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Abstract
Hepatocellular carcinoma (HCC) metastasis is largely responsible for HCC-associated recurrence and mortality. We aimed
to identify metastasis-related long non-coding RNAs (lncRNAs) to understand the molecular mechanism of HCC metastasis.
We first identified that miR-1258 was downregulated in HCC tissues both in The Cancer Genome Atlas (TCGA) and Sun
Yat-sen University Cancer Center (SYSUCC) dataset. MiR-1258 expression negatively correlated with recurrence-free
survival and overall survival of HCC patients. MiR-1258 overexpression inhibited migration and invasion of HCC cells both
in vitro and in vivo, whereas miR-1258 downregulation promoted cell metastasis. Luciferase assays verified direct binding
of miR-1258 to Smad2 and Smad3, thereby attenuating TGF-β/Smad signaling. We further established that lncRNA
LINC01278 was a negative regulator of miR-1258. In vivo and in vitro assays demonstrated that LINC01278-mediated HCC
metastasis was dependent on miR-1258 expression. Furthermore, miR-1258 downregulation in turn increased LINC01278
expression. We also observed that TCF-4 could bind to the LINC01278 promoter site. In addition, LINC01278
downregulation decreased migration and invasion of HCC cells induced by β-catenin and TGF-β1 both in vitro and in vivo.
We uncovered a novel mechanism for β-catenin/TCF-4-LINC01278-miR-1258-Smad2/3 feedback loop activation in HCC
metastasis, and the study indicated that LINC01278 could serve as a therapeutic target for HCC metastasis.

Introduction

Hepatocellular carcinoma (HCC) is one of the most com-
mon malignancies worldwide, with at least 250,000 new
cases every year, nearly half of them in China [1]. Although
the treatment of HCC, especially early stage HCC, has
greatly improved the survival of HCC patients, one half of
patients with early stage HCC will develop recurrence after
surgery [2–4]. The formation of metastases is largely
responsible for HCC-specific recurrence and mortality
[3, 5]. Therefore, it is important to understand the molecular
mechanism in HCC metastasis in order to identify novel
effective therapeutic targets.

Non-coding RNAs (ncRNAs) participate in various
pathophysiological activities, especially in tumor develop-
ment and progression [6]. Although the functions and
mechanisms of microRNAs (miRNA) have been widely
elaborated, the role of long non-coding RNAs (lncRNAs) in
human cancers remains largely unknown. Genes can be
positively or negatively regulated by lncRNAs through a
diversity of mechanisms, and identification of cancer-
related lncRNAs remains challenging [7]. Competitive
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endogenous RNA (ceRNA) hypothesis is one of the many
hypotheses to explain the mechanism of lncRNAs [8]. This
hypothesis proposed that lncRNAs competitively bind with
miRNAs and harbor miRNA-response elements, thereby
relieving the inhibitory effects of miRNA on the target
mRNAs [8]. The “lncRNA–miRNA–mRNA” network has
been validated in many human cancers [9, 10].

The function of these networks in HCC metastasis
remains poorly understood. The activation of TGF-β/Smad
and Wnt/β-catenin signaling plays an important role in
metastasis of early stage HCC [11, 12]. It has been
reported that phospho-Smad2/3 could stabilize β-catenin in
the cytoplasm and facilitate translocation of β-catenin into
the nucleus [13, 14]. However, very few studies docu-
mented that lncRNAs mediated the cross talk between the
TGF-β1/Smad pathway and the Wnt/β-catenin signaling
pathway [15].

In the current study, we aimed to identify metastasis-
related lncRNAs. We discovered that the “LINC01278-
miR-1258-Smad2/3” axis promotes HCC metastasis. More
importantly, LINC01278 could be regulated by the Wnt/
β-catenin signaling pathway. The feedback loop of
“β-catenin/TCF-4- LINC01278-miR-1258-Smad2/3” may
provide novel sight into HCC metastasis, and LINC01278
could serve as new therapeutic target.

Results

MiR-1258 expression negatively correlates with
survival of HCC patients

We identified 29 differentially expressed miRNAs between
49 normal tissues and 369 HCC tissues in the TCGA dataset
using the significant analysis of microarray (SAM) algo-
rithm, including 25 upregulated miRNAs and 4 down-
regulated miRNAs (Table 1). MiRNA-1258 was the top
downregulated miRNA (fold change= 0.32, P < 0.001).
Our ROC analysis showed that the optimal cutoff of miR-
1258 expression in TCGA dataset was 1.226 (Fig. S1) and
was used categorized the study patients into low versus high
miR-1258 expression group. The clinicopathologic char-
acteristics of 117 patients from the SYSUCC dataset stra-
tified by low versus high expression of miR-1258 and
LINC01278 are summarized in Table S1. We next sought to
validate the differentially expressed miRNAs in 20 paired
early stage HCC and adjacent normal tissues from the
SYSUCC dataset. We found that HCC tissues had sig-
nificantly lower levels of miR-1258, miR-1248, miR-369,
and miR-7704 than paired adjacent normal tissues (Fig. 1a
and S2).

We next analyzed correlation between miR-1258
expression and recurrence-free survival (RFS) and overall

survival (OS) of HCC patients in the TCGA dataset.
Kaplan–Meier analyses showed that HCC patients with
high miR-1258 expression had significantly better median
RFS and OS than those with low miR-1258 expression (P <
0.001) (Fig. 1b). Significant difference in RFS (P= 0.002)
and OS (P < 0.001) was also observed between the low and
high miR-1258 expression group in the SYSUCC dataset
(Fig. 1c).

MiR-1258 inhibits in vitro and in vivo migration of
HCC cells

We further investigated the effects of miR-1258 on the
migration of HCC cells in vitro and in vivo. miR-1258
expression was significantly lower in four HCC cell lines

Table 1 Identification of differential miRNAs between 49 normal liver
tissues and 369 HCC tissues in the TCGA liver cancer dataset using
significant analysis of microarrays (SAM).

