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Abstract

A previous study revealed that therapeutic miR-26a delivery suppresses tumorigenesis in a murine liver cancer model,
whereas we found that forced miR-26a expression increased hepatocellular carcinoma (HCC) cell migration and invasion,
which prompted us to characterize the causes and mechanisms underlying enhanced invasion due to ectopic miR-26a
expression. Gain-of-function and loss-of-function experiments demonstrated that miR-26a promoted migration and invasion
of BEL-7402 and HepG?2 cells in vitro and positively modulated matrix metalloproteinase (MMP)-1, MMP-2, MMP-9, and
MMP-10 expression. In addition, exogenous miR-26a expression significantly enhanced the metastatic ability of HepG2
cells in vivo. miR-26a negatively regulated in vitro proliferation of HCC cells, and miR-26a overexpression suppressed
HepG2 cell tumor growth in nude mice. Further studies revealed that miR-26a inhibited cell growth by repressing the
methyltransferase EZH2 and promoted cell migration and invasion by inhibiting the phosphatase PTEN. Furthermore, PTEN
expression negatively correlated with miR-26a expression in HCC specimens from patients with and without metastasis.
Thus, our findings suggest for the first time that miR-26a promotes invasion/metastasis by inhibiting PTEN and inhibits cell
proliferation by repressing EZH2 in HCC. More importantly, our data also suggest caution if miR-26a is used as a target for
cancer therapy in the future.

Introduction
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Hepatocellular carcinoma (HCC) is highly malignant and

has a very poor prognosis [1]. HCC is usually treated with
surgery-based comprehensive therapies. The 5-year
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postoperative recurrence rate for this disease is greater than
60%, and the median 5-year survival rates after repeat
hepatectomy, ablation and transarterial chemoembolization
(TACE) were 35.2, 48.3, and 15.5 percent, respectively [2].
HCC diagnosis and treatment are limited by many factors,
including difficulties in early diagnosis, high rates of
recurrence and metastasis, lack of therapeutic specificity,
and insufficient sources of innovative drugs and treatment
methods [3, 4]. Therefore, the development of new thera-
pies for HCC is particularly urgent.

Studies have shown that microRNAs (miRNAs) reg-
ulate the expression of more than 50% of all human
coding genes [5]. miRNAs play important roles in a
variety of physiological and pathological processes,
including organ development [6], cell proliferation [7],
cell differentiation [8, 9], cell apoptosis, and tumor
development. Downregulation of oncogenic miRNA
expression results in upregulation of genes with tumor
suppressive functions. Conversely, upregulation of tumor
suppressive  miRNA expression can lead to down-
regulation of oncogene expression levels [10]. miRNAs
regulate the expression of a large number of downstream
genes as well as activation or inactivation of many sig-
nalling pathways. The ultimate effect of a miRNA is
determined by the sum of its effects on all regulated genes
[11]. Therefore, the biological functions of miRNAs are
complex and diverse. The roles and mechanisms of action
of miRNAs in various aspects of cancer development and
progression need to be further elucidated.

miR-26a, which is 22 nucleotides in length, is located on
human chromosome 3 and is widely expressed in various
human tissues [12]. Previous studies have shown that miR-
26a inhibits the proliferation of nasopharyngeal carcinoma
cells, HCC cells and breast cancer cells [13—15]. However,
miR-26a promotes the proliferation of glioma, ovarian
cancer, and cholangiocarcinoma cells [16—18]. Addition-
ally, miR-26a inhibits metastasis of nasopharyngeal carci-
noma cells and gastric cancer cells [19, 20] but promotes
metastasis of lung cancer cells [21]. Interestingly, miR-26a
inhibits tumor proliferation in acute myeloid leukemia [22]
but promotes tumor proliferation in T-cell acute lympho-
blastic leukemia [23]. These findings indicate that miR-26a
plays distinct roles in different tumors and in tumors of
different histological types. Thus, the functional complexity
of miR-26a is undeniable.

In a previous study, miR-26a was overexpressed in
tumor-bearing mouse livers. The study found that miR-
26a overexpression resulted in regression of liver tumors
[14]. These results demonstrate the great potential of miR-
26a in the treatment of HCC. However, it remains unclear
whether the process of tumor regression is accompanied
by reversal of HCC cell proliferation and migration.
Therefore, we attempted to investigate the effects of miR-

26a in HCC cells and its underlying mechanisms of
action, thereby laying a theoretical foundation for appli-
cation of miR-26a in clinical treatment of HCC. Pre-
viously, miR-26a has been reported to inhibit HCC cell
proliferation. Our preliminary study found that miR-26a
promotes HCC cell migration and invasion in vitro,
prompting us to further investigate the role of miR-26a in
HCC cell invasion and metastasis.

Materials and methods
Cell lines and cell culture

The human HCC cell lines BEL-7402 and HepG2 were
purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). HEK293T cells were
obtained from the American Type Culture Collection
(ATCC). The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (high glucose) supplemented
with 10% fetal bovine serum (FBS), 1% non-essential
amino acids (NEAA), 1mM vr-glutamine and 1mM
sodium pyruvate in a humidified incubator with 5% CO,
at 37 °C.

Lentivirus production and transduction

A 418-bp fragment containing the precursor sequence of
human miR-26a (amplified by PCR from pMSCVpuro-
miR-26a [15]) and a fragment containing a non-specific
microRNA sequence was cloned into the Xba I and BamH 1
sites of pHAGE-fullEF1a-MCS-IZsGreen [generously pro-
vided by Prof. Jeng-Shin Lee (Harvard Gene Therapy
Initiative, Harvard Medical School)], respectively. The
resulting constructs were designated pLV-miR-26a and
pLV-con and were confirmed by PCR, enzyme digestion
analysis and sequencing (data not shown). The lentiviral
packaging plasmids psPAX2 and pMD2.G were kindly
provided by Dr. Didier Trono (University of Geneva,
Geneva, Switzerland).

