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Background/Aims: SMG9 participates in the nonsense-mediated mRNA decay process
that degrades mRNA harboring nonsense mutations introduced either at the level of
transcription or RNA processing. However, little is known about the role of SMG9 in
hepatocellular carcinoma (HCC). The objective of this research was to clarify the effects of
SMG9 expression on HCC progression.

Methods: Microarray data were acquired from NCBI Gene Expression Omnibus (GEO)
and The Cancer Genome Atlas (TCGA) database to bioinformatically analyze the differential
expression of SMG9 between HCC patients and normal controls. SMG9 mRNA level was
measured in sixteen sets of fresh tumor tissues and adjacent non-cancerous liver tissues
(ANLTs) via reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
SMG9 protein expression was analyzed in ninety-five sets of paired formalin-fixed and
paraffin-embedded tissue specimens by immunohistochemistry (IHC). In addition,
clinicopathological features of SMG9 in HCC were checked. For in vitro studies, small
interfering RNA (siRNA) was used to silence SMG9 expression for exploring biological
functions and underlying mechanisms of SMG9 in SMMC-7721 and HepG2.

Results: We found that SMG9 was upregulated in HCC tissues and SMG9 levels were
closely related to TNM stage, tumor number and tumor size. Cox regression and
Kaplan–Meier proportional hazards analyses showed that high expression of SMG9
was associated with poor patient survival. Furthermore, proliferation, apoptosis
resistance, migration and invasion of both SMMC-7721 and HepG2 cells were
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suppressed by SMG9 inhibition. In addition, EMT and theWnt/β-catenin signaling pathway
were involved in SMG9-mediated HCC progression.

Conclusions: SMG9may serve as a potential novel prognostic biomarker and therapeutic
target in HCC patients.

Keywords: SMG9, hepatocellular carcinoma, EMT, prognostic biomarker, therapeutic target

INTRODUCTION

Hepatocellular carcinoma (HCC), as the principal histological
type of liver cancer, comprises the great majority of liver cancer
diagnoses and deaths (Arnold et al., 2020). The risk factors
underlying HCC are highly variable, inducing genomic
alterations, epigenetic changes and gene mutation, finally
leading to HCC progression (Ding et al., 2019). To date, great
efforts have been made in understanding the pathogenesis of
HCC, and several preventive and therapeutic treatments have
been applied in the management of HCC (Llovet et al., 2021).
Unfortunately, the overall prognosis of HCC still remains dismal
(Bray et al., 2018; McGlynn et al., 2021). Thus, discovering new
prognostic biomarker and therapeutic target are still urgently
needed tomonitor the progression of HCC and improve the clinic
outcomes of HCC.

The poor outcome of HCC is mainly due to its complexities,
reoccurrence after surgical resection, metastasis and
heterogeneity (Forner et al., 2018; Kabashima et al., 2021;
Llovet et al., 2021; McGlynn et al., 2021). Recent studies have
shown that communications between tumor cells and tumor
microenvironment (TME) play key roles in promoting tumor
progression (Sukowati et al., 2015; Lu et al., 2019). Among all the
stromal cells in TME, cancer-associated fibroblasts (CAFs) are the
major types to support and regulate tumor cell proliferation,
apoptosis, migration, invasion, angiogenesis, immune escape, and
drug resistance (Hernandez-Gea et al., 2013; Yin et al., 2018).
CAFs are composed of a heterogeneous group of activated
fibroblasts with different cellular origins (Yin et al., 2019).
Tumor cells undergo the epithelial-mesenchymal
transformation (EMT) is one of the well-established sources of
CAFs in the TME (Giannelli et al., 2016). Therefore, targeting
CAFs by reducing the EMT is an ideal strategy in suppressing
tumor progression. However, there is no satisfied and efficient
biomarker that could be used as the therapeutic target for
inhibiting EMT in HCC progression.

Early HCC-related studies mainly focused on molecules
derived from either transcriptomics or proteomics due to their
central roles in the regulation of biological processes (Pei et al.,
2009). In clinics, proteomic markers, such as alpha-fetoprotein
(AFP) and des-gamma-carboxy prothrombin (DCP), are widely
used diagnostic markers for HCC (Kanwal and Singal, 2019).
However, their sensitivity and specificity remain limited.
Recently, increasing evidences indicate that post-
transcriptional modifications and remodeling also play key
roles in regulating tumor progression, as cancers often exhibit
abnormal transcription and mRNA processing (Lombardi et al.,
2020). Nonsense-mediated decay (NMD) is a post-transcriptional