Gene ID MicroRNAs Fold change (HCC
tissue versus normal
tissue)

P value

MIMAT0004764 miR-490 3.086741 0.00046

MIMAT0019773 miR-4686 2.963208 0.00046

MIMAT0000428 miR-135a 2.931293 0.00046

MIMAT0000095 miR-96 2.703935 0.00046

MIMAT0004556 miR-10b 2.613535 0.00046

MIMAT0005798 miR-1185 2.490991 0.00046

MIMAT0004952 miR-665 2.486725 0.00046

MIMAT0000430 miR-138 2.470451 0.00046

MIMAT0019880 miR-4746 2.36657 0.00046

MIMAT0011156 miR-2114 2.300792 0.000504

MIMAT0002823 miR-512 2.188039 0.00549

MIMAT0003215 miR-552 2.179489 0.001036

MIMAT0018198 miR-3923 2.139169 0.004226

MIMAT0000454 miR-184 2.127808 0.000547

MIMAT0026615 miR-552 2.11621 0.000618

MIMAT0019978 miR-4800 2.115838 0.00046

MIMAT0030021 miR-7706 2.109118 0.00046

MIMAT0022844 miR-216a 2.097376 0.000464

MIMAT0019071 miR-4532 2.09168 0.00046

MIMAT0030425 miR-7850 2.071784 0.000461

MIMAT0022494 miR-5701 2.037641 0.00046

MIMAT0005924 miR-1270 2.031196 0.00047

MIMAT0019979 miR-4800 2.013864 0.00046

MIMAT0004185 miR-820 2.01187 0.00046

MIMAT0015085 miR-3200 2.010477 0.000463

MIMAT0005900 miR-1248 0.480085 0.00046

MIMAT0001621 miR-369 0.463557 0.00046

MIMAT0030019 miR-7704 0.360133 0.00046

MIMAT0005909 miR-1258 0.323214 0.00046
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SMMC-7721, Huh-7, HepG2, and Hep3B versus normal
liver cell line THLE-3 (Fig. 1d). We infected SMMC-7721
and Hep3B cells with lentiviruses overexpressing miR-
1258 or antisense miR-1258 (Fig. S3). The wound scratch
assays and transwell invasion assays demonstrated that
ectopically expressed miR-1258 significantly suppressed,

whereas miR-1258 downregulation marked enhanced the
migration and invasion of HCC cells (Fig. 1e, f). Fur-
thermore, mice bearing SMMC-7721 xenografts over-
expressing miR-1258 had a significantly lower number of
metastatic lung nodules than the control mice. Meanwhile,
mice bearing Hep3B xenografts expressing antisense miR-

Fig. 1 miR-1258 suppresses HCC cell metastasis in vitro and
in vivo and its expression associated with E-HCC recurrence and
patient’s survival. a The expression of miR-1258 in 20 paired E-HCC
tissues and adjacent normal tissues. b Correlation of recurrence-free
survival (RFS) and overall survival (OS) and miR-1258 expression by
Kaplan–Meier analysis in TCGA datasets. c Correlation of RFS and
OS and miR-1258 expression by Kaplan–Meier analysis in SYSUCC

datasets. d The expression of miR-1258 in immortalized liver cells
(THLE-3) and four HCC cell lines (SMMC-7721, Huh-7, HepG2, and
Hep3B). e The wound-healing assay of HCC cells. f The invasion
assay of HCC cells. g The numbers of lung metastasis. Experiments
performed in triplications. miR-1258, HCC cells were transfected by
miR-1258 expression vector. Anti-miR-1258, HCC cells were trans-
fected by miR-1258 antisense plasmid. *P < 0.05.
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1258 had a significantly higher number of metastatic lung
nodules than the control mice (Fig. 1g and S4).

MiR-1258 targets Smad2/3 in HCC

An online miRNA target prediction database (miRecords)
showed that both Smad2 and Smad3, two well-known
positive regulators of tumor metastasis, contained putative
binding sites for miR-1258 (Fig. 2a). Quantitative RT-PCR
assays revealed that miR-1258-mimics significantly
increased while anti-miR-1258 markedly decreased the
mRNA levels of Smad2 and Smad3 in HCC cells (Fig. 2b).
The luciferase reporter assays further showed that miR-
1258 mimics significantly suppressed while antisense miR-
1258 markedly enhanced the luciferase activities of Smad2-
3′UTR (luc-Smad2-3′UTR) and Smad3-3′UTR (luc-Smad3-
3′UTR). Meanwhile, miR-1258-mut had no effect on the
luciferase activities of luc-Smad2-3′UTR and luc-Smad3-3′
UTR (Fig. 2c). Furthermore, our immunoblotting assays
showed that ectopically expressed miR-1258 reduced while
antisense miR-1258 increased Smad2 and Smad3 levels.
We next investigated the effect of miR-1258 on E-cadherin,
an epithelial–mesenchymal transition marker. We found
that miR-1258 mimics apparently enhanced while antisense
miR-1258 markedly suppressed E-cadherin expression in
HCC cells. In contrast, miR-1258 mimics significantly
suppressed while antisense miR-1258 markedly enhanced
the expression of vimentin (Fig. 2d).

Pearson correlation analysis of 269 HCC samples from
the TCGA dataset demonstrated significant negative corre-
lation between both Smad2 and Smad3 mRNA transcript
levels and miR-1258 expression (Smad3: r=−0.212, P <
0.001; Smad2: r=−0.313, P < 0.001) (Fig. 2e). A sig-
nificant negative correlation between both Smad2 and

Smad3 mRNA transcript levels and miR-1258 expression
was also observed in 117 early stage HCC samples from the
SYSUCC dataset (Fig. 2f). Wound scratch assays and
transwell assays further showed that restoration of Smad2
and Smad3 expression significantly promoted the migration
and invasion of HCC cells overexpressing miR-1258
(Fig. 2g, h).

