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Abstract
Background: Angiogenesis plays an important role in the occurrence, development and metastasis of
hepatocellular carcinoma (HCC). miR-378a-3p participates in tumorigenesis and tumor metastasis
according to previous studies, yet the exact role it plays in HCC angiogenesis remains poorly understood.

Methods: qRT-PCR was used to investigate the expression of miR-378a-3p in HCC tissues and cell lines.
The effects of miR-378a-3p on HCC in vitro and in vivo were examined by CCK-8, transwell assay, tube
formation and matrigel plug assay. RNA sequencing, bioinformatics analysis, luciferase reporter assay,
immuno�uorescence assay and ChIP assay were used to detected the molecular mechanism of miR-
378a-3p-induced inhibition of angiogenesis.

Results: We con�rmed that the expression of miR-378a-3p was signi�cantly downregulated and was
associated with microvascular density (MVD) in HCC, which indicated a short survival time of HCC
patients, and reducing miR-378a-3p expression led to a signi�cant increase in angiogenesis in vitro and in
vivo. miR-378a-3p directly targeted TNF receptor associated factor 1 (TRAF1) to attenuate NF-κB
signaling, and then decreases secreted vascular endothelial growth factor (VEGF). DNA
methyltransferase 1 (DNMT1) mediated hypermethylation of miR-378a-3p was responsible for
downregulating of miR-378a-3p. Moreover, a series of investigation indicated that p65 initiated a positive
feedback loop, which could up-regulate DNMT1 to promote hypermethylation of the miR-133a-3p
promoter.

Conclusion: Our study indicates that a novel DNMT1/miR-378a-3p/TRAF1/ NF-κB positive feedback loop
in HCC cells, which may become a potential therapeutic target for HCC.

1. Background
Hepatocellular carcinoma (HCC) is one of the most common digestive tract tumors in the world, with
approximately 850,000 new cases and at least 780,000 deaths annually[1]. With the advancements in
diagnostic techniques and the development of surgical strategies, such as hepatectomy, liver
transplantation, local ablation therapy, and transarterial chemoembolization, the survival rate and quality
of life of HCC patients has signi�cantly improved; however, the �ve-year survival rate is still less than 30%
[2]. Angiogenesis is known to regulate tumor growth and metastasis by providing nutrients for tumor
cells[3]. HCC is a typical angio-rich tumor characterized by abnormal angiogenesis. In clinical practice,
multi-target tyrosine kinase inhibitors targeting vascular endothelial growth factor (VEGF) could inhibit
the growth and development of HCC through suppressing the angiogenesis. However, these drugs is still
limited[4–6]. Therefore, it is vital to explore new targets for the treatment of HCC via regulating HCC
angiogenesis.

NF-κB signal transduction is a highly conserved signaling pathway, and its abnormal activation plays an
important role in tumor occurrence and development. A previous study found that NF-κB had a wide
range of transcription activity and multiple links to angiogenesis[7, 8]. It has been shown that inhibition of
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NF-kB can eliminate the production of VEGF and angiogenesis in a variety of conditions[9]. Studies have
indicated that NF-κB contributes to angiogenesis in prostate[10], breast[11], colorectal[12], and pancreatic
cancers[13]. Meiotic recombination protein (REC8) has been shown to inhibit NF-κB/p65 activity and its
downstream gene VEGF and ultimately exert anti-angiogenesis function in tumor angiogenesis in gastric
cancer cells[14]. The expression of prenyl diphosphate synthase subunit 2 (PDSS2-DEL2) was found to
be positively related to microvascular counts in HCC, and activation of the NF-κB pathway promoted
metastasis and angiogenesis of HCC[15]. Therefore, inhibiting NF-kB activity, leading to the decreased
tumor-induced blood vessels formation, might be an important strategy for the treatment of HCC.

