
INTERNATIONAL JOURNAL OF ONCOLOGY  58:  25,  2021

Abstract. Septin 6 (SEPT6) is a member of the GTP‑binding 
protein family that is highly conserved in eukaryotes and 
regulates various biological functions, including filament 
dynamics, cytokinesis and cell migration. However, the 
functional importance of SEPT6 in hepatocellular carci‑
noma (HCC) is not completely understood. The present 
study aimed to investigate the expression levels and roles of 
SEPT6 in HCC, as well as the underlying mechanisms. The 
reverse transcription quantitative PCR, western blotting and 
immunohistochemistry staining results demonstrated that 
SEPT6 expression was significantly elevated in HCC tissues 
compared with corresponding adjacent non‑tumor tissues, 
which indicated that SEPT6 expression may serve as a 
marker of poor prognosis for HCC. By performing plasmid 
transfection and G418 treatment, stable SEPT6‑knockdown 
and SEPT6‑overexpression cell lines were established. The 
Cell Counting Kit‑8, flow cytometry and Transwell assay 
results demonstrated that SEPT6 overexpression significantly 
increased HCC cell proliferation, cell cycle transition, migra‑
tion and invasion compared with the Vector group, whereas 
SEPT6 knockdown displayed significant suppressive effects 
on HCC cell lines in vitro compared with the control group. 
Mechanistically, SEPT6 might facilitate F‑actin formation, 
which induced large tumor suppressor kinase 1 dephosphory‑
lation, inhibited Hippo signaling, upregulated yes‑associated 

protein (YAP) expression and nuclear translocation, and 
upregulated cyclin D1 and matrix metallopeptidase 2 (MMP2) 
expression. Furthermore, YAP overexpression significantly 
reversed SEPT6 knockdown‑induced inhibitory effects 
on HCC, whereas YAP knockdown significantly inhibited 
the oncogenic effect of SEPT6 overexpression on HCC. 
Collectively, the present study demonstrated that SEPT6 may 
promote HCC progression by enhancing YAP activation, 
suggesting that targeting SEPT6 may serve as a novel thera‑
peutic strategy for HCC.

Introduction

In 2018, hepatocellular carcinoma (HCC) was estimated to be 
the sixth most common cancer and the third most common 
cause of cancer‑related mortality, resulting in ~841,000 new 
cases and 781,000 deaths worldwide (1,2). Although advances 
in therapeutic strategies have benefited patients who are 
diagnosed at an early stage, the majority of patients with HCC 
are diagnosed at an advanced stage and their overall survival 
remains poor, which is primarily attributed to the recurrence 
and metastasis of the disease (3). Therefore, identifying novel 
causative genes and molecular mechanisms underlying HCC 
progression is important for the development of therapeutic 
targets with improved efficacy.

Recent studies revealed that the Hippo signaling pathway 
is implicated in tumorigenesis and may display tumor 
suppressor effects (4‑6). The core of Hippo signaling consists 
of macrophage stimulating 1/2, which regulates activation 
of large tumor suppressor kinase 1/2 (LATS1/2). Active 
LATS1/2 phosphorylates the downstream transcriptional 
co‑activator Yes‑associated protein (YAP)/tafazzin (TAZ). 
In the cytoplasm, the proteasome mediates ubiquitination and 
degradation of phosphorylated YAP/TAZ, which suppresses 
the transcription of proliferation‑ and survival‑associated 
genes (7). Increasing evidence has indicated that the Hippo 
signaling pathway is crucial for HCC initiation and progres‑
sion (8‑10). Several factors have been reported to regulate 
Hippo signaling, including actin cytoskeleton, cell polarity 
and cell contact (11). Moreover, recent studies have demon‑
strated that cytoskeletal proteins regulate HCC progression by 
activating the Hippo signaling pathway (6,12,13).
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Septins are highly conserved GTP‑binding proteins 
family incorporating 13 members, which are ubiquitously 
expressed in the majority of eukaryotes (14). Recently, septins 
were categorized as the fourth cytoskeletal component, 
which interacts with cellular membranes, actin filaments and 
microtubules, and regulates various cellular processes (15). 
Among the 13 members, septin 6 (SEPT6) primarily regu‑
lates filament dynamics, cytokinesis, proliferation, cell cycle 
transition, survival and chemotaxis (14,16‑18). In prostate 
cancer tissues, SEPT6 expression was decreased, and SEPT6 
knockdown contributed to prostate cancer survival and inva‑
sion (18). Recently, it was reported that SEPT6 expression was 
upregulated in liver fibrosis, which promoted hepatic stellate 
cell activation, proliferation and migration (19). A previous 
study demonstrated that Hepatitis B surface antigen (HBsAg) 
knockdown blocked HCC growth, whereas HBsAg knock‑
down decreased SEPT6 expression in HepG2.2.15 cells (20), 
indicating that SEPT6 may be involved in HCC pathogenesis. 
However, the functional importance of SEPT6 in HCC devel‑
opment and the regulation of the Hippo signaling pathway is 
not completely understood.

The present study aimed to investigate whether SEPT6 
expression was upregulated in HCC tissues and to determine its 
association with prognosis. The effects of SEPT6 overexpres‑
sion on HCC cell proliferation, cell cycle transition, migration 
and invasion, and the role of the Hippo signaling pathway and 
YAP activation were investigated. The results of the present 
study may indicate a novel therapeutic strategy for HCC.

