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Abstract

Background/Aims: Emerging evidence suggests that exosomal microRNAs (miRNAs) mediate
hepatoma progression through the post-translational regulation of their targets. However,
characteristically-expressed miRNAs and their functions in the tumor and tumor-associated
angiogenesis remain poorly understood. Methods: miRNA sequencing (HiSeq 2500 SE50) was
performed to identify miRNA species that are involved in the hepatocellular carcinoma (HCC)
pathogenesis. We identified miR-451a downregulation according to its expression and TCGA
analysis. miR-451a was found to be mainly involved in cell viability, apoptosis, cell cycle and
migration both in HCC and endothelial cell lines. LPIN1 was predicted to be a target of this
miRNA based on TargetScan, GSEA analysis, and the Uniprot database. We performed real time
PCR and dual luciferase assays to confirm these results. Results: We identified that miR-451a
is significantly downregulated in serum-derived exosomes from HCC patients, as compared
to expression in those from normal individuals. We further confirmed that overexpression of
miR-451a functions in HCC and endothelia cells in vitro and in vivo. Exosomal miR-451a, as a
tumor suppressor, was found to induce apoptosis both in HCC cell lines and human umbilical
vein endothelial cells (HUVECs). In addition, miR-451a suppressed HUVEC migration, tube
formation, and vascular permeability. Importantly, we demonstrated that LPIN1 is a critical
target of miR-451a, and promotes apoptosis in both HCC and endothelial cells. Conclusion:
Our study provides the novel finding that exosomal miR-451a targets LPIN1 to inhibit
hepatocellular tumorigenesis by regulating tumor cell apoptosis and angiogenesis. These
results have clinical implications regarding the deregulation of miRNAs in HCC.
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Introduction

Primary tumors of the liver represent the fifth most common type of cancer worldwide,
and the third leading cause of cancer-related death [1]. Hepatocellular carcinoma (HCC) is
the most frequent primary liver malignancy [2, 3], and there are few effective biomarkers
and techniques for the early diagnosis of this disease [4, 5]. Currently, alterations in
exosomal cargo have been reported as biomarkers for a variety of human diseases including
malignancies [6].

Exosomes are small membrane vesicles (30-100 nm in diameter) that are derived from
multivesicular bodies [7, 8]. Circulating exosomes have been demonstrated to be highly stable
and facilitate a new mode of cell-to-cell communication in serum and plasma; moreover,
they are released by a variety of cells [8, 9]. Exosomes, carrying proteins, lipids, and nucleic
acids (DNA, mRNA, and miRNAs), have been explored for minimal molecular tracking, and
more recently, serum exosomal microRNAs (miRNAs) have attracted attention as a potential
source of novel HCC biomarkers [7, 9].

Recently, the role of miRNAs has become a major topic in cancer research [7]. miRNAs
are small (17-21 nt), non-coding RNAs that can be delivered from HCC cells, via exosomes,
and taken up by recipient cells including HCC cells themselves or other cells to regulate gene
expression at the post-transcriptional level through the RNA interference pathway [8, 9].
Previous studies have shown that the expression of multiple miRNAs, including circulating
miRNAs, can be increased or decreased in HCC tumor tissues [10, 11]. miRNAs are essential
for the regulation of cancer cells, and are associated with cell viability (cell proliferation and
apoptosis), metabolism, genome instability, tumor invasion, metastasis, angiogenesis, and
immune responses [12]. For example, hepatic miR-291b-3p mediates glucose metabolism
by upregulating PTEN expression, eventually resulting in the dysregulation of tumor cell
growth [13, 14]. Similarly, miR-34a functions as a tumor suppressor in breast cancer by
inhibiting LDHA (lactate dehydrogenase A), which plays a critical role in tumor cell glucose
metabolism [15]. However, miRNA profiles and their function remain largely obscure in HCC.

Therefore, we investigated the expression of circulating exosomal miRNAs in HCC
patients and focused on one deregulated miRNA, namely miR-451a. Our results indicated that
exosomal miR-451a promotes apoptosis in both HCC cells and endothelial cells. Consequently,
ectopic expression of miR-451a perturbed HCC growth and tumor angiogenesis in vitro and
in vivo. Collectively, our data identified a molecular mechanism through which exosomal
miR-451a mediates HCC tumorigenesis, indicating that this molecule might be a potential
target for HCC diagnosis.

Materials and Methods

Clinical samples

Serum samples from six HCC patients and two cohorts from the Tianjin First Central Hospital were
subjected to miRNome sequencing. With the exception of eight samples, 71 samples, including 51 primary
HCC tumor samples and 20 normal liver samples, were also obtained from Tianjin First Central Hospital,
along with pathologic information. Serum samples were quickly frozen in liquid nitrogen. Surgically
removed tissues were frozen until analysis or fixed and embedded.