The production, purification, and titration of lentiviruses
(LV-con and LV-miR-26a) were performed as described by
Tiscornia and colleagues [24]. Briefly, to produce virus
particles expressing the empty vector or target genes (miR-
26a), HEK293T cells (maintained in 10% FBS) were co-
transfected with lentiviral vector and packaging plasmids
(psPAX2 and pMD2.G) using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions.
The packaged lentiviruses carrying pLV-con or pLV-miR-
26a were named LV-con (used as a control) and LV-miR-
26a, respectively. At 72 h post-transfection, the supernatant
was harvested and subsequently used to infect BEL-7402
and HepG2 cells.

SPRINGER NATURE



1486

W.-T. Zhao et al.

miRNA or siRNA transient transfection

Human miR-26a inhibitor (anti-miR-26a) and inhibitor
control (a non-specific anti-miR control, anti-miR con) were
purchased from RiboBio Co., Ltd. (Guangzhou, China).
miR-26a-expressing cells were transiently transfected with
anti-miR-26a (100 nM) and anti-miR con (100 nM) using
Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s  instructions, respectively. miR-26a-
expressing HepG2 cells were transiently transfected with
pcDNA3.0 (used as blank vector), pcDNA3.0-PTEN or
pcDNA3.0-EZH?2 via using Lipofectamine 2000 reagent.

siRNA was transfected into cells at a final concentra-
tion of 140 nM by using Lipofectamine 2000 reagent as
the manufacturer's instructions. The following siRNA was
synthesized by RiboBio Co., Ltd. (Guangzhou, China)
and used in the study: siEZH2 (Cat. No.
siG09121182954): 5'-GCAAATTCTCGGTGTCAAA-3';
siPTEN(Cat. No. siB06817152516): 5'-GGCGCTATGT
GTATTATTA-3’. Scrambled siRNA (sicontrol) was
described previously [25].

RNA isolation, reverse transcription, and
quantitative real-time PCR (qRT-PCR)

RNA isolation, reverse transcription, and qRT-PCR have
been well described previously [26-30]. The primers used
in the qRT-PCR assay are described below. GAPDH or
U6 snRNA was used as an endogenous control. All samples
were normalized to internal controls, and fold changes were
calculated through relative quantification (Z’AAC‘) [31].

For qRT-PCR quantification of protein-coding genes, the
following primer pairs were used: EZH2-FP(FP: forward
primer)(5'-GCCAGACTGGGAAGAAATCTG-3") and
EZH2-RP(RP: reverse primer) (5'-TGTGT-TGGAAAA
TCCAAGTCA-3’); PTEN-FP(5'-TTTGAAGACCATAAC
CCACCAC-3") and PTEN-RP(5'-ATTACACCAGTTCG
TCCCTTTC-3"); MMPI1-FP(5'-AGCTAGCTCAGGATGA
CA-TTGATG-3’) and MMP1-RP(5'-GCCGATGGGCTGG
ACAG-3"); MMP2-FP(5'-TACAGGATCATTG GCTACA
CACC-3") and MMP2-RP (5'-GGTCACATCGCTCCAG
ACT-3"); MMP9-FP(5'-GGGACGCAGACATCGTCA
TC-3') and MMP9-RP(5'-TCGTCATCGTCGAAATGG
GC-3'); MMP10-FP(5'-CAC-TCTACAACTCATTCACA
GAGCT-3’) and MMP10-RP (5'-CTTGGATAACCTGCT
TGTACCTCAT-3"); GAPDH-FP(5'-ACCCAG AAGACT
GTGGATGG-3') and GAPDH-RP(5'-TCTAGACGGCAG
GTCAGG-TC-3").

For qRT-PCR quantification of human miR-26a, the
following primer pairs were used: U6 snRNA-RT primer
(AACGCTTCACGAATTTGCGT), U6 snRNA-FP (CTCG
CTTCGGCAGCACA) and U6 snRNA-RP (AACGCTTCA
CGAATTTGCGT); miR-26a-RT primer (GTCGTATCC
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AGTGCAGGGTCCGAGGTATTCGCACTGGATACGA
CAGCCT), miR-26a-FP (GACTGTTCAAGTAATCCAG
GATA) and miR-26a-RP (GTGCAGGGTCCGAGGT
ATTC).

Western blot analysis

Protein lysates were separated on 10% SDS-PAGE gels and
electrophoretically transferred to PVDF (polyvinylidene
difluoride) membranes. Then, the blots were probed with pri-
mary antibodies against EZH2 (Cat. No. 612666, BD Bios-
ciences), PTEN (Cat. No. 9188S, Cell Signaling Technology)
or KLF4 (Cat. No. ab215036, Abcam), followed by incubation
with horseradish peroxidase (HRP)-labeled secondary anti-
bodies. Signals were detected using enhanced chemilumines-
cence (ECL). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the protein loading control.

Wound-healing assay

Cells were seeded in a 6-well plate for 24 h. The cell
monolayers were scratched with a 200-ul pipette tip and
washed with medium without serum to remove the detached
cells. The wounded areas were observed and imaged under
a microscope.

Transwell migration assay and Boyden chamber
invasion assay

Transwell migration and Boyden chamber invasion assays
were performed as described previously [29, 30].