MiR-1258 is regulated by LINC01278

LncRNAs have been increasingly shown to correlate with
miRNA expression regulation. Therefore, the bioinformatic
tool LncBase v.2 was used to identify candidate lncRNAs
capable of regulating miR-1258 (Table S2). Pearson cor-
relation analysis of the TCGA dataset demonstrated a sig-
nificant negative correlation between miR-1258 expression
and LINC01278 among the top ten predicted lncRNAs
(Fig. 3a), which was also observed in 117 early stage HCC
samples from the SYSUCC dataset (Fig. 3b). Moreover,
LINC01278 significantly reduced while shRNAs against
LINC01278 markedly elevated miR-1278 levels (Fig. 3c).
Subcellular fractionation analysis revealed that LINC01278
was mainly cytoplasmic both in HCC cells and HCC tissues
(Fig. 3d, e). Our dual-luciferase gene reporter assays further
showed that co-transfection of LINC01278-wt and miR-
1258 significantly decreased luciferase activities while co-
transfection of LINC01278-mut and miR-1258 had no
effect on luciferase activities compared with the control
group (Fig. 3f).

RNA immunoprecipitations were undertaken to under-
stand the mechanism whereby LINC01278 regulates miR-
1258. In the control group, the amount of LINC01278 and
miR-1258 that immunoprecipitated with Ago2 was higher
than the IgG group. In the anti-miR-1258 group, the amount
of LINC01278 and miR-1258 that immunoprecipitated with
Ago2 was significantly decreased compared with the con-
trol group (Fig. 3g). The results suggested that LINC01278
regulated miR-1258 expression by mediating with RNA-
induced silencing complex (RISC). Notably, the amount of
LINC01278 was higher than the IgG group in the anti-miR-
1258 group, implying that miR-1258 may have an inhibi-
tory feedback in LINC01278 expression (Fig. 3g).

LINC01278 upregulates Smad2 and Smad3 and
promotes HCC metastasis in vivo and in vitro

We next measured LINC01278 expression in paired HCC
and adjacent normal tissues from the TCGA dataset and the
SYSUCC dataset. Quantitative RT-PCR assays showed
significantly higher LINC01278 expression in HCC tissues
versus paired adjacent normal tissues in both the TCGA
dataset (n= 49 pairs) and the SYSUCC dataset (n= 20
pairs) (P < 0.05) (Fig. 4a). Using median LINC01278

Fig. 2 MiR-1258 target Smad2/3 in HCC cells. a The predicted
target sequence of miR-1258 in 3′UTR of Smad2 (Smad2-3′UTR) and
Smad3 (Smad3-3′UTR) and mutant containing three altered nucleo-
tides in the seed sequence of miR-1258 (miR-1258-mut). b Luciferase
assay of pGL3-Smad2-3′UTR and pGL3-Smad3-3′UTR in the pre-
sence of miR-1258 mimics, miR-1258-mutant, and anti-miR-1258. c
The Smad2/3 mRNA levels after transfected by miR-1258 mimics,
miR-1258-mutant, and anti-miR-1258. d The protein levels of P-
Smad2, Smad2, P-Smad3, Smad3, PAI-1, E-cadherin, and vimentin
after transfected by miR-1258 mimics and anti-miR-1258 in HCC cell.
e The correlation between Smad2/3 gene expression and miR-1258
level in TCGA dataset. f The correlation between Smad2/3 gene
expression and miR-1258 level in SYSUCC dataset. g, h The wound-
healing assay and transwell assay of HCC cells transfected with miR-
1258, miR-1258+Smad2, miR-1258+Smad3. Experiments performed
in triplications. miR-1258, HCC cells were transfected by miR-1258
expression vector. Anti-miR-1258, HCC cells were transfected by miR-
1258 antisense plasmid. miR-1258+Smad2, co-overexpressed miR-
1258, and Samd2 in HCC cells. miR-1258+Smad3, co-overexpressed
miR-1258, and Samd3 in HCC cells. *P < 0.05.
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expression as a cutoff for the SYSUCC cohort, patients with
high LINC01278 expression had significantly worse RFS
and OS than patients with low LINC01278 expression
(Fig. 4b). Wound scratch assays and transwell assays
showed that LINC01278 overexpression significantly pro-
moted the migration and invasion of HCC cells, which,
however, was attenuated by ectopically expressed miR-
1258 (Fig. S5 and 4c, d). In addition, LINC01278 down-
regulation by shRNAs against LINC01278 markedly sup-
pressed the migration and invasion of HCC cells, which was
alleviated by miR-1258 downregulation (Fig. 4c, d).

We further investigated the effect of LINC01278 on the
expression of Smad2 and Smad3, which are the targets of
miR-1258. We observed that LINC01278 overexpression
significantly increased while shRNAs against LINC01278
markedly depressed the protein and mRNA levels of Smad2

and Smad3 in HCC cells (Fig. 4e, f). MiR-1258 upregula-
tion in HCC cells overexpressing LINC01278 markedly
reduced while miR-1258 downregulation significantly
increased the protein and mRNA transcript levels of Smad2
and Smad3 (Fig. 4e, f). In HCC tissues metastasized to the
lungs, LINC01278 overexpression increased the protein
levels of phospho-Smad2, Smad2, phospho-Smad3, Smad3,
PAI-1, and vimentin and reduced the levels of E-cadherin
(Fig. 4g). Meanwhile, shRNAs against LINC1278
decreased the protein levels of phospho-Smad2, Smad2,
phospho-Smad3, Smad3, PAI-1, and vimentin and
increased the levels of E-cadherin. Furthermore, in the HCC
tissues metastasized to the lungs, LINC01278 over-
expression significantly increased while shRNAs against
LINC1278 markedly reduced the number of metastatic lung
nodules (Fig. 4h and S6).

Fig. 3 MiR-1258 was regulated by LINC01278. a The correlation
between LINC01278 gene expression and miR-1258 level in TCGA
dataset. b The correlation between LINC01278 gene expression and
miR-1258 level in SYSUCC dataset. c The expression of miR-1258 in
HCC cells transfected by LINC01278 and shLINC01278. d
LINC01278 is abundant in cytoplasm of SMMC-7721 and Hep3B
cells. U2 and actin were used as positive control. e Cytoplasm
enrichment of LINC01278 in HCC patients’ tissues. f The predicted
binding sites between miR-1258 and LINC01278. The muted site

(LINC01278-mut) was used for luciferase reporter assay. The relative
luciferase activities were detected in 293 T cells transfected by
LINC01278-WT and LINC01278-mut. g RNA-IP was used to identify
the inhibition of miR-1258 by LINC01278. The expression levels of
LINC01278 and miR-1258 were detected using qRT-PCR.
LINC01278, ectopic LINC01278 expression in HCC cells.
shLINC01278, HCC cells were transfected by shRNA target
LINC01278. *P < 0.05.

