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 Background: The objective of this study was to explore the role of SIX1 in paclitaxel (TAX) resistance of HepG2 cells via re-
active oxygen species (ROS) and autophagy pathway.

 Material/Methods: Hepatoma cell line HepG2 was treated with SIX1 knockdown or/and TAX. Cell growth was detected by MTT as-
say and colony formation assay. Cell apoptosis was evaluated with flow cytometry. ROS levels were detected 
using flow cytometry (stained with DCFH2-DA). Western blot was conducted to detect the expression of SIX1 
and autophagy-related proteins.

 Results: TAX suppressed the proliferation of HepG2 cells in a time/dose-dependent manner, and upregulated the expres-
sion of SIX1. SIX1 siRNA increased TAX sensitivity of HepG2 cells and upregulated cell ROS levels. SIX1 siRNA 
combined with TAX treatment activated autophagy of HepG2 cells. N-acetyl-L-cysteine (NAC) partially attenu-
ated SIX1 siRNA-induced ROS level increases, and autophagy inhibitor 3-MA notably enhanced SIX1 siRNA-in-
duced cell apoptosis.

 Conclusions: Knockdown of SIX1 increased cell ROS levels and autophagy, promoted cell apoptosis, and enhanced TAX sen-
sitivity of HepG2 cells.
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Background

Hepatocellular carcinoma (HCC) is one of the most lethal di-
agnosed cancers among humans and the most common type 
of liver cancer in adults [1]. It is reported that about 40,000 
cases are diagnosed and almost one million patients die ev-
ery year [2]. Viral hepatitis infection (both B and C type) and 
cirrhosis are the most prevalent contributors to the develop-
ment of HCC. HCC has a high rate of recurrence and metasta-
sis, especially in non-surgical cases. Surgery is currently con-
sidered the best treatment for HCC, but a majority of patients 
with HCC are not suitable for surgery at the time of diagno-
sis because their liver function cannot withstand the damage 
caused by a major operation [3]. Other available clinical treat-
ments include chemotherapy and radiotherapy, of which che-
motherapy with anti-cancer reagents is the preferred option 
for prognosis [4].

Paclitaxel (Taxol, TAX), originally obtained from the yew tree 
Taxus brevifolia, is one of the most widely applied anticancer 
agents [5]. It is an effective chemotherapeutic agent for the 
treatment of solid tumors occurring in breast, ovarian, pros-
tate, bladder, leukemia, human glioma, and other clinic cas-
es [6–8]. Therefore, TAX combined with other drugs offers a 
promising method for the treatment of HCC. TAX can induce 
cell programmed death by affecting cell assembly and disas-
sembly. Cell cycle is distorted as TAX stabilizes cellular micro-
tubules and blocks mitosis progression, resulting in mitotic in-
hibition and cell apoptosis as well as restraint of cell division 
of mitotic cycle [9,10]. It has been shown that TAX has a close 
relation with the phosphorylation of Bcl-2, which can down-
regulate its anti-apoptotic ability [11]. However, acquired drug 
resistance happens in many patients, which is the core cause 
of chemotherapy failure [12]. Therapies which combine TAX 
with other methods have shown an increased effect in drug 
sensitivity of HCC patients, providing the potential possibility 
for TAX resistance [13]. Many scientists are still conducting re-
search concerning cancer resistance to TAX and other chemo-
therapeutic drugs. However, the inner mechanism of HCC re-
mains unclear, so profound genetic coding investigations are 
in urgent need [14–16].

The sineoculis homeobox homolog 1 (SIX1) gene is a mem-
ber of the SIX class of homeodomain-containing transcription 
factor subfamily, and shares a lysine within the DNA-binding 
helix in the homeodomain [17]. Normally, SIX1 plays a role in 
different organs, including the brain, eyes, ears, and even the 
kidneys [18,19]. SIX1 can promote cell proliferation and surviv-
al rate, and the loss or overexpressing of this gene can cause 
abnormal cell growth [20–22]. Besides, S-T Fan et al. found 
the correlativity between the overexpression of SIX1 and me-
tastasis of HCC cells [14].

All emerging evidences clarified that SIX1 is a potential tar-
get for the clinic treatment of HCC. However, the mechanism 
of SIX1 overexpression with malignant liver tumor has not 
been elaborated. In this investigation, we attempted to dem-
onstrate how SIX1 regulates drug-resistance in HepG2 cells, 
and we expected a comprehensive vision of reactive oxygen 
species (ROS) and autophagy in this process.