Metastasis analysis via tail vein injection assays

Four- to five-week-old female BALB/c nude mice were
purchased from the Medical Laboratory Animal Center of
Guangdong Province and maintained in microisolator cages
under aseptic conditions. HepG2 cells were infected by
lentivirus harboring luciferase (Luc) gene to generate the
stable cell line (i.e., HepG2 cells) carrying Luc gene,
designated Luc-HepG2 cell line. Vector- or miR-26a-
expressing luc-HepG2 cells (6 x 10 were suspended in
200 pl of PBS and then injected into the tail vein of the mice
(n = 14). Subsequently, luciferase (Luc) signals in nude
mice were used to monitor metastatic tumors. When Luc
signals of metastatic tumors were observed, the mice were
sacrificed, and metastatic tumors in organs were analyzed
through hematoxylin and eosin (H&E) staining. This
investigation was carried out according to the Guide for the
Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-23,
revised 1996). All animal protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) at
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the Institute of Laboratory Animal Center, Southern Medi-
cal University.

Whole-animal bioluminescence imaging

The procedure for in vivo bioluminescence imaging using a
Xenogen IVIS Luminall Imaging System (Xenogen Corp.,
Alameda, CA, USA) to noninvasively measure Luc activity
has been fully described previously [26, 29, 32-34].

CCK8 assay and colony formation assay

CCKS8 and colony formation assays were performed as
previously described [29]. For the CCK8 assay, the indi-
cated cells were plated in 96-well plates at 1 x 10° per well
in a final volume of 200 pl and then cultured for 7 days. For
the colony formation assay, cells were counted and plated at
200 per well in 6-well plates for 14 days.

Cell cycle analysis

For cell cycle analysis, the indicated cells were plated in 6-
well plates at 2 x 103 per well and transfected with miR-26a
inhibitor or inhibitor control. At 48 h post-transfection, cell
cycle distribution was analyzed via propidium iodide (PI)
staining and flow cytometry as described by Singh and
colleagues [35].

Tumor xenografts in animals

Female BALB/c nude mice aged 4-5 weeks were purchased
from the Medical Laboratory Animal Center of Guangdong
Province. Vector- or miR-26a-expressing HepG2 cells
(1.5x 10° cells) were subcutaneously injected into the left
or right dorsal thigh of the mice (n=10), respectively.
Tumor volumes were measured every 2-3 days using a
calliper slide rule. After 5 weeks, the mice were sacrificed,
and tumor xenografts were dissected. Tumor volumes were
calculated as follows: volume = (D x dz)/2, where D is the
longest diameter and d is the shortest diameter. All animals
were sacrificed on the 35th day after transplantation.

Histological analysis and immunohistochemistry
(IHC)

Histological analysis and IHC were performed as described
previously [27-29, 36]. For histological analysis, human
tumor xenografts in nude mice were collected, fixed in 4%
phosphate-buffered paraformaldehyde (PFA) at 4 °C over-
night, embedded in paraffin, and then cut into 5-mm-thick
sections. Subsequently, the tissue sections were mounted on
slides, dewaxed, rehydrated, and then stained with H&E
staining according to standard procedures.

The immunohistochemical staining procedure followed the
standard streptavidin-peroxidase (SP) protocol. After depar-
affinization and rehydration, the paraffin-embedded sections
were subjected to high-pressure treatment in citrate buffer (pH
6.0) and boiling for 2 min for antigen retrieval. Endogenous
peroxidase and non-specific staining were blocked with H,O,
and 1% BSA for 15 min at room temperature, respectively.
The sections were then incubated overnight at 4 °C with pri-
mary antibodies against BrdU (GE Healthcare, dilution 1:50)
or p21 (Abcam, dilution 1:100). PBS was used as the negative
control. Immunocomplexes were visualized with DAB, and
the tissue sections were counterstained with hematoxylin.

Clinical specimens

Primary HCC specimens and tumor-adjacent noncancerous
tissues were collected from Sun Yat-sen Memorial Hospital,
Sun Yat-sen University (Guangzhou, China) with informed
consent and under institutional review board-approved
protocols. The inclusion criteria for HCC cases were (1) a
clear pathological diagnosis of HCC and (2) no anticancer
treatments before surgery. Ethical approval was given by
the Medical Ethics Committee of Southern Medical Uni-
versity, with the following reference number: 2017-002-01.
Total RNA was extracted from the specimens and used for
gRT-PCR analysis.

Statistical analyses

Statistical analyses were performed using the SPSS 13.0 soft-
ware package. Two-tailed Student's #-test was used for com-
parisons of two independent groups. One-way ANOVA was
used for comparisons of intergroup differences and differences
within groups. The data are presented as the mean + SEM.
The “*” sign denotes P <0.05 compared with the control, the
“**” sign denotes P < 0.01 compared with the control, and the
“**%” gign denotes P <(0.001 compared with the control.

Results

miR-26a is downregulated in human HCC cell lines
and clinical specimens

gRT-PCR was used to analyze miR-26a expression levels in
human HCC cell lines and clinical specimens. The results
showed that miR-26a expression was decreased in all 7 HCC
cell lines examined compared with normal liver tissues
(Fig. S1). We further examined miR-26a expression levels in
55 HCC specimens and 45 non-tumor liver tissues. Consistent
with the data obtained from HCC cell lines, the average miR-
26a expression level was significantly lower in the HCC
specimens than in the non-tumor liver tissues (Fig. 7a).
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Fig. 1 miR-26a positively modulated the migration and invasion
ability of HCC cells in vitro. a The migration ability of miR-26a-
expressing BEL-7402 and HepG2 cells was assessed with wound-
healing assays. b—e In vitro migration assay using a transwell chamber
and in vitro invasion assay using a Matrigel-coated Boyden chamber

miR-26a promotes HCC cell migration and invasion
in vitro

To explore the effects of miR-26a on cell migration and
invasion, BEL-7402 and HepG2 cells were infected with
LV-con or LV-miR-26a (Fig. S2). Wound-healing assays
demonstrated that miR-26a overexpression promoted both
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were employed to detect the motility and invasion of miR-26a-
expressing BEL-7402 (b, ¢) and HepG2 (d, e) cells, and of BEL-7402
(b, ¢) and HepG2 (d, e) cells transfected with antimiR-26a inhibitor
(100 nM) for 48 h

