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Background: Splicing factor 3b subunit 4 (SF3B4) is a splicing factor and potential oncogene in hepatocellular
carcinoma (HCC); however, its regulatory mechanism is yet unclear. We aimed to determine the role of SF3B4
in HCC and the underlying mechanism.
Methods: To investigate the association between alternative splicing events and miRNAs, putative miRNAs were
screened using TargetScan. Expression levels of and prognostic information for SF3B4 and miRNAs were deter-
mined based on public genomic data and clinical samples. Then, we examined the possible roles of SF3B4 and
miRNA-133b in HCC cells and a xenograft mouse model. Pearson correlation analysis and in vitro experiments
verified SF3B4 as a miRNA-133b target. Protein levels of key targets from the SF3B4 signaling pathway were
estimated using western blotting.
Findings: The expression of SF3B4 was upregulated in HCC tissues and cell lines whereas, the expression of
miRNA-133b was downregulated. MiRNA-133b negatively regulated the expression of SF3B4. Effects of SF3B4
overexpression were partially abolished by miRNA-133b mimics, confirming that SF3B4 is a target of miRNA-
133b. Moreover, molecules associated with SF3B4, including KLF4, KIP1, and SNAI2, were also modulated by
miRNA-133b.
Interpretation: SF3B4 plays a crucial role in HCC and is negatively regulated by miRNA-133b. The miRNA-133b/
SF3B4 axis may serve as a new therapeutic target for HCC treatment.
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1. Introduction

Hepatocellular carcinoma (HCC) is a common type of liver cancer
and is one of themost leading fatalmalignancies worldwide [1]. Despite
advances in surgical approaches and potential therapeutic targets, the
prognosis of HCC patients is still poor, notably for those in later stages
of the disease [2]. This is mainly because HCC is a complicated disease
associated with a variety of genetic and epigenetic mutations. Alterna-
tive splicing (AS) is a post-transcriptional gene regulatory mechanism,
which produces multiple mRNA isoforms and distinct corresponding
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protein variants from a single gene, which may play critical roles in
the physiological behavior of tumors [3,4]. Abnormal AS events can di-
rectly affect tumorigenesis and increase the heterogeneity of HCC [5].

SF3B4 is one of the components of the splicing factor 3b (SF3b) com-
plex [6]. Splicing events are generated through the synergetic actions of
multi-subunit complexes. Although SF3B4 mutations frequently result
in theNager syndrome [7,8], the biological roles of SF3B4 in human can-
cer are only just beginning to be perceived. Prior studies have shown
that SF3B4 expression is upregulated in HCC [9,10]. Shen, et al. found
that SF3B4 is a crucial HCC marker. As compared with the currently
used HCC diagnostic markers, glypican3 (GPC3), glutamine synthetase
(GS), and heat-shock protein 70 (HSP70), SF3B4 along with barrier
to autointegration factor 1 (BANF1), procollagen-lysine, and
2-oxoglutarate 5-dioxygenase 3 (PLOD3) provides a superior means
for the diagnosis of early-stage HCC [11]. As a splicing factor, the exact
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Alternative splicing is a complicated process in tumor develop-
ment. Prior studies have shown increased expression of SF3B4
as a splicing member in HCC. However, the particular role of
SF3B4 and how its expression is upregulated is yet unclear.

Added value of this study

In this study, we initially observed that the expression of SF3B4 is
increased in HCC. MiRNA-133b was found upregulate SF3B4 ex-
pression. Both, SF3B4 andmiRNA-133b play critical roles in HCC.
We also found that miRNA-133b regulates the splicing efficiency
of SF3B4, and has an impact on the SF3B4 associated signaling
pathway.

Implications of all the available evidence

miRNAs play distinct roles in cellular development. Whether
miRNAs participate in the process of alternative splicing in HCC
or not is poorly understood. This study shows a strong inverse re-
lationship between SF3B4 and miRNA-133b. We provide a novel
insight into the miRNA-133b/SF3B4 regulatory axis for the treat-
ment of HCC.
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mechanism of SF3B4 upregulation and its specific function in HCC are
still unclear.

MicroRNAs (miRNAs) belong to a family of small noncoding RNAs,
and are generally about 20 nucleotides long. N2000 mature human
miRNAs are known [12]. One of the most important features of miRNAs
is that they can bind to the 3′-untranslated region (3′-UTR) of their tar-
get mRNAs, and then regulate the expression of their respective target
genes [12,13]. Use of in silico techniques has revealed that ~60% of
human mRNAs might be targets of miRNAs [14]. miRNAs are also
known to interact with lncRNAs [15–17]. Thus, miRNAs may be associ-
ated with several biological processes such as cell proliferation, apopto-
sis, and migration [18]. In human cancers, miRNAs function as
oncogenes and tumor suppressors when they are aberrantly expressed
in different types of tumor tissues [19–21]. However, literature review
revealed, limited data showing the association between miRNAs and
AS events in tumor biology.