Exosome purification and electron microscopy

Detailed protocols for preparing exosomes from serum and cell supernatant samples using the
exosome isolation reagent (Ribobio Co., China) can be found in the manufacturer’s protocol.

In addition, exosomes were isolated using ultracentrifugation. The serum was pre-cleared by
centrifugation at 300 x g for 5 min, 2000 x g for 10 min, and then at 10000 x g for 60 min. Exosomes
were isolated by ultracentrifugation at 100000 x g for 130 min, and washed with PBS using the same
ultracentrifugation conditions.
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For electron microscopy, exosomes were resuspended in 100 pl PBS, fixed with 2% paraformaldehyde,
loaded on 200-mesh Formvar-coated grids, contrasted, and embedded for imaging.

Cell lines and reagents

The human HCC cell lines Hep3B and HepG2 were obtained from ATCC. The HCC cell line SMMC-7721
and the normal human hepatocyte cell line L-02 were purchased from the Chinese Academy of Sciences
(Shanghai, China). Hep3B and HepG2 cells were cultured in MEM containing 10% fetal bovine serum (FBS),
100 U/ml penicillin/streptomycin, and 100 pg/ml non-essential amino acids. SMMC-7721 cells were grown
in DMEM containing 10% FBS and 100 U/ml penicillin/streptomycin. L-02 and human umbilical vein
endothelial cells (HUVECs) were maintained in RPMI-1640 containing 10% FBS and 100 U/ml penicillin/
streptomycin. miR-451a mimics and miR-451a mimic-Cy3 were purchased from Ribobio Co.

Cell viability, cell cycle distribution, and apoptosis assays

For cell viability assays, cells were seeded in 96-well plates in 100 pl of medium, which was followed
by transfection with different concentrations of miR-451a mimics. Six parallel wells were assigned for each
group. At 0, 24, 48, 72, and 96 h after transfection, CCK-8 solution (10 pl) was added to each well, and
absorbance values were measured at 450 nm after incubation for 1.5 h at 37 °C.

Cell cycle analysis by flow cytometry was mainly based on the measurement of DNA content by
staining with propidium iodide (PI, BD Biosciences, USA). Cells were collected, washed with PBS and then
fixed in 3 ml of 70% methanol at =20 °C. After 2 h, cells were resuspended in 500 pl PI staining solution
at room temperature for 0.5 h. Subsequently, cells were subjected to DNA fragmentation analysis using a
FACScalibur (BD Biosciences). EAU assays were performed using the Cell-Light™ EdU Apollp®488 In vitro
Imaging Kit (Ribobio Co.), following the manufacturer’s protocol.

Quantification of apoptotic cells was performed by Annexin V-FITC/PI staining (BD Biosciences), in
accordance with the manufacturer’s instructions. TUNEL staining was performed according to a previous
report [16].

RNA extraction and quantitative RT-PCR

Serum-derived exosomes were resuspended in 100ul PBS, quantified using BCA protein assay
(Thermo, USA), lysed in Trizol reagent (Invitrogen, USA). Tissues were grinded using a homogenizer in
Trizol reagent. Cells were collected, washed and lysed in Trizol reagent. Total RNA was isolated following
the manufacturer’s instructions.

RNA concentration was detected by BioDrop. Each reverse reaction was performed according to the
EasyScript First-Strand ¢cDNA Synthesis kit (Transgen, China).Quantitative PCR was performed using a
standard SYBR-Green PCR kit protocol. Exosomes miR-451a and LPIN1 quantification were separately using
U6 and GAPDH as internal reference. Primers were listed in the supplementary materials section (for all
supplemental material see www.cellphysiolbiochem.com). GAPDH primers were described previously [17].

Western blotting

Western blotting was performed in accordance with a previous protocol [18]. Briefly, proteins were
loaded on 5-12% tris-acrylamide gels and membranes were blotted with specific antibodies. The LPIN1
antibody (Cat. 14906, Cell Signaling Technology, USA) was diluted to 1:1000. Bands were detected using a
Gel imaging system (SYNGENE, USA).

Plasmid construction and transfection

SMMC-7721,Hep3B, and HUVECs (3 x 10° cells/well) were seeded in 6-well plates, incubated overnight,
and then transfected with miR-451a mimics (Ribobio Co., China) using Lipofectamine2000 (Invitrogen) and
Opti-MEM (Corning) according to the manufacturer’s instruction. Negative control (NC) is also purchased
from Ribobio Co.

To construct the human LPIN1 overexpression vector, human LPIN1 cDNA was cloned from SMMC-
7721 cells and ligated into pLV-EF1a-MCS-IRES-Bsd (Biosettia Inc., USA). For gene silencing, shLPIN1 DNA
oligomers were annealed and cloned into pLV-H1-EF1a-puro vector (Biosettia Inc., USA). These sequences
are listed in the supplementary materials section. Scrambled control (SC) sequences were used as in a
previous report [16].
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Cell migration assay

Cell migration was evaluated by performing wound-healing and transwell assays. For wound-healing
assays, cells were seeded in 6-well plates at 2 x 10° cells per well, and after 48 h transfection, the cell
monolayer was scraped using a 10 pl tip. The initial gap length and the residual gap length after wounding
were calculated based on photomicrographs using Image] software.