MicroRNAs (miRNAs) are endogenous noncoding RNAs, approximately 22 nucleotides in length, and are
known to regulate various biological processes, including angiogenesis and tumor progression[16, 17].
miRNA-378a, including miR-378a-3p and miR-378a-5p, is located on human chromosome 5q32 and owns
abundant biological functions[18]. The expression of miR-378a is involved in the regulation of
mitochondria, glucose metabolism, autophagy, and other metabolic pathways[19, 20]. Besides, miR-378a
plays an active role in the occurrence and development of malignant tumors[21, 22]. The miR-378a-5p
suppressed angiogenesis of oral squamous cell carcinoma by the regulation of Kallikrein-related
peptidase 4 (KLK4). The miR-378a-3p could bind to the target genes, mitogen-activated protein kinase 1
(MAPK1) and growth factor receptor bound protein 2 (GRB2), and leads to the silence of their expression
and reverses cisplatin resistance of ovarian cancer cells[23]. The overexpression of miR-378 also
promotes the migration and invasion of human hepatoblastoma cells[24]. Pogribny et al. fed rats with the
oncogenic agent tamoxifen to induce HCC. After 12 weeks and 24 weeks, miRNA expression pro�les were
studied in the liver of rats, and it was found that miR-378 expression was decreased in the tamoxifen-
treated group[25]. However, the mechanism of the effects of miR-378a on the occurrence and
development of HCC is still unclear.

In this study, we identi�ed the novel function in miR-378a-3p that play an antitumor role in HCC
angiogenesis and was correlated with a favorable prognosis. Further in vitro and in vivo experiments
demonstrated that miR-378a-3p abolished the oncogenic function of NF-κB/p65 for silencing its targeted
gene TNF receptor associated factor 1 (TRAF1), the activator of NF-κB. What’s more, p65 promoted the
transcriptional expression of DNA methyltransferase 1 (DNMT1) what could act as the DNA
methyltransferase of miR-378a-3p. In total, the regulatory mechanism network of HCC angiogenesis
formed a positive feedback loop via DNMT1/miR-378a-3p/TRAF1/ NF-κB.

2. Materials And Methods

2.1 Clinical samples
108 pairs of original HCC tissues and para-carcinoma tissues were oh2tained from patients undergoing
surgery at the a�liated hospital of Nantong University h2etween 2004 and 2010. Another cohort of 10
matched fresh HCC cases was collected from the same hospital. All patients had not received
chemotherapy, radiotherapy, or immunotherapy h2efore undergoing surgery. The follow-up was
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completed in August 2015 (median follow-up 65 months; range, 2–95 months). The samples were
collected promptly during surgical resection and stored at -80℃. The experimental protocol was
approved h2y the ethics committee of the a�liated hospital of Nantong University. Also, written informed
consent was oh2tained from all participants.

2.2 Cell lines and culture condition
MHCC-97H, MHCC-97L and HCCLM3 cells lines were donated h2y the Liver Cancer Institute, ZhongShan
Hospital. LO2, SMMC-7721 and human umh2ilical vein endothelial cells (HUVECs) were procured from
GeneChem (Shanghai, China). All cell lines were cultured in DMEM medium, supplemented with 10% fetal
h2ovine serum (FH2S), ampicillin, and streptomycin in a 5% CO2 humidi�ed chamh2er at 37°C.

2.3 Cell transfection and drug treatment
The sequences of the mimic or inhih2itors were designed and composed h2y GenePharma (Suzhou,
China). Cell transfection was performed on a six-well plate using the Lipofectamine 3000 reagent
(Invitrogen, USA). Cells were collected 48 h post-transfection to detect the expression. DNMT1 siRNA,
DNMT3A siRNA, DNMT3H2 siRNA were oh2tained from GeneChem. The siRNA sequences are shown in
Tah2le S1. For drug treatment, cells were treated with 10µM 5-Azacytidine (5-Aza, MedChemExpress,
Shanghai, China) for 48 h, 50µg/ml SN50 (Solarh2io, H2eijing, China) for 24h, or 60µg/ml LPS
(MedChemExpress) for 24h. All experiments were performed in triplicate.

2.4 qRT-PCR analysis
Total RNA was extracted using the Trizol reagent (Invitrogen). We performed qRT-PCR following a
previously descrih2ed method[26]. The h2ulge-loop RT primer and qPCR primers speci�c for has-miR-
378a-3p and has-miR-378a-5p were designed and synthesized h2y Rih2oH2io (Guangzhou, China).
Tah2le S2 lists the primers used in this study. All experiments were performed in triplicate.