Materials and methods

HCC samples and cell lines. A total of 64 patients (51 male 
patients and 13 female patients; age range, 26‑78 years; 
average age, 52.58±12.73) were enrolled in the present study 
at Tongji Hospital (Wuhan, China) between January 2011 
and December 2014. The inclusion criteria were as follows: i) 
Patients were pathologically diagnosed with HCC; ii) patients 
underwent surgical excision; and iii) patients were aged 
>18 years. The exclusion criteria were as follows: i) Patients 
received preoperative therapy; and ii) patients with more than 
one primary tumor. The tumor and corresponding adjacent 
non‑tumor (distance from tumor margin, >2 cm) tissues were 
collected. Tissues were fixed with 4% paraformaldehyde 
at room temperature for 48 h, embedded in paraffin and 
sectioned to 5‑µm thick sections for immunohistochemistry 
staining. Alternatively, tissues were immediately preserved 
at ‑80˚C for RNA and protein extraction. The clinicopatho‑
logical characteristics of the patients were recorded, including 
sex, age, hepatitis B virus infection, α‑fetoprotein levels, 
tumor size, tumor number and metastasis (Table I). Written 
informed consent was obtained from all patients. The present 
study was approved by the Ethics Committee of Tongji 
Hospital (approval no. TJ‑IRB20180404) and was conducted 
according to the principles outlined in the Declaration of 
Helsinki. Two normal hepatocyte cell lines (THLE‑2 and 
THLE‑3), Hep3B and Huh7 were purchased from American 
Type Culture Collection. MHCC‑97L and MHCC‑97H were 
purchased from The Cell Bank of Type Culture Collection of 
The Chinese Academy of Sciences. HCC‑LM3 was obtained 
from the Liver Cancer Institute, Zhongshan Hospital, Fudan 

University (Shanghai, China). Cells were cultured in DMEM 
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin at 37˚C 
with 5% CO2.

Reagent. The F‑actin inhibitor latrunculin B (Lat. B) was 
purchased from Abcam (cat. no. ab144291) and was used 
following the standard protocol. Briefly, latrunculin B (1 mg) 
was dissolved in 40 µl DMSO to make a 25 mg/ml stock solu‑
tion. The stock solution was stored at ‑20˚C until subsequent 
use. Before use, Lat. B was thawed and added to DMEM to a 
final concentration of 10 µM. Cells were treated with Lat. B 
for 2 h at 37˚C.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA extraction, reverse transcription, and RT‑qPCR were 
performed following a standard protocol, as previously 
described (19). Total RNA was extracted from liver tissues 
and cell lines using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). RNA concentrations were determined 
using a NanoDrop 2000 Spectrophotometer (Thermo Fisher 
Scientific, Inc.). Total RNA was reverse transcribed into cDNA 
using the PrimeScript reagent kit (Takara Biotechnology Co., 
Ltd.) according to the manufacturer's protocol. The following 
temperature protocol was used for reverse transcription: 
37˚C for 15 min and 85˚C for 5 sec. Subsequently, qPCR was 
performed using SYBR Premix ExTaq (Takara Biotechnology 
Co., Ltd.) and an ABI StepOne Real‑Time PCR System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. The following thermocycling 
conditions were used for qPCR: Pre‑denaturation at 95˚C for 
30 sec; followed by 40 cycles of 95˚C for 5 sec and 60˚C for 
30 sec. mRNA expression levels were quantified using the 
2‑∆∆Cq method (21) and normalized to the internal reference 
gene β‑actin. The sequences of the primers used for qPCR are 
presented in Table SI.

Western blotting and co‑immunoprecipitation (co‑IP). 
Total protein was extracted from liver tissues and cell lines 
using RIPA buffer containing protease inhibitors PMSF and 
cocktail (Servicebio Technology Co., Ltd.). Nuclear proteins 
were extracted using NE‑PER (Thermo Fisher Scientific, 
Inc.). Protein concentrations were determined using a BCA 
kit (Boster Biological Technology). Western blotting was 
performed as previously described (19). Briefly, proteins 
(30 µg per lane) were separated via 10% SDS‑PAGE and 
transferred onto PVDF membranes (EMD Millipore), which 
were then blocked with 5% BSA (cat. no. 4240GR100; 
Guangzhou Saiguo Biotech Co., Ltd.) at room tempera‑
ture for 1 h. Subsequently, the membranes were incubated 
with primary antibodies at 4˚C overnight. After washing 
three times in TBST, the membranes were incubated with 
HRP‑conjugated secondary antibodies (Beyotime Institute of 
Biotechnology) at room temperature for 1 h. After washing 
three times, protein bands were detected using an ECL assay 
kit (Advansta, Inc.). Protein expression was semi‑quantified 
using ImageJ software (version 1.44p; National Institutes 
of Health) with β‑actin as the loading control. The primary 
and secondary antibodies used for western blotting are listed 
in Table SII.
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For the co‑IP assay, MHCC‑97H cells (2‑5x107) were 
washed twice with cold PBS twice and lysed using 1% NP‑40 
buffer (cat. no. P0013F; Beyotime Institute of Biotechnology) 
containing protease inhibitors at 4˚C for 30 min. After centrif‑
ugation at 12,000 x g for 15 min at 4˚C, the supernatant was 
collected. Protein A/G PLUS‑Agarose beads (cat. no. sc‑2003; 
Santa Cruz Biotechnology, Inc.) were washed three times with 
PBS and diluted in PBS to 50% concentration. Subsequently, 
the Agarose beads (100 µl/ml) were added to the supernatant 
(containing 200‑600 µg protein). The mixture was incubated 
for 30 min at 4˚C on a horizontal shaker. After centrifugation 
at 1,000 x g for 5 min at 4˚C, the supernatant was collected 
and divided into two parts. SEPT6 antibody (2 µg/500 µg cell 
lysate) or isotype normal IgG antibody (2 µg/500 µg cell lysate; 
cat. no. sc‑2026; Santa Cruz Biotechnology, Inc.) was added to 
the supernatant (~500 µl total volume) and incubated for 1 h at 
4˚C. Subsequently, additional Agarose beads (100 µl/ml) were 
added and incubated at 4˚C overnight. After centrifugation at 
1,000 x g for 5 min at 4˚C, the supernatant was discarded and 
the pellets were washed four times with 1.0 ml NP‑40 buffer. 
The samples were boiled with sample loading buffer for 10 

min, and the Agarose beads were discarded. The supernatant 
was collected and analyzed via western blotting using anti‑
bodies targeted against SEPT6, LATS1 and LATS2 according 
to the aforementioned protocol. The antibodies used for co‑IP 
are listed in Table SII.

