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elF6 promotes the malignant progression
of human hepatocellular carcinoma
via the mTOR signaling pathway
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Abstract

Background: Eukaryotic translation initiation factor 6 (elF6) has a crucial function in the maturation of 60S ribosomal
subunits, and it controls the initiation of protein translation. Although emerging studies indicate that elF6 is aberrantly
expressed in various types of cancers, the functions and underlying molecular mechanisms of elF6 in the pathological
progression of hepatocellular carcinoma (HCC) remain unclear. This study aimed to evaluate the potential diagnostic
and prognostic value of elF6 in patients with HCC.

Methods: HCC samples enrolled from The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO) and our
cohort were used to explore the role and mechanism of elF6 in HCC. The diagnostic power of elF6 was verified by
receiver operating characteristic curve (ROC) analysis and its prognostic value was assessed by Kaplan-Meier analysis,
and then related biological functions of elF6 were determined in vitro and in vivo cancer models. In addition, poten-
tial molecular mechanism of elF6 in HCC was unveiled by the gene set enrichment analysis and western blot assay.

Results: We demonstrated that elF6 expression was markedly increased in HCC, and elevated elF6 expression cor-
related with pathological progression of HCC. Besides, elF6 served as not only a new diagnostic biomarker but also an
independent risk factor for OS in HCC patients. Functional studies indicated that the deletion of elF6 displayed tumor-
suppressor activity in HCC cells. Furthermore, we found that elF6 could activate the mTOR-related signaling pathway
and regulate the expression level of its target genes, such as CCND1, CDK4, CDK6, MYC, CASP3 and CTNNBL1, and
these activities promoted proliferation and invasion of HCC cells.

Conclusions: The findings of this study provided a novel basis for understanding the potential role of elF6 in promot-
ing tumor growth and invasion, and exploited a promising strategy for improving diagnosis and prognosis of HCC.
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Background

Hepatocellular carcinoma (HCC) accounts for 80-90%
of liver cancer cases and ranks as the third leading cause
of cancer-related deaths worldwide [1]. Pathologically,
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HCC frequently derived from mature hepatocytes and
is a highly heterogeneous malignancy; there are major
risk factors associated with HCC, including HBV and
HCV infection, alcohol abuse, and fatty liver disease [2].
Although its survival rate has reduced to less than 20%,
which is primarily attributed to enormous progress in
early diagnosis, systemic immunotherapy and surgical
technics, the mortality rate of HCC remains almost equal
to the incidence rate, which indicates a lack of effective
early diagnosis and treatment [3]. Consequently, eluci-
dating the potential molecular pathogenesis involved in
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HCC is pivotal for improving therapeutic effectiveness
and prognosis.

In recent decades, as scientists have been concerned
with the origin and etiology of tumor cells to discover
an effective means of prevention and treatment from
the pathogenesis of tumors, dysregulation of protein
translation and cancer-related pathways have been
confirmed to be involved in development and progres-
sion of tumor and could affect the survival of patients
diagnosed with cancer [4, 5]. All the time, eukaryotic
translation initiation factors (elFs) are be considered
as rate-limiting step for protein translation initiation
and their disorders in the expression and location are
interpreted as a cause of cancer progression and malig-
nant biological behavior of cycling cells [6, 7]. In recent
years, emerging evidence has shown that elFs play a
vital role in tumor pathology. For example, when dis-
ordered or overexpressed, el[F4E can trigger neoplastic
transformation and result in tumorigenesis via regulat-
ing the conventional translation rate of specific pro-
teins, and patients with eIF4E-high expression tend to
have a relatively dismal prognosis [8, 9]. In contrast,
obvious deletion of elF1 is revealed in pancreatic can-
cer samples compared with non-neoplastic pancreatic
tissue [10]. From this perspective, interpreting the
function of elFs in protein synthesis can be conducive
to discovering the molecular mechanisms involved in
cancer progression.

