huh7-SR, HepG2-SR  
in the logarithmic phase were incubated with  
0, 2.5, 5, or 7.5 μM sorafenib or regorafenib  
for 48 h. Total RNA was isolated from cells by 
Trizol Reagent from GE-NEWIZ Biotechnology 
Co., Ltd. (Suzhou, China) according to manufac-
turer’s protocol. According to the primer design 
and synthesis technical standards, the TOP2A 
gene primer was designed and synthesized in 

Table 1. siRNAs and their target genes used in the study

Genes
siRNA sequence

Forward: 5’ to 3’ Reverse: 5’ to 3’
TOP2A-1 AAACAGACAUGGAUGGAUAUU PUAUCCAUCCAUGUCUGUUUUU
TOP2A-2 GAAAGAGUCCAUCAGAUUUUU PAAAUCUGAUGGACUCUUUCUU
NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

OD value)/(control OD value-
blank OD value) × 100%. 

siRNA transfection

The NCBI GenBank database 
was used to obtain gene 
sequence of TOP2A. The siR-
NAs were obtained using 
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combination with literature, and GAPDH was 
used as an internal reference. The relevant 
sequences are shown as follows. With the  
primers targeting TOP2A (5’-GAAGTGTCACC- 
ATTGCAGCC-3’; 5’-TGTCTGGGCGGAGCAAAATA- 
3’), and GAPDH (5’-AAGAAGGTGGTGAAGCAG- 
GC-3’; 5-TCCACCACCCAGTTGCTGTA-3’). Briefly, 
as it has been described in detail [5], the 
extracted total RNA was reverse transcribed to 
synthesize cDNA using a reverse transcription 
kit. Then using the M × 3000P real-time PCR 
system (Stratagene, USA) to load the reverse 
transcription products obtained from the total 
RNA on the Taq Man array for quantitative 
reverse transcription-polymerase chain reac-
tion (qRT-PCR). The specificity of amplification 
was confirmed by melting curves. Normalizing 
with the glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), relative mRNA levels of genes 
were calculated using the Ct values according 
to the formula: Ct value = 2-ΔCt[ΔCt = Ct target 
gene - Ct GAPDH], the Ct value is used to calcu-
late the relative expression level of TOP2A 
mRNA. All the experiment repeated three times 
and then to calculate the average.

Colony formation assay

The sorafenib-resistant cells were seeded in 
the 6-well plates (103 cells/well) and incubated 
with 10 μM sorafenib or 10 μM regorafenib in 
DMEM medium. The incubation was ceased 
when the colony formation could be seen by 
naked eyes for about 14 days. The culture 
medium was then removed and washed with 
phosphate-buffered saline (PBS) three times. 
After that methanol was added into each well  
(2 ml/well) to fix the cells for 20 minutes. Later, 
the methanol was removed, and Crystal violet 
stain (2 mL) was added to incubate for 15 min-
utes. The cells were washed with flowing water 
and dried before the colonies were counted. 
The above experiments were repeated three 
times.

Wound healing assay

The cells were seeded in 6-well plates (3 × 105 
cells/well) overnight. Three straight scratches 
were made across the surface of plates with a 
pipette tip, floating cells were removed by wash-
ing with PBS. Cells were divided into four groups 
(control, regorafenib, doxorubicin and rego-
rafenib + doxorubicin), cultured in DMEM medi-
um with 7.5 μM regorafenib in the regorafenib, 

and regorafenib + doxorubicin groups, 160 nM 
doxorubicin in the doxorubicin and regorafenib 
+ doxorubicin group for 24 h. The images were 
taken with an inverted light microscope. Each 
assay was replicated three times.

Transwell migration and invasion assay

The migration and invasion assays were per-
formed using Transwell chamber (Corning, NY, 
USA). HCC cells were divided into four groups 
(control, regorafenib, doxorubicin and regora- 
fenib + doxorubicin). For migration assay, HCC 
cells were seeded into the upper chamber with 
serum-free medium (1 × 105 cells), and the bot-
tom of the chamber contained the DMEM medi-
um with 10% FBS. Both the upper or lower 
chamber contained 7.5 μM regorafenib and/or 
160 nM doxorubicin as required. For invasion 
assay, the chamber was coated with Matrigel 
(BD Biosciences, Franklin Lakes, NJ, USA), and 
the other steps were similar to the migration 
assay. After migrated or invaded for 24 h, HCC 
cells were fixed with methanol for 20 minutes, 
washed three times with PBS, and then stained 
with crystal violet for 15 minutes, washed three 
times with PBS. Migrated and invaded HCC 
cells were then counted under an inverted light 
microscope. Migrated or invaded cells were 
quantified by counting the number of cells from 
10 random fields at × 100 magnification. Each 
assay was replicated three times.

3D invasion

96 Well 3D Spheroid BME Cell Invasion (R&D 
systems, USA) more comprehensively and 
physiologically mimics in vivo scenario. Cell 
monolayers were washed with PBS, dissociat- 
ed by Trypsin and neutralized with complete 
growth medium. Cell suspension was counted 
and diluted to 3 × 103/ml, to obtain spheroids 
of 300-500 μm in diameter at ≥ 4 days after 
seeded. The cell suspension was dispensed 
into 96-well round bottom plate and centri-
fuged at 200 × g for 5 min. The plate was trans-
ferred to an incubator (37°C, 5% CO2, 95% 
humidity). After 4 days, tumor spheroid forma-
tion was visually confirmed and proceeded with 
3D invasion. Invasion Matrix was thawed on ice 
overnight. 96-well plate containing 4-day old 
spheroids was placed on ice. 50 μl of Invasion 
Matrix was gently dispensed into each U-bottom 
well with 3 replicates for each condition. The 
plate was centrifuged at 4°C, 300 × g for 3 min, 
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then transferred to an incubator at 37°C,  
allowing the Invasion Matrix to solidify. After 1 
h, 100 μl/well of complete growth medium was 
gently added. Invasion modulating agent (7.5 
μM regorafenib or/and 160 nM doxorubicin) 
was applied to evaluate respective impact on 
cellular phenotype. After incubating at 37°C  
for 7 days, cell invasion was visualized at × 40 
magnification using a microscope and quanti-
tated with ImageJ.