BEL-7402 and HepG2 cell migration (Fig. 1a). Transwell
migration assays and Boyden chamber invasion assays
showed that miR-26a overexpression enhanced BEL-7402
cell migration and invasion (Fig. 1b, c), while anti-miR-26a
inhibited BEL-7402 cell migration and invasion (Fig. S3
and Fig. 1b, c). Similar results were obtained in HepG2 cells
(Fig. S3 and Fig. 1d, e).
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We then analyzed the expression levels of matrix
metalloproteinase (MMP)-1, MMP-2, MMP-9, and MMP-
10 using qRT-PCR and found that miR-26a overexpression
resulted in the significantly elevated expression of all four
MMPs in BEL-7402 and HepG2 cells (Fig. 2a, b). Con-
versely, inhibition of miR-26a expression led to the notably
reduced expression of MMP-1, MMP-2, MMP-9, and
MMP-10 expression in BEL-7402 and HepG2 cells
(Fig. 2c, d).

miR-26a promotes HCC cell metastasis in vivo

To further confirm that miR-26a promotes metastasis
in vivo, miR-26a-expressing HepG2-Luc cells were injected
into mice via the tail vein. Bioluminescence imaging
revealed (Luc) activity in the lungs of nude mice 3 h after
tail vein injection of vector- or miR-26a-expressing HepG2-
Luc cells (Fig. S4), indicating that the cancer cells were
successfully injected. Within 3-4 months post-injection,
tumor metastasis nodules in the lung were more numerous
in the miR-26a-expressing group than in the control group.
Most of the mice in the miR-26a overexpression group
developed brain metastases (Fig. 3a, b), lung metastases
(Fig. 3c, d), and lymph node metastases (Fig. S5). Histo-
logical sections of metastatic tumor foci were stained with
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Reduced MMP-1, MMP-2, MMP-9 and MMP-10 expression was
observed in BEL-7402 (c) and HepG2 (d) cells transfected with anti-
miR-26a inhibitor (100 nM) for 48 h

H&E and analyzed to confirm the presence of brain, lung
and lymph node metastases (Fig. 3e). The results can be
summarized as follows: among the 7 mice in the miR-26a
overexpression group, 1 developed brain metastases, 1 had
brain and lymph node metastases, 4 had lung metastases,
and 1 had liver and lymph node metastases. In the control
group, only 2 mice developed lung metastases. No metas-
tases were observed in any of the other vital organs
examined (Fig. 3f and Fig. S6). These findings demonstrate
that miR-26a promotes HCC cell metastasis in vivo.

miR-26a negatively regulates HCC cell proliferation

Previous studies have reported that overexpression of miR-
26a inhibits HCC cell proliferation. However, the present
study found that overexpression of miR-26a promoted HCC
cell invasion and metastasis. To verify the effect of miR-26a
on proliferation of the cell lines examined above, Cell
Counting Kit-8 (CCKS) assays, cell cycle analyses, and col-
ony formation assays were performed. The CCKS8 assay
results showed that miR-26a overexpression resulted in a
decrease in HCC cell proliferation (Fig. 4a), while inhibition
of miR-26a overexpression restored HCC cell proliferative
capacity (Fig. 4b). Cell cycle analyses demonstrated that
overexpression of miR-26a led to G1-phase cell cycle arrest.
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metastasis. a Bioluminescence imaging of a representative nude mouse
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sentative nude mouse with lung metastases. d Representative lung
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metastatic tumours shown by the GFP and Luc signals. e H&E staining
of brain, lung, liver and lymph node sections from nude mice 3-4
months after tail vein injection of miR-26a-expressing Luc-HepG2
cells. f The number of brain, lung, liver and lymph node metastatic
nodules in nude mice
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In contrast, cells that underwent miR-26a overexpression-
induced G1 arrest resumed proliferation following subsequent
inhibition of miR-26a expression (Fig. 4c—f). Colony forma-
tion assays also demonstrated that miR-26 overexpression
inhibited HCC cell proliferation (Fig. 4g. h). These results
confirm that miR-26a negatively regulates HCC cell pro-
liferation in vitro.

miR-26a overexpression suppresses tumor growth
of HCC cells in vivo

To confirm the regulatory effect of miR-26a on HCC cell
proliferation in vivo, subcutaneous tumor Xxenograft
experiments were performed in nude mice. Significantly
smaller tumors were observed in mice injected with miR-
26-overexpressing HCC cells than in the mice injected with
empty vector-transduced HCC cells (Fig. 5a, b). In addition,
immunohistochemical analyses showed that tumors formed
from the miR-26-overexpressing HCC cells contained a
markedly reduced number of 5-bromo-2’'-deoxyuridine
(BrdU)-positive cells and a significantly increased number
of p2l-positive cells than tumors derived from empty
vector-transduced HCC cells (Fig. 5c, d).