Immunohistochemistry (IHC) staining. The expression of 
SEPT6 in HCC samples and corresponding adjacent non‑tumor 
tissues were analyzed by IHC, as previously described (19). 
Briefly, paraffin‑embedded slides were de‑paraffinized in 
xylene and rehydrated using an alcohol gradient. Antigen 
retrieval was performed by heating samples in 0.01 mol/l 
citrate buffer (pH 6.0) for 15 min in a microwave. Subsequently, 
the slides were immersed in 3% H2O2 at room temperature for 
15 min to eliminate the endogenous peroxidase. After washing 
three times with PBS, the sections were blocked using 10% 
goat serum (Boster Biological Technology) at room tempera‑
ture for 30 min. Subsequently, the sections were incubated 
with an anti‑SEPT6 (cat. no. 12805‑1‑AP; 1:100; ProteinTech 
Group, Inc.) at 4˚C overnight. After washing three times with 
PBS, the sections were incubated with a biotinylated secondary 
antibody (cat. no. SP‑9000; OriGene Technologies, Inc.) at 
37˚C for 1 h. After washing three times with PBS, peroxidase 
activity was visualized using DAB (OriGene Technologies, 
Inc.) at room temperature for ~10 sec. Then, the sections were 
counterstained with hematoxylin (OriGene Technologies, Inc.) 
at room temperature for ~1 min. Stained samples were visual‑
ized using an IX71 light microscope (Olympus Corporation; 
magnification, x100).

Immunofluorescence staining. Huh7 cells (5x104 each well) 
were seeded onto glass cover slides in 24‑well plates overnight. 
Subsequently, cells were fixed with 4% formaldehyde at room 
temperature for 20 min, permeabilized using 0.3% Triton X‑100 
and blocked with 5% BSA (cat. no. 4240GR100; BioFroxx; 
Saiguo Biological Technology Co., Ltd.) at room temperature 
for 30 min. Subsequently, the slides were incubated with 
ActinRed (cat. no. KGMP0012; Nanjing KeyGen Biotech Co., 
Ltd.) at room temperature for 20 min. The nuclei were counter‑
stained with DAPI solution (cat. no. G1012; Wuhan Servicebio 
Technology Co., Ltd. ) at room temperature for 10 min. Stained 
cells were observed using an IX71 fluorescence microscope 
(Olympus Corporation; magnification, x400).

Plasmid transfection and stable cell line selection. The 
plasmids used for SEPT6 and YAP knockdown and over‑
expression were purchased from Shanghai GeneChem Co., 
Ltd. At 80‑90% confluence, cells were transfected with 2 µg 
plasmid using Lipofectamine® 3000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) in Opti‑MEM (Gibco; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. At 
6‑8 h post‑transfection, the cell culture medium was replaced 
with DMEM supplemented with 10% FBS. The control shRNA 
was a non‑targeting shRNA and the overexpression control 
was an empty vector. The shRNA sequences are presented 
in Table SI. At 48 h post‑transfection, transfected cell lines 
were treated with G418 (400 µg/ml) for 2 weeks to select stably 
transfected cells. Transfection efficiencies were assessed and 
the stable cell lines were used for subsequent experiments. The 
following cell lines were established: MHCC‑97H‑shcontrol, 

Table I. Association between SEPT6 expression and clinico‑
pathological variables in human HCC tissues.

 SEPT6 expression
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable Low (n=18) High (n=46) P‑value

Sex   0.530
  Female   4   9
  Male 14 37
Age (years)   0.578
  ≤45   6 16
  >45 12 30
HBsAg   0.291
  Negative   5 18
  Positive 13 28
AFP (ng/ml)   0.172
  ≤400   8 13
  >400 10 33
Tumor diameter (cm)   0.010a

  ≤5 11 12
  >5   7 34
Tumor number   0.490
  Single 13 35
  Multiple   5 11
Metastasis   0.016a

  No 11 13
  Yes   7 33

SEPT6 expression was assessed via reverse transcription‑quantitative 
PCR. SEPT6 high/low expression indicated that SEPT6 expression in 
was higher/lower in HCC tissues compared with corresponding adja‑
cent non‑tumor tissues. aP<0.05. SEPT6, septin 6; HCC, hepatocellular 
carcinoma; HBsAg, hepatitis B surface antigen; AFP, α‑fetoprotein.
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MHCC‑97H‑shSEPT6, Huh7‑Vector,  Huh7‑SEPT6, 
MHCC‑97H‑shSEP T6+YAP, Huh7‑SEP T6+shYAP, 
HCC‑LM3‑shcontrol, HCC‑LM3‑shSEPT6, Hep3B‑Vector 
and Hep‑3B‑SEPT6.

