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Background: There is increasing evidence that liver cancer stem cells (LCSCs) contribute to hepatocellular
carcinoma (HCCQ) initiation and progression. MicroRNA (miRNA) plays a significant functional role by directly
regulating respective targets in LCSCs-triggered HCC, however, little is known about the function of the

Methods: MiRNAs microarray was used to detect the miRNAs involved in LCSCs maintenance and differentiation.
Biological roles and the molecular mechanism of miRNA-302a/d and its target gene E2F7 were detected in HCC in
vitro. The expression and correlation of miRNA-302a/d and E2F7 in HCC patients was evaluated by quantitative PCR

Results: We found that the miRNA-302 family was downregulated during the spheroid formation of HCC cells and
patients with lower miRNA-302a/d expression had shorter overall survival (OS) and progression-free survival (PFS).
Moreover, E2F7 was confirmed to be directly targeted and inhibited by miRNA-302a/d. Furthermore, concomitant
low expression of mMiRNA-302a/d and high expression of E2F7 correlated with a shorter median OS and PFS in HCC
patients. Cellular functional analysis demonstrated that miRNA-302a/d negatively regulates self-renewal capability
and cell cycle entry of liver cancer stem cells via suppression of its target gene E2F7 and its downstream AKT/[3-

Conclusions: Our data provide the first evidence that E2F7 is a direct target of miRNA-302a/d and miRNA-302a/d
inhibits the stemness of LCSCs and proliferation of HCC cells by targeting the E2F7/AKT/3-catenin/CCND1 signaling

Background

Global morbidity of hepatobiliary malignancies, mainly
hepatocellular carcinoma (HCC) and cholangiocarcinoma,
has recently increased [1]. HCC has the third highest
mortality rate out of all major malignant carcinomas
worldwide [2]. Surgical resection, percutaneous ablation
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and liver transplantation are the standard treatments
for HCC, however these are only applicable to a small
proportion of patients with early disease [3]. There-
fore, it is imperative to develop novel therapeutic strat-
egies against HCC.

The high rate of recurrence and heterogeneity are the
two major features of HCC [4]. Recent studies have
suggested that liver cancer stem cells (LCSCs), which
display the capacity for self renewal and differentiation,
are located within the tumor bulk and are responsible
for HCC initiation, progression, resistance to therapy
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and the hierarchical organization of tumor cells [5]. More-
over, based on the CSC theory, the presence of LCSCs
may be of prognostic relevance in patients with HCC [6].
However, how LCSCs sustain their self-renewal remains
largely unknown and the clinical significance of LCSCs is
yet to be fully established.

MicroRNAs (miRNAs), a class of non-coding RNA mol-
ecules of 20-22 nucleotides, regulate the expression of
target genes in a post-transcriptional manner. MiRNAs
can effectively modulate various biological processes, in-
cluding cell proliferation, migration, differentiation, and
apoptosis [7-9]. Aberrant expression of miRNAs in a wide
range of tumor types has been well established and known
to functionally modulate various biological processes [10].
Accruing evidence has demonstrated that miRNAs play
vital roles in regulating the self-renewal and tumorigen-
esis of CSCs in various types of cancer, including HCC
[11-13]. Therefore, the dysregulation of specific miRNAs
might serve as an effective biomarker for predicting prog-
nosis in patients with cancer [14]. More importantly, pre-
vious studies have indicated that circulating miRNAs are
stable enough to be detected in serum and plasma [15]
and thus may be promising non-invasive biomarkers for
the early detection and prognosis of cancers.

Because of the essential roles of LCSCs in initiation
and recurrence, identification of key candidate miRNAs
that regulate LCSCs and exploration of their therapeutic
potential in HCC may be helpful for improving treat-
ment [16]. To better identify the miRNAs involved in
the LCSCs self-renewal and differentiation process, we
analyzed the genome-wide transcriptional profiling with
miRNA microarray in different stages of LCSC cells. We
found that expression levels of several tumor-related
miRNAs were altered during spheroid formation of
HCC cell lines HepG2 and Huh7. Among these miR-
NAs, the miR-302 family was negatively correlated with
stem cell phenotypes. We further demonstrated that
miRNA-302a/d negatively regulated cell growth and
spheroid formation, and promoted apoptosis of HCC
cells via suppression of its target gene E2F7, which sug-
gested that miRNA-302a/d and E2F7 might be potential
tumor biomarkers for the diagnosis and treatment of
HCC patients.

Methods

Ethics statement

The study was approved by the Ethics Committee of
Shanghai Tenth People’s Hospital, Tongji University
School of Medicine (SHSY-IEC-P-15-19). Each partici-
pant provided a written informed consent before par-
ticipating in this study. All specimens were handled
and made anonymous according to ethical and legal
standards.
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Acquisition of clinical specimens

Fresh frozen tissue samples from HCC patients, who
underwent surgical resection between 2008 and 2012,
were obtained from the tissue bank of China-Japan
Union Hospital and Shanghai Tenth People’s Hospital.
These samples included paired tumor and adjacent
non-cancerous tissues (n = 34), as well as a large cohort
of individual HCC biopsies (n =119) (Additional file 1:
Table S1). The histological typing of these tumors and
staging were performed according to the Seventh Edition
of the American Joint Commission on Cancer (AJCC)
tumor-node-metastasis (TNM) staging system for HCC
[17], and patient data was collected up to December 31,
2017. The clinical information recorded included the pa-
tient’s characteristics (age and gender), tumor character-
istics (tumor differentiation, diameter and number of
foci), OS and DFS (Additional file 1: Table S1). The last
follow-up was performed on May 30th 2018 by direct
correspondence or phone interview. The occasion of
mortality or tumor relapse was verified by patients or
their relatives or from their medical records or the social
security records. OS was analyzed for the months from
the date of diagnosis to the time of mortality, regardless
of the cause. DFS was defined as the period from the ini-
tial date of diagnosis to the time of tumor progression
by computed tomography scan or to the time of mortal-
ity due to the disease.

Cell lines

Human liver cancer lines HepG2 and Huh7 were pur-
chased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and cultured in DMEM
media (Invitrogen, Carlsbad, USA) and supplemented
with 10% (v/v) fetal bovine serum (FBS), 100 U/ml peni-
cillin, and 100 mg/ml streptomycin. Cell lines were rou-
tinely tested for mycoplasma contamination, and have
been authenticated with short-tandem repeat analysis.
Cell culture was conducted at 37 °C in a humidified 5%
CO, incubator.

Cell proliferation assays

For the cell proliferation assays, 1,000 cells were seeded
into 96-well plates to culture overnight. Next, CCK8
(10 L) reagent was then added to each well, the absorb-
ance (A) was measured at 450 nm after 1 h, and the rela-
tive cell viability rate was calculated. All experiments were
performed in triplicate.