miR-26a inhibits cell growth by repressing EZH2 and
promotes migration and invasion by inhibiting
PTEN in HCC cells

miR-26a promotes HCC cell invasion and metastasis but
inhibits HCC cell proliferation. We suspected that miR-26a
was able to exert such interesting effects by targeting dif-
ferent genes. Therefore, we explored the mechanisms
underlying miR-26a activity. Bioinformatics software pre-
dicted that nucleotides 2-8 at the 5’ end of miR-26a were
perfectly complementary to the 3’ untranslated regions (3’-
UTRs) of enhancer of zeste homolog 2 (EZH2), phospha-
tase and tensin homolog (PTEN) and Kruppel-like factor 4
(KLF4) (data not shown). Moreover, this complementary
region was highly conserved across multiple species
(human, mouse, rat, and monkey) (Fig. 6a, b and Fig. S7a).
Western blot analysis revealed that miR-26a overexpression
resulted in downregulation of EZH2 and PTEN expression
in BEL-7402 and HepG2 cells, while subsequent inhibition
of miR-26a resulted in upregulation of EZH2 and PTEN
expression (Fig. 6c). These results indicate that miR-26a
negatively regulates EZH2 and PTEN expression. However,
miR-26a did not negatively regulate KLLF4 expression in
BEL-7402 and HepG2 cells (Fig. S7b). Previous studies
have reported that EZH2 is a direct target gene of miR-26a
[13, 37]. Additionally, PTEN has also been reported to be a
direct target gene of miR-26a [21, 38].

To further elucidate whether miR-26a regulates HCC cell
proliferation, migration, and invasion through EZH2 and

PTEN, we carried out HepG2 cell-based functional analyses.
EZH?2 and PTEN were separately transiently overexpressed in
miR-26a-overexpressing HepG2 cells (Fig. 6d). CCK8 assay
results showed that stable overexpression of miR-26a sig-
nificantly reduced the proliferative capacity of HepG2 cells,
whereas transient overexpression of EZH2 in these cells
resulted in an increase in cell proliferation (Fig. 6e). In con-
trast, transient overexpression of PTEN in miR-26a-
overexpressing HepG2 cells had no effect on cell prolifera-
tion (Fig. 6e). The results of the Transwell and Boyden
chamber assays showed that migration and invasion were
significantly enhanced in miR-26a-overexpressing HepG2
cells compared with empty vector-transduced HepG2 cells
(Fig. 6f, g). Transient overexpression of PTEN in miR-26a-
overexpressing HepG2 cells reduced both cell migration and
invasion (Fig. 6f, g). However, transient overexpression of
EZH?2 in miR-26a-overexpressing HepG2 cells did not affect
the increased cell migration and invasion ability induced by
miR-26a overexpression (Fig. 6f, g). In summary, miR-26a
inhibits cell growth by repressing EZH2 and promotes
migration and invasion by inhibiting PTEN in HCC cells.

To further examine the effects of PTEN or/and EZH2
downregulation in these HCC cells, BEL-7402 and HepG2
cells were separately or combinedly transfected with
siEZH2 and siPTEN (Fig. 6h), respectively. CCKS8 assay
revealed that transient expression of siEZH2 or siEZH2 and
siPTEN significantly decreased the proliferative ability of
BEL-7402 (Fig. 6i) and HepG2 (Fig. 6j) cells, whereas
transient expression of siPTEN had slight proliferation-
promoting effect on BEL-7402 cells (Fig. 6i) and had no
effect on HepG2 cell proliferation (Fig. 6j). Furthermore,
there is no significant difference in cell proliferation-
inhibition effect between HCC cells transfected with
siEZH2 and HCC cells transfected with siEZH2 & siPTEN
(Fig. 61, j). The transwell assays showed that the migration
was very significantly enhanced in siPTEN-transfected
BEL-7402 cells (Fig. 6k, 1) and HepG2 cells (Fig. 6k, m),
whereas the transient expression of siEZH2 in BEL-7402
cells (Fig. 6k, 1) and HepG2 cells (Fig. 6k, m) only led to a
slight decrease in cell migration capacity. Therefore, our
findings demonstrate that EZH2 and PTEN might play key
roles in modulating the proliferation and motility ability of
these examined HCC cells, respectively.

Confirmation of the relationship between miR-26a
expression and PTEN and EZH2 expression levels
using clinical HCC specimens

To confirm the relationship between miR-26a expression
and PTEN or EZH2 expression levels in clinical HCC
specimens, we obtained 55 HCC tissue specimens and 45
paracancerous tissue specimens. Total RNA was extracted
from the specimens and reverse transcribed into

SPRINGER NATURE



1492

W.-T. Zhao et al.

A - B -
PR 37— Lv-con (BEL-7402) - 077 e~ anti-miR con (BEL-7402)
8 - LV-miR-26a (BEL-7402) % 8 =& anti-miR-26a (BEL-7402)
= =&~ LV-con (HepG2) : * = =&~ anti-miR con (HepG2)
2 2 ] -® Lv-miR-26a (HepG2) 3 2 54 —® antimiR-26a (HepG2) L
< < 3
> > % |3
51 51 X
= = *
< ]
2 14 2 03 -
) )
172} wn
= 2
< <
0+ T v T T v v ] 01+ T T "
4h 24h 48h 72h 96h 120h 144h 168h 4h 24h 48h 72h
C LV-con LV-miR-26a E LV-con MR- _
T s i
Bt Bar o
¢ B o] 3
5]
& &
& H =
pl 2] 2
H ¥ B
o]
el
o &
N TERS VAL S AR T ks nier T R TRERD B A RSN SRR RSN
(=] @ 0 0 1o o Channels (FL2-A) Channels (FL2-A)
S P JAN
N -9
d anti-miR con anti-miR-26a E anti-miR con anti-miR-26a
[ =, B St
2| i iE i
9 # %
& g P
b ¥ ¥
o & &
CH -8R S AL iz LI L300 TN L
D 804 . 0O LV-con F 807 #wx wuwx O Lv-
s R O LV-miR-26a o tx_f:i'l'z_zw
\,; @ anti-miR con Q @ anti-miR con
= 60- B anti-miR-26a < 60 1 B anti-miR-26a
%) 2
3 z 3 wekk
S o | sevesk
5 401 |_| *k% s 40 '—| |_| v k%
h— %* > |—| |_|
= - =
D D
£ 204 [1 £ 201
D D
=" [-"
0 2 ) 0 L 1
G1 S G2+M G1 S G2+tM
G H
o 12095 Lv-con
= s B LV-miR-26a
l:l‘ S
o 2 90+
& E
==} =
z 60
2 *ekk
=
<
3 2 30-
S I % kR
==y /
TS T BEL-7402 HepG2