The β-catenin/TCF-4-LINC01278-miR-1258-Smad2/3 axis promotes hepatocellular. . . 4543



4544 W.-J. Huang et al.



LINC01278 is a mediator between the Wnt/β-catenin
and TGF-β/Smad signaling pathways

The RNA immunoprecipitation results prompted us to
speculate that miR-1258 may have an inhibitory feedback
on LINC01278 expression. Our RT-PCR assays showed
that ectopically expressed miR-1258 significantly depressed
LINC01278 expression (Fig. 5a). Analysis of the promoter
sequence of LINC01278 using the online PROMO algo-
rithm identified a putative TCF-4/LEF-1 binding site
(Fig. 5b). Luciferase reporter assays further revealed that
HCC cells co-transfected with LINC01278-wt and TCF-4
showed significantly increased luciferase activities relative
to the control group, whereas HCC cells co-transfected with
TCF-4 and LINC01278 with the binding sequence mutated
showed no significant change in luciferase activities versus
the control group (Fig. 5c). The mRNA levels of
LINC01278 were significantly decreased by suppressing the
expression of β-catenin, TCF-4, and Smad2/3 (Fig. S7).
Chromatin immunoprecipitation (ChIP) assays further
showed that TCF-4 bound to the LINC01278 promoter.
Moreover, TCF-4 binding to LINC01278 promoter
increased upon β-catenin overexpression (Fig. 5d). In
addition, β-catenin overexpression caused a significant
increase in LINC01278 expression in HCC cells, which,
however, was aborted by co-transfection with siTCF-4
(Fig. 5e). Furthermore, TGF-β1 (0.5 ng/ml) upregulated
while co-transfection with siTCF-4 diminished LINC01278
expression (Fig. 5f). The expression of signaling molecules
of β-catenin/TCF-4-LINC01278-miR-1258-Smad2/3 feed-
back loop was listed in Fig. S7.

We further evaluate whether LINC01278 could be as a
therapeutic target for metastatic HCC. Wound scratch
assays and transwell assays showed that ectopically
expressed β-catenin promoted the migration and invasion of
HCC cells, which was aborted by shRNAs against

LINC01278 (Fig. 5g, h). In addition, TGF-β1 (0.5 μg/week)
significantly increased the number of metastatic lung
nodules while TGF-β1 plus shLINC01278 reduce the
number of metastatic lung nodules (Fig. 5i, and S8).

Discussion

In this study, we show that the “β-catenin/TCF-4-
LINC01278-miR-1258-Smad2/3” axis plays an important
role in regulating HCC metastasis (Fig. 5j), and LINC01278
may provide a potential therapeutic strategy for preventing
HCC metastasis.

To identify HCC metastasis-related lncRNAs, we first
explored the TCGA dataset to identify differentially
expressed miRNAs. Investigation of E-HCC’s metastasis is
important in providing useful insight into treatment strat-
egy, and we selected an E-HCC database from SYSUCC
for validation. We found that miR-1258 was one of the
most significantly decreased miRNAs both in the TCGA
dataset and the SYSUCC dataset. Furthermore, miR-1258
was associated with HCC prognosis in both cohorts. In
vitro assays demonstrated that miR-1258 expression
negatively correlated with metastasis of HCC cells. MiR-
1258 regulates cell cycle progression and inhibits cell
proliferation, and suppresses tumor metastasis in many
cancer types [16–18]. In this study, we screened the targets
of miR-1258 by online tools. We noticed that both Smad2
and Smad3 were the putative targets of miR-1258. Luci-
ferase reporter assays demonstrated miR-1258 binding to
Smad2-3′-UTR and Smad3-3′-UTR, thereby inhibiting
Samd2/3 expression. In the classic Smad pathway, TGF-β
signaling activates Smad2 and Smad3 through a tetramer
complex of type I and type II receptors and binds to Smad4
[19]. The Smad complex translocate to the nucleus to
mediate inhibition or activation of target genes, thereby
promoting epithelial–mesenchymal transition [20, 21].
MiR-1258 specifically targets Smad2 and Smad3, block the
TGF-β/Smad signaling pathway, and inhibit metastasis of
HCC cells.

The “ceRNA” hypothesis speculates that lncRNA could
regulate mRNA expression by sponging miRNAs [22]. We
used lncRNA predictive online tools to screen putative
lncRNAs which could affect miR-1258 function. We
identified LINC01278, located on chromosome Xq11.1, as
a novel lncRNA that could directly target miR-1258.
LINC01278 was downregulated in papillary thyroid carci-
noma compared with normal tissues and acted as a tumor
suppressor in papillary thyroid carcinom progression [23].
However, in this study, we found that the expression of
LINC01278 was significantly increased in HCC tissues
compared with adjacent normal tissues in the TCGA dataset
and the SYSUCC dataset. Moreover, high LINC01278

Fig. 4 LINC01278 increases HCC metastasis in vivo and in vitro. a
The expression of LINC01278 in paired HCC tissues and adjacent
normal tissues in TCGA datasets (n= 49) and SYSUCC dataset (n=
20). b Correlation of recurrence-free survival (RFS) and overall sur-
vival (OS) and LINC01278 expression by Kaplan–Meier analysis in
SYSUCC dataset. c The wound-healing assay in HCC cells. d The
invasion assay in HCC cells. e The Smad2/3 mRNA expression of
HCC cells transfected by LINC01278, shLINC01278, LINC01278
+miR-1258, and shLINC01278+anti-miRNA-1258. f The protein
expression of Smad2 and Smad3 in HCC cells transfected by
LINC01278, shLINC01278, LINC01278+miR-1258, and
shLINC01278+anti-miRNA-1258. g The protein levels of P-Smad2,
Smad2, P-Smad3, Smad3, PAI-1, E-cadherin, and vimentin in
metastasis tumor tissues. LINC01278, ectopic LINC01278 expression
in HCC cells. h The lung metastasis of HCC cells transfected by
LINC01278 and shLINC01278. shLINC01278, HCC cells were
transfected by shRNA target LINC01278. miR-1258, HCC cells were
transfected by miR-1258 expression vector. Anti-miR-1258, HCC
cells were transfected by miR-1258 antisense plasmid. *P < 0.05.
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expression was associated with worse prognosis in HCC.
Both in vitro and in vivo assays demonstrated that
LINC01278 promoted HCC cell metastasis dependent on