For transwell assays, after transfection for 24 h, cells were plated in 24-well plates at 5 x 10* in the
upper 8-nm chambers (BD bioscience). Medium containing 10% FBS in the lower well and 2% FBS in the
upper chamber served as the chemoattractant. After another 16 h incubation, cells on the upper surface of
the membrane were scraped off and those on the bottom were stained with crystal violet. These cells were
photographed using an optical microscope and enumerated using Photoshop CS3.

Tube formation and Matrigel plug assay

A pre-chilled 48-well plate was coated with 150 pl of Matrigel (BD bioscience) and incubated at 37 °C
for 30 min. HUVECs (3 x 10* cells/well) were transfected with miR-451a and then seeded on this plate. After
5 h, photographs were taken and the tubes were counted.

BALB/c mice were administered a subcutaneous injection of 750 ul of mixture containing 500 pl
Matrigel and 250 pl EBM2 medium with or without miR-451a. After 10 days, the Matrigel plugs were imaged
and snap frozen in the presence of optimum cutting temperature (OCT) medium before sectioning. Frozen
Matrigel sections (5um) were fixed in cold methanol and immunostained with a CD31 antibody (ab28364,
Abcam, USA).

Immunofluorescence staining

For this, 3 x 10° cells/well were seeded on cell chamber slides and placed in a 24-well plate. After
transfection with miR-451a, cells were cultured for 24 h and fixed with 4% paraformaldehyde at room
temperature for 15 min. Slides were blocked with 2% BSA and then incubated with an anti-ZO-1 antibody
(Cat. 13663, Cell Signaling Technology) for 1 h. After washing, slides were incubated with DAPI (Invitrogen)
for 2 min. Images were obtained using a microscope (Olympus I1X73).

Dual luciferase reporter assay

293T cells were cultured in 24-well plates at a density of 2 x 10° cells/well overnight, which was
followed by co-transfection with miR-451a mimics, pmirGLO, and the pRL-TK plasmid. After 36 h, the
inhibition of miR-451a was quantified as the ratio of firefly luciferase activity to Renilla luciferase activity
in each well.

Tumor xenografts

Male NOD/SCID mice (6-8-weeks-old) were separated randomly into two groups (n = 5 each), and 2 x
105 SMMC-7721 cells were inoculated subcutaneously into each mouse, and tumors were allowed to form
for 10 days. Tumors were peritumorally treated with miR-451a agomir or miRNA agomir negative control
(NC), and tumor volume (mm?) was measured with calipers once every 3 days. All mouse experiments were
conducted in accordance with the standard operating procedures approved by the Institute Research Ethics
Committee at the Nankai University.

Immunohistochemistry

Immunohistochemistry staining was performed using paraffin-embedded human HCC tissues and
mouse xenografts tumors. These tissues were probed separately with an antibody against LPIN1 (Cat.
14906, Cell Signaling Technology) and CD31 (ab28364, Abcam) ata 1:100 dilution. The expression of LPIN1
and CD31 was scored according to the percentage of positively-stained cells in the entire area.

Statistical analysis

Statistical analyses were performed using SPSS 23.0 software; the data from all experiments are
presented as means * SD and represent three independent experiments. A paired t-test was used to compare
gene expression in tumor and adjacent non-tumor tissue samples. Where appropriate, a Student’s t-test for
unpaired observations was applied. A value of P < 0.05 was considered significant.
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Results

Differential miRNome in HCC serum-derived exosomes

To identify exosomal miRNAs in human HCC, exosomes were purified from the sera of HCC
patients and examined by electron microscopy. We observed that serum-derived exosomes
exhibited a typical cup-shaped morphology (Fig. 1A). Meanwhile, serum exosomes were
confirmed by the presence of three exosomal proteins, specifically CD63, Alix, and CD81 (Fig.
1B). Further, we applied miRNA sequencing (HiSeq 2500 SE50) to characterize miRNomes
in the two cohorts, namely normal and patient serum samples. The abundance value of each
known miRNA was normalized using “the number of reads per million (RPM) clean tags”.
We focused on downregulated miRNAs that might function as tumor suppressors in HCC.
Results demonstrated that a total of 21 miRNAs (RPM = 2000) were downregulated and
differentially expressed in HCC patient serum-derived exosomes compared to expression
in normal serum-derived exosomes (Supplementary Fig. S1A and Table 1). Among which,
seven of them were significantly decreased = 6-fold (Table 1 and Fig. 1C). Additionally, TCGA
database analysis verified that the expression of miR-26a-5p, miR-126-3p, miR-451a, miR-
92a-3p, and miR-191-5p was remarkably downregulated in HCC patients as compared to
that in normal healthy individuals (Supplementary Fig. S1B).