Animal experiments 

Six- to eight-week Male BALB/c-nu/nu immuno-
deficiency mice were obtained from Beijing 
Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China), raised in the SPF-free envi-
ronment. The animal experiments were had 
been approved by the Animal Ethic Committ- 
ee of The Fourth Affiliated Hospital of Harbin 
Medical University (permit no. 2022-SCILL- 
SC-06) in line with National Laboratory Animal 
Regulations China Science and Technology 
Commission. Briefly, Huh7-SR cells (5 × 
106)/100 μL PBS were subcutaneously inocu-
lated into the right flank of the mice. The mice 
were randomized into four groups (n = 5/gro- 
up): control, regorafenib, doxorubicin and rego-
rafenib + doxorubicin. Regorafenib was admin-
istered to mice in the regorafenib and rego-
rafenib + doxorubicin groups by gavage at a 
dose of 30 mg/kg, doxorubicin was intraperito-
neally injected to mice at a dose of 5 mg/kg, 
and those in the control group received oral 
dimethyl sulfoxide and intraperitoneal injection 
of saline every three days. The tumor volume 
was calculated according to the longest and 
shortest vertical diameters using the following 
formula: (a2 × b)/2, where “a” represents the 
short axis, and “b” represents the long axis. 
Tumor volumes were measured every 3 days. At 
the end of the experiments, the tumors were 
harvested the weight and tumor size were 
measured.

Hematoxylin and eosin (H&E) and immunohis-
tochemistry (IHC) staining

H&E and IHC were performed on liver tumor tis-
sue sections from formalin-fixed and paraffin-
embedded tissue blocks of xenograft models, 
respectively. Immunohistochemical staining 
was conducted on 4-μm FFPE unstained sec-
tions using antibodies against cyclin D1 and 
cleaved caspase-3. The tissue sections were 

deparaffinized by xylene and rehydrated in a 
descending ethanol. Slides were be subjected 
to antigen retrieval by ethylene diamine tet-
raacetic acid (EDTA) buffer (PH = 7.4) in boiled 
water for 30 minutes. Endogenous peroxidase 
activity was quenched with 3% H2O2 dissolved 
in methanol for 30 min, and incubated with pri-
mary antibody overnight at 4°C. After washed 
with PBST (phosphate buffered saline with 
0.1% Tween 20), slides were incubated with 
secondary antibody for 30 min at room temper-
ature, then washing the slides with PBST. 
Streptavidin horseradish peroxidase (HRP) for 
30 min, staining with diaminobenzidine (DAB), 
and then counterstaining with hematoxylin. 
Finally, staining intensity and distribution of IHC 
were assessed by two senior pathologists in a 
blinded manner at The Fourth Affiliated Hospital 
of Harbin Medical University.

Statistical analysis

Statistical analyses were performed with SPSS 
(version 20), Data with normal distributions 
were represented by mean ± SD and analyzed 
using t-test or one-way ANOVA followed by 
Bonferroni post hoc. P-values ≤ 0.05 were con-
sidered to indicate statistical significance.

Results

HCC sorafenib-resistant cells are sensitive to 
regorafenib

As described previously [5, 23], sorafenib-
resistant cells were established by culturing 
human HCC cell lines Huh7 and HepG2 in grad-
ually increased concentrations of sorafenib. 
These cell lines were named as Huh7-SR and 
HepG2-SR. To investigate effects of sorafenib 
or regorafenib on parental HCC cells and 
sorafenib-resistant cells, different cell lines 
were incubated with serial concentrations of 
sorafenib or regorafenib for 48 h, and cell via-
bility was assessed by MTT. As shown in Figure 
1A, sorafenib inhibited viability of HepG2 and 
Huh7 cells, whereas with little effect on corre-
sponding sorafenib-resistant cells HepG2-SR 
and Huh7-SR. By contrast, regorafenib exerted 
anticancer effects on HepG2-SR and Huh7-SR 
(Figure 1B). However, regorafenib (10 μM) 
exhibited suboptimal inhibition on viability of 
Huh7-SR and HepG2-SR (with an inhibitory rate 
of 56.3% and 55.5%, respectively) (Figure 1B). 
As expected, colony formation of Huh7-SR or 
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Figure 1. HCC sorafenib-resistant cells are sensitive to regorafenib. A, B. Sorafenib-resistant Huh7-SR and HepG2-SR as well as parental HepG2 and Huh7 were 
incubated with escalating concentrations of sorafenib or regorafenib for 48 hours. Cell viability was compared with corresponding untreated one. C-E. Colony for-
mation assay to assess cell proliferation after incubating with 10 μM sorafenib or regorafenib for 15 days in Huh7-SR and HepG2-SR. F, G. Wound-healing assays 
(100 ×) to evaluate migration of sorafenib-resistant Huh7-SR after incubating with 10 μM sorafenib or regorafenib. **P < 0.01 vs. the sorafenib-resistant cells or the 
untreated control group; #P < 0.05; ##P < 0.01 vs. sorafenib group.
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HepG2-SR was suppressed by regorafenib but 
not sorafenib (Figure 1C-E, P < 0.05). Similarly, 
invasion of Huh7-SR was decreased by rego-
rafenib but not sorafenib (Figure 1F, 1G, P < 
0.05). Thus, sorafenib-resistant cells were sen-
sitive to regorafenib.