Cell cycle synchronization

For synchronization, cells were treated with 2 mM thymi-
dine for 18-24 h, released for 8—10 h, then treated with
thymidine for 16-18 h. S phase (about 4 h post-release)
and mitosis were monitored by Hoechst 33342 (Beyotime,
Jiangsu, China) staining. G2 cells (8 h post-release) were
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not incorporating Hoechst 33342, and the DNA did not
condense. Mitotic cells were collected by shake-off once
the cells showed an increase in the mitotic index (about
8-13 h post-release). The adherent cells were washed with
PBS and then lysed. This population is not mitotic and is
predominantly in GO. Isolated cells were replanted in a
complete medium and incubated 4 h before harvesting for
G1 cells [18].

Tumor sphere assays

Cells were cultured as tumor spheres in DMEM contain-
ing 20 ng/mL hEGF (R&D Systems, Minneapolis, MN),
10 ng/mL hbFGF (R&D Systems), 4 mg/mL heparin sul-
fate (Sigma, St. Louis, MO), 0.15% bovine serum albumin
(BSA) (Sigma), and 1% penicillin G-streptomycin [19].
Sphere forming capacity (SFC) was determined by the
ability to form three-dimensional spheroids in culture over
a period of three to seven days. For assessment of long
term proliferation and fold expansion, spheres were dis-
associated and passaged every 7 days using 0.05%
trypsin-EDTA (Invitrogen). Sphere cultures were grown
in low-adherent flasks (Nunc, Penfield, NY). Cells were
counted using a CountessTM (Invitrogen) automated
cell counter. To induce tumor stem cell differentiation,
the cultured tumorspheres of HepG2 and Huh7 cells
were in medium with 10% (v/v) EBS for seven days at 37 °C
in a humidified chamber supplemented with 5% CO..

Plasmid construction and transfection

Overexpression of hsa-miR-302a/d and E2F7 was per-
formed in the pMSCV retroviral plasmid. The miR-302a/d
sponge plasmid was constructed by inserting eight tan-
demly arrayed miR-302a/d-binding sites into the 3'UTR of
dsRed [20]. All constructs were confirmed by sequencing.
The plasmids were transiently transfected to target cells
with lipofectamin 2000 (Invitrogen, cat.11668). To gener-
ate stable lines of overexpression or sponge knockdown,
the plasmids were packaged into retrovirus with the
amphotropic Phoenix packaging cell line and infected into
target cells, followed by puromycin/hygromycin selection
of the infected cells.

Luciferase reporter assays

The human E2F7 3’-UTR oligonucleotides containing the
wild-type (Wt) or mutant (Mut) miR-302a/d binding site
were sub-cloned into the Xhol and NotlI sites of the pGL3
luciferase reporter plasmid vector (Promega, Madison,
WI). HeLa cells were seeded in 24-well plates and cul-
tured for 24 h, then, cells were co-transfected with either
the Wt or Mut reporter plasmid. Forty-eight hours after
transfection, luciferase assay was determined using the
Dual-Luciferase kit (Promega, Madison, WTI) [21].
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RNA immunoprecipitation (RIP) assay

The EZ-Magna RIP Kit (Millipore, USA) was applied to
conduct the RIP assay according to the product specifi-
cation. Firstly, cells were collected and lysed in complete
RIP lysis buffer. Then, the cell extract was incubated
with RIP buffer containing magnetic beads conjugated to
a human anti-Ago2 antibody (Millipore, USA). Samples
were incubated with proteinase K with shaking to digest
proteins and the immunoprecipitated RNA was isolated.
Subsequently, the NanoDrop spectrophotometer was
used to measure the concentration of RNA, and the
purified RNA was subjected to real-time PCR analysis.

RNA extraction and quantitative PCR (qPCR)

Total RNA, including miRNAs from normal liver
tissue, HCC samples and cell lines, was isolated with
Trizol reagent (Life Technologies, Grand Island, NY,
USA). RNA concentration and purity were measured
with the Nanodrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA) and 1.5% denatur-
ing agarose gels, respectively. The ¢cDNA was obtained
from total RNA by reverse transcription, and the final
RNA concentration used in the quantitative PCR reaction
was 10 ng, qPCR was performed using the TagMan
universal PCR Kit (Life Technologies). The same
amount of first-strand ¢cDNA from each sample was
used to detect the mRNA/miRNA expression levels
using specific primers. Sequences of PCR primers are
shown in the Additional file 1: Table S1. U6 and
GAPDH were used as the endogenous controls, and
the 22T method was used to analyze expression
levels [22].

Western blotting

Total protein from HepG2 and Huh7 cells was ex-
tracted using cell lysis buffer. Protein concentration
was analyzed using standard procedures for Western
blotting. After incubation with the appropriate horse-
radish peroxidase-conjugated secondary antibodies, the
membranes were treated with an enhanced chemilumines-
cence reagent (Thermo Scientific, Dreieich, Germany), ex-
posed to X-ray film (Kodak, Rochester, USA) and
quantified by densitometry (Beckman, South Pasadena,
Canada). The rabbit monoclonal antibody for CD133 (cat.
ab216323), EpCAM (cat. ab32392), SOX2 (cat. ab92494),
Nanog (cat. ab109250), AKT1 (cat. ab182729) and
GAPDH antibody (cat. ab181602) were purchased from
Abcam (Cambridge, UK) and used for western blot ana-
lyses. The rabbit polyclonal E2F7 antibody (Invitrogen,
cat. PA5-68911) and goat anti-rabbit IgG (Merck) and
goat anti-mouse IgG (Merck) antibodies were used for
western blot analyses. Antibody dilutions were 1:1,000 for
primary antibodies and 1:5,000 for secondary antibodies
in western blotting.
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Flow cytometry analysis

Cell apoptosis was determined by flow cytometry ana-
lysis. Cells were collected, washed with cold PBS, fixed
in cold 70% Ethanol, treated with DNase-free RNase
(Sangon, RB473. 100 pg/ml) and stained with 50 pug/ml
Propidium iodide (Sangon, cat. P1112) and Annexin
V-APC/7-AAD kit (KeyGEN, cat. KGA-1025). The cells
were analysed using a Gallios flow cytometer (Beckman
Coulter) to quantify the proportion of cells in apoptosis
status. Cells were harvested by trypsinization and counted
such that about 1 x 10° cells were used for the cell cycle
analysis. The cells were washed in PBS, fixed in 70%
ice-cold ethanol overnight at 4 °C, and then washed in
PBS and incubated in 1 mL staining solution (20 mg/mL
propidium iodide, 10 U/mL RNaseA) for 30 min at room
temperature. The DNA content was measured by flow cy-
tometry on a FACS Calibur system (Becton Dickinson),
and the cell cycle distributions of the different populations
were determined using “Flowjo” software (Verity Software
House).