Considering that the potential role of miR-451a in HCC tumorigenesis remains largely
obscure, we further validated its expression in exosomes derived from normal and HCC
patient sera. Our results confirmed that miR-451a expression was markedly reduced in HCC
patient-derived serum exosomes (Fig. 1D). Additionally, downregulation of miR-451ain HCC
tumor samples was observed in 64.7% (33/51) of clinical cases as compared expression in
paired adjacent non-tumor tissues (Fig. 1E). Then we investigated the clinical significance of
miR-451a in HCC. We divided all HCC patients into two groups (miR-451a low and miR-451a
high) using the median level of miR-451a expression as a cutoff value. Clinical association
analysis showed that the low level of miR-451a was correlated with high T classification
and advanced clinical stages (Table 2). These results suggest an important role for exosomal
miR-451a as a tumor suppressor in the regulation of HCC pathogenesis.
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Table 1. Deregulated miRNAs in serum-derived exosomes from hepatocellular carcinoma patients and
normal individuals

miRNA_ID Normal Patients  Logz(fold-change) P value Significance
hsa-miR-26a-5p 12657.66 18.5662 -9.4131 3.53E-09 *x
hsa-miR-126-3p  4506.747 9.1903 -8.9378 2.24E-07 ok
hsa-let-7a-5p 5675.16 18.102 -8.2923 3.47E-06 ok
hsa-miR-451a 29018.64 140.2674 -7.6927 3.09E-05 ok
hsa-miR-21-5p 17346.43 106.1057 -7.353 0.000199 ok
hsa-miR-92a-3p 2812.607  18.2877 -7.2649 0.000702 ok
hsa-miR-191-5p 3088.834 24.8787 -6.956 0.002331 ok
hsa-let-7b-5p 2052.573  23.0221 -6.4783 0.016819
hsa-miR-101-3p 2267.633  29.2417 -6.277 0.030935
hsa-let-7i-5p 7532.777 112.6967 -6.0627 0.05035
hsa-miR-185-5p 5513.32 90.0459 -5.9361 0.07711
hsa-miR-30d-5p 3793.933  69.6231 -5.768 0.131354
hsa-miR-320a 11720.05 228.3639 -5.6815 0.155584
hsa-miR-146a-5p 9019.494 183.8051 -5.6168 0.186673
hsa-miR-486-3p 3368.1 103.4136 -5.0254 0.668419
hsa-miR-22-3p 17335.76 534.7057 -5.0189 0.666535
hsa-miR-151a-3p 2561.548 87.7252 -4.8679 0.850311
hsa-miR-486-5p 3060.315 163.6608 -4.2249 0.444393
hsa-miR-148a-3p 2780.815 683.6992 -2.0241 0.000104 ok
hsa-miR-378a-3p 2094.728 717.0255 -1.5466 7.68E-06 ok
hsa-miR-122-5p  9506.105 3413.019 -1.4778 4.83E-06 o

miR-451a regulates HCC tumor  Table 2. Correlation between the clinicopathological
cell apoptosis and migration in ~ characteristics and miR-451a expression in hepatocellular

vitro carcinoma
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three HCC cell lines includin ificati T1 12 4 8 «
g T classification T2+ T3 39 13 26 0.026

SMMC-7721, Hep3B, and HepG2
as compared to expression in
the normal hepatic cell line L-02.
Moreover, secretion of exosomal miR-451a was similarly downregulated in SMMC-7721
and Hep3B cell lines (Fig. 2B). These results demonstrated the suppression of miR-451a
in endogenous HCC cells and in exosomes secreted into the tumor environment. We used
SMMC-7721 and Hep3B cells for further research, as miR-451a expression was significantly
decreased in these lines.

For this, we performed gain-of-function studies by transfecting miR-451a mimics into
SMMC-7721 and Hep3B cells. CCK8 assays showed that miR-451a overexpression inhibited
SMMC-7721 cell viability in a dose-dependent manner (Fig. 2C and Supplementary Fig. S2A).
However, PI staining with subsequent FACS analysis demonstrated that overexpression of
miR-451a did not alter cell cycle distribution in SMMC-7721 cells (Fig. S2B). Similarly, the
number of miR-451a-transfected cells in the S phase was unchanged based on an EdU staining
assay (Supplementary Fig. S2C). Then, we determined whether miR-451a affects tumor cell
apoptosis. FACS analysis after Annexin V staining and TUNEL assays demonstrated that
tumor cell apoptosis was significantly increased in miR-451a-expressing SMMC-7721 cells
(Fig. 2D and 2E). The same experiments were performed in Hep3B cells and similar results
were obtained (Supplementary Fig. S3A-F), indicating that the growth-suppressive effect of
miR-451a is due to increased apoptosis but not cell cycle arrest.