TOP2A is involved in drug resistance to rego-
rafenib

As described previously [13, 24, 25], TOP2A 
plays an important role in tumorigenesis and 
drug resistance. To investigate functions of 
latent genes in HCC, overall survival was ana-
lyzed using TCGA database. Interestingly, HCC 
patients with higher TOP2A expression had 
shorter overall survival (Figure 2A, P < 0.01). 
Then, expression profiling of TOP2A was de- 
tected in Huh7, HepG2 and corresponding 
sorafenib-resistant partners HepG2-SR and 
Huh7-SR cells. Compared with corresponding 
parental cells, TOP2A was downregulated in 
sorafenib-resistant Huh7-SR and HepG2-SR 
cells (Figure 2B, P < 0.01) as supported by qRT-
PCR (Figure 2C, P < 0.01). Thus, sorafenib may 
downregulate TOP2A in HCC. Parental cells 
were incubated with escalating concertation of 
sorafenib, where TOP2A was down-regulated in 
a concentration-dependent manner (Figure 
2D). Next, HCC parental cells and correspond-
ing sorafenib-resistant cells were incubated 
with 0, 2.5, 5, and 7.5 μM regorafenib, respec-
tively. Notably, sorafenib might suppress 
TOP2A, whereas regorafenib might upregulate 
TOP2A in a concentration-dependent manner 
(P < 0.05), as shown in Figure 2D-F. As shown 
in Figure 2G, 2H, TOP2A was upregulated (P < 
0.05) among sorafenib-resistant Huh7-SR and 
HepG2-SR cells in a concentration-dependent 
manner in response to regorafenib, however, 
corresponding parental cells treated with 
sorafenib exhibited an opposite trend (P < 0.05) 
supported by qRT-PCR. These findings indicat-
ed that TOP2A was involved in drug resistance 
to regorafenib.

TOP2A silencing enhances sensitivity to rego-
rafenib in sorafenib-resistant HCC cells

To investigate roles of TOP2A in HCC sorafenib-
resistance to regorafenib, two siRNAs were 
designed and synthesized to knock-down TO- 
P2A. Both control siRNA- and TOP2A siRNA 
(siTOP2A) transfected Huh7-SR and HepG2-SR 
cell lines were incubated for 24 h. Compared 
with control, siTOP2A knocked down TOP2A 

protein expression in Huh7-SR and HepG2-SR 
cells (Figure 3A, 3B, P < 0.01). Consequently, 
effects of siTOP2A in combination with rego-
rafenib were analyzed. Huh7-SR and HepG2-SR 
as well as corresponding parental cells were 
transfected with control or siTOP2A for 24 h; 
subsequently incubated with increasing con-
centrations of regorafenib for another 48 h. To 
investigate if silencing of TOP2A could syner-
gized with regorafenib to reduce cell viability, 
coefficient of drug interaction (CDI) was calcu-
lated as previously described [5]. The CDI of 
siRNA in combination with 2.5, 5, or 7.5 μM 
regorafenib, respectively, was less than 1, indi-
cating marked synergistic effects (Figure 3C, 
3D; Table S1). The most optimized synergistic 
effect was exerted by siTOP2A in combination 
with 7.5 μM regorafenib, yielding CDIs of 0.682 
and 0.694 for Huh7-SR and HepG2-SR, respec-
tively (Table S1). Thus, combination treatment 
was used in subsequent experiments. Then, 
parental and sorafenib resistant cells were 
transfected with siTOP2A for 24 h and incubat-
ed with regorafenib for 24 h, 48 h, 72 h, respec-
tively with CDI calculated (Figure 3E, 3F; Table 
S2). The most optimized synergistic effect was 
exerted by incubating for 48 h, yielding CDIs of 
0.696 and 0.684 for Huh7-SR and HepG2-SR, 
respectively (Figure 3E, 3F; Table S2). There- 
fore, silencing TOP2A synergized with rego-
rafenib could reduce viability of HepG2-SR and 
Huh7-SR cells in a dose- and time-dependent 
manner, similar to corresponding parental cells 
(Figure 3C-F; Table S2). To investigate roles of 
silencing TOP2A in combination with rego-
rafenib, downstream genes were analyzed by 
Western blot (Figure 3G, 3H). Silencing of 
TOP2A synergized with regorafenib to downreg-
ulate cyclin D1 and upregulate cleaved cas-
pase-3 protein expression in sorafenib-resis-
tant cells (Figure 3G, 3H, P < 0.05). Thus, syn-
ergistic effect of regorafenib and silencing 
TOP2A was significantly on suppressing growth 
of HCC sorafenib-resistant cells and promoting 
apoptosis of HCC.

Inhibition of TOP2A synergizes with rego-
rafenib to suppress cell viability, promote 
apoptosis, and increase sensitivity of 
sorafenib-resistant HCC cells to regorafenib in 
vitro