Eukaryotic translation initiation factor 6 (elF6), a
conserved 27 kDa protein present in eukaryotes, was
discovered in mammals more than 30 years ago and
considered as one of the elFs recently shown to play a
role in the control of protein synthesis [11]. The major-
ity of elF6 is present in the cytoplasm of eukaryotic
cells, with a smaller but indispensable fraction (~30%)
located in the nucleus [12—-14]. On the one hand elF6
functions as an anti-association factor and prevents
the assembly of the 60S and 40S ribosomal subunits in
the cytoplasm [12, 15], but on the other hand eIF6 is a
component of the preribosomal particles and plays an
important role in 60S ribosome biogenesis in the nucle-
olus [13, 16]. Thus, subcellular localization could be
crucial for the functional regulation of elF6. Recently,
emerging studies have also reported that elF6 is an
important factor in carcinogenesis and tumor progres-
sion [17, 18]. Indeed, a study has emphasized that the
total depletion of elF6 could delay tumorigenesis and
reduced tumor growth without negative side effects
on normal growth in mice, which suggested that eIF6
might be an impactful therapeutic target for cancer
treatment [14]. Furthermore, increasing studies confirm
dysregulation of eIF6 has been shown in various can-
cer entities, such as colorectal carcinoma (CRC) [19],
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malignant pleural mesothelioma (MPM) [20], ovarian
adenocarcinoma (OV) [21], breast cancer (MBC) [22]
and non-small cell lung cancer (NSCLC) [23]. Mecha-
nistic studies have revealed that phosphorylation may
regulate eIF6 activity, and three critical phosphoryla-
tion sites have been verified. Nucleus elF6 is phospho-
rylated at Ser-175 and Ser-174 in vitro by the nuclear
isoforms of casein kinase 1 (CK1), thus advancing the
formation of pre-60S ribosomes in the cytoplasm [13].
In addition to the above two sites, the RACK1-PKCPII
complex also phosphorylates cytoplasmic eIF6 at posi-
tion Ser-235, which facilitates protein translation and
carcinogenesis [12]. The upstream regulatory mecha-
nism of elF6 has established that the transcription fac-
tor complex GA-binding protein (GABP)-binding sites
are included in the eIF6 promoter region, thereby regu-
lating eIF6 expression [24]. Furthermore, the Notch-1/
RBP-Jk signaling pathway stimulates eIlF6 promoter
activity, enhancing the expression of eIF6 and the inva-
siveness of ovarian cancer cells [25]. Regarding the for
downstream regulation of elF6, existing studies have
demonstrated that elF6 could indirectly regulate Wnt/
[-catenin signaling in CRC cells and affect CDC42 sign-
aling in ovarian cancer cells, which promotes migration
and invasion [26, 27]. Recent studies also showed that
elF6 could regulate CASP3-related apoptosis signaling
in NSCLC and activate multiple AKT-related cancer
signaling pathways in CRC [23, 28]. The above evidence
suggests that e[F6 might be a potential tumor enhanc-
ing factor. However, its definite biological functions and
regulatory mechanisms in human carcinoma including
HCC remain elusive.

In the present study, we aimed to analyze the poten-
tial role and mechanism of eIF6 in the tumorigenesis
and progression of HCC. First, we determined that
elF6 was significantly overexpressed in HCC tis-
sues compared with normal tissues by TCGA and
GEO databases, which was subsequently verified by
IHC and western blot. Based on the analysis of clin-
icopathological parameters, we also found that high
levels of elF6 had a positive correlation with tumor
progression, and elF6 may serve as a potential diag-
nostic and prognostic biomarker for HCC patients. In
addition, functional studies indicated that eIF6 was a
potential driver of tumor biological processes in vitro
and in vivo cancer models. Moreover, through signal
pathway enrichment analysis and verification based
on western blot assay, we confirmed that eIF6 could
activate mTOR-related cancer signaling pathways and
thereby regulate downstream genes, such as MYC,
CDK4, CDK6, CCND1, CASP3 and CTNNBLI, to
affect cell proliferation, the cell cycle, apoptosis and
invasion in HCC. Our studies elucidated the crucial
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role of eIF6 in the progression of HCC and provided
a potentially valuable biomarker for the diagnosis and
prognosis of this cancer.

Methods

Data mining and bioinformatics analysis

The gene expression data for hepatocellular cancer
(n=374) and adjacent normal tissues (n=50) were
downloaded from The Cancer Genome Atlas (TCGA)
database (https://www.cancer.gov/tcga). Meanwhile,
four elF6 expression profiles (GSE64041, GSE57957,
GSE45436 and GSE14520) were obtained from the
Gene Expression Omnibus (GEO) database (http://
www.ncbi.nlm.nih.gov/geo). All bioinformatics data
were analyzed using R software, and fold change > 2
and p-values <0.05 were regarded as statistically
significant. The sets of genes which encode proteins
interacting with eIF6 were downloaded from UniHI
websites (http://www.unihi.org) and then entered
into online Metascape (http://www.metascape.org)
to perform the pathway enrichment analysis. The
data for genes associated with biological function of
elF6 in HCC were downloaded from the R2: Genom-
ics Analysis and Visualization Platform (https://hgser
ver2.amc.nl/cgi-bin/r2/main.cgi) to analyze the linear
correlation of eIlF6 with these genes. The Kaplan-—
Meier Plotter website (http://kmplot.com/analysis/)
was used to analyze overall survival (OS) in patients
with HCC. The picture and log rank p-values are
obtained online.