miR-1258 expression. The results suggest that LINC01278
may play different roles in different tumors. Previous stu-
dies demonstrated that RISC, which is the key molecular for
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siRNA or miRNA-mediated gene silencing, participates in
the “ceRNA” network, and Ago2 is the core component of
RISC [24]. We conducted RNA immunoprecipitations to
investigate the underlying mechanism whereby LINC01278
targets miR-1258. We found that the levels of LINC01278
and miR-1258 immunoprecipitated with Ago2 increased.
MiR-1258 upregulation significantly increased the levels of
LINC01278 immunoprecipitated with Ago2. The results
suggested that LINC01278 could regulate miR-1258 by
RISC complex, and other miRNAs could also bind to
LINC01278.

We noticed that the levels of miR-1258 could recipro-
cally regulate the expression of LINC01278. We first
speculated that the promoter of LINC01278 may have a
Smad responsive element (SRE) [25]. We used the online
PROMO algorithm to analyze putative factor binding sites.
However, no SRE was present in the LINC01278 promoter.
According to the online tool, transcription factors TCF-4
and LEF-1 bind to the promoter of LINC01278 which was
confirmed by luciferase reporter assays and ChIP assays.
Our quantitative RT-PCR analysis further showed that both
β-catenin and TGF-β1 induced LINC01278 expression.
LINC01278 downregulation could inhibit the HCC metas-
tasis induced by β-catenin and TGF-β1. Many studies have
shown that phospho-Smad2/3 complex could stabilize
β-catenin in the cytoplasm, and promote translocation of
β-catenin into the nucleus [13, 26]. In this study, we found
that the “β-catenin/TCF-4-LINC01278-miR-1258-Smad2/
3” axis could in turn induce the expression of LINC01278,
forming a positive feedback loop. It should be noticed that
the amount of TGF-β1 secreted by hepatic stellate cells was
usually elevated under long-term chronic inflammation,
such as alcohol or hepatitis virus [27]. The TCGA network

also showed that Wnt signaling is largely altered in HCC
[28]. Therefore, LINC01278, which is an important cross-
mediator between TGF-β/Smad signaling and Wnt signal-
ing, could serve as a new therapeutic target to inhibit HCC
metastasis.

In conclusion, our results showed that the “LINC01278-
miR-1258-Samd2/3” axis promotes HCC metastasis. The
axis forms a positive feedback loop and increases the sta-
bility of TGF-β signaling and Wnt/β-catenin signaling,
thereby promoting HCC metastasis. LINC01278 could
serve as a new therapeutic target for HCC metastasis.

Materials and methods

Cells

Four HCC cell lines (SMMC-7721, Huh-7, HepG2, and
Hep3B), and immortalized human liver cells (THLE-3)
(China Center for Type Culture Collection, Wuhan, China;
American Type Culture Collection, Manassas, VA, USA)
were grown in Dulbecco’s modified Eagle’s medium
(Invitrogen, Carlsbad, CA, USA) with 10% newborn calf
serum at 37 °C in a humidified atmosphere containing 5%
CO2. All cell lines were authenticated based on short tan-
dem repeat fingerprinting.

Acquisition of tissue specimens

Twenty paired HCC tissue and adjacent normal tissue
specimens archived at Sun Yat-sen University Cancer
Center (SYSUCC) between June 1, 2017 and July 30, 2018
were obtained. In addition, 117 early stage HCC (defined as
diameters < 5 cm) samples surgically resected at SYSUCC
between January 1, 2008 and December 30, 2013 were
acquired. Major exclusion criteria were preoperative abla-
tion, radiotherapy, transarterial chemoembolization, or liver
transplant. All eligible patients had definitive diagnosis and
follow-up data. Informed content was obtained from all
subjects. The study protocol was approved by Institutional
Review Board of SYSUCC.

Analysis of online database

The clinical, miRNA and RNA-Seq data of patients in the
Cancer Genome Atlas Liver Hepatocellular Carcinoma
(TCGA-LIHC) data collection were downloaded from the
TCGA database (The Cancer Genome Atlas Program)
(https://portal.gdc.cancer.gov/). Online miRNA target pre-
diction database (miRecords) (http://c1.accurascience.com/
miRecords/) was used to identify potential miR-1258 target
genes [29]. The bioinformatic tool LncBase v.2 (http://ca
rolina.imis.athena-innovation.gr/diana_tools/web/index.php?

Fig. 5 LINC01278 was regulated by TCF-4. a The expression of
LINC01278 in HCC cells transfected by miR-1258 and anti-miR-
1258. b The TCF-4/LEF-1 binding site in the LINC01278’s promoter
sequence was identified. The mutant sequence was designed for the
luciferase reporter assay. c The relative luciferase activity was detected
in 293 T cells co-transfected by binding-WT/binding-mut and TCF-4.
d ChIP assay was used to detect the TCF-4 to the TRE (TCF
responsive element: TTCAAAG) regions in LINC01278 promoter. e
The relative expression of LINC01278 in HCC cells transfected by
β-catenin and siTCF-4. f The relative expression of LINC01278 in
HCC cells treated with TGF-β1 (0.5 ng/ml) and siTCF-4. g, h The
wound-healing assay and invasion assay in SMMC-7721 cells. i The
lung metastasis of SMMC-7721 cells treated with TGF-β1 (0.1 µg/each
time, three times a week) and shLINC01278. j Schematic illustration
of “β-catenin/TCF-4-LINC01278-miR-1258-Smad2/3” axis. miR-
1258, HCC cells were transfected by miR-1258 expression vector.
Anti-miR-1258, HCC cells were transfected by miR-1258 antisense
plasmid. TCF-4, HCC cells were transfected by TCF-4 expression
vector. β-catenin, HCC cells were transfected by β-catenin expression
vector. siTCF-4, HCC cells were transfected by siRNA target TCF-4.
shLINC01278, HCC cells were transfected by shRNA target
LINC01278. *P < 0.05.
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r=site%2Findex) was used to identify candidate lncRNAs
capable of regulating miR-1258 [30]. The online PROMO
algorithm analysis (http://alggen.lsi.upc.es/cgi-bin/promo_
v3/promo/promoinit.cgi?dirDB=TF_8.3) was used to iden-
tify the putative transcription factor binding with the pro-
moter sequence of LINC01278 [31, 32].