TOP2A is a target of anthracycline drugs, such 
as doxorubicin, epirubicin [26]. As previously 
described [27-29], doxorubicin interacts with 
DNA through intercalation and inhibition of 
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Figure 2. TOP2A is involved in drug resistance to regorafenib. (A) Kaplan-Meier curves for HCC patients with low vs. high expression of TOP2A using TCGA database. 
(B, C) TOP2A expression in sorafenib-resistant cell lines and corresponding parental cell lines detected by Western blot and normalized to β-actinin (B); or quantita-
tive reverse transcription-polymerase chain reaction (qRT-PCR) and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (C). (D) Huh7 and HepG2 
cells were incubated in gradually increased concentrations of sorafenib for 48 h. Expression of TOP2A was detected by Western blot. Density of each band was nor-
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macromolecular biosynthesis, resulting in dou-
ble strand DNA breaks, then inhibiting pro- 
gression of TOP2A and inducing subsequent 
apoptotic cell death of cancer cells [30, 31]. 
Therefore, effects of doxorubicin combined 
with regorafenib on viability and apoptosis of 
sorafenib-resistant as well as parental cells 
were examined. Huh7, HepG2 and correspond-
ing sorafenib-resistant cells were incubated 
with regorafenib, doxorubicin or combination. 
Interestingly, inhibition of TOP2A by doxoru- 
bicin synergized with regorafenib could reduce 
viability in sorafenib-resistant cells as well as 
parental cells in a dose-dependent manner 
(Figure 4A, 4B). The CDIs were calculated for 
HCC sorafenib-resistant and parental cells 
(Tables S3, S4, S5, S6). The CDIs for Huh7-SR 
and HepG2-SR cells and parental cells treated 
with 0, 80, 160, 320 nmol/L of doxorubicin in 
combination with regorafenib (0, 2.5, 5, 7.5 
umol/L) were all less than 1, indicating a syner-
gistic effect (Tables S3, S4, S5, S6). The most 
optimized synergistic effect was exerted by 
160 nM doxorubicin in combination with 7.5  
μM regorafenib, yielding CDIs of 0.679, 0.684, 
0.681 and 0.698 for Huh7-SR, HepG2-SR, Huh7 
and HepG2 cells, respectively. This combina-
tion was applied in subsequent experiments. 
As shown in Figure 4C, 4D, doxorubicin syner-
gized with regorafenib in inhibiting cell viability 
in a time-dependent manner. The CDI was 
0.779, 0.646, and 0.752 for Huh7-SR, whereas 
0.755, 0.660, 0.740 for HepG2-SR (Table S7), 
when incubated for 24, 48, or 72 h, respective-
ly. The most optimized synergistic effect was 
exerted by incubating for 48 h. Then, effects of 
TOP2A inhibition on cell viability were support-
ed by application of epirubicin, another TOP2A 
inhibitor. Epirubicin also exerted a significantly 
synergistic effect with regorafenib on inhibiting 
cell viability, with CDIs of 0.706 and 0.690 in 
Huh7-SR and HepG2-SR cells when incubating 
with 5 μM regorafenib and 160 nM epirubicin 
for 48 h, respectively, in time- and dose-depen-
dent manners (Figures S1, S2, S3, S4; Tables 
S8, S9, S10, S11, S12). To confirm synergistic 

effects of regorafenib with doxorubicin on cell 
viability and apoptosis, sorafenib-resistant 
HCC cells were incubated with 7.5 μM rego-
rafenib and/or 160 nM doxorubicin for 48 h, 
and then subjected to immunoblotting analy-
ses. As shown in Figure 4E, regorafenib and 
doxorubicin exerted synergistic effect, as 
reflected by upregulation of cleaved caspase-3 
whereas downregulation of cyclin D1 compared 
with either regorafenib or doxorubicin alone. 
Synergistic effect of regorafenib and doxorubi-
cin was enough to suppress growth and pro-
mote apoptosis of HCC cells. The wound-heal-
ing assays also supported this notion (Figure 
4F). As expected, migration and invasion of 
sorafenib-resistant HCC cells were significantly 
inhibited by regorafenib combined with doxoru-
bicin (P < 0.05, Figure 4G). Furthermore, rego-
rafenib combined with doxorubicin could also 
suppress 3D invasion and tumor sphere forma-
tion of HCC cells (P < 0.05, Figures 4H, S5).

Inhibition of TOP2A synergizes with rego-
rafenib to enhance the antitumor activity of 
regorafenib in vivo

As described in Materials and Methods and our 
previous studies [5, 22], Huh7-SR cells were 
subcutaneously inoculated into the right flank. 
Mice were randomly divided into four groups 
accepting regorafenib, doxorubicin alone or 
combination treatment as required. As shown 
in Figure 5A-C, administration of regorafenib or 
doxorubicin into the mice reduced the size of 
tumors by 62.2% and 63.5%, respectively, and 
the combination therapy further significantly 
reduced by 90.4%, compared with the control 
group at 15 days after treatment, similar to 
tumor weight (Figure 5B, 5C). The CDI was 
0.709 for tumor volume and 0.729 for tumor 
weight, respectively, indicating a synergistically 
inhibitory effect of regorafenib and doxorubicin 
on growth of HCC tumor. The expression of 
downstream proteins was analyzed by Western 
blot (Figure 5D, 5E). Consistently, doxorubicin 
and regorafenib combination downregulated 