Clinical specimens

The clinical specimens, including formalin-fixed par-
affin-embedded human HCC specimens (n=68) and
fresh surgically removed HCC tissues (n=26), were col-
lected from Affiliated Nanfang Hospital of Southern
Medical University (Guangzhou, China) between 2018
and 2020. All tissues were diagnosed as HCC by clinical
pathological analysis. Detailed clinical data and infor-
mation of the specimens were supplied in Additional
file 1: Table S1. The study was conducted with writ-
ten informed consent of all patients and the approval
of the Southern Medical University Ethics Committee
(Guangzhou, China).

Cell culture

Human HCC cell lines, SMMC7721, Huh7, HepG2,
BEL-7404, BEL-7402, 97H, BEL-7405, HB611 and
human normal liver cells (LO2), were obtained from
the Culture Collection of the Chinese Academy of Sci-
ence (Shanghai, China) in 2019. Human HCC cell lines
were maintained in RPMI 1640 media (Gibco, USA)
containing 10% fetal bovine serum (FBS) (Gibco, USA).
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LO2 cells were cultured in DMEM (Gibco, USA) sup-
plemented with 10% FBS. All cells were incubated in
a 37 °C thermostatic incubator with 5% CO, (Thermo,
USA).

Western blotting

Total proteins were extracted from tissues or cells
using RIPA buffer (KeyGEN, China) containing a
protease inhibitor (KeyGEN, China) cocktail. The
protein concentration was determined using a BCA
Protein Assay kit (KeyGEN, China). Proteins were
separated by 10-12% SDS-PAGE and transferred
onto polyvinylidene difluoride (PVDF) membranes
(Millipore, USA). PVDF membranes were blocked
with 5% nonfat milk in 1% Tween-PBS (TBST) for
2 h at room temperature and then incubated with
the specific primary antibodies (Table 1) overnight at
4 °C. After washing three times for 10 min each in
TBST, membranes were incubated with their respec-
tive second antibodies (Table 1) for 1 h at room tem-
perature. Blots were probed using the Pierce ECL
Western Blotting Substrate (KeyGEN, China) and
chemiluminescence imaging system (Tanon, China).
The grey values of the protein bands were quantified
by Image] software and B-actin was used as the inter-
nal control.

Immunohistochemistry (IHC) staining

The immunohistochemistry (IHC) staining procedure
was based on previous methods mentioned in the litera-
ture [29]. Antibodies specific to elF6 and Ki67 (Table 1)
were applied according to the manufacturer’s protocol.
IHC score (H-score) was used to quantify the expression
of eIF6 based on the literature [23].

Table 1 The antibodies used in the experiments

Antibody No Company Country
Anti-elF6 HPA040873 Sigma USA
Anti-B-actin #4970 (@) USA
Anti-mTOR #2972 ST USA
Anti-p-mTOR °¢r2448 #2971 CsT USA
Anti-Caspase-3 #9662 CST USA
Anti-Cleaved-Caspase-3 #9664 CST USA

Anti-CDK4 11,026-1-AP Proteintech USA
Anti-CDK6 14,052-1-AP Proteintech USA
Anti-CCND1 26,939-1-AP Proteintech USA
Anti-MYC 16,286—1-AP Proteintech USA
Anti-CTNNBL1 13,665-1-AP Proteintech USA
Anti-Rabbit antibody SA00001-2 Proteintech USA
Anti-Ki-67 ZM-0166 ZSGB-BIO China

CST: Cell Signaling Technology
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Lentiviral vector transduction

Lentiviral vectors repressing elF6 were constructed
by GenePharma Company (Suzhou, China) and were
used to infect HCC cells to establish stable cell lines
that repressed eIF6. Cells (1 x 10%/ well) were seeded
into six-well plates and transfected with lentiviral
after the confluence of cells reached 60%. Then, trans-
fected cells was selected by RPMI 1640 media contain-
ing 4 pg/mL puromycin for 72 h and maintained with
1 pg/mL puromycin. Transduction efficiency was iden-
tified for subsequent experiments by western blotting.

Cell proliferation assay and colony formation assay

Cell proliferation was measured using a Cell Counting
Kit-8 (CCK-8) (Dojindo, Japan). Control and trans-
fected HCC cells at equal densities (1000 cells/well)
were seeded into 96-well plates and cultured at 37 °C
with 5% CO,. Then, 10 pul CCK-8 reagent was added
to each well at 0, 1, 2, 3, 4 and 5 days after plating.
The plate was incubated for an additional 2 h at 37 °C
and the optical density (OD) was measured at 450 nm
using automatic enzyme labeling (Molecular Devices,
Sunnyvale, CA). Each sample was independently
repeated 3 times in triplicate. The colony formation
assay was performed as previously described in the lit-
erature [30].

