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Six2 regulates the malignant progression and 5-FU resistance of hepatocellular 
carcinoma through the PI3K/AKT/mTOR pathway and DNMT1/E-cadherin 
methylation mechanism 
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This study focuses on exploring the role of Six2 in the progression of hepatocellular carcinoma (HCC) and its resistance 
to the chemotherapy drug 5-fluorouracil (5-FU). Using Hep3B and Huh7 cell lines, we analyzed how Six2 affects various 
cellular functions, including viability, proliferation, apoptosis, and invasion. Our research also delved into Six2’s regula-
tory impact on DNMT1 levels, E-cadherin expression, and the methylation of the E-cadherin promoter, all of which are 
crucial for 5-FU resistance in HCC cells. Additionally, we examined the effects of Six2 knockdown on the PI3K/AKT/mTOR 
signaling pathway. Our findings indicate that overexpression of Six2 enhances cell viability and proliferation, encourages 
invasive behavior, increases methylation at the E-cadherin promoter, and reduces apoptosis. These changes correspond with 
increased levels of DNMT1 and decreased levels of E-cadherin, culminating in heightened resistance to 5-FU. Conversely, 
knocking down Six2 increases the sensitivity of HCC cells to 5-FU and reduces activation of the PI3K/AKT/mTOR pathway. 
These results suggest that Six2 plays a significant role in promoting HCC proliferation, invasion, and chemotherapy resis-
tance, particularly through mechanisms involving DNMT1 and the PI3K/AKT/mTOR pathway, highlighting its potential 
as a target for HCC treatment.
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Liver cancer is a prevalent malignancy globally, with 
approximately 841,000 new cases reported annually [1]. 
Hepatocellular carcinoma (HCC), the primary form of liver 
cancer, ranks as the sixth most common cancer worldwide 
[2]. Early-stage HCC is typically asymptomatic, which often 
leads to delayed diagnosis and presentation at an advanced 
stage, precluding curative surgical intervention as with 
pancreatic cancer [3]. Thus, surgical resection, adjuvant 
radiotherapy, and comprehensive therapy are the primary 
treatments for HCC at present [4]. However, the highly 
aggressive nature and high recurrence rate of HCC result in a 
significant mortality rate of up to 8.2% [5, 6]. For advanced, 
unresectable HCC, chemotherapy with 5-fluorouracil (5-FU) 
is occasionally selected [7]. However, the therapeutic efficacy 
of 5-FU is not entirely satisfactory, necessitating further 
exploration of its mechanism to enhance its therapeutic 
outcomes. Six2 (SIX homeobox 2, gene ID: 10736) encodes a 
homeodomain transcription factor and has been confirmed 

to be critical for embryonic growth and differentiation 
[8–10]. Additionally, Six2 regulates both the proliferation 
(self-renewal) and differentiation of nephron progenitor cells 
during kidney organogenesis [11]. Gene expression pattern 
and cellular processes that regulate the process of embryo-
genesis and embryonic development frequently play crucial 
roles in tumorigenesis [12, 13]. Therefore, it is not surprising 
that Six2 is frequently aberrantly activated in tumors. Six2 
is intricately involved in the pathogenesis and progression 
of several malignancies, such as colorectal cancer (CRC) 
[14], Wilms’ tumor [15], and clear cell renal cell carcinoma 
[16]. Our previous investigations revealed a strong correla-
tion between elevated Six2 expression in HCC with poor 
prognosis and decreased sensitivity to 5-FU therapy [4]. 
However, its molecular mechanisms and functions in vivo are 
not yet fully understood. Furthermore, recent research has 
uncovered the role of Six2 in promoting epithelial-mesen-
chymal transition (EMT) in HCC [17].
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E-cadherin, the epithelial marker of EMT, acts as a tumor 
suppressor via inhibiting tumor metastasis and enhancing 
stemness [18]. We demonstrated that Six2 negatively 
modulates E-cadherin levels by promoting its promoter 
methylation in HCC, a finding later confirmed in non-small 
cell lung cancer [4, 19]. Methylation of DNA occurs when a 
cytosine residue is methylated within a cytosine-phosphate-
guanine (CpG) site [20]. Genomic DNA in mammals is 
mainly methylated by DNA methyltransferases, including 
DNMT1, DNMT3α, and DNMT3β [21]. The research 
indicates that targeting the PI3K/Akt/mTOR pathway may 
represent a promising therapeutic approach for HCC [22]. In 
this study, we primarily investigated the role of Six2 in HCC 
cell proliferation, invasion, and resistance to 5-FU, as well as 
the underlying molecular mechanisms related to E-cadherin 
expression and the PI3K/Akt/mTOR signaling pathway. 
Elucidating these aspects is crucial for a comprehensive 
understanding of HCC pathogenesis and contributes to the 
development of innovative and potent therapeutic targets for 
HCC.