Moreover, ectopic expression of miR-451a resulted in a significant inhibition in cell
migration in SMMC-7721 cells, based on wound-healing and transwell assays (Fig. 2F
and 2G). Similar results were observed in Hep3B cells by performing transwell assays
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Fig. 2. miR-451a regulates hepatocellular carcinoma (HCC) cell apoptosis and migration. A and B, Cellular
(A) and exosomal (B) RNA were extracted from different HCC and normal hepatic cell lines. The expression
of miR-451a was examined by quantitative PCR. C, Different concentrations of miR-451a mimics were
transfected into SMMC-7721 cells. Cell viability was measured by performing CCK8 assays. D and E, Different
concentrations of miR-451a mimics were transfected into SMMC-7721 cells. Apoptosis was measured by
Annexin V staining (D) and TUNEL (E) assays. PI, propidium iodide. F and G, Different concentrations of
miR-451a mimics were transfected into SMMC-7721 cells. Cell migration was determined by wound-healing
(F) and transwell (G) assays. NC, negative control;*P<0.05, **P<0.01, ***P<0.001

(Supplementary Fig. S3G). These results collectively demonstrated a key role for miR-451a
in the inhibition of HCC tumor cell growth and migration.

Exosomal miR-451a significantly inhibits endothelial function in vitro

Considering the previously identified role of miR-451a in suppressing AKT/mTOR
pathway-mediated angiogenesis [19, 20], we evaluated the association between exosomal
miR-451a and tumor angiogenesis in HCC. First, we investigated the exosomal delivery of
miR-451a from the normal hepatocyte cell L-02 to human vein endothelium cells (HUVECs).
The result showed that miR-451a expression of HUVECs was upregulated when cocultured
with exosomes from L-02 cell lines, while it was reversed by GW4869, an inhibitor of exosome
secretion (Supplementary Fig. S4A). Further, we detected the delivery of exosomal miR-451a
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from HCC cell lines to HUVECs. For this, we transfected SMMC-7721 cells with miR-451a-
Cy3 mimics, and collected exosomes in the supernatant for co-culture with HUVECs. Results
showed that after miR-451a overexpression in HCC cells, these molecules could be delivered
to endothelial cells via exosomal secretion; however, this effect was significantly reduced in
the presence of GW4869 (Fig. 3A). Quantitative PCR further revealed that overexpression
of miR-451a in SMMC-7721 increased its endogenous expression and exosomal delivery
to HUVECs (Supplementary Fig. S4B). Meanwhile, SMMC-7721-derived exosomal miR-
451a also inhibited HUVEC cell viability (Fig. 3B). Similar results were observed using
Hep3B cells (Supplementary Fig. S4C-E). To explore the biological significance of miR-451a
in endothelial function, we analyzed the effects of miR-451a overexpression on HUVEC
proliferation, apoptosis, migration, tube formation, and permeability. Results showed that
ectopic expression of miR-451a inhibited HUVEC viability by promoting apoptosis without
affecting cell cycle distribution (Fig. 3C-E and Suppkementary Fig. S4F-G). Moreover, miR-
451a overexpression also inhibited HUVEC migration based on wound-healing and transwell
assays (Fig. 4A-B). In addition, tube formation assays demonstrated that miR-451a inhibited
this process in HUVECs in a dose-dependent manner (Fig. 4C). Previous studies reported that
Z0-1 localizes to intercellular tight junctions at the cytoplasmic membrane surface, and that
this event can be assessed to indicate vessel permeability [21, 22]. Our immunofluorescence
results illustrated that ectopic miR-451a resulted in cytomembrane localization of ZO-1,
from the cytoplasm (Fig. 4D), implying that miR-451a might restrict vessel permeability.
Notably, based on in vivo Matrigel plug assays, we demonstrated that microvessel density
was decreased in mice treated with miR-451a agomir (Fig. 4E). Taken together, these results
indicate that HCC-derived exosomal miR-451a inhibits tumor angiogenesis by disrupting
endothelial functions such as apoptosis, migration, tube formation, and permeability.