Cell cycle and apoptosis analysis

HCC cells transfected with lentiviral repressing elF6
or the control group were plated into 6-well plates.
After the confluence of cells reached 70-80%, the cells
were digested with EDTA-free trypsin and collected
in binding buffer. Cell cycle and apoptosis assays were
performed with the Cell Cycle Detection Kit (KeyGEN,
China) and Annexin V-APC/7-AAD Apoptosis Detec-
tion Kit (KeyGEN, China) according to the manufac-
turer’s instruction, respectively. The flow cytometry
result was assessed using a BD FACSCanto II flow
cytometer (BD Biosciences) with ModFit LT software
(Verity Software House, Topsham, ME). Each assay
was repeated three times.

Cell transwell Matrigel invasion assays

A transwell-Matrigel assay was used to verify cell
invasion ability. The special chambers with an 8-pm
pore size (Corning, USA) were plated into 24-well
plates and coated with 50 pL of Matrigel (dilutions
1:5 in RPMI 1640 media; BD, USA) for 4 h. Treated
cells (1 x 10°/well) suspended in 200 L serum-free
medium were added to the upper chamber, and 600
pL 1640 medium supplemented with 15% FBS was
added to the lower chambers. After culturing in a
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37 °C thermostatic incubator for 24 h, the cells that
invaded into the underside of the transwell chambers
were fixed with 4% paraformaldehyde for 30 min and
stained with 0.1% crystal violet for 20 min at room
temperature. The number of invasive cells was counted
in 5 visual fields under a microscope (Olympus, Japan).

Subcutaneous xenograft experiment

Female 4-5 weeks old BALB/c-nu (nude) mice were
purchased from the Animal Center of Guangdong
Province (Guangzhou, China) and were maintained
in the SPF Animal Laboratory. HepG2 cells and Huh?
cells (1 x 107 in 100 uL PBS per mouse) stably trans-
fected with eIF6 silenced lentiviruses (ShelF6) or
control lentiviruses (ShNC) were injected into the
subcutaneous tissues of nude mice. The tumor size
was measured using Vernier calipers, and the tumor
volume was calculated by the formula (V=1/2 x leng
th x width x height) [31]. After 3—4 weeks, nude mice
were sacrificed by anesthesia, and tumors were per-
fectly excised and then weighed and fixed with 10%
neutral-buffered formalin overnight. The 4-um sec-
tions prepared were stained with hematoxylin—eosin
(HE) and IHC staining using anti-Ki67 according to
standard protocols. All animal experiments were per-
formed in compliance with protocols approved by the
Animal Care and Use Committee of Southern Medical
University.

Statistical analysis

All statistical analyses were evaluated using SPSS 22.0
software. Quantitative data from three independ-
ent experiments are indicated as the means =+ stand-
ard (means=+SD). One-way ANOVA or two-tailed
Student’s t-test were conducted for the comparisons
among groups. Chi-square (x*) tests were used to ana-
lyze relationships between elF6 expression and clinico-
pathologic characteristics. The Kaplan—Meier method
was performed for survival analysis. Spearman’s cor-
relation coefficient was used to examine the linear
relationship between elF6 and target genes in HCC tis-
sues. p<0.05 was regarded as statistically significant.

Results

elF6 is overexpressed in HCC clinical samples and cell
lines

We analyzed a total of 424 elF6 expression profiles
from the TCGA liver carcinoma dataset, including
50 normal tissues and 374 tumor tissues. The results
showed that eIF6 expression was higher in HCC tissue
than in normal liver tissue (p<0.001) (Fig. 1la). Fur-
thermore, the expression of eIlF6 was also significantly
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Fig. 1 Bioinformatics analysis showed that elF6 was upregulated in HCC tissues. a The expression level of elF6 in HCC tissues (n=374) was
upregulated compared with that of normal tissues (n=50) in the TCGA database. b—e The expression level of elF6 in HCC tissues was upregulated
compared with that of normal tissues in the GEO database, including GSE64041 (Normal = 65, Tumor =60), GSE14520 (Normal =64, Tumor = 69),
GSE57957 (Normal =40, Tumor = 38), and GSE45436 (Normal =39, Tumor = 95). ***p < 0.001. elF6, eukaryotic translation initiation factor 6; HCC,
hepatocellular carcinoma; TCGA, The Cancer Genome Atlas; GEO, Gene Expression Omnibus

elevated in HCC tissues compared with normal liver
tissues by the GEO dataset, including GSE64041,
GSE14520, GSE57957, and GSE45436 (all p<0.001)
(Fig. 1b—e).