Themain purpose of this studywas to investigate the specific role of
SF3B4 in HCC, and to understand the relationship betweenmiRNAs and
AS events mediated by SF3B4.

2. Materials and methods

2.1. Clinical samples

HCC tissues and adjacent non-tumor tissues were obtained from pa-
tients with HCCwho had received surgical resection, at the Department
of Surgery, Changhai Hospital (Shanghai, China). The histopathologic
features of clinical samples were confirmed using H&E staining. The
use of human tissues in this study was approved by the Research and
Ethics Committee of the Changhai Hospital.

2.2. Cell lines and culture

Human HCC cell lines (Huh7, SMMC-7721) and normal liver cell
lines (QSG-7701, L-02)were obtained from theChinese Academyof Sci-
ences Cell Bank, andwere cultured in Dulbecco's Modification of Eagle's
Medium (Corning,Manassas, USA) supplementedwith 10% Fetal Bovine
Serum (Gibco, Invitrogen, USA). Cell cultures were maintained at 37 °C
in 5% CO2, in a humidified incubator.

2.3. Public genomic data analysis

To evaluate the expression levels of SF3B4 and miR-133b in a large
number of HCC samples, data were obtained from The Cancer Genome
Atlas liver hepatocellular carcinoma project (TCGA_LIHC), Gene Expres-
sion profiling interactive analysis (GEPIA) [22] and the Gene Expression
Omnibus (GEO) database of the National Center for Biotechnology
Information (NCBI) (Accession Number: GSE22058). The clinical char-
acteristics of 96 HCC patients from GSE22058 are shown in Table S2
[23]. Expression levels of SF3B4 andmiR-133b, aswell as the survival in-
formation of HCC patients from TCGA are shown in Table S3 and
Table S4.

2.4. RNA extraction

Total RNA was isolated from cells and tissues using RNA fast 200
(Fastagen, China) and Trizol (Invitrogen, USA) according to the manu-
facturer's protocols. Concentration and purity of the total RNAwere es-
timated using NanoDrop1000 (ThermoFisher, USA). Total RNA was
stored at−80 °C until analysis was performed.

2.5. Reverse transcription and quantitative PCR

cDNA was synthesized using the PrimeScript™ RT Master Mix kit
(TaKaRa, Japan), following the manufacturer's instructions. MicroRNA
cDNA was synthesized using the miRcute Plus miRNA First-Strand
cDNA Synthesis Kit (TIANGEN BIOTECH, China). Quantitative RT-PCR
was performed using LightCycler® 480 II (Roche, Switzerland), using
SYBR® Premix Ex Taq™ II (TaKaRa, Japan) according to themanufactur-
er's instructions. The comparative Ct method was used for relative
quantification. GAPDH and U6 were used as endogenous controls for
mRNAs and microRNAs respectively. Primer sequences are shown in
Table S1.

2.6. Small interfering RNA (siRNA) synthesis, recombinant plasmid con-
struction and transfection

cDNA encoding the CDS of SF3B4 was PCR-amplified using the I-5™
2× High-Fidelity Master Mix (TsingKe, China), and subcloned into the
BamHI and XhoI sites of the pcDNA3.1 vector (Invitrogen, USA), the con-
struct was named pcDNA3.1-SF3B4. The 3′-UTR of SF3B4 mRNA con-
taining the sequences complementary to miRNA-133b was amplified
using the I-5™ 2× High-Fidelity Master Mix (TsingKe, China), and
subcloned into the SacI and XhoI sites of the pmirGLO vector (Promega),
and the constructs were named pmirGLO-SF3B4 and pmirGLO-SF3B4-
mut. The siRNAs specifically targeting SF3B4, and control siRNAs were
synthesized by GenePharma (Shanghai, China). The miRNA-133b
mimic, inhibitor and negative control were synthesized by
GenePharma. HCC cells were transfected with the plasmids, siRNAs or
miRNA mimics using Lipofectamine 3000 (Invitrogen, USA) according
to the manufacturer's protocol. To produce a lentiviral vector (LV) sup-
pressing SF3B4 expression, LV-shSF3B4 was constructed by Obio
(Shanghai, China). We used an empty vector as a negative control and
named it LV-Control. Cells were infected with LV-shSF3B4 or LV-
Control in the presence of 5 μg/ml Polybrene (Obio, China) and selected
with puromycin (1 μg/ml).Primer sequences, siRNAs, shRNAs and
miRNA mimics as well as inhibitor sequences are shown in Table S1.