Fig. 4 miR-26a negatively regulated the in vitro proliferation of HCC
cells. a Effects of miR-26a on cell proliferation measured with CCK-8
assays in miR-26a-expressing BEL-7402 and HepG2 cells. b CCK-8
assay performed in BEL-7402 and HepG2 cells transfected with anti-
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miR-26a inhibitor. c-f Effects of miR-26a on cell cycle distribution of
BEL-7402 cells (c, d) and HepG2 cells (e, f). g, h Colony formation
assay revealing significantly decreased proliferation of miR-26a-

expressing HCC cells
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Fig. 5 miR-26a suppressed HCC cell tumour growth in nude mice.
Vector- and miR-26a-expressing HepG2 cells were injected sub-
cutaneously into the left and right side of nude mice, respectively. At 2
weeks after implantation, LV-miR-26a-infected cells produced smaller
tumours than control cells. a Representative picture of tumours

complementary DNA (cDNA). Subsequently, qRT-PCR
was performed to examine the expression levels of miR-
26a, PTEN, and EZH2. The results demonstrated that miR-
26a (Fig. 7a) and PTEN (Fig. 7c) expression levels were
significantly downregulated in HCC tissues compared with
paracancerous tissues, while EZH2 expression was sig-
nificantly upregulated in HCC tissues (Fig. 7e). These data
indicate that miR-26a, PTEN, and EZH2 play important
roles in HCC malignancy. miR-26a expression was sig-
nificantly upregulated in HCC specimens from patients with
metastasis compared with HCC specimens from patients
without metastasis (Fig. 7b), while PTEN expression was
markedly downregulated in HCC specimens from patients
with metastasis (Fig. 7d). These results demonstrate that
PTEN expression is negatively correlated with miR-26a
expression in HCC specimens from patients with and
without metastasis. In addition, our results suggest that
miR-26a might play an important role in HCC metastasis
through regulation of PTEN expression. Moreover, we
found that there was no significant difference in EZH2
expression in HCC specimens between patients with
metastasis and patients without metastasis (Fig. 7f).
Through examination of clinical tissue specimens, we

formed. b Growth curve of tumour volumes. ¢, d BrdU- and p21-
stained sections of transplanted tumours formed by HepG2 cells. The
percentages of BrdU- or p21- positive cancer cells were calculated by
determining the total number of BrdU- or p21-positive cells divided by
the total number of cancer cells

obtained strong clinical evidence supporting our findings in
the HCC cell lines. In both sample sets, we demonstrated
that miR-26a inhibits HCC cell proliferation by down-
regulating EZH2 expression and promotes HCC cell
migration and invasion by downregulating PTEN
expression.

In summary, we have reached the following conclusions:
miR-26a inhibits HCC cell proliferation by downregulating
EZH2 expression. Additionally, miR-26a promotes HCC
cell migration and invasion by downregulating PTEN
expression. Further, the upregulation of miR-26a expression
leads to increased metastatic capacity and decreased pro-
liferative capacity in HCC cells (Fig. 8). This miR-26a
activity is likely to occur during invasion and metastasis of
HCC cells.

Discussion

miRNAs can have oncogenic, tumor suppressive, or both
roles depending on the type of tumor and target mRNA
whose translation they suppress [39]. The expression levels
and biological functions of a single miRNA may vary
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across various cancer types and subtypes and even between
different cell lines of the same cancer, suggesting that a
miRNA signature may be tissue- and cell-specific [39].
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Additionally, miRNA levels of expression also vary during
disease formation and propagation, suggesting the presence
of a time profile for their expression [39].
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Fig. 6 miR-26a promoted migration and invasion by inhibiting PTEN
and inhibited cell growth by repressing EZH2 in HCC cells.
a Sequence alignment of the 3' UTR of the mouse (Mmu), rat (Rno),
human (Hsa) and rhesus (Mml) PTEN protein, highlighting the miR-
26a binding site. b Sequence alignment of the 3' UTR of the mouse
(Mmu), rat (Rno), human (Hsa) and rhesus (Mml) EZH2 protein,
highlighting the miR-26a binding site. ¢ miR-26a negatively regulated
the expression of its target genes (i.e., EZH2 and PTEN) in HCC cells.
d The protein levels of EZH2 and PTEN in HepG2 cells transfected
with different plasmids determined by Western blot analysis. e miR-
26a inhibited cell growth by repressing EZH2 but not PTEN in HepG2
cells, based on CCK-8 assays. f, g miR-26a promoted migration and
invasion by inhibiting PTEN but not EZH2 in HepG2 cells. h The
protein levels of EZH2 and PTEN in BEL-7402 and HepG2 cells
transfected with the indicated siRNA (140 nM) determined by Western
blot analysis. i, j CCK-8 assay performed in BEL-7402 (i) and HepG2
(j) cells transfected with the indicated siRNA (140 nM). k, 1, m In vitro
migration assay using a transwell chamber was employed to detect the
motility of BEL-7402 (k, 1) and HepG2 (k, m) cells transiently
transfected with the indicated siRNA (140 nM)