Material and Methods

Cell culture and transfection

Human hepatocellular carcinoma cell line HepG2 was purchased 
from the Institute of Cell Biology, at the Chinese Academy of 
Sciences (Beijing, China). HepG2 cells were cultured in Dulbecco’s 
modified Eagles’s medium (DMEM) containing 10% fetal bovine 
serum (FBS) (Gibco, Garlabad, CA, USA) at 37°C with 5% CO2. 
Scramble-siRNA (sense: 5’-AGGTCCTCATTATGACCTGCACTTA-3’; 
antisense: 3’-UCGACCGUGCCUGUUUAU-5’) and SIX1 siR-
NA (sense: 5’- GGAGCUCACAAGGCAAUAU-3’; antisense: 
3’-CCUCGAGUGUUCCGUUAUA-5’) were obtained from Shanghai 
Sangon Biotech Company (Shanghai, China).

The logarithmic growth phase of HepG2 cells were removed 24 
hours before transfection. The cells were digested with tryp-
sin and maintained in complete medium for resuspension, and 
cell suspension system was established. Cells were plated at 
a density of 5×105 cells/well in 6-well plates for 24 hours. The 
original medium was discarded and substituted with fresh bas-
al medium without serum and antibiotics three hours before 
transfection. Transfections were performed with scramble-siR-
NA or SIX1 siRNA at 37°C in 5% CO2 using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA). The medium was replaced with 
complete medium after six-hour transfection.

MTT assay

Cell growth inhibition was determined using MTT (5 mg/mL, 
Sigma-Aldrich, Saint Louis, MO, USA) which evaluated the per-
centage of viable cells. The logarithmic growth phase of HepG2 
cells were collected from a culture flask with 0.25% trypsin. 
Cells were counted and diluted into 105/mL single cell suspen-
sion. They were then seeded in 96-well plates at a density of 
104/well. Cells were treated with increasing concentrations 
of TAX (0 nM, 1 nM, 5 nM, 10 nM, 50 nM, 100 nM). Medium 
(100 μL) and corresponding concentration reagents were add-
ed into the assay well, respectively, and the same volume of 
medium was added into the control well. The cells were incu-
bated with different concentrations of TAX for 12, 24, 36, and 
48 hours. All the groups were incubated at 37°C with 5% CO2. 
After treatment, the supernatant was removed and 20 μL of 
MTT was added to each well. The supernatant was discarded 
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after two-hour incubation without light. Finally, the absor-
bance (490 nm) of 100 μL DMSO crystals was measured us-
ing an ELISA kit (Biotek, Winooski, VT, USA).

Colony formation assay

The logarithmic growth phase of HepG2 cells were collected 
and dispersed into single cell suspensions. Cells were seed-
ed on a six-well plate at a density of 200 cells per well, and 
TAX was added after 24 hours. The incubation was conducted 
at 37°C and 5% CO2 for two to three weeks until it was pos-
sible to be observed with the naked eyes. After the medium 
was discarded, anhydrous methanol was used to fix cells for 
10 minutes, and Giemsa solution was added for staining for 
15 minutes. The number of colonies in each well was count-
ed under a microscope.

Flow cytometry

Cells in divided groups were treated with different concentra-
tions of TAX, washed with pre-cooled phosphate buffered solu-
tion (PBS), and resuspended with 500 μL of buffer. Cell samples 
were stained with 5 μL Annexin V-FITC (BD Biosciences, San 
Jose, CA, USA) at room temperature for 10 minutes. The cells 
were resuspended with Annexin V-FITC combined solution and 
stained with propidium iodide (PI, BD Pharmingen, San Jose, 
CA, USA). Finally, all samples were analyzed by flow cytometry.

ROS analysis

Cellular ROS contents were measured by flow cytometry. 
Prepared cells in divided groups were assembled into cen-
trifuge tubes, digested with 0.25% trypsin (without EDTA). 
10 μM DCFH2-DA (Sigma-Aldrich, St. Louis, MO, USA) was di-
luted with serum-free medium (1: 1,000), and then cultivated 
with cell resuspensions. After incubated at 37°C for 20 min-
utes, the cells were centrifuged, resuspended and washed 
to remove unbound DCFH2-DA. The results were analyzed at 
wavelength of 488 nm.