2.7. Immunohistochemistry

Formalin-fixed, paraffin-embedded sections were deparaffinized in
xylene, rehydrated in alcohol, and processed as follows. Sections were
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incubated with target retrieval solution (Dako), in a steamer for 45 min
followed by treatment with 3% hydrogen peroxide solution for 10 min
and protein block (Dako, Denmark) for 20 min at room temperature.
Sections were incubated overnight in a humid chamber at 4 °C with
an antibody against SF3B4 (AV40609, Sigma-Aldrich, 1:400 dilution)
and Ki-67 (9449 T, Cell Signaling Technology, 1:400 dilution), followed
by incubationwith a biotinylated secondary antibody (Vector Laborato-
ries, USA) for 30 min, and the ABC reagent (Vector Laboratories, USA)
for 30 min. Immunocomplexes of horseradish peroxidase with target
proteins were visualized using the DAB reaction (Dako, Denmark),
and sections were counterstained with hematoxylin before mounting.
Micrographs of stained sections were taken using OLYMPUS IX73 and
acquisition software (Olympus, Japan).

2.8. Dual luciferase reporter assay

The dual luciferase reporter assay was performed to detect whether
miRNA-133b directly targets SF3B4. Recombinant plasmids PmirGLO-
SF3B4 and pmirGLO-SF3B4-mut alongwithmiRNA-133bmimics, nega-
tive control (NC) and empty vectorwere divided into 6 groups andwere
transfected into SMMC-7721 cells, separately. Luciferase activity was
measured using the Dual-Luciferase Reporter Assay System (KeyGEN
BioTECH, China) 48 h after transfection.

2.9. Western blotting analysis

After treatment with recombinant plasmids or siRNAs, cells were
washed using cold PBS and lysed on icewith RIPA lysis buffer (NCMBio-
tech,China) containing a 1% Protease Inhibitor Cocktail (Sigma-Aldrich,
USA). Proteins were separated on 4%-20% polyacrylamide gels
(GenScript, USA) using SDSPAGE and then transferred onto PVDFmem-
branes (Perkin Elmer Life Sciences, USA). Blots were blocked for 1 h
with 5% nonfat dry milk (BioLight BIO, China) and then incubated
with the desired primary antibody overnight at 4 °C. The following pri-
mary antibodies were used: SF3B4 (Sigma-Aldrich, USA), KLF4
(ABclnoal, China), KIP1 (Cell Signaling Technology, USA), and SNAI2
(Cell Signaling Technology, USA). Blots were incubated with HRP Goat
Anti-Rabbit IgG (H + L) (ABclnoal Technology, China), Protein bands
were detected using ImageQuant LAS4000 (GE Healthcare, USA). Pro-
tein levels were normalized to those of GAPDH (ABclnonal Technology,
China).

2.10. Cell proliferation assays

To examine cell proliferation, a total of 3000 cells were seeded into
96-well plates. Cell proliferation was assessed using the Cell Counting
Kit-8 (Dojindo Laboratories, Japan) 0, 12, 24, 36, and 48 h after seeding
and incubated at 37 °C for 2 h. Optical density (OD) values at 450 nm
were evaluated using Thermo Varioskan™ LUX (Thermo Fisher, USA).
The absorbance of cell suspensions at each time point were plotted
using proliferation curves. EdU immunofluorescence staining was per-
formed using the EdU Kit (Thermo Fisher, USA) according to the manu-
facturer's protocol. Results were quantified with Image-J software (NIH
image, USA).

2.11. Cell migration assay

HCC cells transfected with recombinant plasmids or siRNAs were
collected after 24 h. Cells were washed with cold PBS and seeded on
the up-chamber of a transwell chamber. DMEM containing 10% FBS
was added to the lower chamber as a chemoattractant. After 12–18 h,
migrated cells were fixed using 4% paraformaldehyde solution, and
then dyed with 0.1% DAPI and counted using OLYMPUS IX73 micro-
scope (Olympus, Japan).
2.12. Wound healing migration assay

HCC cellswere scratchedwith a sterile 200 μl pipette tip correspond-
ing to the reference line drawn in the center of the base of the plate 24 h
after transfection. The scratched adherent cells were washed three
times with PBS and cultured using serum-free medium. The scratched
areas were observed at 0 h and 24 h, respectively.

2.13. Animal studies

Animal studies were approved by the institutional Ethics Committee
on Ethics of Biomedicine, Second Military Medical University. LV-
Control or LV-shSF3B4 HCC Cells (3 × 106 cells) were injected subcuta-
neously into the right flanks of 6 male athymic BALB/c nude mice
(4 weeks old). Tumor growth was recorded every four days in the
following 4 weeks and tumor volume was evaluated using the formula
a × b2 × 0.5 (where, a = the longest diameter; b = the shortest diam-
eter). To measure lung metastasis assays, LV-Control or LV-shSF3B4
HCC Cells (5 × 106 cells) were injected through the tail vein of 6 male
athymic BALB/c nude mice (4 weeks old). The mice were euthanized
5 weeks after injection, and the number of metastatic lung nodules
was counted, though the sample size of metastatic nodules was not de-
termined. Hematoxylin and eosin (HE) stainingwas used to observe the
histopathological manifestation of pulmonary metastases in the mouse
model.