2.5 Suh2cellular fractionation and Western h2lot assay
Suh2cellular fractionation was performed using a Nuclear and Cytoplasmic Protein Extraction Kit
(Sangon H2iotech), in accordance with the manufracturer’s instructions. Total protein separation and
western h2lot were performed following a previously descrih2ed method[27]. The following antih2odies
were used: anti-NF-κH2 p65 (Proteintech; Wuhan, China; 66535-1-Ig), anti-p-IκH2α (Cell Signaling
Technology; H2oston, USA, 14D4), anti-p-IKKβ (Ah2cam; Shanghai, China, ah259195), anti-β-actin
(Proteintech; 66009-1-Ig), anti-lamin H21 (Proteintech; 66095-1-Ig), and anti-TRAF1 (Proteintech; 26845-1-
AP). All experiments were performed in triplicate.

2.6 Immunohistochemistry (IHC)
IHC was performed following a previously descrih2ed method[27]. The following antih2odies were used:
anti-CD34 (Proteintech; 14486-1-AP), anti-VEGF (Proteintech; 19003-1-AP), Staining intensity was scored
manually h2y two independent experienced pathologists as: 0 = no staining, 1 = weak staining, 2 = 
moderate staining, and 3 = strong staining. The percentage of positive cells was also assessed according
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to four scores: 1 (0%-10%), 2 (11%-50%), 3 (51%-80%), and 4 (81%-100%). The �nal IHC score was
calculated h2y multiplying the intensity score h2y the percentage of positive cells. Low expression of
VEGF was for scores from 0 to 5. The ones with scores ≥ 6 were considered high expression[28]. CD34
antih2ody was used to stain vascular endothelial cells and then calculated microvessal density (MVD).
The �eld of maximal CD34 expression was found in tumor tissues. Within this �eld, the area of maximal
angiogenesis was selected, and microvessels were counted on a 200×magni�cation �eld. Low expression
of MVD was for scores from 0 to 3. The ones with scores ≥ 4 were considered high MVD[29].

2.7 Immuno�uorescence
Immuno�uorescence was performed as descrih2ed in our previous study[27]. The cells were incuh2ated
overnight with anti-NF-κH2 p65 at 4℃, followed h2y washing thrice with PH2S. Next, the cells with
�uorescent Alexa Fluor 594-conjugated goat anti-rah2h2it IgG (AH2clonal, Wuhan, China; AS039) and
DyLight-488 goat anti-mouse IgG (MultiSciences; Hangzhou, China; GAM4882). Finally, nuclei were
lah2eled with DAPI (Cell Signaling Technology) for 15 min, and the images of stained cells were captured
h2y the H2X41 microscope (Olympus, Japan). All experiments were performed in triplicate.

2.8 Wound healing assay, Cell invasion assay, and Colony
assay
We added 0.4-µm-thick pore inserts (Corning, USA) into 6-well culture plates. HUVECs (1×106 cells) were
placed in the lower strata and treated HCCLM3 and SMMC-7721 cells were placed in the upper inserts
and co-cultured in DMEM medium with 5% FH2S for 48 h. Next, we collected the treated HUVECs for
wound healing assay, cell invasion assay, and colony assay. These experiments were performed as
descrih2ed previously[30]. All experiments were performed in triplicate.

2.9 Tuh2e formation assay
We added Matrigel (170 µL) to cold 48-well culture plates and allowed to solidify at 37°C for 30 min. Next,
treated HUVECs (1×104 cells/well) were seeded onto the matrigel. After incuh2ation for 8 h at 37℃, the
formation of polygonal tuh2es was assessed microscopically at 100x magni�cation. All experiments
were performed in triplicate.