Cell Counting Kit‑8 (CCK‑8) assay. Cell proliferation was 
detected using the CCK‑8 kit (cat. no. C0037; Beyotime 
Institute of Biotechnology) according to the manufacturer's 
protocol, as previously described (19). Briefly, cells were 
seeded (1x103 cells/well) into 96‑well plates and cultured for 
24, 48, 72 or 96 h. Subsequently, the culture medium was 
replaced with 100 µl DMEM and 10 µl CCK‑8. After incuba‑
tion for 2 h, the absorbance of each well was measured at a 
wavelength of 450 nm using an ELISA reader.

Flow cytometry analysis of the cell cycle. Cell cycle distribution 
was assessed by flow cytometry, as previously described (22). 
Briefly, cells (1x106) were harvested, washed with cold PBS 
and fixed using 75% ethanol overnight at 4˚C. After washing 
twice with PBS, cells were incubated with PI staining solution 
containing RNase (cat. no. KGA511‑KGA512; Nanjing KeyGen 
Biotech Co., Ltd.) at 37˚C for 30 min in the dark. Subsequently, 
cell cycle distribution was analyzed using a BD FACSVerse 
flow cytometer (BD Biosciences) and CELLQuestPro soft‑
ware (version 5.1; BD Biosciences).

Transwell assays. Transwell insert chambers (pore size, 8 µm; 
Corning, Inc.) were used to examine cell invasion and migration, 
respectively. For the invasion assay, the upper chamber inserts 
were precoated with Matrigel (BD Biosciences) at 37˚C for 1 h. 
Briefly, 200 µl serum‑free DMEM containing cells (2x104) was 
plated into the upper chamber and the lower chamber was filled 
with 600 µl DMEM supplemented with 20% FBS. Following 
incubation at 37˚C for 24 h, migratory/invading cells were fixed 
using absolute methanol at room temperature for 10 min, and 
stained using 0.2% crystal violet solution at room temperature 
for 1 h. Cells were observed using an IX71 microscope (Olympus 
Corporation; magnification, x100) in at least three fields of view.

Database. The Gene Expression Profiling Interactive Analysis 
(GEPIA) database (gepia.cancer‑pku.cn) was used to deter‑
mine SEPT6 mRNA expression levels in human liver HCC 
specimens and corresponding adjacent non‑tumor specimens.

Statistical analysis. Each experiment was performed in 
triplicate. Data are presented as the mean ± SD. Statistical 
analyses were performed using GraphPad Prism (version 5.0; 
GraphPad Software, Inc.) or SPSS (version 19.0; IBM Corp.) 
software. Comparisons between two groups were analyzed 
using the paired or unpaired Student's t‑test. Comparisons 
among multiple groups were analyzed using one‑way 
ANOVA followed by Tukey's post hoc test. Categorical data 
were analyzed using Fisher's exact test. Patient survival was 
analyzed via Kaplan‑Meier analysis and log‑rank tests. P<0.05 
was considered to indicate a statistically significant difference.

Results

SEPT6 is upregulated in human HCC and predicts poor prog‑
nosis. To examine SEPT6 expression in HCC, SEPT6 mRNA 

expression levels were assessed in 64 paired HCC samples. 
Compared with corresponding adjacent non‑tumor samples, 
SEPT6 mRNA expression levels were significantly higher in 
46 paired HCC samples (71.88%; Fig. 1A). Subsequently, we 
selected 20 paired tissues, including 16 paired tissues with 
higher SEPT6 mRNA expression in the HCC tisues compared 
with the adjacent non‑tumor tissues, and 4 paired tissues with 
lower SEPT6 mRNA expression in HCC tissues compared with 
the adjacent non‑tumor tissues. The protein expression levels 
of SEPT6 were determined via western blotting. The results 
demonstrated that the protein expression levels of SEPT6 
were significantly higher in 16 HCC tissues compared with 
the adjacent non‑tumor tissues (Fig. 1B and S1A, C and D), 
whereas the protein expression levels of SEPT6 were signifi‑
cantly lower in 4 HCC tissues compared with the adjacent 
non‑tumor tissues (Fig. S1B), indicating a positive association 
between mRNA and protein expression levels of SEPT6 in 
human patients with HCC. The association between SEPT6 
expression levels and clinicopathological characteristics was 
investigated. SEPT6 expression levels were significantly asso‑
ciated with tumor size and metastasis, but not significantly 
associated with sex, age, hepatitis B virus infection, tumor 
number or α‑fetoprotein levels (Table I). Furthermore, the 
association between SEPT6 expression and overall survival 
was assessed. SEPT6 high/low expression represented that 
SEPT6 expression in the HCC tissues was higher/lower 
compared with the corresponding adjacent non‑tumor tissues 
(fold change >1.5), respectively. The results demonstrated that 
high SEPT6 expression levels indicated significantly worse 
overall survival in patients with HCC compared with low 
SEPT6 expression levels (Fig. 1C). IHC staining demonstrated 
that SEPT6 expression levels were notably higher in HCC 
samples compared with corresponding adjacent non‑tumor 
samples, and SEPT6 protein expression was primarily local‑
ized in the cytoplasm (Fig. 1D). In addition, analysis of the 
GEPIA database demonstrated significantly upregulated 
SEPT6 expression in HCC compared with adjacent non‑tumor 
tissues (Fig. 1E). Subsequently, SEPT6 expression levels 
were examined in two normal hepatocyte cell lines (THLE‑2 
and THLE‑3) and several HCC cell lines. Among HCC cell 
lines, MHCC‑97H and HCC‑LM3 cells display the highest 
metastatic potential (23‑25). The results suggested that SEPT6 
expression was significantly higher in the majority of the HCC 
cell lines, particularly in those with high metastatic potential 
(MHCC‑97H and HCC‑LM3), compared with normal hepato‑
cytes (Fig. 1F and G). Collectively, the results indicated that 
SEPT6 expression was upregulated in human HCC and may 
serve as a predictor of poor prognosis.