2.14. Statistical analysis

GraphPad Prism 6.0 was used to analyze the results. Statistical
analyseswere performed using SPSS (version 17, IBM SPSS). Differences
between groups were analyzed using paired or unpaired two-tailed
t-tests. Data are represented as mean with standard deviation (SD).
∗∗P b .01, ∗P b .05. A value of P b .05 was considered to be statistically
significant.

3. Results

3.1. SF3B4 expression is upregulated in tissues and cell lines and indicates
poor prognosis

Large cohorts of data from HCC patients were acquired from the
NCBI GEO database (GSE22058) (Fig. 1a left) and GEPIA (Fig. 1a right),
they show that the expression of SF3B4 in HCC tissues is higher than
that in non-tumor tissues. The clinical information of 96 HCC patients
from GSE22058 is shown in Table S2 [23]. We then determined the
mRNA levels of SF3B4 in 8 independent pairs of clinical HCC tissue spec-
imens and adjacent tissues and obtained similar results from publicly
available databases showing that SF3B4 expression levels in tumor tis-
sues are 2.1-fold higher those in adjacent tissues (Fig. 1b). Analysis of
SF3B4 expression levels in human immortalized, non-transformed
liver cell lines (QSG-7701 and L-02) and HCC cell lines (SMMC-7721
and Huh7), revealed that SF3B4 expression levels in HCC cells are 3.3
fold higher as compared with those in non-transformed liver cells
(Fig. 1c). Kaplan–Meier analysis indicated SF3B4 expression levels
are high in HCC tissues associated with reduced overall survival time,
P = .00019 (Fig. 1d). SF3B4 expression levels and survival information
of 181 HCC patients are shown in table S3. Immunohistochemistry data
showing SF3B4 protein levels in HCC tissues and non-cancerous tissues
shows stronger staining density of SF3B4 in HCC tissues (Fig. 1e). These
data reveal that SF3B4 is a potential oncogene in HCC, and its increased
expression correlates with poor prognosis of HCC patients.

3.2. SF3B4 is a target gene of miRNA-133b in liver cancer cells

To determine the molecular regulators lying upstream of SF3B4 in
HCC cells, we used TargetScan. Bioinformatics analysis, which showed



Fig. 1. SF3B4 expression level is increased in HCC. (a) SF3B4 expression level in humanHCC tissues and non-cancerous liver tissues from GSE22058 data (left) and GEPIA (right). (b) Real-
time qPCR analysis of SF3B4mRNA level in clinical HCC tissues and adjacent non-tumor hepatic tissues (n=8). (c) Real-time qPCR analysis of SF3B4mRNA level inHCC cell lines (SMMC-
7721, Huh7) and normal liver cell lines (L-02, QSG-7701). (d) Kaplan–Meier analysis of the correlations between SF3B4 mRNA level and recurrence-free survival of 181 HCC patients.
(e) Immunohistochemistry (IHC) analysis examining SF3B4 protein level in clinical HCC tissues and adjacent non-tumor hepatic tissues. Scale bars, 100 μm (top), 50 μm (bottom).
Data is shown as mean with standard deviation (SD). ∗∗P b .01, ∗P b .05. Statistical analysis was determined by Student's t-test (a, b, c) and Kaplan–Meier analysis (d).

60 Z. Liu et al. / EBioMedicine 38 (2018) 57–68
that three miRNAs (miRNA-133b, miRNA-122-5p and miRNA-194-5p)
potentially target SF3B4. The 3′-UTR of SF3B4 exists a conserved target
region of miRNA-133b (Fig. 2a, Fig. S1a). However, the target regions
of miRNA-122-5p and miRNA-194-5p are poorly conserved (Fig. S1b,
c). We then examined the expression levels of these three miRNAs in
HCC and found that miRNA-133b is downregulated in large cohorts as
shown by data from HCC patients (Fig. 2b left), and clinical HCC tissue
specimens (Fig. 2b right). Moreover, the expression of SF3B4 mRNA
andmiRNA-133b in 96 pairs of samples fromHCC patient showed a sig-
nificantly inverse correlation as calculated using Pearson correlation
(Fig. 2c). Expression levels of miRNA-122-5p are reduced in HCC tissues
(Fig. S1d), however, Pearson analysis showed that miRNA-122-5p and
SF3B4 are not significantly related (Fig. S1e). Expression levels of
miRNA-194-5p in HCC patients and Pearson correlation analysis
showed no significant differences (Fig. S1f, g).