Materials and methods

Cell culture. The liver cancer cell lines Hep3B and Huh7 
were procured from the Chinese Academy of Sciences. Cells 
were maintained in a 37 °C incubator with 5% CO2. Hep3B and 
Huh7 cells were kept in DMEM medium (cat. no.12430054, 
Gibco), which contained 10% FBS (cat. no.10100147, Gibco) 
and 1% penicillin/streptomycin (cat. no.15070063, Gibco). 
Cells were treated with 5-FU (cat # S1209, Selleck) at final 
concentrations of 0 µM, 6 µM, and 9 µM for 24 h [23]. SC79 
(SF2730, Beyotime) was applied at a final concentration of 8 
µg/ml for 24 h according to the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction 
(qPCR). To extract total RNA, 1 ml of TRIzol (cat. no. 
R1030, Beijing Applygen Technologies Inc.) was added to 
the cell pellet of the sample to enable effective cell lysis and 
RNA separation. Then, the quality of the extracted RNA was 
measured using a NanoDrop 2000. Next, RNA was reversely 
transcribed into cDNA by utilizing a Promega M-MLV kit 
(cat. no. M1705), which facilitates downstream quantita-
tive PCR. KAPA SYBR FAST qPCR kit (Kapa Biosystems) 
was utilized as the quantitative PCR reaction system, in 
conjunction with SimpliAmp™ PCR System, to determine 
the relative mRNA expression. Six2 upstream primer: 
GCACAACCCCTACCCTTCAC,  downstream  primer: 
TCTCGTTGTTCTCCCTTTCCTT;  DNMT1  upstream 
primer:  CCGACTACATCAAAGGCAGC,  downstream 
primer:  AGGTTGATGTCTGCGTGGTA;  E-cadherin 
upstream  primer:  ATTTTTCCCTCGACACCCGAT, 
downstream  primer:  TCCCAGGCGTAGACCAAGA; 
GAPDH upstream primer: CCAGGTGGTCTCCTCTGA, 
downstream primer: GCTGTAGCCAAATTCGTTG.

Western blot. Protein quantification in liver cancer 
cell lines and hepatocytes was performed using the BCA 

method (cat. no. 23225, Thermo Fisher). Subsequently, 
5 μg of protein was separated using 2× SDS sample buffer 
on 12% SDS-acrylamide gels, followed by a transfer onto 
PVDF membranes. These membranes were incubated for 
12 h with primary antibodies against Six2 (18596, 1:1000, 
CST), DNMT1 (5032, 1:1000, CST), E-cadherin (14472, 
1:1000, CST), mTOR (ab134903, 1:10000, Abcam), AKT 
(60203-2-Ig, 1:5000, Proteintech), PI3K (20584-1-AP, 1:1000, 
Proteintech), p-mTOR (ab109268, 1:1000, Abcam), p-AKT 
(66444-1-Ig, 1:5000, Proteintech), p-PI3K (ab278545, 0.5 
µg, Abcam), GADPH (ab8245, 1:1000, Abcam), and β-actin 
(60009-1-Ig, 1:1000; Proteintech) in the presence of 5% 
non-fat milk, followed by the incubation with secondary 
antibodies conjugated with horseradish peroxidase. The 
immunoreactive bands were detected using a specific ECL 
kit (P0018S, Beyotime) and an Odyssey Scanning System.

Immunofluorescence. Cells were plated in a 35 mm 
dish suitable for confocal microscopy and cultured for 48 h. 
They were then fixed with 4% paraformaldehyde for 20 min, 
followed by permeabilization with 0.5% Triton X-100 for 20 
min, and then blocked with 3% BSA for 1 h. After overnight 
incubation at 4 °C with anti-Six2, anti-DNMT1, or anti-E-
cadherin antibody, cells were treated with fluorescein-conju-
gated secondary antibodies (cat. no. A28175 and A27039, 
ThermoFisher Scientific) for 2 h. The cells were stained with 
DAPI (cat. no. D1306, ThermoFisher Scientific) for 10 min 
before being observed with a Carl Zeiss LSM 510 META 
confocal microscope.