miR-451a targets LPIN1

We further investigated the underlying mechanisms through which miR-451a regulates
cell apoptosis and tumor angiogenesis. As miRNAs mainly function through the post-
transcriptional inhibition of target genes, we thus sought to identify the potential targets of
miR-451a during HCC pathogenesis. Interestingly, whole GO-based GSEA analysis revealed
that miR-451a is associated with a variety of cell metabolic processes, and especially lipid
catabolic-related activities (Supplementary Table S1). Moreover, we searched for candidate
miR-451a target genes using publicly available databases including TargetScan (http://
www.targetscan.org), miRanda (http://www.microrna.org), and miRDB (http://www.
mirdb.org). In total, 128 genes were identified as potential targets of miR-451a, among
which 12 are associated with metabolic processes based on the Uniprot database (Fig.
5A and Supplementary Table S2). Accordingly, quantitative PCR assays verified that the
expression of LPIN1, AKR1B1, ATP5F1, GK, and ASAH1 was downregulated in miR-451a-
expressing SMMC-7721 cells (Supplementary Fig. S5A). In addition, the expression of miR-
451a mimics resulted in significant repression of a luciferase reporter containing the 3'-UTR
of LPIN1, whereas those of AKR1B1, ATP5F1, GK, and ASAH1 did not respond to miR-451a
overexpression (Fig. 5B and Supplementary Fig. S5B). We further constructed a reporter
plasmid containing a mutant form of the LPIN1 3'-UTR (Fig. 5C). Luciferase assays revealed
that whereas overexpression of miR-451a significantly inhibited reporter activity of the
wild-type LPIN1 3'-UTR, this effect was totally abolished using the mutant LPIN 3'-UTR (Fig.
5D). Quantitative PCR and western blot assays further confirmed that overexpression of
miR-451a decreased mRNA and protein levels of LPIN1 in both HCC and HUVEC cells (Fig.
5E-F and Supplementary Fig. 5C-F).

Moreover, the relationship between miR-451a and LPIN1 was demonstrated in HCC
patients. We observed that LPIN1 expression was upregulated in tumor samples compared to
that in adjacent non-tumor tissues (Fig. 5G). Pearson correlation coefficient analysis further
identified a significant inverse relationship between miR-451a and LPIN1 (Fig. 5H). Previous
studies reported a dual role for LPIN1 as an enzyme that catalyzing the dephosphorylation of
phosphatidic acid as well as a co-transcriptional factor that regulates lipid homeostasis [23].
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Fig. 3. Hepatocellular carcinoma (HCC)-derived exosomal miR-451a inhibits endothelial cell apoptosis. A,
Exosomal miR-451a delivery from SMMC-7721 cells to human umbilical vein endothelial cells (HUVECs).
Top: SMMC-7721 cells transfected with miR-451a-Cy3 mimics, and cultured in the presence or absence of
exosome secretion inhibitor GW4869. Bottom: HUVECs incubated with SMMC-7721 exosomes. B, Exosomes
were derived from SMMC-7721 cells transfected with miR-451a mimics in the presence or absence of
GW4869, and were co-cultured with HUVECs. Cell viability was examined by CCK8 assays. C-E, Different
concentrations of miR-451a mimics were transfected into HUVECs. Cell viability was measured by CCK8
assays (C). Apoptosis was measured by Annexin V (D) and TUNEL (E) assays. P, propidium iodide; NC,
negative control; *P<0.05, **P<0.01, ***P<0.001.

Silenced LPIN1 was also shown to increase apoptosis in cancer cells [24, 25]. Taken together,
LPIN1 might be function as an important target of miR-451a during the regulation of HCC
growth and tumor angiogenesis, through the induction of apoptosis.
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Fig. 4. miR-451a inhibits endothelial cell function. A-B, Different concentrations of miR-451a mimics were
transfected into HUVECs. Cell migration was determined by wound-healing (A) and transwell (B) assays. C,
HUVECs transfected with different concentrations of miR-451a mimics were seeded on a Matrigel layer. After
4 h, tubular structures were manually counted. D, Representative images showing Z0-1 staining in HUVECs
transfected with different concentrations of miR-451a mimics. ZO-1-positive staining in the cytoplasm or
cytomembrane was quantified, and results are presented as the percentage of positive cells. E, Matrigel
containing 5 nmol miR-451a agomir or control (NC) was subcutaneously injected into mice, and plugs were
surgically removed after 10 days. The expression of CD31 in plugs was examined by immunofluorescent
staining. NC, negative control; *P<0.05, **P<0.01, ***P<0.001.