2.10 Matrigel plug assay
Male H2ALH2/C nude mice aged 6 weeks were purchased from the Animal Lah2oratory Center of
Nantong University (Nantong, China). HCCLM3 and SMMC-7721 cells were treated with miR-378a-3p
mimics or inhih2itors for 48 h, respectively. These cells resuspended in a serum-free medium (5×106 cells
in 50µL) and then mixed with 400 µL of matrigel. The cell/Matrigel mixture was injected into nude
mouse. 7 days later, the mice were sacri�ced, and the matrix plug was removed for analysis. All animal
experiments were approved h2y the Institutional Animal Care and Use Committee of Nantong University
following current guidelines for animal care and welfare.
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2.11 ELISA
HCC cells were seeded in 6-well plates and incuh2ated in serum-free medium for 24 hours. The
conditioned medium was collected, and the concentration of VEGF was quanti�ed using VEGF ELISA kits
(Jianglaih2io, shanghai, China, JL18341) according to the manufacturer’s instructions. All experiments
were performed in triplicate.

2.12 Luciferase reporter assays
NF-κH2 luciferase assays were performed via the co-transfection with the pNF-κH2-luciferase plasmid
(GeneChem), control luciferase plasmid, pRL-TK Renilla, miRNA mimics and miRNA mimics control into
HCC cells h2y Lipofectamine 3000 (Invitrogen). The 3’-UTR sequences of TRAF1 containing miR‐378a-3p
h2inding sites were synthesized and constructed into the luciferase reporter vector (GeneChem). Next,
SMMC-7721 and HCCLM3 cells transfected with miRNA mimics and control were co-transfected with the
luciferase reporter vectors. The wild-type DNMT1 promoter and a promoter with mutated NF-κH2-
h2inding sites were designed h2y GeneChem. DNMT1-WT or DNMT1-MUT was co-transfected with
pcDNA3.1 vector or pcDNA3.1 p65 (GeneChem). After 48 h, the luciferase activity was measured with a
dual-luciferase assay kit (H2eyotime, shanghai, China). The results are presented as the relative
luciferase activity of Renilla, which was normalized to the activity of �re�y luciferase. All experiments
were performed in triplicate.

2.13 Chromatin immunoprecipitation (ChIP)
ChIP was done using a previously descrih2ed method[31]. ChIP assays were performed using a Pierce
Magnetic ChIP Kit (Thermo Fisher Scienti�c, Waltham, MA, USA) according to the manufacturer's
protocol. Anti-p65 antih2ody and normal IgG (MultiSciences) were used for immunoprecipitation. Primer
sequences for ChIP assays were as follows: forward, 5’-TGTCACCATGCCCAGCAAAT-3’; reverse, 5’-
TAAATTAAGAAGCACCATGT-3’. All experiments were performed in triplicate.

2.14 Online h2ioinformatics analysis
Two datasets, GSE108724 and GSE54751, were download from the Gene Expression Omnih2us (GEO)
datah2ase to determine the differential miR-378a-3p expression. The University of California Santa Cruz
(UCSC) Xena H2rowser was used to explore and analyze the genes in the TCGA datah2ase. Putative miR-
378a-3p target genes were predicted h2y miRWalk (http://mirwalk.umm.uni-heidelh2erg.de/) and
miRTarH2ase (http://mirtarh2ase.mh2c.nctu.edu.tw/). The GEPIA datah2ase (http://gepia2.cancer-
pku.cn/) was used to analyse the expression correlation h2etween DNMT1 and p65. JASPAR
(jaspar.genereg.net/) was used to predict the putative transcription factors of DNMT1. STRING dataset
(https://string-dh2.org/) was used to predict the functional pathways correlated with TRAF1.
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2.15 RNA sequencing
Three repeated pairs of SMMC-7721/miR-378a-3p mimic and control groups were prepared for RNA
sequencing, which was performed h2y GENEWIZ (Soochow, China). A signi�cant difference in mRNA
expression (P-value < 0.05 and |log2 FC| >1) h2etween groups was identi�ed using the fold change cut-
off.