Vector construction and lentiviral infection. We 
commissioned Anernor Inc (Guangzhou, China) to 
construct lentiviral vectors (LV3) for Six2 overexpression 
(OE-Six2, GeneBank ID: NM_016932.5) and Six2 knock-
down (KD-Six2), which were confirmed by DNA sequencing. 
Hep3B and Huh7 cells were transduced with lentiviral vectors 
at an MOI of 10, followed by the collection of the transduced 
cells 96 h post-transduction for assessment of transduc-
tion efficiency via qPCR and western blot. The knockdown 
sequence design was as follows: KD1- Six2: GCGAG-
CACCTTCACAAGAATG; KD2- Six2: GCACCTTCA-
CAAGAATGAAAG; KD3- Six2: ACAAGATCCTGGAGA-
GCCACC; KD-NC: TTCTCCGAACGTGTCACGT.

CCK-8 assay. Hep3B and Huh7 cells were seeded in 96 
well plates and incubated for a period of 5 consecutive days 
in a CO2 incubator maintained at 37 °C. Following this, each 
well was treated with 10 μl of CCK-8 reagent (cat. no. 96992, 
St. Louis, MO, USA) and incubated for 3 h before measuring 
the OD values at 450 nm via a Spectrafluor microreader plate 
(Molecular Devices, LLC). The aforementioned experimental 
protocol was replicated three times for the sake of validating 
the results.

The half-maximal inhibitory concentration (IC50) assay. 
The Hep3B and Huh7 cells were seeded into 96-well plates at 
an appropriate density and incubated at 37 °C in a humidi-
fied atmosphere with 5% CO2 for 24 h. After attachment, the 
cells were treated with various concentrations of 5-FU (0, 
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2, 4, 8, 16, 32, and 64 μM) and incubated for an additional 
24 h. Following drug treatment, 10 μl of CCK-8 reagent (cat. 
no. 96992, St. Louis, MO, USA) was added to each well and 
incubated for 3 h. The absorbance at 450 nm was measured 
using a microplate reader (Spectrafluor, Molecular Devices, 
LLC). Cell viability inhibition was calculated as a percentage 
relative to the untreated control group. IC50 of 5-FU was 
determined using non-linear regression analysis performed 
with GraphPad Prism software (v9.0). Each experiment was 
repeated three times independently to ensure reproducibility 
of the results.

Colony formation assay. Hep3B and Huh7 cell lines were 
seeded in 6-well plates. The medium was replaced every 3 
days, followed by regular observation of the cell growth. 
After 14 days, each well was fixed with 4% paraformaldehyde 
(1 ml) for 45 min. Subsequently, cells were washed once with 
PBS, followed by staining with 500 μl GIEMSA dye solution 
for 20 min. We enumerated the number of discernible 
colonies through visual inspection.

Apoptosis analysis. To determine the apoptotic fractions 
of Hep3B and Huh7 cells, Annexin V and PI staining was 
performed via a commercial kit (cat. no. V13241; Thermo 
Fisher Scientific). Following two PBS washes, cells were 
centrifuged at 300×g for 5 min. The resultant pellet was 
suspended in 195 μl of Annexin V-FITC/PI binding buffer, 
which was subsequently supplemented with 5 μl of Annexin 
V-FITC and 10 μl of PI. The cells were incubated in the dark 
for 30 min, then washed and suspended for flow cytometric 
(CytoFLEX; BECKMAN) analysis to evaluate apoptosis. The 
minimum event count per sample was set to 10,000, and 
acquisition stopped when the sample volume was depleted.

Wound healing assay. Specifically, 1×105 cells/well were 
seeded in 24-well culture plates with a confluence of approxi-
mately 90%. Next, a scratch was created using a scratcher (cat. 
no. VP408FH, VP Scientific, Inc.), followed by rinsing each 
well three times with PBS. Scratch pictures were captured 
at 0, 24, and 48 h. ImageJ software was used to quantify the 
width of the gap. The healing rate was calculated: (healing 
area at 0 h – healing area at 24/48 h) / healing area at 0 h.