Based on these findings, we selected miRNA-133b as an upstream
regulator of SF3B4. Kaplan–Meier analysis indicated that low miRNA-
133b expression levels in HCC patients might be associated with poorer
overall survival time (Fig. 2d). MiR133b expression levels and survival
information of 148 HCC patients from TCGA are shown in table S4. To
confirm the relationship between SF3B4 and miRNA-133b, wild-type
and mutant SF3B4 3′-UTR sequences were inserted into the pmiRNA-
GLO vector (Fig. 2e). Then, a luciferase reporter assay was performed
in Huh7 cells. Luciferase activities of wide type SF3B4 in Huh7 cells
were much lower than those in control groups (Fig. 2f), this indicated
that miRNA-133b directly targets the 3′-UTR of SF3B4. To examine
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whether miRNA-133b regulates endogenous SF3B4 expression in HCC
cell lines, we transfected miRNA-133b inhibitor, and its mimic into
HCC cells (Fig. 2g). mRNA and protein levels of SF3B4 increased nearly
1.5-fold in miRNA-133b knockdown cells than those in the control
group. On the contrary, endogenous SF3B4mRNA and protein levels re-
duced in Huh7 cells with miRNA-133b overexpression (Fig. 2h). How-
ever, altering SF3B4 expression in HCC cells did not affect expression
levels of miRNA-133b. These results indicate that miRNA-133b is an up-
stream regulator of SF3B4, and overexpressingmiRNA-133b inhibits the
Fig. 2. SF3B4 is a targetmolecule of miRNA-133b. (a) Sequence of the SF3B4 3’-UTR showing the
and non-cancerous liver tissues from GSE22058 data. Right, Real-time qPCR analysis of miRNA
(n = 8). (c) The correlation between SF3B4 and miRNA-133b expression level in HCC patients
analysis. (d) Kaplan–Meier analysis of the correlations betweenmiRNA-133b level and recurren
inserted into the pmir-GLO luciferase reporter vector. (f) The luciferase activity was significantl
UTR vector, butwasn't significantly changed in other groups. Control: Huh7 cellswere co-transfe
were only transfected withWT orMUT SF3B4 3’-UTR vector. (g) The expression levels of miRN
protein levels of SF3B4 in Huh7 cells transfected with miRNA-133b inhibitor or mimic. (i) The
shown as mean with standard deviation (SD). ∗∗P b .01, ∗P b .05. Statistical analysis was deter
analysis (d).
expression of SF3B4 in HCC. Conversely, miRNA-133b knockdown pro-
motes SF3B4 expression.

3.3. SF3B4 deletion shows anti-tumorigenesis effects in vitro and in vivo

To determine the biological functions of SF3B4 in HCC, SF3B4 was
knocked down using RNA interference (RNAi), both RNAi-1 and RNAi-
2 effectively inhibited SF3B4 expression (Fig. 3a). Cell growth rate was
determined using Cell Counting Kit-8 (CCK-8) assays (Fig. 3b). Also,
miRNA-133b binding region. (b) Left, miRNA-133b expression level in humanHCC tissues
-133b level in clinical HCC tissues (tumor) and adjacent non-tumor hepatic tissues (liver)
from GSE22058 data (n= 192 samples). P = .0003, r = −0.2451 by Pearson correlation
ce-free survival of 148HCC patients. (e) TheWT orMUTSF3B4 3’-UTRwas constructed and
y downregulated in Huh7 cells co-transfected with miRNA-133b mimic andWT SF3B4 3’-
ctedwithWTorMUT SF3B4 3’-UTR vector and negative controlmiRNA. Empty:Huh7 cells
A-133b in Huh7 cells transfected withmiRNA-133b inhibitor or mimic. (h) ThemRNA and
expression level miRNA-133b when changed the endogenous SF3B4 expression. Data is

mined by Student's t-test (b, f, g, h, i), Pearson correlation analysis (c) and Kaplan–Meier



Fig. 3. SF3B4 is required for tumorigenesis of HCC cells. (a) ThemRNA and protein levels of SF3B4 in Huh7 (left) and SMMC-7721(right) cells silencing SF3B4. (b) Cell proliferations were
measured using CCK-8 assays inHuh7 (left) and SMMC-7721 (right) cells silencing SF3B4. (c) Cell proliferationswere assessed using EdU immunofluorescence staining inHuh7 (left) and
SMMC-7721(right) cells silencing SF3B4. Scale bars, 100 μm. (d) Cellmigrationwas analyzedusing transwell system inHuh7 (left) and SMMC-7721(right) cells silencing SF3B4. Scale bars,
100 μm. (e) Cellmigrationwas analyzed usingwoundhealingmigration assays inHuh7 (left) and SMMC-7721(right) cells silencing SF3B4. Scale bars, 200 μm.Data is shown asmeanwith
standard deviation (SD). ∗∗P b .01, ∗P b .05. Statistical analysis was determined by Student's t-test (a, b, c, d, e).