Wound scratch assays and transwell assay

For wound scratch assays, cells were cultured into a con-
fluent monolayer. A P200 pipette tip was used to introduce
a scratch, and the fraction of cell coverage was measured at
48 h. For invasion assays, 1 × 104 cells were seeded into the
upper Matrigel invasion chamber (BD Biosciences, NJ,
USA) and FBS was added into the lower chamber. The
invading cells were counted on the lower side of the
chambers at 24 h in six randomly chosen microscopic fields
per filter at ×200 magnification using an IX71 inverted
microscope (Olympus Corp.). The assays were performed at
least three times independently in triplicate.

Cell fractionation assays

Cell fractionation assays were performed using the PARIS
Kit (Life Technologies, Carlsbad, CA, USA) as instructed
by the manufacturer. Actin was used as the positive marker
for the cytoplasmic fraction and small nuclear RNA U2 was
used as a marker for the nucleus.

Quantitative real-time PCR

Total cellular RNA was extracted using TRIzol reagents
(Invitrogen) and cDNA synthesis was done using the Pri-
meScript RT reagent Kit (Promega, Madison, WI, USA) as
instructed by the manufacturer. Real-time PCR was done on
an ABI 7900HT Fast Real-time PCR system (Applied
Biosystems, Foster City, CA, USA). MiR-1258 expression
was examined using Bulge-LoopTM miRNA kit (RuiBo,
Guangzhou, China) with U6 as a control. All the primers
were purchased from Gene Copoeia Co. (Guangzhou,
China). The sequence of primers is shown in Table S3.

Western blot analysis

Cellular lysates were prepared using RIPA buffer. Cellular
proteins (25 mg) were resolved by polyacrylamide-SDS gel
electrophoresis and transferred to polyvinylidene difluorid
membranes (Millipore) using a standard procedure. The
membranes were incubated with mouse anti-P-Smad2
(1:1000, Abcam), mouse anti-Smad2 (1:1000, Abcam),
mouse anti-P-Smad3 (1:1500, ProteinTech), mouse anti-
Smad3 (1:1500, ProteinTech), rabbit anti-E-cadherin
(1:1000, Abcam), rabbit anti-vimentin (1:1000, Abcam),

and rabbit anti-PAI-1 (1:1000, Abcam) antibodies. Anti-
rabbit or anti-mouse IgG was used as secondary antibody
(1:8000). Densitometry was done using Quantity One
4.4.0 software.

Lentiviral infection

pCDH-CMV-EF1-Puro plasmid was used for expression
vector. MiR-1258 antisense plasmid, miR-1258 expression
vector, miR-1258-mut, Smad2 expression vector, Smad3
expression vector, LINC01278 expression vector,
LINC01278-mut vector, shLINC01278 vector, LINC01278-
binding-mut vector, β-catenin expression vector, TCF-4
expression vector, siTCF-4, were purchased from Kang-
cheng Biotechnology Co (Guangzhou, China). The sequence
of shLINC01278 and siTCF-4 is shown in Table S3. siS-
mad2 (sc-38374), siSmad3 (sc-38376), and siβ-catenin (sc-
29209), were purchased from Santa Cruz. The sequence of
miR-1258-mut and LINC01278-mut is shown in Figs. 2a
and 3f. The pCDH-CMV-MCS-EF1, pCMV/pVSVG,
pRSV/pREV, and pMDLG/pRRE were used to construct
lentivirus particles. After cultured 48 h, the lentiviruses were
produced in culture medium by 293FT cells by using Lipo-
fectamine 2000 reagent (Invitrogen). The culture medium
containing the lentiviruses was centrifuged at low tempera-
ture for 4 h. Then, HCC cells were infected with concentrated
lentiviruses at a multiple of infection of 10 plus 8 mg/ml
polybrene (Sigma, St Louis, MO, USA).

RNA immunoprecipitation assays

RNA immunoprecipitation assays were performed using
EZ-Magna RIP RNA-binding protein immunoprecipitation
kit (Millipore) following the manufacturer’s instructions.
The cellular lysates were incubated with magnetic beads
conjugated with human anti-Argonaute2 (Ago2) antibody
(Millipore). Mouse IgG (Millipore) served as the negative
control. The immunoprecipitated RNA was isolated using
proteinase K buffer and the target RNAs were analyzed by
quantitative RT-PCR as detailed elsewhere [33].

ChIP assays

The nuclear extract was obtained using the Nuclear
Extraction Kit (Active Motif, California, USA) as instructed
by the manufacturer. Then, immunoprecipitation of the
nuclear lysates was performed using a commercially avail-
able ChIP assay kit (Abcam) according to the manu-
facturer’s protocol. Rabbit anti-TCF-4 antibody (1:50,
Abcam) and nonspecific IgG (1:200, Sigma) were used for
immunoprecipitation. The immunoprecipitated promoter
fragment containing the TCF response element was ampli-
fied by PCR and visualized by agarose gel electrophoresis.
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Luciferase reporter assays

We cloned the 3′UTR of Smad2 and Smad3 (Gene Copoeia)
to the downstream of the luciferase gene in pGL3-basic
vector (Promega), and then transfected the miR-1258-
mimic, miR-1258-mut, anti-miR-1258, and miR-control
HCC cells with the modified vectors. The LINC01278
promoter and LINC01278-binding-nut promoter in which
the TCF-4-binding site was mutated (Gene Copoeia) were
cloned into pGL3-Basic vector (Promega), and the TCF-4
overexpression and control HCC cells were transfected with
the modified vectors. The Renilla luciferase reporter pRL-
TK was used as a control. LINC01278 gene and
LINC01278-mut sequence (Gene, Copoeia) were cloned
into pmirGLO vector (Promega). After 48 h, firefly and
Renilla luciferase activities were measured using Dual-
Luciferase Reporter Kit (Promega).