malized to that of β-actin. (E-H) Sorafenib-resistant Huh7-SR and HepG2-SR cells and corresponding parental cells 
were incubated with 0, 2.5, 5, 7.5 μM regorafenib for 48 h. The protein expression profiles were detected by Western 
blot. Density of each band was normalized to that of β-actin (E, F). Sorafenib-resistant HCC cells and parental cells 
were incubated with gradually increased concentrations of regorafenib or sorafenib for 48 h. TOP2A mRNA levels 
were measured by qRT-PCR and normalized against GAPDH. The relative TOP2A mRNA levels of cells treated with 0 
μM sorafenib or regorafenib were normalized to 1 (G, H). *P < 0.05; **P < 0.01; and ***P < 0.001 vs. the sorafenib 
or regorafenib untreated cells.
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Figure 3. TOP2A silencing enhances sensitivity to regorafenib in sorafenib-resistant HCC cells. A, B. Sorafenib-resistant Huh7-SR and HepG2-SR cells were trans-
fected with siTOP2A or negative control (NC) for 48 h. The corresponding un-transfected cells served as control. The protein expression profiles were detected by 
Western blot. Density of each band was normalized to that of β-actin. C, D. Huh7-SR and HepG2-SR cells and corresponding parental cells were transfected with 
siTOP2A for 24 h; subsequently incubated with increasing concentrations of regorafenib (Reg) for 48 h. Viability of transfected cells was normalized to control. E, F. 
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Sorafenib-resistant cells and parental cells were exposed to 7.5 μM regorafenib for different periods, after transfected with siTOP2A. Cell viability was normalized 
with corresponding control. G, H. Huh7-SR and HepG2-SR cells were transfected with siTOP2A for 24 h; subsequently incubated with 7.5 μM regorafenib for 48 h. 
Protein expression profiles were detected by Western blot. Density of each band was normalized to that of β-actin. *P < 0.05; **P < 0.01 compared siTOP2A or rego-
rafenib to control. #P < 0.05; ##P < 0.01 compared with regorafenib treated cells. †P < 0.05; ††P < 0.01 compared with siTOP2A treated cells.
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cyclin D1 and upregulated cleaved caspase-3 
compared with either regorafenib or doxorubi-
cin group. Then, H&E and immunohistochemis-
try staining of cyclin D1 and cleaved caspase-3 
were applied to describe proliferation and 
apoptosis, respectively. The pathological find-
ings were described in Figures 5F-I and S6A, 
S6B. Tumors in control group were composed 
of uniform big round cells and cleared-out cyto-
plasm cellularity. However, when treated with 
regorafenib or doxorubicin, a slight reduction in 
cellularity was showed. In regorafenib and 
doxorubicin groups, significant reduction in cel-
lularity and extensive necrosis were common 
(Figure 5F, P < 0.05). Relative cell density in 
tumor was extensively reduced in regorafenib 
combined with doxorubicin treatment, com-
pared to control or regorafenib alone (Figure 
5G). The expression of cyclin D1, and cleaved 
caspase-3 were also detected in tumor tissues 
by immunohistochemistry staining. Consistent 
with our in vitro results, higher cleaved cas-
pase-3 expression and lower cyclin D1 expres-
sion were detected in combination compared 
with regorafenib or doxorubicin alone (Figure 
5H, 5I).

Discussion

Drug resistance is an obstacle for HCC therapy. 
As previously reported [6, 10, 32, 33], drug 
resistance to regorafenib is characterized by a 
low response rate and reduced survival benefit, 
which poses a serious challenge due to a short-
age of effective systemic treatments for HCC. 
Regorafenib was approved by USFDA in 2017 
as a second-line treatment for patients with 
HCC. This was considered as a breath of fresh 
air for patients with sorafenib-resistant HCC. 
However, drug resistance to regorafenib emerg-
es afterwards. Unfortunately, little is known 
about underlying mechanisms of resistance to 
regorafenib in HCC. Considering this dilemma 

that so far, no effective systemic therapy is 
available for HCC after failure of sorafenib and 
regorafenib therapy, it is urgent to develop 
reversal strategies. In this study, TOP2A is indi-
cated to be a key regulator in mediating rego-
rafenib resistance of HCC. Moreover, doxorubi-
cin, a selective inhibitor of TOP2A, exhibits 
potential to rescue sensitivity of regorafenib-
resistant HCC cells. Acquired drug resistance  
in HCC may be overcome by a combinatorial 
therapy including regorafenib with TOP2A inhib-
itor doxorubicin. In our study, roles of TOP2A 
were explored when parental HCC was treated 
with sorafenib, whereas sorafenib-resistant 
HCC cells treated with regorafenib. Sorafenib 
downregulates TOP2A whereas regorafenib 
upregulates TOP2A. TOP2A may provide a 
latent mechanism for sorafenib-resistant HCC 
cells refractory to regorafenib. Moreover, block-
ing TOP2A could enhance efficacy of rego-
rafenib to combat HCC by promoting apoptosis 
and inhibiting proliferation. Regorafenib combi-
nation with TOP2A inhibitor could rescue sensi-
tivity to regorafenib. 

In cancer, TOP2A is widely overexpressed, and 
a high level of TOP2A correlates with poor clini-
cal prognosis [15-22]. TOP2A expression is 
increased in proliferating cells (in G2/M phases 
of cell cycle) with active division [34]. TOP2A 
induces transient DNA double-strand breaks in 
proliferating cells to resolve DNA topological 
entanglements during chromosome condensa-
tion, replication, and segregation [35]. The 
basic characteristics of tumor cells are abnor-
mal cell cycle and uncontrolled proliferation. 
Therefore, TOP2A in tumor pathogenesis has 
been widely studied [36, 37]. Previously, TOP2A 
was considered as a prognostic factor in 
patients with esophageal squamous cell carci-
nomas, breast cancer, clear cell renal cell carci-
noma, nasopharyngeal carcinoma and HCC 
[14, 37-39]. It was reported that TOP2A was 