62 Z. Liu et al. / EBioMedicine 38 (2018) 57–68



Z. Liu et al. / EBioMedicine 38 (2018) 57–68
5-ethynyl-20- deoxyuridine (EdU) staining was used to measure the
rate of proliferation of Huh7 and SMMC-7721HCC cells (Fig. 3c). Results
showed that SF3B4 knockdown significantly reduced growth of HCC
and their proliferation rates. Transwell assays showed that SF3B4 was
significantly associated with metastatic behavior of HCC cells. Cell
counts of the SF3B4 knockdown group in lower chamber in transwell
assays were found to be reduced by nearly 2-fold than those in the con-
trol group (Fig. 3d). Similarly, SF3B4 knockdown reduced the wound-
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healing efficacy of HCC cells as measured using scratch wound healing
assays (Fig. 3e).

To further confirm the effect of depleting SF3B4 in HCC, we depleted
SF3B4 stably, using lentivirus shRNA (LV-shSF3B4) in Huh7 cells
(Fig. 4a). Next, 3 × 106 LV-shSF3B4 Huh7 cells or control cells were
injected into nude mice subcutaneously to measure tumor growth
rate in vivo. Strikingly, depletion of SF3B4 significantly inhibited tumor-
igenesis of HCC cells in vivo (Fig. 4b, c). SF3B4 and Ki-67 staining of xe-
nografts by IHC showed lighter staining density in LV-shSF3B4 group
and further confirmed the critical role of SF3B4 (Fig. 4d). The transcrip-
tion levelwas examined by q-PCR,which showed that SF3B4 expression
is inhibited effectively in the LV-shSF3B4 group,whereas the expression
of miRNA-133b does not show obvious differences in the LV-shSF3B4
and LV-control groups (P = .4068) (Fig. 4e, left). We further investi-
gated the correlation of SF3B4 and miRNA-133b by Pearson correlation
analysis and failed to find a significant relationship (Fig. 4e, right).

Furthermore, we injected 5 × 106 stably knocked-down SF3B4 HCC
cells into the tail vein of nude mice to establish a lung metastatic
model. We observed that the depletion of SF3B4 significantly inhibits
metastatic colonization of HCC cells in lungs than that by the control
group (Fig. 4f, g). Hematoxylin and eosin (HE) staining of mouse lung
tissues showed that metastatic nodules in the SF3B4 depletion group
are much smaller and fewer than those in the control group (Fig. 4h).
Furthermore, we overexpressed SF3B4 in Huh7 and SMMC-7721 cells
and found an increase inmalignance of HCC cells (Fig. S2). These results
revealed that SF3B4 plays a critical oncogenic role and SF3B4 knock-
down inhibits proliferation and metastasis of HCC cells in vitro and
in vivo.

3.4. MiRNA-133b plays an anti-cancer role by targeting SF3B4 in HCC cells

MiRNA-133b inhibits SF3B4 expression in HCC cells, which suggests
that miRNA-133b may act as a tumor suppressor. The effect of miRNA-
133b inhibition in HCC cells was examined to further investigate the
molecular role of miRNA-133b (Fig. 5a). CCK8 and EdU assays showed
that suppressing miRNA-133b expression using miRNA inhibitors in-
creased proliferation of Huh7 (left) and SMMC-7721 (right) cells
(Fig. 5b, c). The metastatic potential of HCC cells was examined using
transwell and wound healing assays. We found that inhibiting miRNA-
133b expression promoted metastasis of HCC cells, (Fig. 5d) and
showed greater wound healing ability in HCC cells than that in control
cells (Fig. 5e).

To further investigate whether miRNA-133b might affect the func-
tion of SF3B4 in HCC cells, we co-transfected miRNA-133b mimics and
SF3B4 in SMMC-7721 cells, and the transfection efficiency was deter-
mined using real time RT-PCR and western blotting. As expected, over-
expression of miRNA-133b in HCC cells inhibits SF3B4 expression at
mRNA and protein levels (Fig. 6a). Then, we used CCK-8 and EdU assays
to determine whether miRNA-133b mimics affect the growth and pro-
liferation rates of SF3B4 overexpressed cells, and found that SMMC-
7721 cells co-transfected with SF3B4 and miRNA-133b, show poor pro-
liferation than SF3B4 overexpressed cells (Fig. 6b, c). Furthermore,
miRNA-133b partly inhibits the migration of SF3B4 overexpressed
cells, as seen using transwell andwound healing assays (Fig. 6d, e). Col-
lectively, these results reveal that miRNA-133b is a tumor suppressor
and miRNA-133b mimics can partly abolish the increased proliferation
and migration abilities of SF3B4 overexpressed HCC cells.
Fig. 4. SF3B4 knockdown suppressed the tumor growth and metastasis in vivo. (a) The mRNA
lentivirus suppressing SF3B4, LV-Control, recombinant lentivirus negative control. (b) Effects
measured every 4 days when there is a subcutaneous tumor growing in mice. (c) The mice
group. Scale bars, 10 mm. (d) IHC analysis examining SF3B4 (left) and Ki-67 (right) prote
expression levels of SF3B4 and miRNA-133b in xenografts were examined by q-PCR. Right: T
in vivo metastasis of HCC cell line stably suppressing SF3B4 was examined. The mice were kil
Scale bars, 5 mm. (g) Lung metastatic nodules of mice were counted in each group. (h) Histo
hematoxylin and eosin (HE) staining. Scale bars, 200 μm (top), 100 μm (bottom). Data is sh
determined by Student's t-test (a, b, e left, g) and Pearson correlation analysis (e right).
3.5. MiRNA-133b inhibits liver cancer by modulating SF3B4 associated sig-
naling pathways