Western blot

The cell suspension was centrifuged and protein lysate was 
added according to the amount of precipitated cells. Protein 
concentration measurement was conducted with bicinchonin-
ic acid (BCA) Kit (#232257, Pierce, Rockford, IL, USA). Proteins 
were subjected to electrophoresis, separated by sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to nitrocellulose (NC) membrane. After be-
ing blocked for one hour at room temperature, the NC mem-
brane was incubated with the primary antibody at 4°C over-
night. Fluorescent secondary antibody diluted with blocking 
solution at 1: 5,000 was added to the membranes, incubated 

for one hour before the participation of the enhanced chemi-
luminescence (ECL, Thermo Scientific Pierce, Rockford, IL, USA). 
Images were obtained by Odyssey scanning. b-Actin was tak-
en as the internal reference. Primary antibodies included an-
ti-SIX1 antibody (#37910, 1: 1,000, Abcam, Cambridge, MA, 
USA), b-Actin (#A5441, 1: 4,000, Sigma-Aldrich, St. Louis, MO, 
USA), LC3 (1: 1,000; Abcam, ab62721), p62 (#12-1107, 1: 1,000; 
American Research Product, Belmont, MA, USA).

Statistical analysis

Experimental results were analyzed with Graph Pad Prism 5 
software (GraphPad Software Inc., CA, USA). All data were per-
formed in mean ± standard deviation, with comparisons be-
tween groups using t-test or one-way ANOVA test. A p value 
of <0.05 was regarded as statistically significant.

Results

TAX inhibited growth of HepG2 cells and upregulated the 
expression of SIX1

MTT assay results showed that TAX inhibited the proliferation 
of HepG2 cells in a dose and time dependent manner. At 12 
hours and 24 hours, HepG2 cells treated with 10 nM, 50 nM, 
and 100 nM TAX showed significantly higher cell growth in-
hibition than 0 nM (p<0.05). Interestingly, at 36 hours and 
48 hours, there was no significant difference between any 
dose treatments of TAX. Besides, the cell growth inhibito-
ry effects of TAX increased significantly compared with each 
previous time point (p<0.05, Figure 1A). In addition, western 
blot results demonstrated that the expression levels of SIX1 
in HepG2 cells was higher after treated with TAX. Specifically, 
cells treated with 1 nM, 5 nM, 10 nM, 50 nM, and 100 nM TAX 
showed higher SIX1 expression than those treated with no TAX 
(p<0.05). However, there was no significant difference among 
each concentration (the expression level was detected at 36 
hours, Figure 1B). Besides this, the upregulation of SIX1 expres-
sion was observed to be time-dependent. However, there was 
no significant difference on SIX1 expression at different time 
points (cells were treated with 10 nM TAX, p<0.05, Figure 1C).

SIX1 siRNA increased TAX sensitivity of HepG2 cells

Western blot revealed that the expression of SIX1 significantly 
decreased in HepG2 cells transfected with SIX1 siRNA (72 hours) 
(p<0.05, Figure 2A). MTT assay and colony formation assay also 
showed an obvious cell viability reduction and proliferation in-
hibition in the SIX1 siRNA or/and TAX groups compared to the 
control group (p<0.05). More specifically, cell growth rate and 
number of colonies in siRNA+TAX group had a notably decline 
compared with those in siRNA group and TAX group (p<0.05, 
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Figures 2B, 3). Similarly, flow cytometry results displayed a re-
markable ascending cell apoptosis level in SIX1 siRNA or/and 
TAX group compared with the control group (p<0.05). More 
specifically, si-SIX1+TAX group cells showed a significantly 
higher apoptotic ratio than single treatment group (SIX1 siR-
NA group and TAX group) (p<0.05, Figure 4).