HCC xenograft assays

The animal study was approved by the Animal Care and Use
Committee of SYSUCC and carried out in strict accordance
with the established institutional guidelines and the USA
NIH guidelines on the use of experimental animals. Totally
5 × 106 HCC cells were subcutaneously inoculated into the
flanks of 4-week-male BALB/C-nu/nu athymic nude mice.
After the subcutaneous tumors reached 1 mm3 in volume,
they were implanted in the left hepatic lobe of nude mice.
On day 50 post hepatic implantation, mice were sacrificed
and lung metastatic nodules were enumerated by con-
secutive tissue sections as described [34].

Statistical analysis

The miRNA expression profiles of HCC patients in the
TCGA dataset were examined using the SAM algorithm
and miRNA with a fold change ≥2 was considered differ-
entially expressed. ROC analysis was used to determine
optimal cutoff value of miR-1258 and LINC01278. Statis-
tical analysis was performed using SPSS 17.0 software
(SPSS, Chicago, IL, USA). RFS was calculated from the
date of surgery to pathological confirmation of tumor
recurrence of surgical. OS was calculated from the date of
surgery to the date of death of any cause. Survival was
censored at the date of the last follow-up visit. Survival
curves were calculated by Kaplan–Meier method and
compared by the log-rank test. Pearson correlation analysis
was used to assess correlation between two variables. Chi-
square test was used to assess correlation between miR-
1258 and LINC01278 levels and clinicopathologic features.
Data were presented as mean ± SD and assessed by Stu-
dent’s t test. P values < 0.05 were considered statistically
significant.

Acknowledgements This work was supported by grants from National
Natural Science Foundation of China (81973384); we thank the TCGA
research network for providing the data analyzed in this manuscript.
We thank Wenjun He (Department of Medical Statistics and Epide-
miology, School of Public Health, Sun Yat-sen University, Guangz-
hou, China) for supporting part of the data extraction and processing.
The key raw data have been uploaded onto the Research Data Deposit
public platform (RDD), with the approval RDD number of
RDDB2019000740.

Funding This work was supported by grants from National Natural
Science Foundation of China (81973384).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Wallace MC, Preen D, Jeffrey GP, Adams LA. The evolving
epidemiology of hepatocellular carcinoma: a global perspective.
Expert Rev Gastroenterol Hepatol. 2015;9:765–79.

2. Qiu J, Peng B, Tang Y, Qian Y, Guo P, Li M, et al. CpG
methylation signature predicts recurrence in early-stage hepato-
cellular carcinoma: results from a multicenter study. J Clin Oncol.
2017;35:734–42.

3. Joliat GR, Labgaa I, Uldry E, Demartines N, Halkic N. Recur-
rence rate and overall survival of operated ruptured hepatocellular
carcinomas. Eur J Gastroenterol Hepatol. 2018;30:792–6.

4. Ueno M, Hayami S, Shigekawa Y, Kawai M, Hirono S, Okada K,
et al. Prognostic impact of surgery and radiofrequency ablation on
single nodular HCC 5 cm: Cohort study based on serum HCC
markers. J Hepatol. 2015;63:1352–9.

5. Forner A, Reig M, Bruix J. Hepatocellular carcinoma. Lancet.
2018;391:1301–14.

6. Anastasiadou E, Jacob LS, Slack FJ. Non-coding RNA networks
in cancer. Nat Rev Cancer. 2018;18:5–18.

7. Arun G, Diermeier SD, Spector DL. Therapeutic targeting of long
non-coding RNAs in cancer. Trends Mol Med. 2018;24:257–77.

8. Su X, Xing J, Wang Z, Chen L, Cui M, Jiang B. MicroRNAs and
ceRNAs: RNA networks in pathogenesis of cancer. Chin J cancer
Res = Chung-kuo yen cheng yen chiu. 2013;25:235–9.

9. Li GY, Wang W, Sun JY, Xin B, Zhang X, Wang T, et al. Long
non-coding RNAs AC026904.1 and UCA1: a “one-two punch”
for TGF-beta-induced SNAI2 activation and epithelial-

The β-catenin/TCF-4-LINC01278-miR-1258-Smad2/3 axis promotes hepatocellular. . . 4549

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


mesenchymal transition in breast cancer. Theranostics.
2018;8:2846–61.

10. Chen DL, Lu YX, Zhang JX, Wei XL, Wang F, Zeng ZL, et al.
Long non-coding RNA UICLM promotes colorectal cancer liver
metastasis by acting as a ceRNA for microRNA-215 to regulate
ZEB2 expression. Theranostics. 2017;7:4836–49.

11. Yang Y, Liu Q, Li Z, Zhang R, Jia C, Yang Z, et al. GP73
promotes epithelial-mesenchymal transition and invasion partly by
activating TGF-beta1/Smad2 signaling in hepatocellular carci-
noma. Carcinogenesis. 2018;39:900–10.

12. Vilchez V, Turcios L, Marti F, Gedaly R. Targeting Wnt/beta-
catenin pathway in hepatocellular carcinoma treatment. World J
Gastroenterol. 2016;22:823–32.

13. DiRenzo DM, Chaudhary MA, Shi X, Franco SR, Zent J, Wang
K, et al. A crosstalk between TGF-beta/Smad3 and Wnt/beta-
catenin pathways promotes vascular smooth muscle cell pro-
liferation. Cell Signal. 2016;28:498–505.

14. Taiyab A, Holms J, West-Mays JA. Beta-Catenin/Smad3 inter-
action regulates transforming growth factor-beta-induced epithe-
lial to mesenchymal transition in the lens. Int J Mol Sci.
2019;20:2078.