To further validate the above bioinformatics find-
ings, we evaluated the levels of elF6 expression in 6
paired fresh HCC tissues and their adjacent normal
liver tissues by western blot. As shown in Fig. 2a
and b, eIF6 levels were evidently increased in fresh
HCC tissues (p <0.05). Meanwhile, the relative pro-
tein level of elF6 was significantly upregulated in 7
HCC cell lines compared with that in normal liver
cells (LO2) and was higher in Huh7, HepG2 and 97H

cells (p<0.01) (Fig. 2c). Based on this result, these
cell lines with higher level of elF6 expression were
selected for our subsequent experiments. Further-
more, we also performed an IHC assay to verify the
above results. The paraffin-embedded tissues were
diagnosed as HCC based on HE staining before col-
lection, and elF6 was mainly located in the cyto-
plasm, as shown by IHC staining (Fig. 2d). Moreover,
statistical analysis showed that the expression of elF6
was distinctly elevated in 64.71% (44/68) of HCC tis-
sues (Table 2), and its high expression was more than
that of normal liver tissues (p < 0.001) (Fig. 2e).
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Table 2 Clinicopathologic characteristics of elF6 expression in HCC patients

Clinicopathological N High Low expression X p value

variables expression

All cases 68 44 24

Gender
Male 59 37 (62.7%) 22 (37.3%) 0.765 0.382
Female 9 7 (77.8%) 2(22.2%)

Age
<57 34 21(61.8%) 13(38.2%) 0.258 0.612
>57 34 23(67.6%) 11(32.4%)

Tumour size (diameter in cm)
<6 33 15 (45.5%) 18 (54.5%) 10,405 0.001
>6 35 29 (82.9%) 6 (17.1%)

Differentiation
Well 9 6 (66.7%) 3(33.3%) 0.286 0355
Moderate 52 35 (67.3%) 17 (32.7%)
Poor 7 4(57.1%) 3 (42.9%)

Vascular invasion
No 28 11 (39.3%) 17 (60.7%) 13.468 0.000
Yes 40 33 (82.5%) 7 (17.5%)

Lymphatic metastasis
No 50 31 (62.0%) 19 (38.0%) 0.230 0.632
Yes 18 10 (55.6%) 8 (44.4%)

Distant metastasis
No 41 25 (61.0%) 16 (39.0%) 0629 0428
Yes 27 19 (70.4%) 8 (29.6%)

Hepatitis B
No 19 11 (57.9%) 8 (42.1%) 0.043 0.835
Yes 49 27 (55.1%) 22 (44.9%)

AFP level (ng/ml)
<400 53 34 (64.2%) 19 (35.8%) 0.032 0.857
>400 15 10 (66.7%) 5 (33.3%)

Cirrhosis
No 33 24 (72.7%) 9(27.3%) 1.806 0.179
Yes 35 20 (57.1%) 15 (42.9%)

Bold indicates p-value <0.05

elF6 expression is positively correlated with tumor size,
vascular invasion and poor prognosis in HCC patients

To further investigate the role of elF6 in the develop-
ment of HCC, we analyzed the relationship between
the expression of elF6 and the clinical characteristics of
HCC patients from IHC results. The 68 HCC patients
were divided into the elF6-high expression group
(n=44) and the elF6-low expression group (n=24),
and the clinical features of these patients are summa-
rized in Table 2. The data show that the expression
of elF6 was significantly correlated with tumor size
(p<0.001) (Fig. 2f) and vascular invasion (p<0.001)

(Fig. 2g). In other words, patients with large tumor
diameters or vascular invasion occurrences were fre-
quently identified with elF6 overexpression. However,
elF6 overexpression had no relationship with other
clinicopathological features, including gender, age, dif-
ferentiation, lymphatic metastasis, distant metastasis,
HBV infection, AFP level, and liver cirrhosis occur-
rence. Kaplan—Meier survival curves indicated that
overall survival (OS) time of the elF6 high expression
group was significantly shorter than that of the elF6-
low expression group from the TCGA public database
(p=0.015) (Fig. 2h). These results indicate that the
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Fig. 3 High expression of elF6 in HCC tissue has reliable diagnostic value. a ROC curve for elF6 expression in normal tissue and HCC tissues from
TCGA database, AUC=0.902. b—e ROC curve for elF6 expression in the following datasets from the GEO database: GSE64041 (AUC =0.740),
GSE14520 (AUC=0.875), GSE57957 (AUC =0.845) and GSE45436 (AUC=0.796). f Validation of elF6 diagnosis value was confirmed in our IHC results
of HCC, AUC=10.884. ROC, Receiver Operating Characteristic; AUC, Area Under Curve

expression of elF6 is correlated with tumor size, vascu-
lar invasion and poor prognosis in HCC patients.

elF6 expression is a reliable clinical diagnostic biomarker
for HCC

We established ROC curves to evaluate the clinical
diagnostic value of elF6 in HCC. The area under the
ROC curve (AUC) from TCGA was 0.902 and indi-
cated a high diagnostic power (Fig. 3a). Meanwhile, the
AUC values from GSE64041, GSE14520, GSE57957 and
GSE45436 further validated this result (Fig. 3b—e). The
ROC curve of the elF6 protein also showed authen-
tic diagnostic value in our IHC results (AUC=0.884)
(Fig. 3f).