Cell invasion assay. The invasion ability of Hep3B and 
Huh7 cells was assessed using a Transwell kit (cat. no. 3422; 
Corning). Specifically, 100 μl of diluted Matrigel was added 
to the top chamber and allowed to solidify at 37 °C. Then, 
5×104 cells were added to the top chamber, while 0.5 ml 30% 
FBS medium was added to the bottom chamber. Following 
a 48 h incubation period at 37 °C, the invaded cells on the 
bottom chamber were stained using 0.5% crystal violet 0.5 
h, followed by rinsing the chamber with PBS. Subsequently, 
images of six random fields per group were captured via a 
microscope (Leica Camera AG).

Primers for bisulfite sequencing PCR (BSP). BSP 
primers targeting the promoter region of the E-cadherin 
gene were designed by retrieving the sequence from the 
UCSC database (https://genome-asia.ucsc.edu/) and input-
ting it into the MethPrimer software. Following preliminary 

experiments with multiple primer pairs, the sequences of the 
chosen primers were established: forward primer (BSP-F): 
TTTAGTAATTTTAGGTTAGAGGGTTAT, and reverse 
primer (BSP-R): AAACTCACAAATACTTTACAATTCC. 
DNA extraction was performed using the TIANamp 
Genomic DNA Kit from Tiangen Biotech. After extraction, 
the genomic DNA (3 µg) was diluted to 50 µl with nuclease-
free water and treated with NaOH to a final concentration of 
0.2 M for denaturation at 42 °C for 30 min. This was followed 
by the addition of 30 µl of 10 mM hydroquinone and 520 µl 
of 3 M sodium bisulfite (pH 5.0), gently mixed and then 
overlaid with 200 µl of mineral oil to prevent evaporation and 
oxidation. The mixture was incubated at 50 °C in the dark for 
16 h. The bisulfite-modified DNA was then purified using a 
column purification kit and eluted in 50 µl of nuclease-free 
water to determine the DNA concentration. For PCR ampli-
fication, an optimized reaction system was employed with a 
total volume of 50 µl, comprising 0.25 µl TaKaRa EpiTaq HS 
(5 U/μl), 5 µl 10× EpiTaq PCR Buffer (Mg2+ free), 5 µl 25 mM 
MgCl2, 100 ng of bisulfite-treated DNA template, 20 pmol of 
each primer (F and R), 4 µl of dNTP mix (each 2.5 mM), 
and sterile water up to volume. The PCR program consisted 
of an initial denaturation at 98 °C for 2 min, followed by 
35 cycles of 98 °C for 10 s, 55 °C for 30 s, and 72 °C for 30 
s, with a final extension at 72 °C for 2 min. The amplified 
products were separated by agarose gel electrophoresis, and 
the gel slices containing the target DNA fragments were 
excised and subjected to a gel recovery step. The recovered 
amplification fragments were then ligated into the T-vector 
for cloning. The clones were identified through colony PCR 
and sequencing to ensure a minimum of 5 valid sequencing 
datasets for each sample. Finally, data analysis and graphical 
representation were conducted to present and interpret the 
experimental results.

Methylation-specific PCR (MSP). The DNA samples 
underwent bisulfite conversion using the QIAamp EpiTect 
Fast DNA Bisulfite kit (QIAGEN, cat. no. 59824). E-cadherin 
methylation forward primer: GGTTGGGTAATATAGGGA-
GATATAGC; reverse primer: TCGAACTCCTAAACT-
CAAACGAT. E-cadherin unmethylation upstream primer: 
TGGGTAATATAGGGAGATATAGTGT,  downstream 
primer: CCTCAAACTCCTAAACTCAAACAAT.

Chromatin immunoprecipitation (ChIP). The Pierce 
Magnetic ChIP Kit (cat. no. 26157, ThermoFisher Scientific) 
was used to perform ChIP. In brief, 2×106 cells were cross-
linked with formaldehyde, harvested, and then subjected 
to MNase treatment and sonication. DNMT1 antibody was 
added, and Protein A and G conjugated magnetic beads 
were used to recover the protein-chromatin complex. Real-
time PCR was performed on eluted DNA using E-cadherin 
promoter-specific primers (forward: 5’-GGGAGTCCCA-
CAACAGCATA-3’; reverse: 5’-TTCCCTAGGTCAGGAC-
CACC-3’). Subsequently, agarose gel electrophoresis was 
conducted, and images were acquired using a Tanon 1600 
Gel Image Processing System.
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day 7, mice were intravenously injected with 100 µl of 5-FU 
(500 mg/kg/mouse/day) via the tail vein for seven consec-
utive days [27]. Mice were sacrificed on day 15 through 
cervical dislocation following anesthesia (lidocaine, 4 mg/kg, 
intraperitoneal injection). Tumors were then photographed 
and categorized according to their respective groups.