surveillance mechanism that recognizes and degrades mRNAs
containing premature translation termination codons (PTCs) to
ensure the fidelity and accuracy of process from transcription of
genetic information to protein synthesis (Yamashita et al., 2009).
To date, the core factors involved in the NMD have been
identified, and SMG9 is one of them (Fernandez et al., 2011).
SMG9 is a 520-amino acid protein that contains a nucleotide
triphosphatase domain in the center (Fernandez et al., 2011).
SMG9 supports and stabilizes the SMG1 complex (SMG1C)
formation by binding to SMG1 and SMG8, and involves in
PTCs recognition, a key step for degradation of a PTC-
containing mRNA (Deniaud et al., 2015). It has been well
documented that cells cannot recognize transcripts containing
PTCs with loss-of-function mutations of SMG9(Shaheen et al.,
2016), suggesting the pivotal role of SMG9 in post-transcriptional
regulation and surveillance. In addition, SMG9 deficiency has
been reported to exhibit extensive transcriptional disorders and a
number of malformations in human (Lecoquierre et al., 2019;
Alzahrani et al., 2020). However, whether and how SMG9
involves in the initiation and progression of HCC remains
unknown. Given the importance that SMG9 and NMD play in
post-transcriptional regulation and surveillance, it is a valuable
work to investigate the biological function of SMG9 in HCC.

In this study, we have demonstrated that SMG9 significantly
increased in the tissues of HCC compared with the adjacent non-
cancerous liver tissues (ANLTs), and high expression of SMG9
was associated with poor prognosis in the HCC patients.
Functionally, SMG9 significantly promoted cell proliferation,
cell cycle progression, apoptosis resistance, invasion and
migration of HCC cell line. Mechanically, these processes
might be driven by EMT and the Wnt/β-catenin signaling
pathway. To sum up, our findings suggest that SMG9 is both
a new promising prognostic biomarker and specific therapeutic
target for HCC.

MATERIALS AND METHODS

Specimen Collection
The liver tissues for this study were obtained from HCC patients
who had undergone hepatectomy at The Affiliated Hospital of
Yangzhou University (Yangzhou, China) from July 2013 to
December 2014. Patient clinical characteristics are shown in
Table 1. None of these patients were treated with
chemotherapy or preoperative radiotherapy. All the patients
were followed up until December 2020. All tissue specimens
were made anonymously in accordance with legal and ethical
standards. Fresh tumor tissue specimens were frozen in liquid
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nitrogen immediately after resection and kept at −80°C. In our
study, overall survival (OS) is defined as the time from surgical
operation to death or final contact for any reason, and disease free
survival (DFS) is regarded to be the time from surgical operation
to the first recurrence/metastasis of tumor or death due to any
cause (Hou et al., 2019). Patients alive without tumor metastasis
and recurrence were censored at the time of last follow-up.

High-Throughput Sequencing Data Analysis
We acquired HCC expression data from the Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo) and The
Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov/)
database. The datasets GSE14520, GSE6764, GSE45436 and
GSE51401 were downloaded from the GEO database
(Wurmbach et al., 2007; Roessler et al., 2010; Wang et al.,
2013). All data were transformed via log2 and analyzed using
GraphPad Prism 7 and EdgeR software (packages for quasi-
likelihood testing, generalized linear model, exact testing,
empirical Bayes estimation, and negative binomial
distribution). Overexpression of SMG9 is defined as a higher
level of SMG9 expression in tumor tissues than that in normal
tissues and the difference is statistically significant at p value <0.
05. Genes were considered as differential expression genes at a p
value <0.05 together with a Log fold change (Log FC)≤ −1.0 or
≥1.0.

Immunohistochemistry
Paired formalin-fixed, paraffin-embedded tissue specimens from
ninety-five cases of HCC were used for SMG9
immunohistochemistry (IHC) studies. HCC sections were
deparaffinized with xylene and rehydrated in graded
concentrations of ethanol. For antigen retrieval, sections were
heated in a microwave oven for 15 min in 0.01 M citric saline (PH

� 6.0). After incubating with 3% aqueous solution of hydrogen
peroxide (H2O2) for 25 min in the dark, sections were further
blocked in 5% goat serum (Beyotime, Shanghai, China) for
30 min at room temperature. Then sections were incubated
with primary antibody against SMG9 (1:100; Abcam,
Cambridge, United Kingdom) overnight at 4°C. Next day, after
washing with phosphate buffered saline (PBS), the HCC sections
were incubated with secondary antibody (Gene Tech, China) at
room temperature for 30 min. The expression level of SMG9 in
the tissues was visualized by diaminobenzidine (DAB) (Gene
Tech, China) staining and re-dyed with hematoxylin for 5 min.
Finally, the sections were sealed with neutral gum and
photographed under a light microscope (Leica, Germany).
Specimens were visually scored based on staining intensity (0,
no staining; 1, slightly more yellow than the context; 2, yellow-
brown; 3, brown) and percentage of positive cells (0, 0–5%; 1,
6–25%; 2, 26–50%; 3, 51–75%; 4, >75%).

The IHC score was calculated as follows: total score � staining
intensity score × percentage of positive cell score. Four
classifications were used: 0, negative (−) staining; 1–4, weak
positive (+) staining; 5–8, positive (++) staining; 9–12, strong
positive (+++) staining.