2.16 Statistical analysis
The measured data were represented as the mean ± SD. Student’s t-test was used for statistical
comparisons h2etween experimental groups. The correlations h2etween miR-378a-3p expression and
various clinicopathological factors were performed using chi-squared test. The Cox regression model was
used to evaluated prognostic factors. Logistic regression analysis was performed to identify risk factors
affecting miR-378a-3p levels in HCC. The proh2ah2ility of differences in overall survival (OS) and
disease-free survival (DFS) were assessed with Kaplan-Meier and log-rank tests. Spearman’s correlation
rank analysis was used to analyse categorical variah2les. All statistical analyses were performed with
SPSS v24.0 software. P < 0.05 was considered as statistically signi�cant.

3. Results

3.1 miR-378a-3p expression is downregulated in HCC
patients and correlated with HCC angiogenesis
To elucidate the functional roles of miR-378a in HCC, we found that miR‐378a levels were down-regulated
in HCC tissues compared to normal tissues from The Cancer Genome Atlas (TCGA) and GSE54751
datasets (Fig. 1A, B). Next, we compared the mRNA levels of the two strands of miR-378a, miR-378a-3p
and miR-378a-5p, in 10 matched fresh HCC and corresponding normal tissues, respectively. The miR-
378a-3p and miR-378a-5p expression was signi�cantly downregulated in HCC, and miR-378a-3p showed
a substantially higher difference (Fig. 1C, D). The GSE108724 dataset and 108 matched samples also
con�rmed that miR-378a-3p was downregulated in HCC (Fig. 1E, F). Combined with the clinical data of
108 patients, we found that the decreased miR‐378a-3p expression was closely associated with tumor
thrombus and MVD (Table 1). Moreover, multiple logistic regression analysis showed expression miR‐
378a-3p was signi�cantly inversely correlated with MVD (p < 0.001, odds ratio [OR] = 0.070, 95%
con�dence interval [CI]: 0.027–0.179). The results was also validated in 10 paired HCC and normal
tissues via FISH assay for miR-378a-3p and IHC for MVD (Fig. 1G, H). Kaplan-Meier analysis showed that
HCC patients with lower miR‐378a-3p expression had worse OS and DFS rates than those with higher
miR-378a-3p expression (Fig. 1I, J). Also, the results of Cox multivariate regression analysis revealed that
miR‐378a-3p was an independent, effective prognostic factor (Table 2).
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3.2 miR-378a-3p inhibited HCC angiogenesis in vitro and in
vivo
To further study the function of miR-378a-3p in HCC angiogenesis, HUVECs growth, metastasis
experiments and tube formation were investigated. Real-time PCR (qRT-PCR) was performed to
investigate the expression of miR-378a-3p in four HCC cell lines and human normal liver cell line LO2. The
expression of miR‐378a-3p in HCC cell lines was signi�cantly lower than those in LO2 cells (Fig. 2A).
Then, we established miR-378a-3p-overexpressing HCC cells with LM3 and miR-378a-3p-knockdowning
HCC cells with SMMC-7721 (Fig. 2B). A co-culture system was used to culture treated HCC cells along
with HUVECs for 48h (Fig. 2C). Reduced proliferation was observed in HUVECs co-cultured with higher
miR-378a-3p expression HCC cells (Fig. 2D, E, Supplementary Fig. S1A). Wound healing assay and
Matrigel assay indicated that the migration and invasion ability of HUVECs was decreased after co-
culturing with the miR-378a-3p-overexpressing HCC cells, while anti-miR-378a-3p resulted in the elevated
(Fig. 2F, G, Supplementary Fig. S1B). The supernatant from miR-378a-3p-overexpressing HCC cells
inhibited HUVECs tube formation (Fig. 2H). Correspondingly, these results were con�rmed by the in vivo
experiments. The matrigel plug assay was used to analyze the potential of neovascularization to further
identify the antitumor function of miR-378a-3p in HCC. The matrigel plugs collected from the NC group
had more blood vessels (Fig. 2I). The results of IHC showed that the MVD (Fig. 2J) and the expression of
VEGF (Fig. 2K) was lower in the miR‐378a-3p-overexpression group than in the NC group. The result of
ELISA indicted that the secretion of VEGF was downregulated by miR-378a-3p mimics and upregulated
by miR-378a-3p inhibitor in conditioned medium of HCC cell lines (Fig. 2L). Thus, our data suggested that
miR‐378a-3p negatively regulated HCC angiogenesis in vitro and in vivo.