Subcutaneous mouse xenografts

A total of 80 male BALB/c nude mice (15-18 g), aged
4-5 weeks old, were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd., (Shanghai, China). Mice
were equally divided into two groups (n =6) and re-
ceived a subcutaneous injection in their right flank of ei-
ther 1x 10" HepG2 and Huh7 cells stably expressing
miR-302a/d and/or E2F7. Mice were housed in an ani-
mal facility at a temperature of 25 °C and humidity of
60—70% and subjected to a 12 h light-dark cycle with ad
libitum access to food and water. Tumor growth was
monitored twice a week by size measurement. Both
maximum (L) and minimum (W) diameters of the tu-
mors were measured using a slide caliper, and the tumor
volume was calculated as TLW?/6 [23].

Microarray analysis

For microarray analysis of miRNA gene expression, Agi-
lent Array platform was employed. The sample prepar-
ation and microarray hybridization were performed based
on the manufacturer’s standard protocols. Briefly, 1 pg of
total RNA from each sample was amplified and tran-
scribed into fluorescent cDNA with using the manufac-
turer’s Agilents Quick Amp Labeling protocol (version
5.7, Agilent Technologies). Agilent Quick Amp Labeling
Kit was used for sample labeling. Hybridization was per-
formed in Agilent’s SureHyb Hybridization Chambers.
The labeled cRNAs were hybridized onto the Whole
Human Genome Oligo Microarray (4 x44 K, Agilent
Technologies). After having washed the slides, the arrays
were scanned by the Agilent Scanner G2505B. Agilent
Feature Extraction software (version 11.0.1.1) was used to
analyze the acquired array images. Quantile normalization
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and subsequent data processing were performed using the
GeneSpring GX v11.5.1 software package (Agilent
Technologies).

Bioinformatics analysis

Hierarchical clustering was performed using the multiple
experiment viewer (MeV) 4.7.1 software programs: (http://
www.tm4.org/mev/). We used four online target-gene pre-
diction software miRDB (http://mirdb.org/miRDB/), miR-
TarBase  (http://mirtarbase.mbc.nctu.edu.tw/), miRanda
(www.microrna.org) and RNA22 (http://cbcsrv.watson.
ibm.com/rna22.html) to forecast several potential target
genes of hsa-miR-302a/d. Subsequently, predicted target
genes were subjected to KEGG pathway online analysis by
DAVID (http://david.ncifcrf.gov).

Statistical analysis

Data is presented as mean + standard deviation. The x>
was used to compare the differences of categorical vari-
ables and the Student’s t-test was used for comparison of
differences between two groups. Kaplan-Meier curves and
the log-rank test were used to analyze the OS or DFS of
HCC patients. All statistical analyses were performed
using the SPSS 20.0 software program (SPSS Inc., Chicago,
IL, USA). A P-value <0.05 was considered statistically
significant.

Results
In vitro formation and identification of tumor spheres
from HCC cell lines
HCC cell lines have distinct phenotypes and fall into well
or poorly differentiated clusters [24, 25]. In this study, to
obtain tumor spheres from HCC cell lines in vitro, two
well-differentiated hepatocyte-derived carcinoma cell lines
HepG2 and Huh7 cells were chosen and cultured as ad-
herent monolayers. Both cell lines exhibited low expres-
sion of several CSC markers (Fig. 1a, b and Additional file
1: Figure S1A, B), thus likely to portray stem cell features.
Cells were then transferred to stem cell medium contain-
ing EGF and bFGF. After 3 days in culture macroscopic
and spherical or oval tumor spheres formed. Continuing
proliferation led to a progressive 5- to 10-fold increase in
the diameter of the tumor spheres over 7 days. The
identification of CSC remains challenging and several
CSC markers have been proposed. Among these marker,
CD133 and EpCAM expression seems to better correlate
the presence of LCSC and aggressiveness of liver tumors
[26]. Our results showed that the cultured tumorigenic
liver tumor spheres exhibited stem-like features with grad-
ual and significantly increased expression of CD133 and
EpCAM on the both mRNA (Fig. 1a) and protein (Fig. 1b)
expression level.

Next, the expression level of stem cell markers connected
to self-renewal and stemness capability was evaluated. To
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Fig. 1 Expression of CSC markers and miRNA-302 family in LCSCs. gRT-PCR (a) and Western blot (b) to quantify CD133 and EpCAM level in
adherent and tumor spheres of HepG2 and Huh7 cells after 3 days cultured in stem cell medium containing EGF and bFGF. GAPDH was used as
loading control. ¢, MiRNAs microarray analysis to identify key miRNA molecules implicated in LCSCs maintenance. gRT-PCR to validate the miRNA-
302a (d) and -302d (e) level in adherent and tumor spheres of HepG2 and Huh7 cells after 3 days cultured in stem cell medium containing EGF
and bFGF. f, Western blot to quantify CD133 and EpCAM level in tumor spheres of HepG2 and Huh7 cells at Day 7 cultured in stem cell medium
and differentiated liver cancer cells. gRT-PCR to quantify the miRNA-302a (g) and -302d (h) mRNA level in adherent and tumor spheres of HepG2
and Huh7 cells at Day 7 cultured in stem cell medium and differentiated liver cancer cells. Data shown are the means + SD of three independent
experiments. Statistical analyses were performed with one-way ANOVA (*P < 0.05, **P < 0.01, and ***P < 0.001 vs. normal)
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this end, we examined the gene expression of Sox2 and
Nanog transcripts in samples extracted from adherent
vs. spheroids of HepG2 and Huh7 cells. As shown in
Additional file 1: Figure S1A, the expression of Sox2
and Nanog were significantly increased in cell grown as
spheres compared with those grown in adherence. The
protein expression of Sox2 and Nanog was also signifi-
cantly increased in cells grown as spheres compared with
those grown in adherence (Additional file 1: Figure S1B).

MiRNA microarray analysis reveals that the miRNA-302
family is involved in LCSCs maintenance

To identify key miRNA molecules and mechanisms impli-
cated in LCSCs maintenance, we profiled the expression
of miRNAs in these two HCC cell types. When compared
with the expression levels of miRNAs from both sample
groups, our results showed that the gene expression level
of miRNA-302 family was gradually and significantly de-
creased during formation of tumor spheres from HepG2
and Huh?7 cells (Fig. 1c¢).

To validate these differentially regulated miRNAs, we
examined the expression of miRNA-302a, -302b, -302c,
and -302d in RNA extracted from adherent vs. spheroids
of HepG2 and Huh7 cells. As shown in Fig. 1d-e and
Additional file 1: Figure S1C-D, the expression of the in-
dicated transcripts, analyzed by real-time RT-PCR, were
significantly decreased in cells grown as spheres com-
pared with those grown in adherence. Among them,
the expression levels of miRNA-302a and -302d in
tumor spheres from HepG2 and Huh7 cells were sig-
nificantly decreased when compared with the control
group (P <0.001) (Fig. 1d, e).