RNA Extraction and Reverse
Transcription-Quantitative Polymerase
Chain Reaction
TRIzol reagent (Invitrogen, NY, United States) was used to
extract total RNA according to the manufacturer’s
instructions. An SYBR Green PCR Master Mix (Takara,
Kyoto, Japan) was used to perform reverse transcription-
quantitative polymerase chain reaction (RT-qPCR). The
primers for SMG9 were as follows: anti-sense, 5′-TGCAGC
CATGATATGAGCGTC-3′; sense, 5′-GGATGAACAGGCTCT
ATTAGGGC-3′ (Servicebio Technology, Wuhan, China).
GAPDH was used as an internal control, and the primers for
GAPDH were as follows: reverse primer, 5′-ACACCATGTATT
CCGGGTCAAT-3′; forward primer, 5′-TGTGGGCATCAA
TGGATTTGG-3′ (Servicebio Technology, Wuhan, China).
The relative mRNA expression levels of SMG9 were quantified
by the 2−ΔΔCt method. The RT-qPCR experiments were
performed in triplicate and independently repeated three times.

Cell Culture
SMCC-7721 and HepG2 human HCC cell lines were acquired
from the American Type Culture Collection (ATCC, Manassas,
VA) and grown in DMEM supplemented with 10% fetal bovine
serum (FBS) containing 1% antibiotics (streptomycin and
penicillin) at 37°C in a 5% (v/v) CO2 humidified environment.

RNA Interference
SMMC-7721 and HepG2 cells were seeded in six-well plates at a
density of 1 × 105/ml before transfecting with a 50 nM
concentration of small interfering RNAs (siRNAs) targeting
SMG9 (Ribobio, Guangzhou, China) and negative control
(NC) siRNA (Ribobio, Guangzhou, China). Transfection was

TABLE 1 | Correlations between SMG9 expression and clinical characteristics of
HCC patients.

Variables SMG9 expression p value

Low (N = 41) High (N = 54)

Sex
Male 28 30 0.207
Female 13 24

Age, years
＜60 20 28 0.767
≥60 21 26

AFP, ng/L
＜400 22 28 0.861
≥400 19 26

Tumor number
Single 32 29 0.014
Multiple (≥2) 9 25

Tumor Size, cm
≥5 14 32 0.015
＜5 27 22

TNM Stage
I&II 27 23 0.025
III&IV 14 31

Bold values indicate statistical significance. If the p value was <0.05, the data were
considered to be statistically significant difference.
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performed using Lipofectamine™ 3,000 (Invitrogen, California,
United States) referring to the instructions. The siRNA sequences
are as follows:

• siRNA-1: GCACTTCCGTCATGCAGAA
• siRNA-2: GGAGCCAAGTGATGTCCAT
• siRNA-3: ACACGATCCTCACCGAGAA

Western Blotting
Cells were harvested and total protein was extracted using
radioimmunoprecipitation assay (RIPA) buffer (Fdbio science,
Hangzhou, China) supplemented with phenylmethanesulfonyl
fluoride (PMSF) (Fdbio science, Hangzhou, China), protease
inhibitor (Fdbio science, Hangzhou, China), and phosphatase
inhibitor (Fdbio science, Hangzhou, China). Protein
concentration was determined by BCA protein quantitation
assay (KeyGen Biotech, Nanjing, China). Thirty micrograms of
protein from each sample was separated with 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene fluoride (PVDF)
membranes (Roche, Switzerland). To prevent antibody binding
to non-specific epitopes, blocking was performed with 5% bovine
serum albumin (BSA) in Tris-buffered saline with 0.1% Tween 20
(TBST) for 1 h at room temperature. Then, the samples were
incubated overnight at 4°C with the primary antibodies, including
anti-SMG9 (1:1,000; Abcam, Cambridge, United Kingdom), anti-
E-cadherin (1:1,000; Cell Signaling Technology, MA,
United States), anti-Vimentin (1:1,000; Cell Signaling
Technology, MA, United States), anti-N-cadherin (1:1,000;
Cell Signaling Technology, MA, United States), anti-β-catenin
(1:1,000; Cell Signaling Technology, MA, United States), anti-
MMP2 (1:1,000; Abcam, Cambridge, United Kingdom), anti-
MMP9 (1:1,000; Abcam, Cambridge, United Kingdom), anti-
PCNA (1:1,000; Abcam, Cambridge, United Kingdom), anti-Bax
(1:1,000; Abcam, Cambridge, United Kingdom), anti-Bcl-2 (1:
1,000; Abcam, Cambridge, United Kingdom), and anti-GAPDH
(1:1,000; Bioss, Beijing, China). The next day, membranes were
washed with TBST and incubated with the suitable secondary
antibody (1:5,000; Cell Signaling Technology, MA,
United States). Samples were then washed three times with
TBST for 5 min, and the target proteins on the membranes
were visualized using Immobilon Western Chemiluminescent
HRP Substrate (Millipore, MA, United States).

CCK8 Assay
A CCK8 (Cell Counting Kit-8; Dojondo, Tabaru, Japan) assay
was used to measure the cell proliferation. The cells were seeded
in 96-well plates at a density of 1× 104 cells per well. The
absorbance of wells at 450 nm (reference wavelength, 650 nm)
was measured at 0, 24, 48, and 72 h after siRNA transfection with
a microplate reader (BioTek EPOCH, United States). Each
experiment was performed in triplicate, and the data were
presented as mean ± standard deviation (SD).