3.3 TRAF1 acted as a direct target gene of miR-378a-3p in
HCC cells
RNA sequencing was performed to understand the molecular mechanism of miR-378a-3p-induced
inhibition of angiogenesis in SMCC-7721 cells. We identi�ed 297 differentially expressed genes (DEGs),
including 133 upregulated DEGs and 164 downregulated DEGs (Fig. 3A). Next, we used the online
bioinformatics tool miRWalk and miRTarbase to predict the potential target of miR-378a-3p. Combined
with the results of gene microarray analysis, TRAF1 was the only putative target of miR-378a-3p and was
downregulated while the miR-378a-3p was upregulated in SMCC-7721 cells (Fig. 3B). Furthermore, we
used a bioinformatics database to examine whether miR-378a-3p could bind to TRAF1. We found that
TRAF1 had a potential binding site of miR-378a-3p, and then we inserted the wild-type or mutant TRAF1
into a luciferase reporter vector (Fig. 3C). Transfection of miR-378a-3p mimic signi�cantly inhibited the
luciferase activity of the wild-type TRAF1 reporter, and this effect was completely eradicated for the
mutant reporter (Fig. 3D). Additionally, miR-378a-3p mimics downregulated the mRNA and protein
expressions of TRAF1, while miR-378a-3p inhibitor upregulated the TRAF1 expression in HCC cells
(Fig. 3E, F). Thus, these results indicated that TRAF1 acted as a direct target of miR-378a-3p in HCC.



Page 9/29

3.4 The miR-378a-3p inhibited the activation of the NF-κB
signaling pathway by downregulating TRAF1 expression
To identify the molecular mechanism by which miR-378a-3p inhibits HCC angiogenesis. STRING dataset
was used to predict the top 10 functional pathways correlated with TRAF1 (Fig. 4A). As we and others
have shown that TRAF1 activated NF-κB signaling pathway and promoted cancer development[32]. Next,
we performed luciferase reporter assays to determine the function of miR-378a-3p in NF-κB signaling
activation and found that the relative luciferase activity of NF-κB was reduced in miR-378a-3p-
overexpressing cells (Fig. 4B) and was increased in miR-378a-3p knockdown cells (Fig. 4C). Meanwhile,
the results of immuno�uorescence assays shown that the nuclear expression of p65 was decreased in
miR-378a-3p-overexpressing cells (Fig. 4D) while increased in miR-378a-3p knockdown cells (Fig. 4E).
The results of western blot showed that the overexpression of miR-378a-3p inhibited the phosphorylation
of IκBα and IKK-β while miR-378a-3p knockdown increased their phosphorylation. Additionally, the
upregulated expression of miR-378a-3p reduced nuclear p65 expression, whereas knockdown of miR-
378a-3p increased nuclear p65 expression (Fig. 4F, G). To further characterise the antioncogenic function
of miR-378a-3p in HCC, we compared the cells transfected with miR-378a-3p NC, mimics, and mimics
combined with lipopolysaccharide (LPS), which activates the NF-κB pathway, LPS reversed the
proliferation, migration, invasion and angiogenesis abilities inhibitions of miR-378a-3p and the results
were also con�rmed by the transfection of miR-378a-3p inhibitor and SN50, which inhibits the NF-κB
pathway (Supplementary Fig. S2A-E). ELISA also demonstrated that the secretion of VEGF in conditioned
medium of HCC cell lines was upregulated by miR-378a-3p mimics and LPS than miR-378a-3p mimics
alone, while the cells transfected with miR-378a-3p inhibitor and treated with SN50 exhibited lower
secretion of VEGF (Supplementary Fig. S2F). Next, western blot con�rmed that LPS attenuated the
inhibiting effect of miR-378a-3p mimics and SN50 repressed the promoting effect of miR-378a-3p
inhibitor (Supplementary Fig. S3A, B). Together, our data suggested that miR-378a-3p inhibited HCC
angiogenesis by suppressing the activation of the NF-κB signaling pathway.