Shen, et al. identified that SF3B4 overexpression activates the SF3b
complex to splice wild type KLF4 into a non-functional transcript to
promote tumorigenesis in HCC [11]. KLF4 is a conserved zinc finger-
containing transcription factor that regulates multiple biological
processes [24]. Recently, researchers found that KLF4 acts as a tumor
suppressor in various human cancers, such as colorectal cancer, ovarian
cancer, HCC, and lung cancer [25–28]. Overexpression of KLF4 recovers
cyclin dependent kinase inhibitor 1B (KIP1) protein expression, a nega-
tive regulator of the cell cycle, and suppresses the epithelial-
mesenchymal transition (EMT) protein, snail family transcriptional
repressor 2 (SNAI2) in HCC cells [11]. To further investigate the associ-
ation between miRNA-133b and the downstream targets of SF3B4, we
altered the endogenous expression of miRNA-133b and SF3B4, then de-
termined protein levels of KLF4, KIP1 and SNAI2 in HCC cells. Results
showed that miRNA-133b overexpression has similar effects with
SF3B4 knockdown,whichpromoteswild type KLF4 andKIP1 expression
and inhibits SNAI2 expression (Fig. 7a left). Contrarily, inhibiting
miRNA-133b suppressed KLF4 and KIP1 expression, and, increased
SNAI2 expression (Fig. 7a right). These data provide evidence that
miRNA-133b might regulate the SF3B4 associated signaling pathway
to suppress HCC development (Fig. 7b).

4. Discussion

Splicing factors are major regulators of AS events and their aberrant
expression or activity might result in dysregulation of splicing. SF3B4 is
a member of the splicing factor 3b (SF3b) complex family. Prior studies
have shown increased expression of SF3B4 and its diagnostic potential
in HCC [9–11]. MiRNAs are an important class of small molecules in cel-
lular processes and diseases [16,23,29]. However, the association be-
tween miRNAs and AS events is poorly understood. In this study,
SF3B4-mediated regulation of proliferation and migration of HCC cells
was consistent with previous observations showing that SF3B4 pro-
motes the progression of HCC. Most importantly, our study suggests
that miRNA-133b might be a novel negative regulator of SF3B4 in
HCC. Overexpression of miRNA-133b partly eliminates the stimulatory
effect of SF3B4 on proliferation and metastasis of HCC cells. Further-
more, expression of proteins of the SF3B4 pathway inversely correlates
with that of miRNA-133b. Thus, MiRNA-133b appears to be a good tar-
get to inhibit HCC by suppressing the SF3B4 pathway.

The discovery of miRNAs as biologically relevant molecules has
unraveled new possibilities of cellular and molecular complexities. In
addition to the conventional regulatory mechanism of miRNAs, which
post-transcriptionally decreases the levels of specific target genes,
Dragomir et al. have summarized seven unconventional miRNA func-
tions including coding for peptides, interacting with Non-AGO Proteins,
activating Toll-like Receptors, upregulating protein expression,
targeting mitochondrial transcripts, directly activating transcription,
and targeting nuclear ncRNAs [30]. Several studies have assessed the
regulation of splicing factors by miRNAs in cellular development and
disease. MiRNA-222 inhibits the expression of Rbm24, a regulator of
muscle-specific alternative splicing, which leads to the alteration of
myogenic differentiation [31]. Researchers found that miRNA-124 pro-
motes nervous system (NS) development by directly targeting PTBP1,
and protein levels of SF3B4 in SF3B4 stably silenced Huh7 cells. LV-shSF3B4, recombinant
of SF3B4 depletion in Huh7 cells on subcutaneous tumor growth. Tumor volumes were
were killed at 30 days after injection, and the tumors were excised. n = 6 mice in each
in levels in mice xenografts. Scale bars, 200 μm (top), 100 μm (bottom). (e) Left: The
he correlation between SF3B4 and miRNA-133b expression levels in xenografts. (f) The
led and the lung was visualized 5 weeks post-transplantation. n = 6 mice in each group.
pathological analysis of pulmonary metastases in the mouse model was conducted using
own as mean with standard deviation (SD). ∗∗P b .01, ∗P b .05. Statistical analysis was