EdU Assay
Cell proliferation was detected by using BeyoClick™ EdU Cell
Proliferation Kit with Alexa Fluor 594 (Beyotime, Shanghai,

China) according to the manufacturer instructions. In brief,
the SMG9 NC- or SMG9 siRNA-transfected SMMC-7721 and
HepG2 cells were cultured in 96-well plates with 1× 104 cells/well,
respectively. After 24 h of culture, the cells were labeled with
20 μM EdU for 2 h at 37°C, and then rinsed twice at room
temperature in PBS. After labeling, the cells were fixed with
4% paraformaldehyde, permeabilized with 0.3% Triton X-100,
incubated with 50 μl Click Additive Solution for 30 min
protecting from light, and stained with 50 μl Hoechst 33,342
(Sigma-Aldrich, St. Louis, United States) for 15 min. Images were
taken under a fluorescence microscopy (Leica, Germany) and the
percentage of EdU-positive cells was calculated. The experiments
were performed at least three times.

Gene Set Enrichment Analysis
Gene expression data was obtained from TCGA database. To
further identify pathways/gene sets associated with SMG9, the
data was used to perform gene set enrichment analysis (GSEA).
For GSEA, the expression of each gene on the rank list is weighted
based on its Log FC. GSEA software (version: 4.1.0) was
downloaded from broad institute (Subramanian et al., 2005)
through the following link: http://software.broadinstitute.org/
gsea/downloads.jsp.

Cell Cycle Analysis
Cell cycle was analyzed using flow cytometry by measuring
DNA content of cells with the Cell Cycle Detection Kit
(KeyGen Biotech, Nanjing, China) assay. The experimental
procedures were in line with the manufacturer’s instructions.
SMMC-7721 and HepG2 cells in the logarithmic growth phase
(1 × 105/ml) were seeded in six-well plates. Then, SMG9 NC or
SMG9 siRNA was transfected into SMMC-7721 and HepG2
cells with Lipofectamine™ 3,000. After 48 h in culture, the cells
were harvested with 0.25% trypsin-EDTA (Invitrogen,
Carlsbad, CA, United States) and centrifuged at 1,200 rpm
for 5 min. Cells were then washed twice with cold PBS and
fixed overnight in pre-cooled 70% ethanol at 4°C. The next day,
ethanol was removed by centrifugation and cells were washed
twice with cold PBS and incubated with 500 μl working
solution of propidium iodide (PI)/RNase A at a volume
ratio of 9:1 at 4°C for 30 min away from light. After that,
the cell cycle was analyzed using BD FACS Calibur (BD
Biosciences).

Flow Cytometry
An Annexin V-FITC Apoptosis Kit (KeyGen Biotech, Nanjing,
China) was used to analyze cell apoptosis according to the
manufacturer’s instructions. SMMC-7721 and HepG2 cells of
logarithmic growth phase (1 × 105/ml) were seeded in six-well
plates. Then, SMG9 NC or SMG9 siRNA was transfected into
SMMC-7721 and HepG2 cells with Lipofectamine™ 3,000. Forty
eight hours post-transfection, all cells (including cells in the
supernatant) were harvested with trypsin without EDTA
(Beyotime, Shanghai, China) and centrifuged at 1,200 rpm for
5 min. After washing with cold PBS twice, the cells were
resuspended in 500 μl binding buffer and incubated with 5 μl
Annexin V- FITC and 5 μl PI at room temperature for 15min in
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the dark. Then, the samples were analyzed on a flow cytometer
(BD FACS Calibur System; BD, United States).

Scratch Wound Healing Assay
The SMG9 NC-or SMG9 siRNA-transfected SMMC-7721 and
HepG2 cells were placed in six-well plates at a density of 1 × 106/
ml respectively and incubated at 37 °C with 5% (v/v) CO2 until
they reached 100% confluence. The monolayer was scratched
with a sterile 10 µl pipette tip. After washing away cell fragments,
the cells were cultured with serum-free DMEM and
photographed under a light microscope (Leica, Germany) at
0 h (H0), 24, 48 and 72 h (H) after scratch was made. The
distance between the two edges of the scratch was measured
and data were presented as migration rate. The formula used for
the calculation of the cell migration rate was as follows: migration
rate (%) � (1-H cell migration distance/H0 cell migration
distance) × 100%.

Transwell Migration Assay
Cell migration was determined by transwell chambers (Corning,
NY, United States) migration assay. The SMG9 NC- or
SMG9 siRNA-transfected SMMC-7721 and HepG2 cells (1 ×
105 cells) were plated in the upper chamber in 200 uL serum-free
DMEM. The bottom chamber of the transwell system was filled
with 500 uL DMEM containing 20% FBS. After incubation for
24 h, the non-migrating cells on the upper side of the membrane
were carefully removed using a cotton swab, while the migrated
cells attached to the bottom side of the membrane were fixed with
4% paraformaldehyde for 30 min and colored with 0.1% crystal
violet. The stained cells were then washed 2–3 times (5 min each
time) with PBS, visualized and counted in five random fields
under the microscope (Leica, Germany). All experiments were
repeated three times, independently.