SIX1 siRNA upregulated cell ROS level and suppressed cell 
proliferation

The treatment of SIX1 siRNA or/and TAX (siRNA or/and TAX 
groups) significantly increased the ROS level of HepG2 cells 
compared with the control group (p<0.05), whereas the addi-
tion of N-acetyl-L-cysteine (NAC, control+NAC group) did not 

evidently alter the ROS level within HepG2 cells. NAC is com-
monly used to identify and test ROS inducers, and to inhibit 
ROS. Interestingly, after NAC was added into SIX1 siRNA or/and 
TAX group, the promotion effect of SIX1 siRNA or/and TAX on 
cell ROS level was significantly reversed (p<0.05, Figure 5A). 
In terms of the proliferation alteration of HepG2 cells, NAC 
(control+NAC group) remarkably increased the number of col-
onies (p<0.05), whereas SIX1 siRNA or/and TAX groups wit-
nessed obvious decrease in the number of colonies. Similarly, 
the addition of NAC (NAC+siRNA or/and TAX groups) notably 
reversed the suppression effect of SIX1 siRNA or/and TAX on 
the number of colonies (p<0.05, Figure 5B).
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Figure 1.  TAX disturbed the proliferation of HepG2 and affected SIX1 expression. (A) The cell growth inhibition of HepG2 cells in 
different groups treated with different doses of TAX; * p<0.05 compared with the previous time, # p<0.05 compared with 0 
nM group. (B) The expression of SIX1 in HepG2 cells treated with different concentrations of TAX; * p<0.05 compared with 0 
nM group. (C) The expression of SIX1 in HepG2 cells treated with 10 nM TAX at different time points; * p<0.05 compared with 
control group.
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Figure 2.  SIX1 siRNA and/or TAX treatment reduced the growth of HepG2 cells. (A) SIX1 siRNA transfection resulted in significantly 
lower expression of SIX1 in HepG2 cells; * p<0.05 compared with control group. (B) Growth of HepG2 cells in different 
groups. MTT assay saw obvious cell viability reduction in the SIX1 siRNA, TAX, and si-SIX1+TAX groups compared to control 
group; * p<0.05 compared with control group, # p<0.05 compared with SIX1 siRNA group, & p<0.05 compared with TAX group.
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SIX1 siRNA combined with TAX promoted the autophagy 
and apoptosis of HepG2 cells

Western blot analysis showed that with the interference of SIX1 
expression or/and TAX treatment, the expression of LC3-I in 
HepG2 cells decreased and the expression of LC3-II increased 
significantly (p<0.05). Meanwhile, the expression level of 
p62 notably declined in cells treated with TAX or si-SIX1+TAX 

(p<0.05, Figure 6A, 6B). In addition, flow cytometry results 
showed that SIX1 siRNA or/and TAX treatment was able to 
upregulate cell apoptosis levels (p<0.05), whereas the sup-
plementation of cell autophagy inhibitor 3-MA alone did not 
alter the apoptosis level in HepG2. On the contrary, the com-
bination of 3-MA and SIX1 siRNA or/and TAX significantly in-
creased cell apoptosis ratios in HepG2 cells (p<0.05, Figure 7).
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Figure 3.  SIX1 siRNA and/or TAX treatment reduced HepG2 clone formation. (A) Colony formation results display the colony formation 
of HepG2 cells in different groups. (B) Column diagram showing the colony formation results of HepG2 cells in different 
groups. Colony formation assay results showed that SIX1 siRNA, TAX, and si-SIX1+TAX group cells had fewer colonies than 
control cells. Moreover, si-SIX1+TAX group cells showed a significantly smaller number of colonies than SIX1 siRNA group and 
TAX group cells; * p < 0.05 compared with control group, # p<0.05 compared with SIX1 siRNA group, & p<0.05 compared with 
TAX group.
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Discussion

SIX1 protein expression is a critical indicator in the prognosis 
of HCC [23,24]. Western blot assays have demonstrated that 
the treatment of TAX can promote SIX1 protein levels and 
suppress HepG2 cell development. Accumulated studies have 

shown that treatments for other tumors by inhibiting the tran-
scription of SIX1 also have a significant effect on TAX sensitiv-
ity enhancement and cell proliferation control [25–27]. Other 
indicators such as MTT assay, colony formation assay and flow 
cytometry have also shown that cell viability was affected to 
varying extents by SIX1 siRNA combined with TAX. Further, 
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statistical analyses have verified the significant differences 
between SIX1 siRNA or/and TAX group and the control group.