Figure 4. Inhibition of TOP2A synergizes with regorafenib to suppress cell viability, promote apoptosis, and strength-
en sensitivity of sorafenib-resistant HCC cells to regorafenib in vitro. (A-D) HepG2-SR and Huh7-SR as well as cor-
responding parental cells were exposed to different concentrations of doxorubicin (Dox) or/and regorafenib (Reg) 
for 48 h (A, B); or incubated for different periods in the presence or absence of regorafenib (7.5 μM) and doxorubicin 
(160 nM) (C, D). Cell viability (%) was compared with control. (E) Huh7-SR and HepG2-SR cells were incubated with 
7.5 μM regorafenib or/and 160 nM doxorubicin for 48 h. The protein expression profile of cyclin D1 and cleaved 
caspase-3 was detected by Western blot. Density of each band was normalized to that of β-actin. (F) Migration 
of sorafenib-resistant HCC cells was examined by Wound healing assay (100 ×). (G) Transwell assays to examine 
synergistic effects of doxorubicin with regorafenib on migration and invasion (100 ×). (H) Synergistic effects of 
doxorubicin and regorafenib on 3D invasion (40 ×). *P < 0.05; **P < 0.01; indicating a significant difference from 
untreated cells. #P < 0.05; ##P < 0.01 compared with regorafenib treatment. †P < 0.05; ††P < 0.01 compared with 
doxorubicin treated cells.
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Figure 5. Inhibition of TOP2A synergizes with regorafenib to enhance the antitumor activity of regorafenib in vivo. (A-C) Subcutaneous xenografts were established. 
Mice received different treatments for 15 days. (A) Tumor images. (B) Tumor volume (mm3) was recorded. (C) Tumors were harvested and weighed. (D, E) Expression 
of cyclin D1 and cleaved caspase-3 by Western blot. Density of each band was normalized to that of β-actin (E). (F-I) Hematoxylin and eosin (H&E) (magnification, 
upper × 100, lower × 400) and immunohistochemistry staining (magnification, × 200). *P < 0.05; and **P < 0.01. #P < 0.05; ##P < 0.01 compared with regorafenib 
group. †P < 0.05; ††P < 0.01 compared with doxorubicin treated group.
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involved in the synthesis of membrane proteins 
with efflux functions, which eventually caused 
resistance to chemotherapy and targeted ther-
apy. By inhibiting the activity of TOP2A, drug 
resistance could be reversed while apoptosis of 
cancer cells might be induced [40, 41]. In mam-
malian cells, function of TOP2A has been link- 
ed to posttranslational modification (acetyla-
tion, sumoylation or phosphorylation) [42, 43]. 
However, transcriptional and posttranscription-
al mechanisms that control TOP2A expression 
are virtually unknown. To date, doxorubicin, 
TOP2A poison, functions by arresting TOP2A in 
cleavable complexes, resulting in double strand 
DNA breaks and subsequent apoptotic cell 
death of cancer cells. Doxorubicin is wildly used 
in breast cancer, leukemias, lymphomas and 
sarcoma [30]. 

Regorafenib inhibits stromal and angiogenic 
kinases VEGFR1, VEGFR2, VEGFR3, TIE2, FGFR-
1 and PDGFRβ, oncogenic kinases KIT and  
RET, intracellular signaling kinases CRAF/RAF-
1, wild-type and mutant BRAF, as well as PI3K/
Akt and MAPK pathways [9, 33, 44]. These 
kinases play key roles in tumor neovasculariza-
tion, stabilizing blood and lymphatic vessels as 
well as modulating tumor microenvironment, all 
of which contribute to oncogenesis and meta-
static development [7, 9, 32]. Extensive studies 
have been conducted to explore mechanis- 
ms of drug-resistance to regorafenib. JAK- 
STAT, Notch1, epithelial-mesenchymal transi-
tion (EMT) and Keap/Nrf2 pathways have been 
implicated in resistance to regorafenib. For 
example, isomerase Pin1 inhibition could re- 
verse EMT and reduce metastasis of rego-
rafenib-resistant HCC cells via Gli1/Snail/ 
E-cadherin pathway [31]. Notch-1 was essen- 
tial in mediating regorafenib resistance. Thus, 
silencing of Notch-1 promoted regorafenib 
induced cell growth inhibition and cell cycle 
arrest [8]. In addition, SphK2/S1P mediates 
regorafenib resistance through activation of 
NF-κB and STAT3. Thus, inhibiting SphK2 could 
reduce regorafenib resistance of HCC cells [6]. 
Moreover, regorafenib tolerance was demon-
strated to be associated with AKT/GSK3β regu-
lated β-catenin [33]. 

It is well-known that caspase-3 is activated in 
both extrinsic and intrinsic apoptotic pathways. 
Notably, cyclin D1, a transcriptional co-regula-
tor, controls cell cycle progression, regulates 

cell migration and invasion, promotes cell pro-
liferation and inhibits apoptosis [45, 46]. 
Caspase-3 in the cytoplasm exists in the form 
of an inactive zymogen. The pro-apoptotic  
signals can lead to the cleavage and activation 
of caspase-3. Subsequently, active caspase-3 
modulates cleavage of crucial cellular proteins 
and formation of apoptotic DNA fragmentation, 
and thus amplifies the protease cascade and 
cleavage reactions, which eventually results in 
cell death [45-47]. Previous studies have re- 
ported that TOP2A inhibitor causes apoptosis 
by upregulating caspase-3 [48, 49]. When DNA 
strand breaks reaching a critical level, enzyme/
DNA complexes are induced, which cause the 
activation of stress-associated signaling path-
ways [50], characterized by upregulated γ- 
H2A.X, cleaved PARP-1, and activated cas-
pase-3 as the hallmarks of apoptosis [51]. 
Afterwards, activated caspase-cascade leads 
to cell cycle arrest or apoptosis induction [36]. 
Recent studies showed that regorafenib could 
induce loss of mitochondrial membrane poten-
tial, as well as expression of active caspase-3 
and caspase-8 [46, 52]. In addition, regorafenib 
triggered both intrinsic and extrinsic apoptotic 
pathways in colorectal cancer cells by activat-
ing caspase 3, 8 and 9. This result was attrib-
uted to inhibited PI3K/AKT/mTOR or MAPK sig-
naling pathway [53, 54]. Inhibiting these path-
ways might block the phosphorylation of apop-
tosis signaling molecules or indirectly inhibit 
the activity of NF-κβ and suppress the tran-
scriptional activation of antiapoptotic genes 
[47, 54].