Differentiation and CSC markers expression of LCSCs
Tumor spheres cultured in suspension may redifferenti-
ate to adherent cells when cultured in routine medium
containing serum. Therefore, we detected CSC marker
expression in tumor spheres from HepG2 cells cultured
in suspension with serum-free medium to maintain
stemness or in monolayers with the addition of FBS to
induce differentiation. Our data showed that the gene
levels (Additional file 1: Figure S2A) and protein ex-
pression (Fig. 1f) of liver stem cell-associated genes (in-
cluding CD133 and EpCAM) in re- differentiated cells
were significantly reduced following FBS treatment.
Moreover, the gene levels (Additional file 1: Figure SB)
and protein expression (Additional file 1: Figure S2C)
of stem cell-associated genes (including Sox2 and
Nanog) in re- differentiated cells were also significantly
reduced following FBS treatment. Conversely, the ex-
pression of miRNA-302 family was significantly in-
creased in adherent HepG2 and Huh7 cells when
compared with tumor spheres cultured in suspension
(Fig. 1g-h and Additional file 1: Figure S2D-E).

Page 6 of 18

To exclude the possible effects of serum, expression
levels of miRNA-302a and -302d mRNA in HepG2 and
Huh7 cells were investigated after culture in DMEM
supplemented with either 5, 10 or 15% FBS. The qPCR
analyses revealed that changes in serum concentration
had no effect on the expression levels of miRNA-302a
(Additional file 1: Figure S2F) and -302d (Additional file
1: Figure S2G), indicating that the observed changes in
miRNA-302a and -302d expressions were associated
with stemness and not serum concentration. Moreover,
to exclude the possible effects of additional growth fac-
tors, expression levels of miRNA-302a and -302d mRNA
in HepG2 and Huh7 cells were investigated after culture
in DMEM supplemented with or without additional
growth factors. The qPCR analyses revealed that add-
itional growth factors had no effect on the expression
levels of miRNA-302a and -302d (Additional file 1: Figure
S2H), indicating that the observed changes in miRNA-302a
and -302d expressions were associated with stemness and
not additional growth factors.

MiRNA-302a/d inhibits proliferation and spheroid
formation and promotes cellular apoptosis in HCC cells
To investigate the biological role of miRNA-302a/d in
HCC cells, we performed loss- and gain-of-function
studies using sponge (Fig. 2a) and overexpressed plasmid
(Fig. 2b) in HepG2 and Huh7 cells. As shown in Fig. 2c
and d, suppression of miRNA-302a/d significantly en-
hanced the spheroid formation and growth rate of HepG2
and Huh7 cells transfected with the miRNA-302a/d sponge
plasmid compared with the negative control-transfected
cells. Moreover, suppression of miRNA-302a/d significantly
decreased the cellular apoptosis of HepG2 and Huh7 cells
transfected with the miRNA-302a/d sponge plasmid com-
pared with the negative control- transfected cells (Fig. 2e).
However, spheroid formation and cellular growth assay re-
vealed that following miRNA-302a/d overexpression, the
spheroid formation (Fig. 2f) and growth rate (Fig. 2g) of
HepG2 and Huh7 cells were significantly inhibited when
compared to the control group. Cellular apoptosis assay
revealed that following miRNA-302a/d overexpression,
the cellular apoptosis of HepG2 and Huh7 cells were
significantly increased when compared to the control
group (Fig. 2h).

MiR-302a/d directly targets E2F7 in human HCC cells
Although the large majority of miRNA targets remain
unknown, there is evidence for redundant target specifi-
city of unrelated miRNAs, or miRNAs from the same
family [27]. Next, we searched for potential target genes
of miR-302a/d using four publicly available databases in-
cluding miRanda, RNA22, miRDB and miRTarBase to
predict the potential target genes of miRNA-302 family.
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Fig. 2 Biological role of miRNA-302a/d in HCC in vitro. gRT-PCR measurement of the levels of miRNA-302a/d mRNA in HepG2 and Huh7 cells
before and after knockdown (a) or overexpression (b) of miRNA-302a/d. Data shown are the means + SD of three independent experiments.

¢, Tumor sphere assays of HepG2 and Huh? cells before and after knock down of miRNA-302a/d. d, HepG2 and Huh7 cell counts in 96-well
plate after transfection with negative control or miRNA-302a/d knockdown plasmids at the indicated day. e, HepG2 and Huh? cell apoptosis was
examined by flow cytometry analysis before and after knockdown of miRNA-302a/d. f, Tumor sphere assays of HepG2 and Huh?7 cells before and
after overexpression of miRNA-302a/d. g, HepG2 and Huh7 cell counts in 96-well plate after transfection with negative control or miRNA-302a/d
overexpression plasmids at the indicated day. h, HepG2 and Huh7 cell apoptosis was examined by flow cytometry analysis before and after
overexpression of miRNA-302a/d. Statistical analyses were performed with one-way ANOVA (*P < 0.05, **P < 0.01, and ***P <0.001 vs. normal)
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The result showed that there were 125 and 83 com-
mon predicted target genes for miR-302a and -302d
(Fig. 3a), respectively. Of these, 4 common genes were
predicted as the targets for miR-302a and -302d, in-
cluding 2 reported genes (AKTI [28] and cyclin DI
[29]) and 2 previously unreported potential target genes
(E2F7 and KPNA2) (Fig. 3b). Subsequently, predicted
target genes were subjected to KEGG pathway analysis
and the results revealed some important cancer and
stem-related pathways including metabolic pathways,
apoptosis, pathways in cancer, focal adhesion, Notch
and PI3K-Akt signaling pathway (Fig. 3c), in which the
transcription factor E2F7 was a candidate involved in
tumorigenesis and cancer stemness in HCC. Moreover,
the mRNA level of KPNA2 was undifferentiated in cells
grown as spheres compared with those grown in adher-
ence (Fig. 3c). Thus, in our current study, we were par-
ticularly interested in E2F7 expression and its correlation
with miR-302a and -302d.

The expression of E2F7 is associated with cell cycle
and E2F7 RNA and protein levels oscillate through the
cell cycle with the highest expression levels during
S-phase [30]. Therefore, we detected E2F7 mRNA level
after treatment of miR-302a/d knockdown or overex-
pression in synchronized HepG2 and Huh7 cells to de-
termine whether miR-302a/d really altered the
expression levels of E2F7 independent of its effects on
cellular proliferation. When compared to the control
group, the gene expression of E2F7 was significantly
higher in miRNA-302a/d knockdown group (P <0.01)
(Fig. 3d, Additional file 1: Figure S3A-B) and was signifi-
cantly lower in the miRNA-302a/d overexpression group
(P <0.01) (Fig. 3e), which suggested that E2F7 was regu-
lated by miRNA-302a/d and was negatively correlated
with miRNA-302a/d.