15. Ceballos MP, Parody JP, Alvarez Mde L, Ingaramo PI, Carnovale
CE, Carrillo MC. Interferon-alpha2b and transforming growth
factor-beta1 treatments on HCC cell lines: Are Wnt/beta-catenin
pathway and Smads signaling connected in hepatocellular carci-
noma? Biochemical Pharmacol. 2011;82:1682–91.

16. Liu W, Zhou Z, Zhang Q, Rong Y, Li L, Luo Y, et al. Over-
expression of miR-1258 inhibits cell proliferation by targeting
AKT3 in osteosarcoma. Biochem Biophys Res Commun.
2019;510:479–86.

17. Zhang Z, Li J, Huang Y, Peng W, Qian W, Gu J, et al. Upregu-
lated miR-1258 regulates cell cycle and inhibits cell proliferation
by directly targeting E2F8 in CRC. Cell Prolif. 2018;51:e12505.

18. Zhang L, Sullivan PS, Goodman JC, Gunaratne PH, Marchetti D.
MicroRNA-1258 suppresses breast cancer brain metastasis by
targeting heparanase. Cancer Res. 2011;71:645–54.

19. Clarke DC, Liu X. Decoding the quantitative nature of TGF-beta/
Smad signaling. Trends Cell Biol. 2008;18:430–42.

20. Wang L, Tong X, Zhou Z, Wang S, Lei Z, Zhang T, et al. Circular
RNA hsa_circ_0008305 (circPTK2) inhibits TGF-beta-induced
epithelial-mesenchymal transition and metastasis by controlling
TIF1gamma in non-small cell lung cancer. Mol Cancer.
2018;17:140.

21. Yeh HW, Hsu EC, Lee SS, Lang YD, Lin YC, Chang CY, et al.
PSPC1 mediates TGF-beta1 autocrine signalling and Smad2/3

target switching to promote EMT, stemness and metastasis. Nat
Cell Biol. 2018;20:479–91.

22. Song YX, Sun JX, Zhao JH, Yang YC, Shi JX, Wu ZH, et al.
Non-coding RNAs participate in the regulatory network of
CLDN4 via ceRNA mediated miRNA evasion. Nat Commun.
2017;8:289.

23. Lin S, Tan L, Luo D, Peng X, Zhu Y, Li H. Linc01278 inhibits the
development of papillary thyroid carcinoma by regulating miR-
376c-3p/DNM3 axis. Cancer Manag Res. 2019;11:8557–69.

24. Tay Y, Rinn J, Pandolfi PP. The multilayered complexity of
ceRNA crosstalk and competition. Nature. 2014;505:344–52.

25. Massague J. TGFbeta signalling in context. Nat Rev Mol cell
Biol. 2012;13:616–30.

26. Xu L, Cui WH, Zhou WC, Li DL, Li LC, Zhao P, et al. Activation
of Wnt/beta-catenin signalling is required for TGF-beta/Smad2/
3 signalling during myofibroblast proliferation. J Cell Mol Med.
2017;21:1545–54.

27. Ding N, Yu RT, Subramaniam N, Sherman MH, Wilson C, Rao
R, et al. A vitamin D receptor/SMAD genomic circuit gates
hepatic fibrotic response. Cell. 2013;153:601–13.

28. Cancer Genome Atlas Research Network. Electronic address wbe,
Cancer Genome Atlas Research N. Comprehensive and integrative
genomic characterization of hepatocellular carcinoma. Cell.
2017;169:1327–41 e1323.

29. Xiao F, Zuo Z, Cai G, Kang S, Gao X, Li T. miRecords: an
integrated resource for microRNA-target interactions. Nucleic
Acids Res. 2009;37:D105–110.

30. Paraskevopoulou MD, Vlachos IS, Karagkouni D, Georgakilas G,
Kanellos I, Vergoulis T, et al. DIANA-LncBase v2: indexing
microRNA targets on non-coding transcripts. Nucleic Acids Res.
2016;44:D231–238.

31. Messeguer X, Escudero R, Farre D, Nunez O, Martinez J, Alba
MM. PROMO: detection of known transcription regulatory ele-
ments using species-tailored searches. Bioinformatics.
2002;18:333–4.

32. Farre D, Roset R, Huerta M, Adsuara JE, Rosello L, Alba MM,
et al. Identification of patterns in biological sequences at the
ALGGEN server: PROMO and MALGEN. Nucleic Acids Res.
2003;31:3651–3.

33. Gagliardi M, Matarazzo MR. RIP: RNA immunoprecipitation.
Methods Mol Biol. 2016;1480:73–86.

34. Tian XP, Wang CY, Jin XH, Li M, Wang FW, Huang WJ, et al.
Acidic microenvironment up-regulates exosomal miR-21 and miR-
10b in early-stage hepatocellular carcinoma to promote cancer cell
proliferation and metastasis. Theranostics. 2019;9:1965–79.

4550 W.-J. Huang et al.


	The &#x003B2;nobreak-nobreakcatenin/TCF-4-LINC01278-miR-1258-Smad2/3 axis promotes hepatocellular carcinoma metastasis
	Abstract
	Introduction
	Results
	MiR-1258 expression negatively correlates with survival of HCC patients
	MiR-1258 inhibits in�vitro and in�vivo migration of HCC cells
	MiR-1258 targets Smad2/3 in HCC
	MiR-1258 is regulated by LINC01278
	LINC01278 upregulates Smad2 and Smad3 and promotes HCC metastasis in�vivo and in�vitro
	LINC01278 is a mediator between the Wnt/&#x003B2;nobreak-nobreakcatenin and TGF-&#x003B2;/Smad signaling pathways

	Discussion
	Materials and methods
	Cells
	Acquisition of tissue specimens
	Analysis of online database
	Wound scratch assays and transwell assay
	Cell fractionation assays
	Quantitative real-time PCR
	Western blot analysis
	Lentiviral infection
	RNA immunoprecipitation assays
	ChIP assays
	Luciferase reporter assays
	HCC xenograft assays
	Statistical analysis
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