Transwell Invasion Assay
Cell invasion was evaluated by transwell assay using BD
BioCoat Matrigel invasion chambers (BD Biosciences, MA,
United States). Transwell chambers were placed in a sterile 24-
well culture plate initially. The SMG9 NC- or SMG9 siRNA-
transfected SMMC-7721 and HepG2 cells were seeded in the
upper chamber in 200 uL serum-free DMEM at a density of 1 ×
105/ml. At the same time, 500 µl of DMEM supplemented with
20% FBS was added to the bottom chamber. After 48 h of
incubation in a 5% (v/v) CO2 incubator at 37°C, the matrigel
and noninvasive cells on the upper surface of the filters were
removed, and then the filters were fixed with 70% methanol
and stained with 0.1% crystal violet. Finally, the number of
invasive cells was quantified by counting five randomly
selected fields under the microscope (Leica, Germany). The
experiments were carried out three times independently and
data were presented as mean ± SD.

Statistical Analysis
Statistical analyses were conducted using SPSS software version
23.0 (IBM, Armonk, New York). Depending on the character of
the data, Students t test was used for intergroup comparisons of
numerical variables, and Fisher’s exact test was used for

comparisons of categorical variables. The influence of different
prognostic elements on OS and DFS of HCC patients was
evaluated by Kaplan-Meier analysis and Cox regression. Two-
tailed p values <0.05 were considered as statistically significant.

RESULTS

SMG9 Is Upregulated in Human
Hepatocellular Carcinoma Tissues
Compared With Adjacent Non Cancerous
Liver Tissues
Data from TCGA and GEO (GSE14520, GSE6764, GSE45436,
and GSE51401 datasets) were used for gene expression analysis.
SMG9 expression was found to be significantly increased in the
HCC tissues compared with that in the corresponding normal
tissues, and the findings are shown in Figures 1A–E. IHC staining
of 95-paired tissues showed that SMG9 expression was
significantly higher in HCC tissues than in the ANLTs
(Figure 1F). In addition, the mRNA expression of SMG9 was
confirmed by RT-qPCR, showing that SMG9 was upregulated in
16 sets of fresh HCC tissues in contrast with ANLTs (Figure 1G).
The relationships between SMG9 expression and clinical
characteristics of HCC patients were showed in Table 1. The
expression level of SMG9 was significantly associated with tumor
number (p � 0.014), tumor size (p � 0.015), and TNM stage (p �
0.025). These findings indicate that SMG9 is upregulated in
human HCC tissues and is correlated with worse
clinicopathology features of HCC patients.

SMG9 Expression Is Correlated With Poor
Prognosis in Human Hepatocellular
Carcinoma
To determine the prognostic value of SMG9, Kaplan–Meier
survival analysis was carried out for 95 HCC cases, the results
are shown in Figures 2A,B. High SMG9 expression was
associated with poor OS and DFS. Cox proportional hazards
analysis for 364 HCC cases from the TCGA database showed that
patients with higher SMG9 expression had poorer prognosis
(Figures 2C,D). To further validate the results, Kaplan-Meier
survival curves of OS and DFS generated from Kaplan-Meier
plotter (Nagy et al., 2021) for high- and low-SMG9 expression
groups also showed the same results (Figures 2E,F). Multivariate
analysis showed that SMG9 expression was an independent
prognostic factor for OS [hazard ratio (HR) � 3.326, 95%
confidence interval (CI): 1.644–6.731, p � 0.001] (Table 2)
and DFS (HR � 3.661, 95% CI: 1.797–7.461, p < 0.001)
(Table 3). In general, the results suggest that high SMG9
expression is correlated with poor prognosis in human HCC.

SMG9 Promotes Proliferation of
Hepatocellular Carcinoma Cells
To explore the function of SMG9 in HCC, we transfected SMMC-
7721 and HepG2 cell lines with three siRNAs (siRNA-1, siRNA-2,

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 7014545

Jin et al. Role of SMG9 in HCC

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


and siRNA-3) targeting the coding sequence of SMG9 and
negative control (NC) siRNA. Western blotting showed that
protein expression of SMG9 was markedly decreased in
SMG9 siRNA-transfected cells compared with that in control
cells (Figure 3A). CCK8 assay was applied to investigate the effect
of SMG9 on cell proliferation. We observed that cell proliferation
was significantly inhibited in both SMMC-7721 and HepG2 cell
lines at 24, 48 and 72 h after SMG9-siRNA transfection as
compared to the control group (Figures 3B,C). Next, the
function of SMG9 on HCC cell proliferation was detected by
EdU staining. The results showed that the proliferation of
SMMC-7721 and HepG2 cells was significantly reduced in
SMG9 siRNA group as compared to SMG9 NC group
(Figure 3D). Furthermore, we found that PCNA (cell
proliferation marker) expression was significantly reduced after
SMG9 siRNA transfection (Figure 3E). Collectively, these data

indicate that inhibition of SMG9 attenuates HCC cell
proliferation.