Based on accumulated evidence, miR-26a is primarily
known for its tumor suppressive functions in cancer cell
proliferation, tumorigenesis, invasion, metastasis and
resistance to radiotherapy and chemotherapy in numerous
tumors, including HCC [14, 40-45], nasopharyngeal car-
cinoma [13, 19], bladder cancer [46], breast cancer [47, 48],
pancreatic cancer [49], prostate cancer [50, 51], osteo-
sarcoma [52], papillary thyroid carcinoma [53], squamous
cell cancer [54], acute myeloid leukemia [22], tongue
squamous cell carcinoma [55], and endometrial carcinoma
[56]. Increasing evidence supports the notion that miR-26a
suppresses HCC cell proliferation and tumorigenesis
[14, 40, 45] and inhibits HCC cell growth and/or tumor-
igenesis by suppressing the expression of one or more of the
following target genes: IL-6 [43], ST3GALG6 [42], hepato-
cyte growth factor (HGF) [44] or Lin28B and Zcchcl1 [57],
while miR-26a suppresses HCC cell migration, invasion
and/or metastasis by targeting the interleukin-6-stat3 path-
way [43], EZH2 and CDKS8 in Wnt pathway [58],
DNMT3B-MEG3 axis [59], HGF-cMet pathway [44],
EZH2 [60], [42] ST3GALG6 or Lin28B and Zcchcll [57].
Moreover, miR-26a/b can promote apoptosis and sensitize
HCC to chemotherapy by suppressing the expression of
autophagy initiator ULKI1 [61]. miR-26a suppresses
angiogenesis by targeting the HGF-cMet pathway in HCC
[44]. These aforementioned findings support the tumor
suppressive function of miR-26a in HCC. In this study, we
found that forced miR-26a expression suppressed HCC cell
proliferation by repressing EZH2 and suppressed HCC cell
tumor growth in vivo, whereas miR-26a overexpression
significantly promoted migration and invasion by inhibiting
PTEN and enhanced the metastatic ability of HepG2 cells
in vivo, which was further supported by analysis of HCC
clinical specimens. The in vitro and in vivo HCC cell
growth-suppressing role of miR-26a revealed in this study

is consistent with the above-described findings in HCC
[14, 40, 42-45, 57], whereas in vitro and in vivo cell
migration-, invasion- and metastasis-promoting miR-26a
activity has been shown to enhance the migration, invasion
and metastasis potential of lung cancer cells by suppressing
PTEN to activate the PTEN/AKT pathway [21], by reg-
ulating the ITGB8-JAK2/STAT3 axis [62] or by suppres-
sing GSK3p [63]. Moreover, miR-26a was found to be
downregulated in lung cancer specimens compared with
normal lung tissue, and interestingly, the miR-26a expres-
sion level was higher in lymph node metastasis tumor tis-
sues than in primary tumor tissues [21]. Additionally, the
expression level of PTEN, a target gene of miR-26a, was
lower in lymph node metastasis tumor tissues than in pri-
mary tumor tissues and was inversely correlated with the
miR-26a level [21]. Thus, the above findings in lung cancer
[21] are consistent with our results in HCC. Moreover, miR-
26a promoted ovarian cancer proliferation and tumorigen-
esis by targeting ER-a [17], whereas miR-26a inhibited
ovarian cancer cell proliferation and induced cell apoptosis
by regulating CDC6 expression [64]. Sustained expression
of miR-26a promoted chromosomal instability and tumor-
igenesis through regulation of CHFR in breast cancer [65],
whereas miR-26a suppressed tumor proliferation and
metastasis by targeting metadherin in triple negative breast
cancer [48], and miR-26a inhibited the proliferation and
migration of breast cancer cells through repression of MCL-
1 [47]. In summary, these findings clearly demonstrate that
the biological functions of miR-26a vary across different
cancer types and subtypes and even between different cell
lines of the same cancer, suggesting that the biological roles
of miR-26a in the progression of various malignancies and
the underlying mechanisms are very complex. Furthermore,
miR-26a plays diametrically opposing biological roles in
cell proliferation, apoptosis, tumorigenesis, invasion, and
metastasis by regulating different target genes in various
cancers.

An oncomiRNA selectively represses the expression of
its tumor suppressor target genes in tumorigenesis but does
not affect the expression of oncogenic potential target
genes; similarly, a tumor suppressor miRNA selectively
targets oncogene(s) but not tumor suppressor(s) in normal
development or cell differentiation [66—68]. Thus, most
researchers follow the aforementioned logic when trying to
identify candidate target genes of a given miRNA. A single
miRNA is well known to have tens or hundreds of putative
target genes, including oncogenes and tumor suppressors
[69]. Therefore, it might not be practical for a given
oncogenic or tumor suppressor miRNA to selectively
repress only the expression of targets with functions
opposite to those proposed to be exerted by the miRNA,
and this idea is strongly supported by the following evi-
dence. miR-196b is involved in MLL-fusion-mediated
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cancer cells
with enhanced metastasis and
reduced proliferation
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Fig. 8 A proposed model of the miR-26a-PTEN axis and miR-26a-
EZH2 axis in regulation of HCC cell invasion and metastasis (via
PTEN) and proliferation (via EZH2)