Next, to further test the regulation role of miRNA-302a/
d on E2F7 at the protein level, we used Western blot
analysis to measure the protein levels of E2Fs family mem-
bers (E2F1, E2F7, and E2F8) and AKT1, a reported down-
stream protein after miRNA-302a/d overexpression or
knockdown. The results suggested that the increase in
miRNA-302a/d levels significantly decreased E2F7 protein
expression and had the same tendency in AKT1 and vice
versa (Fig. 3f). However, there was no obvious change of
the protein levels of E2F8, another atypical E2F family
member, and E2F1, which participates in the self-renewal
and differentiation of stem cells, after miRNA-302a/d
overexpression or knockdown (Fig. 3f).

Next, by using bioinformatics analysis, we found that
miRNA-302 family contained specific binding sequence
of the 3’-UTR region of E2F7 gene. The 3’-UTR binding
site and mutation site of miRNA-302a/d of E2F7 gene
are shown in Fig. 3g. We performed a luciferase reporter
assay to further verify whether miRNA-302a/d directly
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targeted E2F7. As shown in Fig. 3h and i, ectopic expres-
sion of miRNA-302a/d decreased the luciferase activity
of the 3'-UTRs of E2F7. However, miRNA-302a/d mu-
tant containing three altered nucleotides in the seed se-
quence did not have an inhibitory effect on luciferase
activity.

To further confirm that hsa-miR-302a/d directly inter-
acts with E2F7 mRNA, we tested hsa-miR-302a/d-medi-
ated binding of RISC to E2F7 mRNA using the
Ago2-based ribonucleoprotein-IP assay (RIP-IP). One ir-
relevant/binding miRNA was used as a negative control.
As shown in (Fig. 3j), the Ago2 co-IP fraction from cells
treated with the hsa-miR-302a/d mimic was significantly
enriched for E2F7 mRNA compared to cells treated with
control miRNA mimics.

Expression of E2F7 in formation and differentiation of
LCSCs

Next, we analyzed the gene expression of E2F7 in forma-
tion and differentiation of LCSCs to explore the associ-
ation between liver cancer stemness and E2F7 level. The
results showed that the gene expression (Fig. 4a) and
protein level (Fig. 4b) of E2F7 was gradually and signifi-
cantly increased during formation of tumor spheres in
HepG2 and Huh7 cells. Moreover, when analyzing the
correlation of miRNA-302a/d and E2F7 gene in adherent
vs. spheroids of HepG2 and Huh7 cells, we found that
the relative expression level between miRNA-302a/d and
E2F7 presented an inverse correlation (Additional file 1:
Figure S3C, D).

Instead, the gene levels (Fig. 4c) and protein expression
(Fig. 4d) of E2F7 in re-differentiated cells were signifi-
cantly reduced following FBS treatment and the gene level
of E2F7 was negatively correlated with miRNA-302a or
miRNA-302d in adherent HepG2 and Huh7 cells when
compared with tumor spheres cultured in suspension
(Additional file 1: Figure S3E, F).

Biological role of E2F7 in HCC in vitro

To investigate the biological role of E2F7 in HCC, we
performed gain-of-function studies using E2F7 overex-
pression on HepG2 and Huh7 cells (Additional file 1:
Figure S4A, B). As shown in Fig. 4e and f, overexpression
of E2F7 significantly enhanced the spheroid formation
and growth rate of HepG2 and Huh7 cells transfected
with the E2F7 overexpression plasmid compared with the
negative control-transfected cells. Moreover, overexpres-
sion of E2F7 significantly decreased the cellular apoptosis
of HepG2 and Huh7 cells transfected with the E2F7
overexpression plasmid compared with the negative
control-transfected cells (Fig. 4g). These results indi-
cated that E2F7 may be involved in stemness and prolifer-
ation in HCC in vitro.
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(See figure on previous page.)

Fig. 3 Validation of E2F7 as a direct target of miRNA-302a/d. a, miRNA-302a and miRNA-302d target prediction using four target genes prediction
programs. b, KEGG analysis of 208 common predicted target genes. ¢, gRT-PCR to quantify KPNA2 level in adherent and tumor spheres of HepG2
and Huh? cells after 3 days cultured in stem cell medium containing EGF and bFGF. gRT-PCR was used to measure the mRNA level of E2F7 after
treatment of miRNA-302a/d knockdown (d) or overexpression (e). f, Western blotting was used to measure the protein levels of potential target
genes after treatment of miRNA-302a/d knockdown or overexpression. AKT1 was used as a positive control for miRNA-302a/d target. g, A
schematic diagram of the miRNA-302 family of 3 ‘UTR in E2F7 binding site and mutation site. Luciferase activity assay of pGL3-E2F7-3'UTR
reporter co-transfected with miRNA-302a (h) and -302d (i) mimic or mutational oligonucleotides in HepG2 and Huh7 cells. j, RIP-IP assays were
performed to co-IP the Ago2 complexes from HepG2 and Huh7 cells transfected with either hsa-miR-302a/d mimic or negative control mimic.

(*= P <001, **= P <0.001)

Real-time PCR assays were performed on RNA samples isolated from the Ago2 co-IP fractions to measure the relative enrichment of the E2F7
mRNA. Data shown are the means + SD of three independent experiments. Statistical analyses were performed with one-way ANOVA

Next, we stably overexpressed both miRNA-302a/d
and E2F7 in HepG2 and Huh7 cells (Additional file 1:
Figure S4C-F). As expected, E2F7 overexpression abol-
ished the effects of miRNA-302a/d in liver cancer cell
spheroid formation (Fig. 4h). Similarly, with forced ex-
pression of E2F7, miRNA-302a/d was incapable of sup-
pressing the cancer cell growth (Additional file 1:
Figure S4G, H). Furthermore, cellular apoptosis was re-
duced in HepG2 and Huh7 cells when miRNA-302a/d
and E2F7 were both overexpressed (Fig. 4i). Import-
antly, upon evaluating the effect of overexpression of
both miRNA-302a/d and E2F7 on the model of HepG2
and Huh7 tumor cells subcutaneously implanted in nude
mice, our results showed that overexpression of E2F7
abolished the effects of miRNA-302a (Fig. 4j) and
miRNA-302d (Fig. 4k). Hence, our results showed that in
the presence of E2F7 overexpression, miRNA-302a/d
failed to inhibit proliferation of liver cancer cells in vitro
and in vivo, which suggested that miRNA-302a/d inhibits
cancer cell stemness and proliferation and promotes liver
cancer cell apoptosis through suppressing E2F7.