Knockdown of SMG9 Induces Cell Cycle
Arrest and Apoptosis in Hepatocellular
Carcinoma Cells
Since cell cycle and apoptosis are tightly associated with cell
proliferation, we then determine whether SMG9 could affect cell
cycle and apoptosis in HCC cells (Teng et al., 2008; Zheng et al.,
2019). To understand whether SMG9 affected the cell cycle
progression, GSEA was performed using high-throughput
RNA-sequencing data of the TCGA database. As shown in
Figure 4A, cell cycle was significantly associated with SMG9
in HCC. Then, flow cytometry was used to assess the effect of
SMG9 on cell cycle. SMG9 siRNA transfection markedly

FIGURE 1 | SMG9 is upregulated in HCC tissues compared with ANLTs. SMG9 was highly expressed in HCC tissues compared to normal tissues according to
analysis of data from TCGA (A; tumor, n � 369; normal, n � 50) and GEO (B–E; GSE14520, tumor, n � 225; normal, n � 220; GSE6764, tumor, n � 35; normal, n � 40;
GSE45436, tumor, n � 93; normal, n � 41; GSE51401, tumor, n � 32; normal, n � 32). (F) The IHC staining of SMG9 in human HCC tissues and ANLTs. (G) RT-qPCR
analysis of SMG9 expression in 16 pairs of HCC tissues and corresponding ANLTs. All: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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increased the percentage of cells in the G0/G1 phase and
decreased the percentage of cells in the S phase of HepG2 and
SMMC-7721 cells as compared to the NC group (Figures 4B,C).
Meanwhile, the role of SMG9 in regulating cell apoptosis was also
evaluated by flow cytometry, and the results showed that
knockdown of SMG9 increased the percentage of apoptosis
cells in HepG2 and SMMC-7721 cells (Figures 4D,E).
Additionally, western blotting results showed that Bax protein
level was increased and Bcl-2 protein level was decreased in SMMC-

7721 and HepG2 cells after knockdown of SMG9 (Figure 4F). Taken
together, our data reveal that SMG9 siRNA induces G0/G1 phase cell
cycle arrest and cell apoptosis in HCC cells.

SMG9 Promotes Migration and Invasion of
SMMC-7721 and HepG2 Cells
To determine the effect of SMG9 on cell motility, scratch wound
healing assay along with transwell migration assay were

FIGURE 2 | SMG9 expression is correlated with poor prognosis in human HCC. OS (A) and DFS (B) curves in 95 patients with HCC stratified by SMG9 expression.
OS (C) and DFS (D) analysis of TCGA. Kaplan-Meier survival curves of OS (E) and DFS (F) generated from Kaplan-Meier plotter for high- and low- SMG9 expression
groups.

TABLE 2 | Univariate and multivariate Cox regression analysis of risk factors associated with OS.

Variables Univariate analysis Multivariate analysis

HR 95% CI p value HR 95% CI p value

Sex 1.252 0.697–2.250 0.452
Age 1.313 0.734–2.349 0.359
TNM stage 1.960 1.088–3.533 0.025 1.361 0.710–2.608 0.353
Tumor thrombus 1.550 0.828–2.901 0.171
HBV 1.316 0.722–2.396 0.370
Tumor number 0.547 0.277–1.081 0.082 0.564 0.265–1.202 0.138
Tumor size (≥5 cm) 0.534 0.290–0.983 0.044 0.426 0.218–0.832 0.012
AFP 2.610 1.389–4.903 0.003 2.288 1.194–4.387 0.013
Pathological grading 1.005 0.541–1.869 0.983
SMG9 2.401 1.292–4.460 0.006 3.326 1.644–6.731 0.001

Bold values indicate statistical significance. If the p value was <0.05, the data were considered to be statistically significant difference.
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TABLE 3 | Univariate and multivariate Cox regression analysis of risk factors associated with DFS.

Variables Univariate analysis Multivariate analysis

HR 95% CI p value HR 95% CI p value

Sex 1.313 0.732–2.356 0.361
Age 1.403 0.783–2.516 0.255
TNM stage 2.044 1.134–3.684 0.017 1.532 0.800–2.935 0.198
Tumor thrombus 1.430 0.766–2.668 0.261
HBV 1.227 0.673–2.236 0.504
Tumor number 0.526 0.260–1.063 0.074 0.534 0.257–1.111 0.093
Tumor size (≥ 5cm) 0.535 0.291–0.985 0.045 0.387 0.197–0.760 0.006
AFP 2.890 1.540–5.423 0.001 2.326 1.222–4.425 0.010
Pathological grading 0.956 0.514–1.780 0.888
SMG9 2.645 1.404–4.983 0.003 3.661 1.797–7.461 <0.001

Bold values indicate statistical significance. If the p value was <0.05, the data were considered to be statistically significant difference.