Knockdown of elF6 inhibits the malignant progression

of HCC cells in vitro

To determine the possible biological role of elF6
in HCC cells, we constructed stable elF6 knock-
down HepG2 and Huh7 cell lines. The infection effi-
ciency was measured by western blotting (p<0.001)
(Fig. 4a, b). The results of CCK-8 assays revealed that

the proliferation activity of eIF6 knockdown cells was
deeply decreased compared with that of their control
cells (Fig. 4c, d). The quantitative analysis from plate
colony assays suggested that the number of colonies
formed by elF6 knockdown cells was markedly lower
than that of the control cells (p<0.05) (Fig. 4e). We
then conducted Transwell-Matrigel assays to study
effect of elF6 knockdown on tumor invasion in vitro.
The number of cell invasion in the control and Sh-eIF6
groups indicated that elF6 knockdown dramatically
decreased the invasion capacity of HCC cells in vitro
(p<0.001) (Fig. 4f).

We also detected the effect of elF6 on apoptosis
and the cell cycle in HepG2 and Huh7 cells by flow
cytometry assay. As shown in Fig. 5a, knockdown of
elF6 increased the proportion of HepG2 and Huh7
cells in GO/G1 phase, but decreased the proportion of
cells in S phase, which was similar to the proliferation
assay results. For cell apoptosis, knockdown of eIF6
induced a significant increase in the total apoptosis
rate in HepG2 cells (p <0.01) and Huh7 cells (p<0. 01)
(Fig. 5b). Accordingly, these results showed that the
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increase in cell cycle GO/G1-phase arrest and apoptosis
might contribute to the suppression of cell proliferation
after depletion of elF6. Furthermore, similar results
were obtained in 97H cells (Additional file 2: Figure
S1 and Figure S2). All the above results suggested that
elF6 may promote HCC cells proliferation and invasion
in vitro.

Knockdown of elF6 arrested tumor growth in a nude
subcutaneous xenograft model.

The effect of eIF6 on HCC cell growth was further con-
firmed in a nude mouse xenograft model. Cells treated
with the eIF6 knockdown (Sh) or control (NC) were
injected into nude subcutaneous tissue, and the tumor
size was measured 2-3 days. Cells in Sh groups injected
into nude mice developed smaller (p <0.05) and lighter
tumors (p<0.01) with slower growth rate compared
with those in the controls (Fig. 6a—c). Finally, IHC stain-
ing of Ki-67 antibody indicated that the Ki-67 index
in the Sh groups was lower than those that in the con-
trol groups (p<0.05) (Fig. 6d, e), further confirming
that elF6 knockdown inhibited HCC cell proliferation
in vivo.

The potential regulatory network and functional
enrichment analysis of elF6 in HCC

To further investigate the potential signaling pathways
by which eIF6 promoted tumor malignant progression,
we examined 355 elF6-associated proteins using UniHI
websites (the details given in Additional file 1: Table S2)
and then constructed an eIF6 centered network show-
ing the top 20 proteins using GeneMANIA (Fig. 7a).
Subsequently, we submitted them to the Metascape
online website for pathway enrichment analysis. The
results showed that the associated proteins received
a high enrichment in the cell cycle (p<0.001) and
mTOR signaling pathways (p=0.00338) (Fig. 7b, and
the details are shown in Additional file 1: Table S3),
which are associated with the malignant proliferation
of tumor cells.

elF6 activated mTOR-related cancer signaling pathways

in HCC progression

To confirm above result of enrichment analysis, we
examined the effect of elF6 knockdown on mTOR

Page 9 of 17

activity by western blotting. As shown in Fig. 8a, elF6
knockdown decreased the phosphorylated-mTOR
(p-mTOR) level in HepG2 and Huh-7 cell lines, which
indicating an upstream regulatory role of elF6 on
p-mTOR. This result was further confirmed in 97H
cells (Additional file 2: Figure S3). At the same time, cell
cycle and invasion regulators, including MYC, CCND1,
CDK4, CDK6 and CTNNBLI, were downregulated after
elF6 knockdown, while the apoptosis regulator cleaved-
CASP3 was upregulated (Fig. 8b—d). The detection of
a coefficient correlation between elF6 and the above
related markers showed that elF6 expression was posi-
tively correlated with MYC, CCND1, CDK4, CDK6 and
CTNNBL1 (Fig. 8e—i), which was consistent with the
western blot results. Therefore, in this part of study, we
concluded that elF6 activated mTOR-related multiple
cancer signaling pathways to promote the malignant
progression of human HCC (Fig. 8j).