MiRNA-302a/d inhibits the spheroid formation of LCSCs
through restrained cell cycle entry

Knockdown of miR-302a/d led to significant G1 arrest
or delayed the entry of S phase in HepG2 and Huh7
cells as compared with control (Fig. 5a), suggesting that
miR-302a/d inhibits cell proliferation and cell cycle entry
through the AKT1-p27""P!/p21<"! pathway.

To further understand how miRNA-302a and -302d in-
hibits the spheroid formation of LCSCs, the levels of cell
cycle regulatory pathway protein AKT1 and its downstream
effectors were analyzed by Western blotting. Levels of both
total AKT1 and phosphorylated AKT (p-AKT) were
enhanced in miR-302a/d-knock down HepG2 and Huh7
cells compared to the corresponding control cells (Fig. 5b).
Expression of AKT’s downstream effector, cyclin D1, was
also elevated. However, expression of total GSK3p and
phosphorylated GSK3p, cyclin-dependent kinase (CDK) in-
hibitors p27" P! and p21“"', was down-regulated (Fig. 5b).
On the contrary, overexpression of miR-302a/d led to sig-
nificant G1 entry in HepG2 and Huh7 cells as compared

with control (Fig. 5¢). Moreover, with miR-302a/d overex-
pression, levels of total AKT1 and p-AKT were notably re-
duced as expected, as well as cyclin D1 (Fig. 5d). Inversely,
total GSK3P and phosphorylated GSK3p, and cell cycle
inhibitors p27"'P' and p21“P' expression were elevated
accordingly after HepG2 and Huh7 cells were transfected
with miR-302a/d precursors or control.

E2F7 activates AKT1-cyclin D1 signaling and the
downstream cell cycle

In order to illustrate whether the observed downregula-
tion of E2F7 during overexpression of miR-302a/d was
related to the reduced proliferation rate, we overexpressed
the E2F7 lacking the 3’-UTR region (E2F7 CDS) into
miR-302a/d-transfected HepG2 cells to determine the role
of E2F7 on AKT1 signaling and downstream cell cycle.
Interestingly, we found that E2F7 not only enhanced levels
of phospho-Akt, but also significantly increased the ex-
pression of cell cycle related gene cyclin D1. In addition,
total GSK3pB and phosphorylated GSK3pB, p21, and p27
were downregulated after E2F7 overexpression (Fig. 5e).
Overexpression of E2F7 led to significant G1 entry or pro-
moted the entry of S phase in HepG2 and Huh7 cells as
compared with control (Fig. 5f). Moreover, overexpression
of E2F7 in miR-302a/d-transfected HepG2 cells led to sig-
nificant G1 entry or promoted the entry of S phase in
CD133"/EpCAM1" hepatoma cells as compared with
control (Fig. 5f), suggesting that E2F7 promotes cell cycle
entry through the AKT1-p27""P'/p21“®! pathway inde-
pendent of miR-302a/d.

MiR-302a/d collaborates with E2F7 to regulate f3-catenin/
CCND1 signaling

Cyclin D1, a major downstream target gene of Wnt signal-
ing, was remarkably decreased in miR-302a/d overexpres-
sion cells (Fig.5¢), indicating that the Wnt pathway may
be involved in miR-302a/d and E2F7 functions during
spheroid formation and cell cycle entry of LCSCs. We
further examined the protein level of the key upstream
regulator, B-catenin, in HCC cells with miR-302a/d knock-
down and/or E2F7 overexpression by Western blot
analysis, which showed that the levels of intranuclear
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( (See figure on previous page.)
Fig. 4 Biological role of miRNA-302a/d and E2F7 in HCC in vitro and in vivo. gRT-PCR (a) and Western blot (b) to quantify E2F7 levels in adherent
and tumor spheres of HepG2 and Huh7 cells after 3 and 7 days cultured in stem cell medium containing EGF and bFGF. GAPDH was used as
loading control. gRT-PCR (c) and Western blot (d) to quantify E2F7 levels in tumor spheres of HepG2 and Huh7 cells at Day 7 cultured in stem
cell medium and differentiated liver cancer cells. e, Tumor sphere Assays of HepG2 and Huh7 cells before and after overexpression of E2F7.
f, HepG2 and Huh7 cell counts in 96-well plate after transfection with negative control and E2F7 overexpression plasmids at the indicated day.
g, HepG2 and Huh7 cell apoptosis was examined by flow cytometry analysis before and after overexpression of E2F7. Statistical analyses were
performed with one-way ANOVA (*P < 0.05, **P < 0.01, and ***P <0.001 vs. normal). h, Tumor sphere assays of HepG2 and Huh7 cells before and
after overexpression of miRNA-302a/d and/or E2F7. i, HepG2 and Huh?7 cell apoptosis was examined by flow cytometry analysis before and after
overexpression of miRNA-302a/d and/or E2F7. The subcutaneous tumor capacity of HepG2 and Huh? cells before and after overexpression of
miRNA-302a (j) and miRNA-302d (k) and/or E2F7 was detected. Statistical analyses were performed with one-way ANOVA (*P < 0.05, **P < 0.01,

and ***P < 0.001 vs. normal)

[-catenin were strikingly enhanced (Fig. 5h). On the con-
trary, levels of intranuclear P-catenin were reduced in
pre-miR-302a/d-transfected HepG2 cells compared to the
corresponding control cells (Fig. 5h).

Feedforward regulatory E2F7 signaling by AKT/CCND1
axis

Since E2F7 is known to be highly expressed in proliferat-
ing cells and its RNA and protein levels oscillate through
the cell cycle with the highest expression levels during
S-phase [31], we next determined whether AKT/CCND1
axis altered the expression levels of E2F7 dependent of
its effects on cellular proliferation and cell cycle. Our re-
sults showed that overexpression of AKT or CCND1 sig-
nificantly enhanced the protein levels of E2F7 in HepG2
and Huh-7 cells transfected with AKT (Fig. 5i) or CCND1
(Fig. 5j) when compared to the corresponding control
cells. Moreover, levels of intranuclear [B-catenin were also
enhanced in HepG2 and Huh-7 cells transfected with
AKT (Fig. 5k) or CCND1 (Fig. 51) when compared to the
corresponding control cells.

Expression and correlation of miRNA-302a/d and E2F7 in
HCC
Next, we validated the expression levels of miRNA-302a/d
and E2F7 in HCC tissue samples using qRT-PCR in 154
HCC biopsies, 34 of which were pairs of tissue from
para-carcinoma tissues. MiRNA-302a level was downregu-
lated in HCC tissues (FC = 0.42, P = 0.021) (Fig. 6a). When
compared with normal liver tissues, the levels of
miRNA-302d displayed a 0.37-fold decrease (P = 0.016) in
154 HCC biopsies (Fig. 6a). However, E2F7 expression
analysis by qRT-PCR demonstrated that its expression
levels were significantly higher in 154 HCC tumor biopsies
relative to adjacent non-neoplastic tissues. This difference
was statistically significant (FC = 4.86, P = 0.005, Fig. 6a).
Moreover, our results showed that E2F7 expression
was negatively correlated with miRNA-302a/d expres-
sion in both normal liver tissues (n = 34, R? = 0.48 and
0.52, respectively, Fig. 6b) and HCC tumor biopsies
(n =154, R* = 0.63 and 0.66, respectively, Fig. 6¢). The
expression level of E2F7 was downregulated in the

miRNA-302a/d-high expression samples, and upregu-
lated in the miRNA-302a/d-low expression samples
(Fig. 6b, c).