SEPT6 promotes HCC cell proliferation. Subsequently, gain‑ 
and loss‑of‑function assays were performed to assess the effect 
of SEPT6 on HCC cell function. Following assessment of 
SEPT6 endogenous expression levels in different HCC cells, 
MHCC‑97H and Huh7 cells were selected for SEPT6 knock‑
down or overexpression, respectively, and stably transfected 
cells were established. Transfection efficiencies were deter‑
mined by measuring SEPT6 mRNA and protein expression 
levels (Fig. 2A and C). The CCK‑8 assay results indicated that 
SEPT6 knockdown significantly inhibited MHCC‑97H cell 
proliferation compared with the control group, whereas SEPT6 
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overexpression significantly increased Huh7 cell proliferation 
compared with the Vector group (Fig. 2B). Subsequently, flow 
cytometry was performed to investigate whether SEPT6 regu‑
lated the cell cycle. Compared with the control group, SEPT6 
knockdown resulted in significantly increased cell cycle 
arrest at the G1/S phase in MHCC‑97H cells, but displayed no 
significant effect on the G2/M transition (Fig. 2D). By contrast, 
compared with the Vector group, SEPT6 overexpression 
significantly promoted G1/S transition in Huh7 cells, but had 
no significant effect on G2/M transition. The results suggested 
that SEPT6 primarily regulated the G1/S transition, whereas its 
effect on the G2/M transition was not significant. Furthermore, 
cyclin D1 and cyclin E1 expression levels are significantly 
associated with G1/S cell cycle transition (15). The RT‑qPCR 
results indicated that SEPT6 knockdown significantly 
decreased cyclin D1 expression in MHCC‑97H cells compared 
with the control group, whereas SEPT6 overexpression signifi‑
cantly increased cyclin D1 expression in Huh7 cells compared 
with the Vector group (Fig. 2E). However, cyclin E1 mRNA 
expression levels were not significantly altered by SEPT6 

knockdown or overexpression compared with the control and 
Vector groups, respectively. Consistent results were obtained 
for protein expression levels (Fig. 2F). Collectively, the results 
indicated that SEPT6 promoted HCC cell proliferation and 
G1/S transition in vitro.

SEPT6 promotes HCC cell migration and invasion. Metastasis 
is the leading cause of HCC‑related mortality (26). The 
Transwell assay results demonstrated that SEPT6 knockdown 
significantly decreased MHCC‑97H cell migration and invasion 
compared with the control group, whereas SEPT6 overexpres‑
sion significantly increased Huh7 cell migration and invasion 
compared with the Vector group (Fig. 3A and B). Moreover, 
matrix metallopeptidase (MMP)2 expression levels were 
significantly decreased by SEPT6 knockdown in MHCC‑97H 
cells compared with the control group, whereas SEPT6 over‑
expression significantly increased MMP2 expression levels in 
Huh7 cells compared with the Vector group (Fig. 3C). However, 
MMP9 mRNA expression levels were not significantly altered 
in response to SEPT6 knockdown or overexpression compared 

Figure 1. SEPT6 is upregulated in human HCC and predicts poor prognosis. (A) SEPT6 mRNA expression levels in 64 paired HCC samples and adjacent 
non‑tumor tissues were assessed via RT‑qPCR. (B) SEPT6 protein expression levels in HCC samples (n=4) and corresponding adjacent non‑tumor samples 
(n=4) were assessed via western blotting. (C) Association between SEPT6 expression and overall survival as determined by Kaplan‑Meier survival analysis. 
SEPT6 low expression (n=18) and SEPT6 high expression (n=46). (D) SEPT6 staining in HCC samples and corresponding adjacent non‑tumor samples (mag‑
nification, x100). (E) SEPT6 expression in HCC and corresponding adjacent non‑tumor samples derived from the GEPIA database. SEPT6 (F) mRNA and 
(G) protein expression levels in the normal hepatocyte cell lines and HCC cell lines were determined via RT‑qPCR and western blotting, respectively. *P<0.05, 
**P<0.01 and ***P<0.001 vs. N or THLE2. SEPT6, septin 6; HCC, hepatocellular carcinoma; RT‑qPCR, reverse transcription‑quantitative PCR; GEPIA, Gene 
Expression Profiling Interactive Analysis; N, adjacent non‑tumor tissues; C, HCC tissues.
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Figure 2. SEPT6 promotes HCC cell proliferation. SEPT6‑knockdown MHCC‑97H and SEPT6‑overexpression Huh7 cells were established by transfection 
with the corresponding plasmids. At 48 h post‑transfection, cells were treated with G418 (400 µg/ml) for 2 weeks for stable cell selection. (A) Transfection 
efficiencies were determined via RT‑qPCR. (B) Cell Counting Kit‑8 assays were performed to assess cell proliferation. (C) Transfection efficiencies were also 
determined via western blotting. (D) Flow cytometry was conducted to analyze cell cycle distribution. Cyclin D1 and cyclin E1 (E) mRNA and (F) protein 
expression levels were measured via RT‑qPCR and western blotting, respectively. *P<0.05, **P<0.01 and ***P<0.001 vs. shcontrol or Vector. SEPT6, septin 6; 
HCC, hepatocellular carcinoma; RT‑qPCR, reverse transcription‑quantitative PCR; sh, short hairpin RNA.
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with the control and Vector groups, respectively (Fig. 3C). 
Similar results were obtained via western blotting (Fig. 3D). 
Collectively, the in vitro results demonstrated that SEPT6 
enhanced HCC cell migration and invasion.