Ethical statement. This study was approved by the Ethics 
Committee of Haikou People’s Hospital, located in Haikou, 
Hainan, China (Approval number: 2019-(Lunshen-016). All 
animal experiments were conducted in compliance with the 
ARRIVE guidelines and should be carried out in accordance 
with the U.K. Animals (Scientific Procedures) Act, 1986, and 
associated guidelines.

Statistical analysis. The normality of distribution was 
assessed using Kolmogorov-Smirnov testing to deter-
mine whether variables were parametric or nonpara-
metric. Parametric comparisons between two groups were 
performed using an unpaired Student’s t-test, while multiple 
parametric comparisons were conducted using one-way 
ANOVA followed by Tukey’s post hoc test. Nonparametric 
variables were analyzed using Mann-Whitney U testing. A 
p-value less than 0.05 was considered statistically significant.

Results

Successfully constructed Six2 overexpressing and 
silenced HCC cells. In our prior investigation, we validated 
that heightened Six2 expression led to reduced E-cadherin 
expression through promoter methylation, specifically in 
HCC [28]. To investigate Six2’s role in HCC, we utilized 
lentivirus-mediated knockdown and overexpression in 
Hep3B and Huh7 cells, confirming transfection efficiency via 
qPCR and western blot analysis. The results indicated that we 
successfully silenced and overexpressed Six2 in Hep3B and 
Huh7 cells (Figures 1A, 1B).

Six2 promoted the progression of HCC cells. Upregu-
lation of Six2 increased the viability of HCC cells, while 
silencing of Six2 markedly suppressed viability in both Hep3B 
and Huh7 cells (Figure 2A). Furthermore, overexpression of 
Six2 dramatically enhanced the proliferation rate of Huh7 
and Hep3B cells, whereas knockdown of Six2 resulted in a 
significant reduction of proliferation rate (Figure 2B). To 
further estimate the Six2 effect on apoptosis in HCC cells, 
flow cytometry assays were conducted. The results showed 
that overexpression of Six2 pronouncedly reduced the 
apoptosis rate of Hep3B and Huh7 cells, whereas silencing 
of Six2 significantly promoted apoptosis (Figure  2C). The 
scratch assay revealed that the overexpression of Six2 
contributed to a significant reduction in scratch width with 
an increase in healing rate on Huh7 and Hep3B cells, whereas 
Six2 silencing led to a notable widening of scratch width and 
a decrease in healing rate 48 h post-scratching (Figure 3A). 
Furthermore, the upregulation of Six2 remarkably enhanced 
cell invasion in Hep3B and Huh7 cells, while its knockdown 
significantly impeded invasion (Figure 3B).

In vivo experiments in nude mice. All animal experi-
ments were conducted in compliance with the ARRIVE 2.0 
guidelines [24] and should comply with the U.K. Animals 
(Scientific Procedures) Act, 1986, and associated guide-
lines [25]. Efforts were made to minimize the number of 
animals used and to mitigate their suffering in line with 
these guidelines. Nude mice purchased from Hunan Slake 
Jingda Experimental Animal Co., Ltd, eighteen male BALB/c 
nude mice aged 6–8 weeks, were divided into three groups, 
with housing randomized across different cage locations 
to control for environmental factors. Each group received 
injections of Huh7 cells, with six mice per group. Cells were 
prepared into cell suspensions after 96 h post-culture, and 
100 µl containing 1×106 cells were subcutaneously injected 
into the right dorsal side of the nude mice [26]. Tumor length 
and width were measured every three days using calipers. 
Tumor volume was calculated and recorded according to the 
formula: Volume = Length × Width2 × 0.52. When tumor 
volumes reached 20 mm³, which typically occurred around 