Discussion
Liver cancer is one of the most common malignancies
with a high mortality rate. According to the latest cancer
statistics of 2020, liver cancer is increasing by 2% to 3%
annually with the most rapid speed during 2007 through
2016, and the 5-year relative survival rate is especially
dismal [32]. Although diagnostic techniques and thera-
peutic methods have become more abundant for liver
cancer, the improvement of its prognosis remains dis-
appointing [33]. In recent years, exploring specific
biomarkers and applying them to clinical prognosis
evaluation have become one of the leading research
hotspots of cancer [34].

elFs play important roles in controlling the transla-
tion of proteins regulating cell growth, apoptosis, and
malignant transformation [35, 36]. As a result of char-
acteristics of active protein synthesis in tumor cells,
elFs are considered to be dysregulated and conducive to
malignant progression during carcinogenesis. Indeed,
relevant evidences have demonstrated that elFs over-
expression is an important part of the tumorigenesis in
numerous patients. For example, eIF4E overexpression
is frequently found in patients with colorectal cancer
(CRC) or breast cancer (BC) [37, 38]; eI[F5A2 over-
expression is obviously associated with the advanced
stage of ovarian cancer [39]; eIF3D increases cell cycle

(See figure on next page.)

Fig. 4 Knockdown of elF6 inhibited the proliferation and invasion of HCC cells in vitro. a Western blot analysis identified the efficiency of
knockdown elF6 lentiviruses in HCC cells. b The blot density of the western blotting was quantified using the ImageJ software. 3-actin was used as
the loading control. ¢, d CCK-8 assays were used to determine the cell proliferation capacity in HepG2 and Huh-7 cells infected with knockdown
elF6 lentiviruses. e Plate colony formation assays of NC cells and Sh-elF6 cells (left). The number of colony formation was counted after 15 days
(right). f Transwell-Matrigel invasion assays of NC cells and Sh-elF6 cells (left). The number of cells invaded after 24 h was counted in five randomly
selected microscopic fields (right). Bar= 100 um. The error bar represents the mean £ SD (n=3). *p < 0.05; **p <0.01; and ***p <0.001
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progression and motility in prostate cancer (PCa) [40].
However, the roles of elFs in the development and pro-
gression of HCC remain limited.

In recent years, the protein elF6 became included
in the family of eukaryotic translation initiation fac-
tors controlling growth factor-induced tumors. It
is reported that elF6, as a dual factor, not only facili-
tates ribosome biogenesis, but also prevents assembly
of the 40S and 60S ribosomal subunit [12, 24]. Nota-
bly, earlier studies approved that eIF6 downregulation
can cause abnormal embryonic development by the
G1/S block of the cell cycle in Xenopus [41], and deple-
tion of eIF6 reduced cell proliferation and viability in

Saccharomyces cerevisiae [42]. Moreover, knockout of
elF6 in mice avoided MYC-induced lymphomagenesis
and prolonged tumor-free survival tumor growth [14].
These above studies point out the important cellular
role of eIF6 in cell cycle progression and tumorigen-
esis. Furthermore, recent studies approved that eIF6
was dysregulated in various cancers, such as malignant
pleural mesothelioma (MPM) [20], Gallbladder can-
cer (GBC) [43], ovarian serous carcinoma (OV) [21],
colorectal cancer (CRC) [19] and non-small cell lung
cancer (NSCLC) [23]. In CRC, OV and MPM, elF6 is
overexpressed in tumor tissue compared to non-neo-
plastic tissue, highlighting that eIF6 as a potential new
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biomarker had a pivotal contribution to pathologic
process [19, 21, 23]. In this study, we firstly provided
evidence that elF6 was overexpressed in HCC com-
pared to non-neoplastic liver tissue, and that it might
be an important clinical diagnostic biomarker for HCC
patients. Our TCGA data set indicated elF6 overex-
pression reduced patients’ overall survival in HCC,
which was in accord with existing results from NSCLC
and OV [21, 23], highly suggesting that it was a pre-
dictor for overall survival in HCC. Thus, examining
the RNA or protein quantification of elF6 could con-
tribute to predict the occurrence of HCC, and directly
targeting eIF6 by genetic interference technique might
improve therapeutic efficacy.