miR-451a facilitates apoptosis mainly by targeting LPIN1

We next investigated whether LPIN1, as a target of miR-451a, is critical for regulating
HCC and endothelial cell apoptosis. For this, we overexpressed LPIN1 in control or miR-451a-
expressing SMMC-7721 cells (Supplementary Fig. S6A). As shown in Fig. 6A, ectopic LPIN1
expression inhibited apoptosis in SMMC-7721 cells. Importantly, rescue of LPIN1 expression
significantly attenuated miR-451a-induced SMMC-7721 apoptosis, implying that miR-451a
induces SMMC-7721 cell apoptosis at least partially through the downregulation of LPIN1.
We also knocked down LPIN1 expression in control or miR-451a-expressing SMMC-7721
cells (Supplementary Fig. S6B), which was followed by FACS analysis of Annexin V staining.
Results showed that LPIN1 interference promoted SMMC-7721 cell apoptosis. However,
co-transfection with miR-451a did not further augment apoptosis in LPIN1-knock down
SMMC-7721 cells (Fig. 6B). This implies that LPIN1 might function downstream of miR-451a
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Fig. 5. LPIN1 is a target of miR-451a. A, Flow chart of miR-451a target screening. B, 293T cells were co-
transfected with miR-451a mimics and wild-type promoter luciferase reporter constructs of LPINI.
Luciferase activities were determined 36 h after transfection. Luciferase values were normalized to Renilla
activities. C, miR-451a binding site in the predicted target sequences of LPIN1 3’-UTR is indicated. D, 293T
cells were transfected with wild-type or mutant LPIN1 promoter luciferase reporter constructs in the
presence or absence of miR-451a mimics. Luciferase activities were determined 36 h after transfection.
Luciferase values were normalized to Renilla activities. E and F, Different concentrations of miR-451a
mimics were transfected into SMMC-7721 cells (E) and human umbilical vein endothelial cells (HUVECS)
(F) for 48 h. The expression of LPIN1 was detected by western blotting. G, The expression of LPIN1 was
determined by immunohistochemistry (IHC) in tumor and adjacent non-tumor tissues from hepatocellular
carcinoma (HCC) patients. H, Spearman'’s correlation analysis was performed to determine the relationship
between miR-451a and LPIN1 expression in HCC patients. miR-451a levels were obtained from quantitative
PCR and LPIN1 expression was based on IHC scores. NC, negative control; *P<0.05, ***P<0.001.

signaling to mediate its effect on apoptosis. Similar results were observed in Hep3B cells and
HUVECs (Supplementary Fig. S6C-H and 7A-B). These results demonstrated that LPIN1 is a
critical target of miR-451a during the regulation of HCC and endothelial cell apoptosis.

miR-451a regulates tumor cell apoptosis and angiogenesis in HCC xenografts in vivo

To further determine the role of miR-451a in HCC progression in vivo, we performed
tumor xenograft studies using NOD/SCID mice. SMMC-7721 cells were subcutaneously
transplanted into NOD/SCID mice (Fig. 8A). Tumor development was allowed to occur for
10 days, which was followed by peritumoral treatment with 5 nmol miR-451a agomir (once
every 3 days) for another 15 days. Results indicated that the addition of miR-451a agomir
effectively inhibited tumor growth in NOD/SCID mice, with a corresponding decrease in
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Fig. 6. LPIN1 is a critical target during miR-451a-induced SMMC-7721 cell apoptosis. A, SMMC-7721
cells were transfected with an LPIN1 expression plasmid in the presence or absence of miR-451a mimics.
Apoptosis was determined by Annexin V assays. B, SMMC-7721 cells were transfected with specific LPIN1-
targeting shRNAs in the presence or absence of miR-451a mimics. Apoptosis was determined by Annexin V
assays. ns, not significant; NC, negative control; SC, shRNA control; *P<0.05, **P<0.01.

tumor weight and volume of greater than 50%, as compared to those in control mice (Fig.
8B-D). Moreover, no adverse effects on other gross measures such as body weight or toxic
death were observed in miR-451a agomir-treated mice (Fig. 8E). Quantitative PCR, western
blotting, and immunohistochemistry further confirmed that LPIN1 was significantly
downregulated in miR-451a agomir-treated tumors, demonstrating an inverse relationship
between miR-451a and LPIN1 expression in HCC xenografts in vivo (Fig. 8F-H). Importantly,
TUNEL assays demonstrated an increased proportion of apoptotic cells in tumors from
miR-451a agomir-treated mice as compared to that in tumors from control mice (Fig. 8I).
However, immunohistochemistry staining for CD31 revealed that tumor microvessel density
decreased in miR-451a agomir-treated mice (Fig. 8]). These results collectively demonstrate
that elevated miR-451a expression leads to inhibition of HCC growth and tumor angiogenesis
via apoptosis in vivo.

Discussion

HCC has become one of the most prevalent causes of cancer-related death [26], and
thus there is an urgent need for novel effective diagnostic approaches and therapies. Serum-
derived exosomes undoubtedly represent a convenient target for diagnosis. Previous studies
have reported that exosomes exhibit superior ability to deliver cargos to suppress tumor
growth, especially compared to that of liposomes [27]. In our study, we identified that
miR-451a is significantly downregulated in serum-derived exosomes from HCC patients.
Moreover, exosomal miR-451a was found to function as a tumor suppressor by inducing
HCC and endothelial cell apoptosis. Ectopic expression of miR-451a significantly impaired
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Fig. 7. LPIN1 is a critical target during miR-451a-induced HUVEC cell apoptosis. A, Human umbilical vein
endothelial cells (HUVECs) were transfected with an LPIN1 expression plasmid in the presence or absence
of miR-451a mimics. Apoptosis was determined by Annexin V assays. B, HUVECs were transfected with
specific LPIN1-targeting shRNAs in the presence or absence of miR-451a mimics. Apoptosis was determined
by Annexin V assays. ns, not significant; NC, negative control; SC, shRNA control; *P<0.05, **P<0.01.