FIGURE 3 | Silence of SMG9 attenuates HCC cell proliferation. (A) Knockdown efficiency of SMG9 siRNA was determined by western blotting. (B,C) Effects of
SMG9 on cell proliferation was evaluated by CCK8 assay in siRNA-transfected SMMC-7721 and HepG2 cells. (D) Cell proliferation was determined by the EdU assay in
SMMC-7721 and HepG2 cells transfected with SMG9 NC or SMG9 siRNA. Images were captured on an inverted fluorescence microscope. (E) The protein expression
level of PCNAwasmeasured bywestern blotting analysis in SMMC-7721 and HepG2 cells transfected with SMG9NC or SMG9 siRNA. Data were presented as the
mean ± SD of three independent repeats of the experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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employed. As a result, cell migration capacity was significantly
decreased by treatment with SMG9 siRNA in both SMMC-7721
and HepG2 cells compared with control cells at 24, 48 and 72 h
(Figures 5A,B). In the transwell invasion experiments,
downregulation of SMG9 significantly reduced the invasive
capacity of both SMMC-7721 and HepG2 cells (Figure 5C).

In addition, MMP2 and MMP9 protein expression levels were
assessed by western blotting, as both MMP2 and MMP9 play key
roles in regulating cell migration (Muscella et al., 2020). We
observed that both MMP2 and MMP9 expression were
significantly down-regulated after transfecting with SMG9
siRNA in SMMC-7721 and HepG2 cells (Figure 5D). Thus,

FIGURE 4 | SMG9 siRNA induces G0/G1 phase cell cycle arrest and apoptosis in HCC cells. (A)GSEA analysis showed that cell cycle was significantly associated
with SMG9 in HCC based on TCGA datasets. (B,C) Knockdown of SMG9 arrested cell cycle at G0/G1 phase in SMMC-7721 and HepG2 cells. (D,E) Cell apoptosis of
SMMC-7721 and HepG2 cells transfected with siRNA NC or siRNA SMG9wasmeasured by flow cytometry. (F) Bax and Bcl-2 protein expression levels were measured
by Western blotting in SMMC-7721 and HepG2 cells transfected with siRNA NC or siRNA SMG9. Data were presented as the mean ± SD of three independent
repeats of the experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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these results suggest that downregulation of SMG9 represses
migration and invasion of SMMC-7721 and HepG2 cells.

SMG9 Facilitates the EMT Process and
Activates Wnt/β-Catenin Signaling Pathway
in Hepatocellular Carcinoma Cells
EMT has been recognized as an important step toward high
invasion and metastasis of many cancers including HCC (Jia

et al., 2021). To investigate the role of SMG9 in EMT, we knocked
down SMG9 in SMMC-7721 and HepG2 cells using siRNA
specific SMG9, and the relative proteins of EMT were detected
by western blotting. The results showed that the expression level
of E-cadherin was significantly increased, however, the
expression levels of vimentin and N-cadherin were
significantly reduced upon SMG9 knockdown (Figure 6A).
The activation of Wnt/β-catenin signaling pathway is closely
related to tumor progression including proliferation, apoptosis,

FIGURE 5 | Downregulation of SMG9 represses migration and invasion of SMMC-7721 and HepG2 cells. (A,B) Scratch wound-healing assay and transwell
migration assay were applied to determine cell migratory capability of SMMC-7721 and HepG2 cells transfected with SMG9 NC or SMG9 siRNA. (C) Transwell invasion
assay was conducted to assess the effects of SMG9 knockdown on the invasive potential of SMMC-7721 and HepG2 cells. (D) Levels of MMP2 and MMP9 were
measured by western blotting in SMMC-7721 and HepG2 cells transfected with SMG9NC or SMG9 siRNA, respectively. Data were presented as themean ± SD of
three independent repeats of the experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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invasion, and migration (Li et al., 2021). To investigate whether
Wnt/β-catenin was implicated in the progression of HCC,
β-catenin protein level was detected in SMG9 NC or
SMG9 siRNA-transfected SMMC-7721 and HepG2 cells.
SMG9 siRNA markedly reduced the expression level of
β-catenin as compared to the control group (Figure 6B). In
summary, these findings demonstrate that SMG9 promotes the
process of EMT and activates Wnt/β-catenin signaling pathway
in HCC cells.

DISCUSSION

In this study, we have investigated the expression level of SMG9
in HCC tissues and assessed the prognostic role of this gene for
survival of HCC patients. We have identified that knockdown of
SMG9 contributes to reduced cell proliferation, enhanced
apoptosis, and decreased migration and invasion abilities. In
addition, we have further demonstrated that EMT and the
Wnt/β-catenin signaling pathway are involved in SMG9-
mediated HCC progression.

According to GLOBOCAN 2020 (http://gco.iarc.fr/), HCC,
with high incidence and mortality, is one of the most
common malignant tumors in the world, especially in China.
GEO and TCGA are public genomics data repositories of next-
generation sequencing and high-throughput microarrays for
many tumor types and tumor tissues. Here, microarray data
from GEO and RNA sequencing data from TCGA were analyzed
to investigate the relationship between SMG9 and HCC. Analysis
revealed that the mRNA expression level of SMG9 was
upregulated in HCC tissues than in normal tissues. Using RT-
qPCR, we also found SMG9 expression was significantly higher in
16 sets of fresh HCC tissues than in ANLTs, in line with our gene
analysis findings. Furthermore, the prognostic value of SMG9was

investigated. TCGA database-survival analysis showed that HCC
patients with high SMG9 expression had significantly worse
prognosis than those with low SMG9 expression. Consistent
with the TCGA results, our studies using IHC staining,
Kaplan-Meier analysis and Cox regression also showed that
SMG9 protein expression in the histological specimens was
strongly linked with clinicopathological characteristics and
survival time of HCC patients. Collectively, all these results
suggest that SMG9 is closely related to HCC and plays an
important role in the progression of HCC.