Sorafenib executes anticancer activities ag- 
ainst HCC, largely through inhibiting MAPK/
ERK pathway and multiple tyrosine kinase 
receptors. However, sustained exposure to 
sorafenib could activate AKT, thus stimulating 
drug resistance to sorafenib as described in 
our precious studies in HCC cells [5, 23]. The 
present study indicated that sorafenib could 
downregulate TOP2A, however, regorafenib 
upregulates TOP2A. TOP2A may be a target of 
sorafenib. Although regorafenib is an oral tyro-
sine kinase inhibitor (TKI), similar to sorafenib, 
there are significant differences in molecular 
mechanisms from sorafenib. Firstly, rego-
rafenib can inhibit the phosphorylation of AKT 
[33, 44, 56, 57]. However, when exposed to 
sorafenib, p-Akt could be upregulated [22, 32, 
38, 40]. Then, p-GSK3β could be upregulated 
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by p-ATK via phosphorylation of serine residue 
of GSK3β [33, 54]. When treated with  
AKT pathway inhibitors (such as LY294002), 
GSK3β was upregulated [32]. Interestingly, a 
previous study reported that p-GSK3β was 
involved in degradation of TOP2A, leading to 
ubiquitin-dependent degradation in HCC. Ac- 
cumulation of p-GSK3β could significantly 
downregulate TOP2A [40]. In addition, TOP2A 
could activate β-catenin pathway thus stimulat-
ing drug resistance to regorafenib in pancreatic 
cancer and colon cancer [15, 22]. TOP2A func-
tions as a DNA-binding partner for TCF complex 
to interact with β-catenin, TCF4 and DNA 
through its C-terminus. TOP2A is involved in 
Wnt pathway, which controls T-cell fac-tor/lym-
phoid enhancer binding factor (TCF/LEF) gene 
transcription and dominates this self-renewing 
process. Persistent activation of Wnt-β-catenin 
pathway is common in carcinogenesis and 
drug-resistance in colorectal cancer, HCC and 
gastric cancer [5, 15, 57, 58] (Figure 6). In our 
study, knocking down of TOP2A synergizes with 

regorafenib promoted apoptosis and sup-
pressed growth of sorafenib-resistant cells, 
reversing acquired drug resistance of rego-
rafenib in HCC. Furthermore, when regorafenib 
was combined with TOP2A inhibitor doxorubi-
cin, which functions by arresting TOP2A in 
cleavable complexes, resulting in double strand 
DNA breaks and subsequent apoptotic cell 
death of cancer cells [13, 31, 59], synergistic 
effects were observed both in vitro and in vivo. 
However, if silencing TOP2A could reverse 
acquired resistance to regorafenib via Wnt-β-
catenin pathway through blocking EMT process 
needs further exploration (Figure 6).

Collectively, we have demonstrated that two-
drug combination is highly effective against 
regorafenib-resistant HCC. We have illustrated, 
for the first time, that silencing TOP2A could 
reverse acquired drug resistance to rego-
rafenib, possibly via inhibiting Wnt-β-catenin 
pathway, to rescue celluar sensitivity to rego-
rafenib in HCC.

Figure 6. Schematic diagram depicting hypothesized roles of TOP2A in acquired resistance to regorafenib in HCC. 
→, positive regulation; ⊥, negative regulation or blockade.
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Supplementary materials and methods

Mammosphere formation

300 μl of Matrigel was spread evenly to each well of a 24-well plate on ice. The plate was centrifuged at 
4°C, 300 × g; and immediately incubated at 37°C, in 5% CO2 for 30 min. Single-cells were suspended 
in corresponding medium with 10% Matrigel (2000 cells/400 μl) and seeded on Matrigel. Cells were 
allowed to attach to Matrigel for 3 h. Then medium was carefully removed, replaced with fresh one con-
taining 10% Matrigel and incubated for 1 h, corresponding culture medium as required was added. 
Fresh medium containing Matrigel and modulating agent (7.5 μM regorafenib or/and 160 Nm doxorubi-
cin) was changed every 2 days. Mammospheres formed after 6 days were evaluated in terms of size and 
number by light microscopy × 40 magnification. All experiments were performed in triplicate wells for 
each condition.

Table S1. The CDIs of siTOP2A in combination with Regorafenib in HCC cells
Regorafenib (μM) 2.5 5 7.5 10
siTOP2A (Huh7) 0.984 0.908 0.685 0.812
siTOP2A (Huh7-SR) 0.984 0.943 0.682 0.720
siTOP2A (HepG2) 0.996 0.851 0.680 0.883
siTOP2A (HepG2-SR) 0.965 0.801 0.694 0.759
Abbreviations: CDI, coefficient of drug interaction. siTOP2A, topoisomerase IIα siRNA.

Table S2. The CDIs of siTOP2A in combination with 7.5 μM Regorafenib in HCC cells
CDI 24 h 48 h 72 h
siTOP2A (Huh7) 0.982 0.691 0.888
siTOP2A (Huh7-SR) 0.936 0.696 0.704
siTOP2A (HepG2) 0.950 0.690 0.865
siTOP2A (HepG2-SR) 0.975 0.684 0.837
Abbreviations: CDI, coefficient of drug interaction. siTOP2A, topoisomerase IIα siRNA.

Table S3. The CDIs of doxorubicin in combination with regorafenib in Huh7 cells
CDI Reg (2.5 μM) Reg (5 μM) Reg (7.5 μM) Reg (10 μM)
Dox (80 nM) 0.983 0.989 0.965 0.992
Dox (160 nM) 0.977 0.983 0.681 0.824
Dox (320 nM) 0.954 0.976 0.855 0.895
Abbreviations: CDI, coefficient of drug interaction; Reg, regorafenib; Dox, doxorubicin.

Table S4. The CDIs of doxorubicin in combination with regorafenib in HepG2 cells
CDI Reg (2.5 μM) Reg (5 μM) Reg (7.5 μM) Reg (10 μM)
Dox (80 nM) 0.992 0.970 0.958 0.967
Dox (160 nM) 0.998 0.987 0.698 0.816
Dox (320 nM) 0.950 0.964 0.781 0.783
Abbreviations: CDI, coefficient of drug interaction; Reg, regorafenib; Dox, doxorubicin.
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Table S5. The CDIs of doxorubicin in combination with regorafenib in Huh7-SR cells
CDI Reg (2.5 μM) Reg (5 μM) Reg (7.5 μM) Reg (10 μM)
Dox (80 nM) 0.982 0.992 0.987 0.991 
Dox (160 nM) 0.934 0.954 0.679 0.848 
Dox (320 nM) 0.977 0.982 0.965 0.937 
Abbreviations: CDI, coefficient of drug interaction; Reg, regorafenib; Dox, doxorubicin.