SEPT6 regulates the Hippo/YAP signaling pathway in HCC. 
As aforementioned, SEPT6 promoted HCC cell prolifera‑
tion and migration; therefore, the mechanism underlying its 
action was investigated. Increasing evidence has demonstrated 
that Hippo signaling is crucial for HCC tumorigenesis and 
metastasis (8‑10). Furthermore, Hippo signaling is primarily 
regulated by the actin cytoskeleton (11). Septin proteins are 

considered as the fourth cytoskeletal component and SEPT6 
regulates actin cytoskeleton dynamics (15); therefore, the 
present study further investigated whether SEPT6 promoted 
HCC cell progression by regulating Hippo signaling. The 
transfection efficiency of SEPT6 knockdown and overex‑
pression in HCC‑LM3 and Hep3B cells, respectively, was 
verified via RT‑qPCR and western blotting (Fig. S2). The 
western blotting results indicated that compared with the 
control group, SEPT6 knockdown significantly promoted 
the phosphorylation of LATS1 and YAP in MHCC‑97H and 
HCC‑LM3 cells, but notably decreased the overall expression 
of YAP. By contrast, compared with the vector group, SEPT6 

Figure 3. SEPT6 promotes HCC cell migration and invasion. Transwell assays were conducted to assess (A) MHCC‑97H and (B) Huh7 cell migration and invasion 
(magnification, x100). MMP2 and MMP9 (C) mRNA and (D) protein expression levels were measured via reverse transcription‑quantitative PCR and western 
blotting, respectively. ***P<0.001 vs. shcontrol or Vector. SEPT6, septin 6; HCC, hepatocellular carcinoma; MMP, matrix metallopeptidase; sh, short hairpin RNA.
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overexpression significantly decreased the phosphorylation of 
LATS1 and YAP, and markedly increased the overall expres‑
sion of YAP both in Huh7 and Hep3B cells (Fig. 4A). The 
results indicated that SEPT6 may regulate the activity of Hippo 
signaling, while modulating the activity, stability and overall 

expression of YAP. Subsequently, the present study examined 
whether SEPT6 regulated YAP nuclear translocation. The 
western blotting results demonstrated that SEPT6 knockdown 
significantly decreased nuclear YAP protein expression levels 
in MHCC‑97H and HCC‑LM3 cells compared with the 

Figure 4. SEPT6 regulates the Hippo/YAP signaling pathway in HCC. (A) p‑LATS1, LATS1, p‑YAP and YAP protein expression levels were measured via western 
blotting. (B) Nuclear YAP protein expression levels were measured via western blotting using Lamin B1 as the loading control. (C) Co‑immunoprecipitation 
assays were performed to determine the interaction between SEPT6 and LATS1 or LATS2. SEPT6‑overexpression Huh7 cells were treated with 10 µM 
Lat. B for 2 h to disrupt the cytoskeleton. (D) Protein expression levels of p‑LATS1, LATS1, p‑YAP and YAP were measured via western blotting. (E) F‑actin 
formation was determined by performing immunofluorescence assays (magnification, x400). *P<0.05, **P<0.01 and ***P<0.001 vs. shcontrol or Vector; #P<0.05 
and ##P<0.01 vs. SEPT6. SEPT6, septin 6; YAP, yes‑associated protein; HCC, hepatocellular carcinoma; p, phosphorylated; LATS1, large tumor suppressor 
kinase 1; Lat. B, Latrunculin B; t, total; sh, short hairpin RNA.
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control group, whereas SEPT6 overexpression significantly 
upregulated nuclear YAP protein expression levels in Huh7 
and Hep3B cells compared with the Vector group (Fig. 4B). 
The results suggested that SEPT6 upregulation may inactivate 
Hippo signaling by inhibiting the phosphorylation of LATS1, 
which resulted in inhibition of YAP phosphorylation, as well 
as proteasome‑induced YAP ubiquitination and degradation. 
Therefore, higher protein expression levels of YAP were 
translocated to the nucleus, resulting in enhanced gene tran‑
scription.

Furthermore, an endogenous co‑IP assay was performed 
to investigate whether SEPT6 interacted with LATS1 and 
LATS2. The results indicated that SEPT6 did not directly 
interact with LATS (Fig. 4C). Septins, the fourth component 
of the cytoskeleton, lack the kinase activity domain (6); there‑
fore, SEPT6 may regulate LATS1 phosphorylation indirectly, 
which may be associated with the cytoskeleton‑regulating 
function of the septin proteins. To verify this hypothesis, 
SEPT6‑overexpression Huh7 cells were treated with the F‑actin 
inhibitor Lat. B to disrupt the cytoskeleton. Subsequently, 
F‑actin levels and the phosphorylated and overall expression 
levels of LATS1 and YAP were assessed. The results indicated 
that compared with the vector group, SEPT6 overexpression 
notably facilitated F‑actin formation, which was markedly 
disrupted by Lat. B (Fig. 4E). Furthermore, Lat. B treatment 
increased LATS1 and YAP phosphorylation, thus notably 
decreasing YAP overall expression in SEPT6‑overexpression 
Huh7 cells (Fig. 4D). Collectively, the results indicated that 
SEPT6 may regulate Hippo/YAP signaling in HCC by modu‑
lating F‑actin formation.