The inhibition of TAX on cell growth was in a time- and dose-
dependent manner. No sign of restraint in cell proliferation 
was seen in the control group (which was regarded as 0%). 
Statistical analysis revealed that TAX suppressed the prolifer-
ation of HCC cells. Similar results were found in HCC cells Bel-
7402, HLE and L-02 treated with TAX [28]. In addition, with the 
TAX treatment in HepG2, SIX1 in HCC showed a high expres-
sion. Li et al. also reported that SIX1 expression was closely re-
lated with chemo-resistance of breast cancer, and that higher 
SIX1 expression indicating stronger resistance to TAX [29]. In 

this case, we can assume that drug-resistance in HCC is close-
ly associated with SIX1 expression.

At the genetic level, transfection with SIX1 siRNA induced a 
dramatic shift on relative protein expression of SIX1. MTT as-
say revealed that SIX1 siRNA treatment combined with TAX 
impaired cell activity significantly. Consistent outputs were ob-
tained from colony formation and flow cytometry, indicating 
weaker competence of metastasis and greater tendency for 
cell apoptosis respectively. In other experiments, similar results 
were collected and demonstrated that the tumor growth inhi-
bition was related to SIX1 absence [27,30].
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Figure 7.  Inhibition of cell autophagy promoted cell apoptosis caused by SIX1 siRNA transfection. (A) Flow cytometry was conducted 
to determine the cell apoptosis of HepG2 cells in different groups. (B) The percentage of apoptotic cells in HepG2 cells 
in different groups shown in a column diagram. SIX1 siRNA, TAX and combination treatment appears to upregulate cell 
apoptosis level. The combination of 3-MA and SIX1 siRNA or/and TAX significantly increased cell apoptosis ratio in HepG2 
cells; * p<0.05 compared with 3-MA-free groups, # p<0.05 compared with control group.
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Cell ROS data obtained via flow cytometry showed the inhibi-
tion of cell proliferation. ROS are unfavorable results of cellular 
aerobic respiration and metabolism, which usually are inhibit-
ed by the enzyme system of our body [31]. Once an imbalance 
of ROS and antioxidant systems occurs, oxidative stress is in-
duced, leading to negative impacts on cell proliferation [32]. 
In our study, flow cytometry showed that ROS level in HepG2 
remarkably increased after the treatment of siRNA, TAX or 
both, especially in siRNA+TAX group. However, the addition 
of NAC in siRNA+TAX group reduced ROS levels, significantly. 
Accordingly, severe oxidative stress induced by high ROS lev-
el significantly inhibited HepG2 cell growth and the inhibitory 
effect was reversed by NAC. These outcomes verified our as-
sumption that SIX1 affects TAX by up-regulating ROS in HepG2.

Cell apoptosis and autophagy level are always a concern in 
cancer therapy research [33–35]. Western blot analysis of cell 
autophagy protein demonstrated that LC3-I and LC3-II experi-
enced different trends after combined treatment, indicating a 
conversion form LC3-I to LC3-II. Previous research has shown 
that protein involved in autophagy produces a pro-apoptosis 
protein fragment and plays a role in the mitochondrial apop-
tosis pathway [36]. On the other hand, suppressing cell au-
tophagy may be another option for regaining sensitivity to 
TAX. Flow cytometry results demonstrated that SIX1, TAX and 
combination treatment could all promote apoptosis in HCC, 
and the apoptosis level could be enhanced with the addition 
of cell autophagy inhibitor 3-MA.

SIX1 is an important gene in regulating cell proliferation. Several 
studies have discussed its influence on cancer cell growth, but 
fewer have concentrated on the interaction between SIX1 and 
HCC proliferation. In this study, we first assessed the impact of 
SIX1 in TAX resistance and then used various experiments to 
establish the inner mechanisms of this process. We also con-
ducted different experiments with SIX1 expression on or off, 
proving SIX1 plays a key role in regulating cell apoptosis and 
autophagy as well as affecting the chemo-sensitivity in HCC. 
However, the exact molecular interactions were not elucidat-
ed and specific statistical quantitative correlations were not 
addressed. Besides, in vivo experiments are needed for more 
convincing conclusions. In order to fully understand the inter-
action of SIX1 and paclitaxel treatment in HCC, further research 
acquiring more data needs to be conducted.

Conclusions

In conclusion, the combined treatment using SIX1 siRNA and 
paclitaxel showed a promising prognosis in HCC. Therapy tar-
geting SIX1 may be a promising potential clinical treatment 
in overcoming drug resistance.
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