Table S6. The CDIs of doxorubicin in combination with regorafenib in HepG2-SR cells
CDI Reg (2.5 μM) Reg (5 μM) Reg (7.5 μM) Reg (10 μM)
Dox (80 nM) 0.890 0.921 0.951 0.911 
Dox (160 nM) 0.978 0.986 0.684 0.805 
Dox (320 nM) 0.879 0.910 0.939 0.848 
Abbreviations: CDI, coefficient of drug interaction; Reg, regorafenib; Dox, doxorubicin.

Table S7. The CDIs of 160 nM doxorubicin in combination with 7.5 μM Regorafenib in HCC cells
CDI 24 h 48 h 72 h
Huh7 0.791 0.672 0.764 
HepG2 0.718 0.699 0.735 
Huh7-SR 0.779 0.646 0.752 
HepG2-SR 0.755 0.660 0.740 
Abbreviations: CDI, coefficient of drug interaction.

Figure S1. The effect of TOP2A inhibitors combined with regorafenib on cell viability and proliferation. A, B. Huh7 
and HepG2 cells were exposed for 48 hours to different concentrations of epirubicin (Epi) or/and regorafenib (Reg).
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Figure S2. The effect of TOP2A inhibitors combined with regorafenib on cell viability and proliferation. A, B. Huh7-SR 
and HepG2-SR cells were exposed for 48 hours to different concentrations of epirubicin (Epi) or/and regorafenib 
(Reg).

Figure S3. The effect of TOP2A inhibitors combined with regorafenib on cell viability and proliferation. A, B. Huh7 
and HepG2 cells were incubating for different periods, in the presence or absence of regorafenib (Reg, 5 μM) and 
epirubicin (Epi, 160 nM).
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Figure S4. The effect of TOP2A inhibitors combined with regorafenib on cell viability and proliferation. A, B. Huh7-SR 
and HepG2-SR cells were incubating for different periods, in the presence or absence of regorafenib (Reg, 5 μM) 
and epirubicin (Epi, 160 nM).

Table S8. The CDIs of epirubicin in combination with regorafenib in Huh7 cells
CDI Reg (2.5 μM) Reg (5 μM) Reg (7.5 μM) Reg (10 μM)
Epi (80 nM) 0.995 0.926 0.984 0.994 
Epi (160 nM) 0.982 0.691 0.805 0.976 
Epi (320 nM) 0.934 0.749 0.788 0.888 
Abbreviations: CDI, coefficient of drug interaction; Reg, regorafenib; Epi, eipirubicin.

Table S9. The CDIs of epirubicin in combination with regorafenib in HepG2 cells
CDI Reg (2.5 μM) Reg (5 μM) Reg (7.5 μM) Reg (10 μM)
Epi (80 nM) 0.998 0.864 0.951 0.909 
Epi (160 nM) 1.009 0.710 0.783 0.911 
Epi (320 nM) 1.003 0.790 0.774 0.877 
Abbreviations: CDI, coefficient of drug interaction; Reg, regorafenib; Epi, eipirubicin.

Table S10. The CDIs of epirubicin in combination with regorafenib in Huh7-SR cells
CDI Reg (2.5 μM) Reg (5 μM) Reg (7.5 μM) Reg (10 μM)
Epi (80 nM) 0.911 0.892 0.961 0.902 
Epi (160 nM) 0.946 0.706 0.786 0.860 
Epi (320 nM) 0.944 0.767 0.819 0.921 
Abbreviations: CDI, coefficient of drug interaction; Reg, regorafenib; Epi, eipirubicin.

Table S11. The CDIs of epirubicin in combination with regorafenib in HepG2-SR cells
CDI Reg (2.5 μM) Reg (5 μM) Reg (7.5 μM) Reg (10 μM)
Epi (80 nM) 0.839 0.892 0.908 0.884 
Epi (160 nM) 0.933 0.690 0.718 0.811 
Epi (320 nM) 0.824 0.744 0.724 0.831 
Abbreviations: CDI, coefficient of drug interaction; Reg, regorafenib; Epi, eipirubicin.



TOP2A in hepatocellular carcinoma

5 

Table S12. The CDIs of 160 nM epirubicin in combination with 5 μM Regorafenib in HCC cells
CDI 24 h 48 h 72 h
Huh7 0.981 0.718 0.742 
HepG2 0.772 0.700 0.743 
Huh7-SR 0.908 0.693 0.780 
HepG2-SR 0.993 0.707 0.749 
Abbreviations: CDI, coefficient of drug interaction.

Figure S5. The effect of TOP2A inhibitors combined with regorafenib on cell viability and proliferation. A, B. HepG2-
SR and Huh7-SR cells were exposed in the presence or absence of regorafenib (Reg, 7.5 μM) and doxorubicin (Dox, 
160 nM), The synergistic reaction of doxorubicin and regorafenib was demonstrated by mammosphere formation 
(40 ×). *P <0.05 and **P < 0.01 compared with control group, #P < 0.05, ##P < 0.01 compared with regorafenib 
group. †P < 0.05; ††P < 0.01 compared with siTOP2A treated cells.
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Figure S6. Doxorubicin (Dox) synergizes with Regorafenib (Reg) increases the sensitivity of hepatocellular carci-
noma to regorafenib in vitro. (A, B) Hematoxylin and eosin (H&E) staining (magnification, × 200) (A), and immuno-
histochemistry (IHC) staining (magnification, × 100, × 400) (B) of the tumor.