HCC growth and tumor angiogenesis in vitro and in vivo. Thus, exosomal miR-451a could be
applied as a biomarker for the serum-based diagnosis of and as a therapeutic target for HCC.

Previous reports have shown that miR-451a is downregulated in many types of human
cancers [19, 28, 29], which is consistent with our results demonstrating that miR-451a is a
tumor suppressor for HCC. Additionally, miR-451a was found to be associated with various
pathophysiological functions. For example, downregulated miR-451a is associated with large
tumor diameter, poor prognosis based on pathological stage, and lymph node metastasis in
lung cancer [30]. In contrast, ectopic miR-451a was found to decrease 14-3-3( expression
and in turn increase ERa expression, resulting in apoptosis and reduced p-AKT and p-mTOR
activity in breast cancer cells [31]. In addition, a role for miR-451a in HCC cell proliferation,
migration, and angiogenesis has been demonstrated. Our study mostly focused on the role
of exosomal miR-451a, and the results are similar with those of previous studies. Li et al.
reported that miR-451a upregulation leads to GO/G1 cell cycle arrest in HCC cells [32]. In our
study, we found that miR-451ainduces GO/G1 arrest only in Hep3B cells treated with 100 nM.
These results imply that miR-451a functions differently in cell cycle distribution in different
cell types. Our results further confirmed those of a previous study regarding the role of miR-
451a in tumor-associated angiogenesis [31, 33]. We observed that miR-451a dysfunction
is involved in tube formation and vessel permeability in HCC-associated endothelial cells,
thus leading to impaired tumor angiogenesis. Moreover, we observed a possible correlation
between miR-451a and lipid homeostasis during HCC progression, which requires further
research.

LPIN1 plays a role in lipid metabolism in various tissues and cell types. The inhibition of
lipogenesis was previously reported to affect cancer cellular processes including apoptosis,
migration. He et al. found that LPIN1 silencing increases apoptosis in basal-like triple-
negative breast cancer [25]. Our study confirmed that miR-451a targeted LPIN1 regulated cell
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Fig. 8. Elevated expression of miR-451a inhibits hepatocellular carcinoma (HCC) tumor growth and
angiogenesis in vivo. A, SMMC-7721 cells were subcutaneously injected into male NOD/SCID mice (n = 5).
Tumor development was allowed to occur for 10 days, and then mice were peritumorally treated with miR-
451a agomir or negative control (NC) (once every three days) for another 15 days. B, Tumors from miR-
451a agomir- and NC-treated mice are shown. C-E, Approximate tumor weight (C), tumor volume (D), and
body weight (E) of mice were measured. F, Expression of miR-451a in HCC xenografts was examined by
quantitative PCR. G and H, The expression of LPIN1 in HCC xenografts was examined by western blotting (G)
and immunohistochemical (IHC) staining (H). I and ], Apoptosis in HCC xenografts was assessed by TUNEL
assays (I) and IHC staining for CD31 (J). *P<0.05, **P<0.01, ***P<0.001.

apoptosis. Moreover, LPIN1 depletion was also reported to decrease prostate cell migration
[34]. That research indicated that the regulation of migration by miR-451a could also be
mediated by LPIN1. In addition, miR-451a functions mainly through the inhibition of target
genes that are associated with intracellular signaling pathways. Thus, other target genes and
signaling pathways are also suggested to regulate the growth of tumor cells, and therefore,
the role of other potential metabolically-unrelated target genes and signaling pathways in
the growth of hepatoma cells requires further investigation. In our study, we demonstrated
that miR-451a is closely related to lipid metabolism through its LPIN1-targeting function.

Herein, the function of miR-451a was found to be related to its ability to target LPIN1,
a factor that regulates lipid homeostasis, implying the molecular mechanism through which
miR-451a regulates HCC pathogenesis. Importantly, the antitumor effects of miR-451a, such
as the inhibition of tumor growth and angiogenesis, were identified both in vitro and in vivo.
Taken together with the previously established clinical roles of miRNAs [10, 27], we provide
functional evidence that miR-451a might be a potential target for HCC diagnosis and gene
therapy.
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Conclusion

Collectively, we demonstrated that miR-451a is downregulated in serum exosomes
derived from HCC patients, implying that exosomal miR-451a is a potential target for HCC
diagnosis. Ectopic expression of miR-451a perturbed HCC growth and tumor angiogenesis
via apoptosis in vitro and in vivo. Moreover, LPIN1, a lipid metabolism associated factor, was
found to be a critical target of miR-451a in HCC and endothelial cells. Our study provides
new insight into the mechanisms of hepatocellular carcinoma. However, further studies on
feasibility are still required before miR-451a can be targeted for clinical applications.
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