To further confirm elF6 as a novel promising target
for HCC, we performed knockdown experiments to
investigate the biological function of elF6 in vivo and
in vitro cancer model. After successful knockdown of
elF6, the cell growth rate, tumorigenesis and invasive
capability of HCC cells were significantly suppressed.
This confirms previous reported studies, where elF6
knockdown in CRC cells significantly reduced pro-
liferation and colonogenicity [19], while elF6 over-
expression enhanced the migratory phenotype by
augmenting CDC42 translation in ovarian cancer [26].
The occurrence of tumor is related to not only abnor-
mal proliferation and differentiation of cells but also
abnormal apoptosis. Thus, the spontaneous apoptosis
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of malignant tumor may involve the therapeutic effect
of tumor regression [44]. In our study, we also analyzed
apoptosis levels, and found that eIlF6 knockdown sig-
nificantly increased apoptosis ratio in transfected HCC
cells. According to a published data, elF6 silencing not
only obviously induces CASP3-dependent apoptosis
in NSCLC cells but also elevates SA-B-Gal activity and
p21 levels, which is not conducive to the induction of
cellular senescence pathways [45], suggesting that eIF6
might have initiated cell death, but this effect are pre-
vented because of effector CASP3 inhibition, thereby
cells emit persistent mitogen signaling and develop into
an excessive proliferating population. However, spe-
cific molecular mechanisms of eIF6 in these biological
processes seem to be indecisive and remain to be fully
elucidated.

The current study revealed that eIlF6-related signaling
pathways activated in HCC were enriched in ribosome
biogenesis, cell cycle and mTOR-related cancer signal-
ing pathway, which may stimulate tumor proliferation
and invasion. The mTOR pathway plays a crucial role
in adapting ribosome biogenesis, gene expression and
protein translation to surrounding conditions of the
cells [43], and the phosphorylation of mTOR signaling
pathway molecules and the activation of its downstream
proteins promote the proliferation, metabolism and
angiogenesis in many cancers [46, 47]. Contrarily, sup-
pression of mTOR effectively inhibits tumor growth and
prolongs survival in cancers [48]. Thus, targeting mTOR
can contribute to explore novel therapeutic strate-
gies of anticancer. The elF signaling cascade is mainly
regulated via the PI3K/AKT/mTOR pathway due to its
vital role in regulating cell growth and proliferation [49,
50]. Moreover, it is confirmed that elF6 can positively
regulate AKT-related cancer signaling and contribute
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to the malignant behavior of CRC [28]. Most strik-
ingly, an immunohistochemical study in HCC indicated
that eIF6 could be involved in the regulation of mTOR
pathway [51], but this was not verified by sufficient
experimental data. We detected with western blot that
phosphorylated mTOR (p-mTOR) was downregulated
following attenuation of elF6 expression, confirming
that eIF6 positively regulated mTOR signaling. Consist-
ent with this result, the expression level of elF6 mRNA
had a positive correlation with the mRNAs involved
in the arrest of the GO/G1 cell cycle, proliferation, and
invasion, including MYC, CDK4, CDK6, CCND1 and
CTNNBLI, while a negative correlation with the apop-
totic marker cleaved-CASP3, which indicated that some
of the biomarkers had altered steady state mRNA levels
upon elF6 overexpression, thereby resulting in upregu-
lation of protein expression. In other words, elF6 is
likely to control their expression via the translational
regulation of some transcription factors. Thus, our
findings indicated that eIF6 promoted the malignant
progression of HCC via the mTOR signaling pathway,
which provided a theoretical basis for HCC treatment
by targeting elF6.

Although relevant studies have confirmed that the
GABP complex regulates the transcription of eIlF6 and
that the Notch-1 signaling pathway stimulates the activ-
ity of elF6 promoter in lymphoblastoid and ovarian
cancer cell lines [24, 25]. However, the upstream regu-
latory mechanism involved in eIF6 has not been investi-
gated in our study and further study on this mechanism
is required to be performed. Moreover, we should
treat HCC cells or animal models with mTOR pathway
inhibitors or stimulators and further detect the precise
and detailed regulatory mechanisms between eIF6 and
mTOR-related signal molecules.

(See figure on next page.)

progression. “p>0.05; *p <0.05; *p < 0.01; and ***p <0.001

Fig. 8 elF6 activated mTOR-related cancer signaling pathways in HCC progression. a The expression level of mTOR-related markers was determined
by western blotting (up). The blot density of the western blotting was quantified using the ImageJ software. 3-actin was used as the loading control
(down). b Western blotting was used to measure the expression levels of cell cycle, apoptosis and invasion regulators, including MYC, CCND1, CDK4,
CDKe, cleaved-CASP3 (clI-CASP3), pro-CASP3 (pr-CASP3) and CTNNBL1. The blot density of the western blotting in HepG2 cells (c) and Huh-7 cells
(d) was quantified using the ImageJ software. e-i Analysis of the correlation coefficient between elF6 and cell progression-related genes shown by
western blot analysis using the R2 database (n=373). j A working model by which elF6 activated mTOR-related cancer signaling pathways in HCC
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Conclusion

Our findings illustrated that elF6 overexpression was not
only observed in HCC, but also correlated with malig-
nant progression and poorer prognosis. elF6 might
serve as a promising biomarker for the HCC diagnosis in
immunohistochemistry and its regulation could be used
in the future as a novel potential therapeutic target in
HCC.
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