leukemogenesis by simultaneously repressing the expres-
sion of both oncogenic (HOXA9/MEIS1) and tumor sup-
pressor (FAS) target genes [70]. By providing compelling
evidence, here, we demonstrate that miR-26a promoted cell
migration and invasion by inhibiting the tumor suppressor
PTEN and inhibited cell proliferation by repressing the
oncogene EZH2 in HCC, and this was supported by ana-
lysis of HCC clinical specimens. The information obtained
from HCC clinical specimens revealed that miR-26a was
downregulated in HCC specimens compared with tumor-
adjacent noncancerous tissues, and interestingly, miR-26a
expression was higher in HCC specimens from patients
with metastasis than in HCC specimens from patients
without metastasis, while the expression level of PTEN, a
target gene of miR-26a, was lower in HCC specimens from
patients with metastasis than in HCC specimens from
patients without metastasis. Collectively, the ability of a
single miRNA to target both oncogenes and tumor sup-
pressors simultaneously, or sequentially, is quite important
for cancer malignant progression. More importantly, we
should update our present concepts about miRNA regula-
tion in normal development, cell differentiation, and
tumorigenesis and refine our definition of oncogenic
miRNA and tumor suppressor miRNA.

Interestingly, we found that miR-26a-overexpressing
HCC cells exhibited reduced cell proliferation, and
increased cell migration, invasion and metastasis ability.
Thus, it seems that the migration, invasion or metastasis
promotion roles of miR-26a in BEL-7402 and HepG2 cells
(Figs. 1-3) is inconsistent with its tumor suppressive role
[14, 40, 42-45, 60]. Similar phenomena are observed with
other miRNAs and protein-coding genes. miR-200c upre-
gulation inhibited pancreatic cancer invasion but increased
cell proliferation by targeting E-cadherin [71]. miR-19
triggered epithelial-mesenchymal transition (EMT) and
then promoted migration and invasion of lung cancer cells,
accompanied by reduced proliferation of cells [72]. Forced
expression of Y-box binding protein-1 (YB-1) in non-
invasive breast epithelial cells induced EMT, accompanied
by enhanced metastatic potential and reduced cell pro-
liferation rates [73]. Bone morphogenetic protein 4 (BMP4)
inhibited breast cancer cell proliferation and induced an
MMP-dependent migratory phenotype by targeting and
regulating different target genes [74-76]. EMT has been
reported to contribute to tumor cell invasion and migration
and to metastatic dissemination [73, 77, 78]. Tumor cells

undergoing EMT are typically found at the edge of tumors,
account for a small proportion of the primary tumor and
have low proliferation rates. Strong evidence suggests that
reduced proliferation cooperates with EMT to drive cancer
cells to reach their new destination before efficient pro-
liferation [73, 79-83]. In addition, the products of EMT-
induced genes, such as Snaill [81], and ZEB2/SIP1 [83],
exhibited strong antiproliferative activity by inhibiting cell
cycle progression in tumor cells undergoing EMT, which is
consistent with the abovementioned results. Previous stu-
dies [73, 80-83] and our results (Fig. 8) suggest that
enhanced cell proliferation is important for initiation and
maintenance of primary tumors, while growth inhibition is
crucial for invasion and migration of tumor cells. Collec-
tively, our results suggest that downregulation of tumor
suppressive miR-26a can promote tumor cell proliferation
during initiation and maintenance of primary tumors and
upregulation of tumor suppressive miR-26a in HCC speci-
mens from patients with metastasis inhibits cell proliferation
by repressing EZH2 and enhances tumor invasion and
metastasis by inhibiting PTEN expression (Fig. 8), sug-
gesting functional transition of miR-26a at different stages
of tumor development.

A single miRNA can regulate a large number of target
protein-coding genes involved in different signal transduc-
tion pathways that participate in many physiological and
pathological processes, including tumor formation and
progression [84-88]. Therefore, certain miRNAs are being
considered as potential therapeutic targets for various dis-
eases, including hepatitis and cancers. Several miRNA
mimics and molecules that target miRNAs (anti-miRs) have
shown promise for clinical application in preclinical or
clinical trials [89, 90], and miRNA-targeted therapeutics
have already been tested in clinical trials, including a mimic
of the tumor suppressor miR-34, which reached phase I
clinical trials for cancer treatment [89] and anti-miRs tar-
geting miR-122, which reached phase II trials for hepatitis
treatment [91]. Systemic administration of miR-26a in a
mouse model of HCC using adeno-associated virus (AAV)
resulted in nearly complete regression of liver tumors,
inhibition of cancer cell proliferation, induction of tumor-
specific apoptosis and dramatic protection from disease
progression without toxicity [14]. However, these data
along with the above discussion suggest that the possibility
of distant organ metastasis triggered by AAV-mediated
miR-26a delivery cannot be ruled out in an HCC mouse
model after long-term follow-up observation. Therefore, our
data call for caution if investigators plan to target miR-26a
for cancer therapy in the future, and further studies on the
multiple functions of the miR-26a should be performed
before clinical application is pursued.

In conclusion, here, we report a previously unappreciated
miR-26a-mediated regulatory model in which miR-26a can

SPRINGER NATURE



1498

W.-T. Zhao et al.

promote invasion/metastasis by inhibiting the tumor sup-
pressor target gene PTEN and inhibit cell proliferation by
repressing the oncogenic target gene EZH2 in HCC, indi-
cating that miRNA regulation is much more complex than
previously thought. Although therapeutic miR-26a delivery
significantly suppressed tumorigenesis in a murine liver
cancer model [14], further study of the multiple functions
and dichotomous roles of miR-26a are warranted before it
can be claimed relevant as a potential agent or target for
HCC therapy.
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