Figure 1. Successfully constructed Six2-overexpressing and -silenced 
HCC cells. Transfection efficiency of Six2 knockdown and overexpression 
lentivirus assessed by qPCR (A) and western blot (B). Grayscale analysis 
was conducted using ImageJ software. All experiments were performed 
with three biological replicates. Means ± SD **p<0.01, ***p<0.001.
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Six2 promoted the promoter methylation of E-cadherin 
by targeting DNMT1. This study explored the effect of Six2 
on the expression of DNMT1 and E-cadherin in HCC cells. 
Overexpression of Six2 significantly increased DNMT1 
expression, whereas its silencing decreased DNMT1 expres-
sion in Hep3B and Huh7 cells (Figures 4A, 4B). Conversely, 
E-cadherin expression was notably reduced in response 
to Six2 overexpression but markedly increased upon Six2 
silencing in both cell lines (Figures 4A, 4B). Furthermore, we 
examined the alterations in DNA methylation levels within 
the E-cadherin promoter region using BSP and MSP assays 
in Huh7 cells transfected with Six2-knockdown and -overex-
pression lentivirus. CG pairs within the E-cadherin promoter 
region were substantially hypomethylated in Six2-knock-

down Huh7 cells, whereas they were hypermethylated in 
Six2-overexpression Huh7 cells (Figures 4C, 4D). Moreover, 
we evaluated the in vitro relevance of DNMT1 binding to 
the E-cadherin promoter regulated by Six2 via the ChIP 
assays. Notably, we observed a decrease in DNMT1 binding 
in response to Six2 knockdown in the E-cadherin promoter 
(Figure 4E).

Six2 overexpression enhances resistance to 5-FU in 
HCC cells. After transfecting Huh7 and Hep3B cells with 
Six2-overexpression and negative control vectors, we treated 
them with 5-FU at concentrations of 0 µM, 6 µM, and 9 µM. 
Results from the colony formation assay revealed that the 
number of colonies in the Six2-overexpression group was 
significantly higher than that in the negative control vector 

Figure 2. Six2 promoted the growth and proliferation of HCC cells. Hep3B and Huh7 cells were transfected with Six2-knockdown and -overexpression 
lentivirus vectors. A) The viability of Hep3B and Huh7 cells was detected by CCK-8 assay. B) The proliferation ability of Hep3B and Huh7 cells was 
determined by colony formation assay. C) Representative dot plots of cell apoptosis in Hep3B and Huh7 cells. All experiments were performed with 
three biological replicates. Means ± SD ***p<0.001.
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group (OE-NC) under 0 µM, 6 µM, and 9 µM 5-FU treat-
ments (Figure 5A). Flow cytometry assays revealed that the 
apoptosis rate in the Six2-overexpression group was signifi-
cantly lower than in the OE-NC group across all 5-FU treat-
ments (Figure 5B). These findings suggest that Six2 overex-
pression augments resistance to 5-FU in Huh7 and Hep3B 
HCC cells. The IC50 assay results demonstrated that in both 
Huh7 and Hep3B cells, the IC50 values of the Six2-overex-
pression group were significantly higher than those of the 
OE-NC group (Figure 5C), indicating that Six2 overexpres-
sion significantly reduced the inhibitory effect of 5-FU on 
cell proliferation.

Inhibition of Six2 expression enhances the effect of 
combined Six2 knockdown and 5-FU treatment on HCC 
cells in nude mice. Xenograft studies showed that tumor 
volume was significantly reduced in the two Six2-silenced 
groups (KD1-Six2+5-FU and KD2-Six2+5-FU) compared 
to the negative control group (NC-KD+5-FU) (Figure 6). 

These findings suggest that Six2 knockdown may enhance 
the inhibitory effect of 5-FU on HCC cells in vivo.

Six2 knockdown inhibits HCC cell proliferation and 
invasion by suppressing the PI3K/Akt/mTOR pathway. 
Western blot analyses showed that Six2 silencing (KD1-Six2 
and KD2-Six2) significantly reduced the expression of 
p-AKT/AKT, p-PI3K/PI3K, and p-mTOR/mTOR proteins 
in Huh7 and Hep3B cells, compared to the negative control 
group (NC-KD) (Figure 7A). Additionally, SC79 (an Akt 
activator) was able to reverse the inhibitory effect on colony 
formation (Figure 7B) and the number of invasive cells 
(Figure 7C) induced by Six2 silencing.