Expression and correlation of miRNA-302a/d and E2F7 in
LCSCs

Considering the close association of miRNA-302a/d with
E2F7 in HCC cell lines and tissues, we next investigated
the expression and correlation of miRNA-302a/d and
E2F7 in LCSCs extracted from the human tissue speci-
men. Our results showed that miRNA-302a/d expression
was significantly lower in CSC-enriched LCSCs compared
with FACS-sorted CD133"EpCAM™ HCC cells (Fig. 6d).
Moreover, a cluster of CD133*/EpCAM1* hepatoma cells,
which have been considered liver CSCs, exhibited en-
hanced E2F7 expression compared with the CD133 Ep-
CAM™ cells (Fig. 6d). As expected, a negative correlation
between miRNA-302a/d expression and the levels of
E2F7 was observed in CD133"/EpCAMI1"* hepatoma
cells (Fig. 6e).

Clinical significance of miRNA-302a/d and E2F7 in HCC
We then evaluated the prognostic value of miRNA-
302a/d and E2F7 expression for patients with HCC. The
overall survival (OS) and progression-free survival (PFS)
in patients with a high expression of miRNA-302a or
miRNA-302d was prolonged relative to patients with
low expression of miRNA-302a or miRNA-302d (Fig.
6f). Next, we further explored the clinical significance of
E2F7 in HCC patients. Our results indicated that E2F7
expression was positively correlated with lower OS (P =
0.002) and PFS (P =0.009) (Fig. 6f) in HCC patients.
Since the data had suggested that E2F7 expression
level was negatively correlated with miRNA-302a/d ex-
pression, and E2F7 was a direct target of miRNA-302a/
d, we further examined the prognostic value of E2F7 ex-
pression together with miRNA-302a/d levels using
multivariate analysis of OS and PES. The results showed
that HCC patients with high E2F7 expression and low
miRNA-302a levels had significantly decreased OS (P =
0.001) and PES (P =0.002) (Fig. 6g). Similarly, HCC pa-
tients with high E2F7 expression and low miRNA-302d
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Fig. 5 The effect of miRNA-302a/d and/or E2F7 on AKT1-cyclin D1 signaling and downstream cell cycle. a, Cell cycle quantitative analysis of
HepG2 cells transfected with the miRNA-302a/d knockdown or the control vector. b, Western blot to quantify the effect of miRNA-302a/d
knockdown on AKT1-cyclin D1 signaling in HepG2 cells. ¢, Cell cycle quantitative analysis of HepG2 cells transfected with the miRNA-302a/d
overexpression or the control vector. d, Western blot to quantify the effect of miRNA-302a/d overexpression on AKT1-cyclin D1 signaling in
HepG2 cells. e, Western blot to quantify the effect of miRNA-302a/d and E2F7 overexpression on AKT1-cyclin D1 signaling in HepG2 cells. f,

Cell cycle quantitative analysis of HepG2 cells transfected with the miRNA-302a/d and E2F7 overexpression or the control vector. g, Cell cycle
quantitative analysis of CD133"EpCAM™* HepG2 cells transfected with the miRNA-302a/d and/or E2F7 overexpression or the control vector. h,
Western blot to quantify the effect of miRNA-302a/d and/or E2F7 on protein levels of intranuclear 3-catenin level in HepG2 cells. Western blot to
quantify the effect of AKT1 (i) and Cyclin D1 (j) on E2F7 protein level in HepG2 and Huh7 cells. Western blot to quantify the effect of AKT1 (k)
and Cyclin D1 (I) on intranuclear B-catenin level in HepG2 and Huh7 cells

levels had significantly decreased OS (P <0.001) and
PES (P <0.001) (Fig. 6h), which suggested that E2F7 and
miRNA-302a/d might have potential prognostic value
and could be useful as tumor biomarkers for the diagno-
sis of HCC patients.

Discussion

Recent experimental evidence has shown that CSCs show
higher tumorigenic potential and resistance to chemo/
radiotherapy compared to non-CSCs [32]. These features
indicate that CSCs are involved in the development, pro-
gression, recurrence, and metastasis of tumors [33], sug-
gesting that molecular and pathological characterization
of CSCs is important to improve the prognoses of cancer
patients. However, the precise roles and association be-
tween CSCs and the prognoses of patients are poorly
understood, especially in HCC.

As regulators of diverse biological processes, different
noncoding RNAs (ncRNAs) that negatively regulate
gene expression, such as long ncRNAs (IncRNAs), are
reported to be involved in the onset and development
of HCC through LCSC regulation [34]. LncRNAs have
the potential to serve as promising biomarkers for HCC
progression and recurrence, as well as invasion and metas-
tasis. Besides, IncRNAs are involved in HCC by affecting
cell proliferation, apoptosis, and angiogenesis. Additionally,
IncRNAs serve as a potential indicator of chemo-sensitivity
and radio-resistance [35]. Meanwhile, IncRNAs exert their
influence in interaction with proteins/miRNAs/mRNAs/
IncRNAs via epigenetic regulation/transcriptional regula-
tion, as well as in regulation of autophagy, signaling
pathways, and mRNA stabilization in HCC. Therefore,
IncRNAs might be promising indicators for disease
diagnosis, prognosis and recurrence prediction and po-
tentially up-and-coming targets for therapeutic inter-
vention of HCC [36].

In addition, miRNAs, a large number of small noncod-
ing RNA genes found to be aberrantly expressed in vari-
ous types of malignancies that function as either
oncogenes or tumor suppressors, are a sophisticated tool
in therapeutics and diagnostics, and remain a prime focus
among cancer researchers [37]. Several miRNAs, which
are involved in stemness maintenance and differentiation,

have been identified to play a critical role in regulating
HCC tumorigenesis and drug resistance signaling net-
works [38]. Therefore, targeting LCSCs and elucidating
the underlying mechanisms of miRNA in LCSCs may im-
prove diagnostic and therapeutic strategies for HCC [39].

HCC is a primary liver tumor that causes high mortality
and remains a global challenge with the current limited
treatments available. Recent studies indicate that HCC
arises from LCSCs leading to tumor heterogeneity [40].
Expression of some liver CSC markers such as CD133 and
EpCAM has been reported to be associated with tumor
angiogenesis, low response rates to chemotherapy, and
poor overall prognoses in patients with HCC [41]. More-
over, HCC patients with high levels of circulating LCSCs
were found to have higher recurrence rates than those
with lower levels of CSCs [42]. Therefore, the expression
of liver CSCs markers and their extraordinary characteris-
tics can serve as potential prognostic markers and thera-
peutic target in these patients.