SMG9 has been first defined as a participant in NMD since
2009, which directly binds SMG1 and SMG8, forming a stable
SMG1–SMG8–SMG9 complex (Yamashita et al., 2009). As an
essential component of the NMD, SMG9 plays a critical role in
the NMD pathway (Yamashita et al., 2009; Fernandez et al., 2011;
Zhu et al., 2019). Growing evidences have shown that NMD
pathway is implicated in many biological processes including
embryonic development, cell differentiation, stress responses and
immune response (Nasif et al., 2018). Disruption of the NMD can
lead to a plethora of human genetic diseases, including cancer
(Lindeboom et al., 2019). Notably, NMD exerts dual effects in
tumor progression (Nogueira et al., 2021). On one hand, tumors
have exploited NMD to downregulate key tumor-suppressor gene
expression, whereas on the other hand, adjusted NMD activity to
adapt to their microenvironment (Popp and Maquat, 2018).
NMD targets and regulates a wide variety of transcripts that
are important for tumorigenesis, including proteins involved in
cell cycle, cell growth, apoptosis, growth factor signaling, and cell
migration (Wang et al., 2011). In this study, we have identified the
role of SMG9, the key player in NMD, in the progression of HCC.
Since sustaining proliferative signaling, resisting cell death, and
activating invasion/metastasis are the basic hallmarks of cancer
(Hanahan and Weinberg, 2011), we have analyzed the alteration
of cell proliferation, apoptosis, migration and invasion by in vitro

FIGURE 6 | SMG9 promotes the process of EMT and activates Wnt/β-catenin signaling pathway in HCC cells. (A) The protein expression levels of E-cadherin,
N-cadherin, and Vimentin were measured by western blotting in SMMC-7721 and HepG2 cells transfected with SMG9 NC or SMG9 siRNA, respectively. (B) The level of
β-catenin protein was detected by western blotting in SMMC-7721 and HepG2 cells transfected with SMG9NC or SMG9 siRNA. Data were presented as themean ± SD
of three independent repeats of the experiments. ***p < 0.001, ****p < 0.0001.
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studies. First, CCK8 assay and EdU staining were used to explore
the function of SMG9 on HCC cell proliferation. These results
showed that SMG9 siRNA inhibit HCC cell proliferation.
Subsequently, analysis of cell cycle phase distribution and
apoptosis confirmed SMG9 siRNA induced cell cycle arrest at
G0/G1 phase and apoptosis in HCC cells. Furthermore,migration
and invasion assay showed that SMG9 promoted HCC cell
migration and invasion. Taking together, all the above results
indicate that SMG9 promotes HCC progression by promoting
proliferation, cell cycle progression, apoptosis resistance,
migration and invasion in HCC cells.

Mechanically, EMT is tightly related to not only invasion and
metastasis but also proliferation (Chen et al., 2020). Meanwhile,
there is a strong connection between EMT and HCC (Tong et al.,
2020). The Wnt/β-catenin signaling pathway is involved in the
development of various human cancers and one of the most
well-characterized oncogenic pathway in HCC (Hoshida et al.,
2009; Huang et al., 2019; Bi et al., 2020; Wang et al., 2020). A
variety of key cellular processes including proliferation, apoptosis,
migration and invasion are involved in the progression of HCC in a
Wnt/β-catenin-dependent manner (Huang et al., 2020; Lin et al.,
2020). Thus, the Wnt/β-catenin signaling pathway and EMT have
potential value in the diagnosis and prognosis of HCC. In our study,
SMG9 siRNA decreased the expression levels of Vimentin,
N-cadherin, and β-catenin whereas increased the protein
expression level of E-cadherin, indicating that SMG9 mediates
HCC cell proliferation, apoptosis, migration and invasion via
activating EMT and the Wnt/β-catenin signaling pathway.

In summary, our findings show that higher expression of SMG9
is predictive of a poorer prognosis in HCC patients and plays a
crucial role in HCC progression via EMT and the Wnt/β-catenin
signaling pathway. The molecular mechanisms of SMG9 promoting
HCC cell proliferation, apoptosis, migration and invasion remain to
be further elucidated in the future study. Recently, some researchers
have reported that SMG9 positively regulates ferroptosis
independent of its activity in NMD, implicating that SMG9 may
has biological functions beyond NMD (Fernandez et al., 2011; Han
et al., 2021). Accordingly, understanding the other potential
functions of SMG9 during HCC progression is an attractive
direction for future work, which will provide a new strategy for
liver cancer prevention and treatment.
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