Discussion

Despite substantial advancements in understanding 
HCC molecular and signaling pathways, effective early 
diagnostic methods and targeted therapies for this disease 

Figure 3. Six2 accelerated the migration and invasion of HCC cells. Hep3B and Huh7 cells were transfected with Six2-knockdown and -overexpression 
lentivirus vectors. A) The migration ability of Hep3B and Huh7 cells was detected by scratch experiments. B) The invasion ability of Hep3B and Huh7 
cells was evaluated by the Transwell invasion assay. All experiments were performed with three biological replicates. Means ± SD *p<0.05, **p<0.01, 
***p<0.001.
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remain limited. Consequently, the incidence and mortality 
rates associated with HCC continue to rise annually. [6] 
The combined regimen of 5-FU and oxaliplatin has long 
been considered the standard treatment for CRC and HCC. 
However, drug resistance observed in a subset of patients 
limits its therapeutic efficacy [29].

Initially, Six2 was demonstrated to function in a cell-
autonomous manner and was associated with regulating a 
multipotent self-renewing nephron progenitor population 
crucial for the entire process of kidney development [30, 
31]. Notably, deficiency of Six2 during fetal development has 
been linked to chronic renal failure, elevated blood pressure, 

Figure 4. Six2 promoted methylation of the E-cadherin promoter via stimulating DNMT1. Hep3B and Huh7 cells were transfected with Six2-knock-
down and -overexpression lentivirus vectors. A, B) The mRNA and protein levels of DNMT1 and E-cadherin in Hep3B and Huh7 cells were determined 
via qPCR (A) and western blot (B). Grayscale analysis was performed by ImageJ software. C, D) DNA methylation level of E-cadherin promoter in 
Huh7 cells was measured by BSP (C) and MSP (D). E) ChIP assay was conducted to evaluate DNMT1 binding to putative binding sites on the E-cad-
herin gene promoter regions. All experiments were performed with three biological replicates. Means ± SD **p<0.01, ***p<0.001.
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Figure 5. Six2 overexpression enhances resistance to 5-FU in Huh7 and Hep3B cells. A) Colony formation assay. B) Representative dot plots of cell 
apoptosis. C) IC50 assay of 5-FU. All experiments were performed with three biological replicates. Means ± SD *p<0.05, **p<0.01, ***p<0.001.

Figure 6. In vivo inhibition of Six2 expression enhances the 5-FU inhibitory effect on HCC cells in nude mice. All experiments were performed with six 
biological replicates. Means ± SD ***p<0.001.

and reduced nephron number [32]. Recently, growing 
evidence has highlighted the fundamental role of Six2 in the 
initiation of carcinogenesis [33, 34]. Here, we observed that 
Six2 knockdown markedly suppressed the growth, prolif-

eration, invasion, and migration of HCC cells and potenti-
ated 5-FU inhibitory effect, whereas Six2 overexpression 
exerted opposite effects. These findings are consistent with 
previous reports about the effects of Six2 on tumor cells 
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[34–36]. Our results further affirm the crucial roles of Six2 
in tumor progression, highlighting its potential as a valuable 
biomarker and therapeutic target for the diagnosis and treat-
ment of cancer.

Mechanistically, the Six gene family contributes to the 
induction of EMT by upregulating mesenchymal-related 
genes and downregulating epithelial-related genes, thereby 
promoting tumorigenesis [37, 38]. The loss of E-cadherin, an 

Figure 7. Six2 facilitates the proliferation and invasion of Huh7 and Hep3B cells through the PI3K/Akt/mTOR pathway. A) Western blot analysis of 
PI3K/Akt/mTOR pathway protein expression. B) Colony formation assay. C) Transwell invasion assay. All experiments were performed with three 
biological replicates. Means ± SD *p<0.05, **p<0.01, ***p<0.001.

epithelial marker, is widely considered a hallmark of EMT 
[39]. Our previous work revealed that elevated Six2 expres-
sion in HCC reduces E-cadherin expression via enhancing 
methylation of the promoter [4]. Subsequently, this phenom-
enon has been demonstrated in other cancer types as well 
[19, 40]. In this study, we provide evidence that knockdown 
of Six2 decreases CpG methylation, while upregulation of 
Six2 increases CpG methylation of E-cadherin in HCC cells. 
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The above results suggested that Six2-mediated silencing of 
E-cadherin through methylation represents a fundamental 
phenomenon in cancer, underscoring the crucial role of Six2 
in tumor progression.