The miRNA-302 family was previously identified to be
epigenetically silenced in various types of cancer and to
play important roles in tumor development and progres-
sion [43]. The miRNA-302 family is significantly down-
regulated in human colorectal cancer, osteosarcoma, and
glioblastoma tissues [44—46]. MiRNA-302 inhibits the
tumorigenicity of endometrial cancer cells by suppress-
ing cyclin D1 and CDK1 [47]. MicroRNA-302a was re-
ported to suppress prostate tumor cell proliferation by
inhibiting AKT, resulting in subsequent alterations of
the AKT-GSK3B-cyclin D1 and AKT-p27 pathways
[48]. Besides, overexpression of miR-302b suppresses
HCC growth via targeting the EGFR/AKT2/CCND1 path-
way [49]. These studies suggested that the miRNA-302
family plays an important role in tumorigenesis and
progression. However, the clinical significance of the
miRNA-302 family in HCC, and the molecular mecha-
nisms underlying the deactivation of its target genes in
tumorigenesis and drug resistance derived by LCSCs still
require elucidation.

In this study, we used tumor sphere formation to enrich
LCSC cells and found that the miRNA-302 family was
weakly expressed in LCSC cells as well as in HCC tumors.
Moreover, patients with lower miRNA-302a/d expression
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Fig. 6 The expression levels and clinical significance of miRNA-302a/d and E2F7 in HCC. a, gRT-PCR to quantify miRNA-302a/d and E2F7 level in
154 HCC tissues and 34 adjacently normal liver tissues. The correlation between miRNA-302a/d and E2F7 levels in 34 adjacently normal liver
tissues (b) and 154 HCC tissues (). d, qRT-PCR to quantify miRNA-302a/d and E2F7 level in CD133 EpCAM™ HCCs and CD133"EpCAM* LCSCs
from 16 HCC tissues. e, The correlation between miRNA-302a/d and E2F7 levels in CD133 EpCAM™ HCCs and CD133 EpCAM* LCSCs from 16
HCC tissues. f, Kaplan-Meier survival analysis to evaluate the prognostic value of miRNA-302a, miRNA-302d and E2F7 expression for OS and PFS
of HCC patients. Kaplan-Meier survival analysis was used to evaluate the prognostic value of E2F7 together with miRNA-302a (g) or miRNA-302d
(h) expression in HCC for OS and PFS
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had shorter OS and PFS. We also identified that
miRNA-302a/d inhibited HCC cell proliferation, tumor
sphere formation in vitro and tumor growth in vivo. These
results suggest that the miRNA-302 family is an important
suppressor of LCSCs. Therefore, the potential anti-tumor
mechanism of the miRNA-302 family in regulating LCSCs
was further studied.

To uncover the underlying mechanism, four target gene
prediction websites were used to forecast target genes of
miRNA-302a/d and potential candidate and an atypical
E2F family member E2F7, which limits the expression of
E2F1 and prevents E2F1-dependent apoptosis [50-52],
was selected and monitored in HepG2 and Huh7 cells
with knocked down and overexpressed miRNA-302a/d.
In this context, the expression of E2F7 was markedly
inhibited by miRNA-302a/d. Owing to the typical seed
sequence in the 3-UTR of E2F7, a direct role of
miRNA-302a/d was naturally surveyed next. As expected,
E2F7 was a direct downstream target of miRNA-302a/d,
as demonstrated by luciferase assays.

The members of the E2F family function as transcrip-
tion factors and are widely expressed in a number of tis-
sues and organs, they have been reported to control the
expression of genes and possess many regulatory func-
tions related to cellular proliferation, differentiation, DNA
repair, the cell cycle, and cell apoptosis [53]. To date, eight
members of this family, E2F1 to E2F8, have been recog-
nized. In general, E2F1, E2F2, and E2F3 are considered to
be transcriptional activators, whereas E2F4, E2F5, and
E2F6 play inhibitory roles in transcriptional expression of
downstream target genes [54]. The atypical E2F family
member E2F8 and E2F7 perform complementary and
overlapping functions in many cell metabolisms, and serve
as a unique repressive arm to balance the E2F transcrip-
tional network that is critical for embryonic development
and control of the E2F1-p53 apoptotic axis [55]. E2F8 was
found to be markedly overexpressed in HCC to facilitate
tumor occurrence and development via activation of an
E2F1/cyclin D1 signaling pathway to regulate the G1- to
S-phase transition of cell cycle progression or transcrip-
tionally suppress CDKI1 to induce hepatocyte polyploidiza-
tion [56]. Moreover, the miR-302-367 cluster was reported
to directly downregulate both AKT1 and cyclin D1, and
indirectly upregulated p27""?* and p21“'*, leading to the
suppression of cancer cell proliferation [47], which is ac-
cordance with our data (Fig. 4).

In this study, E2F7 was found to be overexpressed in
LCSCs and HCC tissue and had an inverse relationship
with miRNA-302a/d. Our results further implied that E2F7
could be modulated by miRNA-302a/d during HCC cells
proliferation and apoptosis driven by LCSCs. More interest-
ingly, E2F7 overexpression could activate AKT1-cyclin D1
signaling and the downstream cell cycle, and the levels of
intranuclear [3-catenin were strikingly enhanced.
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Moreover, the feedforward AKT/CCNDI1 axis regulates
E2F7 signaling dependent on its effects on cellular pro-
liferation and the cell cycle, which results in positive
E2F7/AKT/B-catenin/CCND1 feedback signaling to pro-
mote the self-renewal ability and cell cycle entry of
LCSCs to act as enhancers for cell cycle progression and
hepatocarcinogenesis.

To further evaluate their clinical signatures, miRNA-
302a/d and E2F7 were divided into high- and low-
expressing groups in HCC patients. In this context, E2F7
was highly expressed in HCC tissues when compared with
normal liver tissues, and high levels of E2F7 in tumor tis-
sues had poor prognostic values on the OS of HCC pa-
tients. Furthermore, concomitant low expression of
miRNA-302a/d and high expression of E2F7 correlated
with shorter median OS and PFS in HCC patients, sug-
gesting miRNA-302a/d is a key regulator of HCC stem-
ness via targeting the E2F7.

Conclusions

Taken together, our findings indicate that miRNA-302a/d
can inhibit the stemness and proliferation of HCC cells
through targeting E2F7 and downstream AKT/p-catenin/
CCND1 signaling and may play an essential role in HCC
progression suggesting that miRNA-302a/d and E2F7 may
be promising therapeutic targets for HCC patients.
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