SEPT6 regulates HCC cell proliferation, cell cycle progression, 
migration and invasion via the Hippo/YAP signaling pathway. 
The present study further investigated whether SEPT6 exerted 
its effects via regulating the Hippo/YAP signaling pathway. 
Firstly, the transfection efficiencies of YAP‑overexpression 
plasmids in MHCC‑97H cells and YAP‑knockdown plasmids 
in Huh7 cells were verified by measuring mRNA and protein 
expression levels, which suggested that these plasmids were 
appropriate for YAP overexpression and knockdown (Fig. S3). 
Subsequently, YAP was overexpressed by plasmid transfec‑
tion in stable SEPT6‑knockdown MHCC‑97H cells and 
stable cells were selected by G418. YAP upregulation in 
MHCC‑97H‑shSEPT6 cells was validated by protein expres‑
sion analysis (Fig. 5A). Compared with the control group, SEPT6 
knockdown significantly decreased MHCC‑97H cell prolif‑
eration, G1/S transition, migration and invasion (Fig. 5B‑D). 
SEPT6 knockdown‑induced effects were significantly reversed 
by YAP overexpression. YAP downregulation was achieved 
by shRNA transfection in stable SEPT6‑overexpression Huh7 
cells, and stable cells were selected for further experiments. 
YAP knockdown was verified in Huh7‑SEPT6 cells (Fig. 5E). 
Compared with the Vector group, SEPT6 overexpression 
significantly enhanced Huh7 cell proliferation, migration, 
invasion and G1/S phase transition (Fig. 5F‑H). SEPT6 overex‑
pression‑mediated effects were significantly reversed by YAP 
knockdown. Furthermore, the present study assessed whether 
YAP was involved in SEPT6‑regulated cyclin D1 and MMP2 
expression. YAP overexpression significantly upregulated 
cyclin D1 and MMP2 expression levels in SEPT6‑knockdown 

MHCC‑97H cells, whereas YAP knockdown significantly 
decreased cyclin D1 and MMP2 expression levels in 
SEPT6‑overexpression Huh7 cells (Fig. 5I). Furthermore, to 
analyze SEPT6‑independent effects of YAP on the regulation 
of cyclin D1 and MMP2 expression, four stable cell lines were 
established by plasmid transfection and G418 selection using 
Huh7 cells, namely Huh7‑Vector, Huh7‑SEPT6, Huh7‑shYAP 
and Huh7‑shYAP‑SEPT6. Compared with the Vector group, 
SEPT6 overexpression significantly upregulated cyclin D1 and 
MMP2 expression levels, whereas YAP knockdown not only 
inhibited SEPT6‑mediated effects on cyclin D1 and MMP2 
expression, but also significantly decreased cyclin D1 and 
MMP2 expression levels (Fig. S4). Collectively, the results 
demonstrated that the Hippo/YAP signaling axis may serve a 
key role in SEPT6‑induced HCC cell proliferation, cell cycle 
progression, migration and invasion.

Discussion

HCC is the third leading cause of cancer‑related mortality, 
and its prognosis is extremely poor due to early relapse and 
metastasis following curative resection (3). Although various 
therapeutic targets have been identified, the prognosis of 
patients with HCC remains poor (3). To the best of our knowl‑
edge, the present study was the first to demonstrate that SEPT6 
inhibited Hippo signaling, activated the downstream effector 
YAP, and enhanced cyclin D1 and MMP2 expression levels, 
which promoted HCC growth and metastasis.

SEPT6 is primarily implicated in hematological malig‑
nancies (27), nervous system development (16) and tumor 
progression (18). In prostate cancer, SEPT6 expression is 
downregulated, and SEPT6 knockdown promotes cancer cell 
survival and invasion, suggesting a tumor suppressor role (18). 
However, the present study demonstrated that SEPT6 expres‑
sion was significantly increased in HCC tissues compared with 
corresponding adjacent non‑tumor tissues, which was associ‑
ated with poor prognosis. The results prompted investigation 
into why SEPT6 expression was upregulated in HCC tissues. It 
was hypothesized that the malignant transformation of tumor 
cells and the complicated tumor microenvironment, which 
involves hypoxia, inflammatory cytokines stimulation, meta‑
bolic reprogramming and epigenetic regulation, might be the 
leading causes for SEPT6 upregulation in HCC. Moreover, the 
leading cause of HCC and whether the causes work synergis‑
tically requires further investigation. SEPT6 overexpression 
significantly enhanced HCC cell proliferation, cell cycle 
transition, migration and invasion compared with the Vector 
group, whereas SEPT6 knockdown displayed the opposite 
effects compared with the control group. Therefore, SEPT6 
was identified as an oncogene in HCC, which contrasted to 
its role in prostate cancer. It was previously reported that 
SEPT6 promoted liver fibrogenesis (19). Since liver fibrosis 
and liver cirrhosis are considered as the precancerous states 
of HCC, it is reasonable to hypothesize that SEPT6 may 
promote HCC progression. The results of the present study 
indicated that the expression patterns and effects of SEPT6 
in prostate cancer and HCC were opposite, which may be due 
to different genetic backgrounds, including gene mutation, or 
the tumor microenvironment. The roles of certain proteins 
are context‑dependent; therefore, the difference in the tumor 
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Figure 5. SEPT6 regulates HCC cell proliferation, cell cycle progression, migration and invasion via the Hippo/YAP signaling pathway. MHCC‑97H‑shSEPT6 
cells were transfected with YAP and stable Huh7‑SEPT6 cells were transfected with shYAP. Subsequently, G418 was used for stable cell selection. 
(A) Transfection efficiencies of shSEPT6 and YAP were determined via western blotting. MHCC‑97H cell (B) cycle distribution, (C) proliferation, (D) migra‑
tion and invasion (magnification, x100) were assessed by performing CCK‑8, flow cytometry and Transwell assays, respectively. (E) Transfection efficiencies 
of SEPT6 and shYAP were determined via western blotting. Huh7 cell (F) cycle distribution, (G) proliferation, (H) migration and invasion (magnification, 
x100) were assessed by performing CCK‑8, flow cytometry and Transwell assays, respectively. (I) Cyclin D1 and MMP2 protein expression levels were 
determined via western blotting. *P<0.05, **P<0.01 and ***P<0.001 vs. Vector; #P<0.05, ##P<0.01 and ###P<0.001 vs. shSEPT6 or SEPT6. SEPT6, septin 6; 
HCC, hepatocellular carcinoma; YAP, yes‑associated protein; sh, short hairpin RNA; CCK‑8, Cell Counting Kit‑8; MMP2, matrix metallopeptidase 2.
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microenvironment between HCC and prostate cancer may 
result in different expression patterns and functional roles of 
SEPT6.