Downregulation of E-cadherin in human cancer is 
primarily achieved through DNA methylation [41]. However, 
the mechanisms by which Six2 contributes to the methylation 
of the E-cadherin promoter region remain unclear. Mammals 
possess three DNMT enzymes, namely DNMT1, DNMT3α, 
and DNMT3β, all of which share a highly conserved DNMT 
domain structure but exhibit distinct functions based on 
genetic and biochemical studies [42, 43]. DNMT1 has a 
strong preference for hemimethylated DNA and plays a 
crucial role in maintaining genomic methylation patterns 
[44]. Hypermethylation of tumor suppressor genes has been 
linked to tumorigenesis-associated DNMT1 activity, making 
it a potential target for cancer therapy [45]. It is noteworthy 
that the knockdown of Six2 results in a decreased expression 
of DNMT1, whereas overexpression of Six2 induces elevated 
levels of DNMT1. This suggests that Six2 promotes DNMT1 
expression in HCC cells, indicating a positive correlation 
between the expression of Six2 and DNMT1. Furthermore, 
ChIP-qPCR experiments confirmed that Six2 knockdown 
inhibited DNMT1 binding to the E-cadherin promoter 
region. In summary, Six2 promotes methylation of the 
E-cadherin promoter region via its stimulation of DNMT1 
activity, thereby facilitating HCC progression. These results 
highlight the potential of Six2 as a candidate for prognostic 
markers and therapeutic targets in HCC. Nevertheless, the 
underlying mechanisms by which Six2 affects DNMT1 
activity require further exploration in a tightly controlled 
study.

The PI3K/Akt/mTOR pathway is an intracellular signaling 
pathway that plays a crucial role in regulating the cell cycle 
[46]. Aberrant activation of the PI3K/Akt/mTOR pathway 
is frequently observed in HCC, which has led to the clinical 
application of mTOR-targeting drugs such as RAD001 (evero-
limus) and rapamycin for HCC treatment [22]. However, 
the therapeutic efficacy of these targeted drugs is generally 
limited, which may be attributed to the feedback activation 
of AKT following mTOR inhibition [47]. Numerous studies 
have demonstrated that the suppression of the PI3K/Akt/
mTOR signaling pathway can promote E-cadherin expres-
sion, thereby inhibiting EMT [48–50]. In the present study, 
we discovered that Six2 knockdown inhibits HCC cell prolif-
eration and invasion by suppressing the PI3K/Akt/mTOR 
pathway. Based on these findings and the relevant literature, 
we hypothesize that Six2 may promote HCC proliferation, 
invasion, and 5-FU resistance by activating the PI3K/Akt/
mTOR signaling pathway. This activation could enhance 
DNMT1 expression and E-cadherin promoter methylation, 
ultimately facilitating E-cadherin transcription.

However, this study has certain limitations: 1) Notably, it 
lacks analysis of clinical samples. It is imperative to further 
evaluate the clinical significance of Six2 by analyzing its 

expression in HCC patient samples and correlating this 
expression with 5-FU treatment responses. 2) The long-
term effects and potential side effects of Six2 knockdown 
on hepatocytes have not been explored, which is crucial for 
assessing its viability as a potential therapeutic target. 3) The 
failure to perform an in vitro experiment with the addition 
of 5-FU in Six2-silenced cells is a limitation of this study. In 
future studies, we will conduct relevant in vitro experiments 
to verify the inhibitory effect of Six2 silencing combined with 
5-FU at the cellular level. 4) Drug resistance is a multifaceted 
phenomenon, often involving multiple factors. In addition 
to Six2, other factors must be considered to comprehen-
sively elucidate the mechanisms of 5-FU resistance.5) The 
xenograft experiment in nude mice lacks a control tumor 
group without 5-FU treatment, making it difficult to assess 
the independent inhibitory effect of 5-FU alone. Therefore, 
further investigation is required to clarify the specific contri-
bution of Six2 knockdown and the mechanisms by which 
it enhances the effect of 5-FU in this combined treatment. 
6) The experiments did not fully mimic the complex tumor 
microenvironment in vivo, and further validation in multiple 
HCC cell lines and in vivo models is needed. These aspects 
will be further investigated in our subsequent studies.

In conclusion, this study reveals a novel role for Six2 
in the progression of HCC and resistance to 5-FU. Six2 
exhibits oncogenic properties in HCC through DNMT1-
mediated E-cadherin promoter methylation and PI3K/Akt/
mTOR pathway activation, contributing to cell proliferation, 
invasion, and 5-FU resistance. Therefore, Six2 might serve as 
a potential therapeutic target for HCC treatment.
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