Fig. 5.MiRNA-133b acts as a tumor suppressor in HCC. (a) The expression levels ofmiRNA-133b in Huh7 (left) and SMMC-7721(right) cells inhibitingmiRNA-133b. (b) Cell proliferations
were measured using CCK-8 assays in Huh7 (left) and SMMC-7721 (right) cells inhibiting miRNA-133b. (c) Cell proliferations were assessed using EdU immunofluorescence staining in
Huh7 (left) and SMMC-7721(right) cells inhibiting miRNA-133b. Scale bars, 100 μm. (d) Cell migration was analyzed using transwell system in Huh7 (left) and SMMC-7721(right) cells
inhibiting miRNA-133b. Scale bars, 100 μm. (e) Cell migration was analyzed using wound healing migration assays in Huh7 (left) and SMMC-7721(right) cells inhibiting miRNA-133b.
Scale bars, 200 μm. Data is shown as mean with standard deviation (SD). ∗∗P b .01, ∗P b .05. Statistical analysis was determined by Student's t-test (a, b, c, d, e).
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a suppressor of NS-specific splicing [32]. In renal cancer cells,
Boguslawska et al. found that SRSF7 is regulated by miRNA-126b. They
also found a regulatory feedback loop between SRSF7 and miRNAs in
which the expression of miR-30a-5p and miR-181a-5p was regulated
by their target, SRSF7 [33]. In our study, we did not find the feedback ef-
fect of SF3B4 on miRNA-133b either in vitro or in vivo, possibly because
the regulatory mechanism of miRNA-133b/SF3B4 axis is unidirectional
and miRNA-133b is an upstream molecular regulator of SF3B4.

Recently, investigators have shown that miRNA-133b has different
target genes and plays a vital role in various human tumors [34–38]. In
human non-small cell lung cancers (NSCLC), miRNA-133b inhibited cell
growth, migration, and invasion by targeting matrix metallopeptidase 9



Fig. 6.MiRNA-133b abolish the tumorigenesis effects of SF3B4. (a) ThemRNA and protein levels of SF3B4 inHuh7 cells overexpressing SF3B4 and co-transfectingwithmiRNA-133bmimic.
(b) Cell proliferationsweremeasured using CCK-8 assays inHuh7 cells overexpressing SF3B4 and co-transfectingwithmiRNA-133bmimic. (c) Cell proliferationswere assessed using EdU
immunofluorescence staining (top) and cell migration was analyzed using transwell system (bottom) in Huh7 cells overexpressing SF3B4 and co-transfecting with miRNA-133b mimic.
Scale bars, 100 μm. (d)Cellmigrationwas analyzedusingwoundhealingmigration assays inHuh7 cells overexpressing SF3B4 and co-transfectingwithmiRNA-133bmimic. Scale bars, 200
μm. Data is shown as mean with standard deviation (SD). ∗∗P b .01, ∗P b .05. Statistical analysis was determined by Student's t-test (a, b, c, d, e).

66 Z. Liu et al. / EBioMedicine 38 (2018) 57–68



Fig. 7.MiRNA-133bmodulates SF3B4 associated signal pathway. (a) The protein levels of SF3B4 and associated downstream targets when transfected with miRNA-133b mimic or SF3B4
siRNA (left) aswell as overexpressed SF3B4 or transfectedwithmiRNA-133b inhibitor (right). (b) Proposed schematic illustrating oncogenic function and regulatorymechanism of SF3B4
in HCC.
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(MMP9) [34]. Overexpression of miRNA-133b in glioma cell lines sup-
presses silent information regulator 1 (Sirt1) and reduces the prolifera-
tion and invasion of U87 cells [36]. Similarly, our study suggests that
miRNA-133b overexpression decreases the growth and metastasis of
HCC cells by affecting the expression of members of the SF3B4 pathway.
However, our findings with respect to the biological functions and the
correlation of SF3B4 and miRNA-133b were only tested in HCC cells.
Whether this inverse relationship exists between SF3B4 and miRNA-
133b, can be examined using other human solid tumors.
In a conclusion, our study provides evidence that SF3B4 is upregu-
lated and plays a critical role in HCC. Meanwhile, a compelling inverse
correlation between SF3B4 and miRNA-133b has been revealed in this
study. MiRNA-133b not only regulates the endogenous expression of
SF3B4 but also modulates SF3B4-mediated AS efficiency in HCC tumor-
igenesis. These results indicate that the miRNA-133b/SF3B4 axis may
serve as potential therapeutic target for the treatment of HCC.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.10.067.
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