Subsequently, the mechanism underlying the oncogenic 
action of SEPT6 was examined. The present study focused on 
the Hippo signaling pathway, which is crucial for HCC tumori‑
genesis and progression (8‑10). Hippo signaling is primarily 
regulated by the actin cytoskeleton (11). For example, the 
cytoskeletal protein PDZ and LIM domain 1 inhibited HCC 
metastasis by activating Hippo signaling (6). SEPT6 has been 
reported to regulate actin and microtubule remodeling (17). 
Based on the aforementioned studies, the potential role of SEPT6 
in promoting HCC progression in a Hippo/YAP‑dependent 
manner was assessed. The results indicated that compared with 
the Vector group, SEPT6 overexpression inactivated Hippo 
signaling, and dephosphorylated and stabilized the downstream 
effector YAP, leading to the translocation of active YAP into 
the nucleus and the transactivation of cyclin D1 and MMP2, 
which resulted in HCC cell proliferation and metastasis (Fig. 6). 
Furthermore, YAP knockdown significantly reversed the 
oncogenic effects of SEPT6 overexpression on HCC progres‑
sion, whereas YAP overexpression significantly reversed 
SEPT6 knockdown‑mediated inhibitory effects. As previously 
reported, YAP regulates cyclin D1 and MMP2 expression 
independently, regardless of SEPT6 expression (26,28‑30). The 
results of the present study also demonstrated that YAP knock‑
down inhibited SEPT6‑mediated upregulation of cyclin D1 
and MMP2 expression. The results demonstrated that SEPT6 

regulated cyclin D1 and MMP2 expression via YAP, and YAP 
independently regulated cyclin D1 and MMP2 expression to a 
certain extent.

The regulatory mechanism underlying Hippo signaling has 
received increasing attention. Hippo signaling can be regulated 
by mechanical force, the extracellular matrix, cell‑cell contact 
and cytoskeletal interactions (7,11,31,32). With regard to cyto‑
skeletal interactions, Hippo signaling can be regulated by F‑actin 
levels, F‑actin activity and cytoskeletal tension (11). In HCC 
cell lines, F‑actin was confirmed to bind to LATS1, resulting in 
the dephosphorylation and inactivation of Hippo signaling (6). 
Furthermore, the Rho GTPase serves an important role in regu‑
lating Hippo signaling activity by the cytoskeleton (31). Septins 
belong to a family of GTP‑binding proteins and are considered 
as the fourth cytoskeletal component. In addition, SEPT6 
was reported to regulate actin cytoskeleton dynamics (14,15). 
Based on previous studies, it was hypothesized that SEPT6 
may regulate Hippo via three possible mechanisms, one of 
which involves the regulation of F‑actin formation by SEPT6 
in order to affect cytoskeleton dynamics. Subsequently, F‑actin 
binds to LATS1 and causes Hippo inactivation. The hypothesis 
was confirmed by the present study, since compared with the 
Vector group, SEPT6 overexpression notably facilitated F‑actin 
formation, whereas disruption of F‑actin by Lat. B abrogated 
SEPT6‑induced LATS1 dephosphorylation and Hippo inacti‑
vation. Furthermore, whether SEPT6 regulates other proteins 
associated with cytoskeleton dynamics, including Ezrin and 
neurofibromin 2 (NF2), requires further investigation. Previous 

Figure 6. Summary of SEPT6‑regulated Hippo/YAP signaling pathway in HCC. SEPT6 expression was upregulated in HCC, which inactivated Hippo sig‑
naling, dephosphorylated and stabilized the downstream effector YAP and upregulated YAP expression. Subsequently, active YAP was translocated to the 
nucleus and promoted transactivation of cyclin D1 and MMP2, resulting in HCC cell proliferation and metastasis. SEPT6, septin 6; YAP, yes‑associated 
protein; HCC, hepatocellular carcinoma; MMP2, matrix metallopeptidase 2; TEAD, TEA domain transcription factor; p, phosphorylated
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studies reported that Ezrin and NF2 were involved in the regu‑
lation of Hippo signaling (33,34). Secondly, as a GTP‑binding 
protein, SEPT6 may regulate GTPase activity and thus, Hippo 
signaling activity. Finally, it may be possible that SEPT6 
mediates the recruitment of certain phosphatases to repress 
LATS1 phosphorylation. Collectively, the results of the present 
study indicated a possible mechanism by which SEPT6 regu‑
lated Hippo signaling via upregulation of F‑actin formation. 
However, further investigation of the underlying mechanism is 
required.

In conclusion, the present study demonstrated that SEPT6 
was upregulated in HCC and displayed an oncogenic function 
in HCC progression. SEPT6 promoted HCC cell prolifera‑
tion, cell cycle progression, migration and invasion, which 
was mediated at least partly via the SEPT6/Hippo/YAP axis. 
Therefore, the results of the present study may provide novel 
insight into HCC treatment.
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