3.5 miR-378a-3p is hypermethylated by DNMT1 and
silenced in HCC tissues and cells
The methylation of the promoter DNA could reduce the miRNA expression[33, 34]. We treated SMMC-
7721 and HCCLM3 cells with a demethylating agent, 5-Aza-CdR, to con�rm whether the decrease in miR-
378a-3p in HCC was caused by DNA methylation. As expected, the expression of miR-378a-3p was
dramatically increased after treatment with 5-Aza-CdR (Fig. 5A). Because the miR-378a-3p promoter is
hypermethylated in HCC, we hypothesized that the deregulation of a speci�c methylase or demethylase
induces this process. To clarify the potential roles of the various DNMTs in mediating miR-378a-3p
promoter methylation in HCC, we knocked down DNMT1, DNA methyltransferase 3 alpha (DNMT3A), and
DNA methyltransferase 3 beta (DNMT3B) in HCC cells using speci�c small interfering RNAs (siRNAs)
(Fig. 5B). The relative miR-378a-3p mRNA level of HCC cells transfected with DNMT1, but not those with
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DNMT3A and DNMT3B was obviously increased (Fig. 5C). Moreover, overexpression of DNMT1
signi�cantly suppressed miR-378a-3p expression (Fig. 5D). To further test this speculation, we evaluated
the expression level of DNMT1 in HCC patients with GEPIA database (Fig. 5E). We also examined the
expression level of DNMT1 in 10 pairs of clinical HCC and normal tissues. The results revealed that
DNMT1 was generally expressed at a higher level in HCC tissues (Fig. 5F). Spearman’s rank correlation
analysis revealed a negative correlation between DNMT1 and miR-378a-3p expression (Fig. 5G). The
above results suggested that DNMT1 could directly induce the hypermethylation of miR-378a-3p and
downregulate its expression.

3.6 p65 promoted DNMT1 transcription and induced miR-
378a-3p silencing mediated by DNA hypermethylation
Consistent with our results, silencing miR-378a-3p can activate p65, which is a well-known transcription
factor and involved in tumor genesis and development[35]. Interestingly, the results indicated p65-
overexpression increased DNMT1 expression and reduced the expression of miR-378a-3p in HCC cells
(Fig. 6A, B). Based on this phenomenon, we assumed that p65 could feedback regulate the expression of
DNMT1. that GEPIA database showed that p65 was positively correlated to DNMT1 in HCC (Fig. 6C). To
elucidate the mechanisms underlying p65 induced upregulation of DNMT1, we analyzed the DNMT1
promoter and identi�ed a potential binding sites for p65 (Fig. 6D) and then constructed vectors
containing wildtype or mutant promoters of DNMT1 for luciferase reporter assay (Fig. 6E). We found that
the transfection of p65 signi�cantly enhanced the luciferase activity of the DNMT1 WT reporter, whereas
this effect was completely reversed by the mutant reporter, indicating that this site was the key region of
p65 mediated DNMT1 upregulation (Fig. 6F). The results of the ChIP assay determined that p65 directly
bound to the DNMT1 promoter in HCC cells (Fig. 6G). Thus, these results suggested that silencing of miR-
378a-3p mediated by DNA methylation facilitated angiogenesis of HCC through up-regulating the
expression of p65, which positively provided feedback for the methylation of miR-378a-3p (Fig. 6H).

 

4. Discussion
Angiogenesis plays pivotal roles in tumor progression and metastasis. Thus, it is important to investigate
the role of miR-378a-3p in regulating HCC angiogenesis to develop therapeutic interventions. Several
studies have shown that miR-378a-3p plays different functions in different tumors[23, 36–40]. In this
study, we found that the expression of miR-378a-3p was downregulated in HCC and was related to the
poor prognosis. The expression of miR-378a-3p had a signi�cant effect on angiogenesis by a series of
experiments in vitro and in vivo. Consistent with these experiments, the results of GO analysis in RNA
sequencing showed enrichment of “negative regulation of endothelial cell proliferation” and “negative
regulation of endothelial cell differentiation” (Supplementary Fig. S4A). Thus, we con�rmed that miR-
378a-3p plays a new antiangiogenic role in HCC and provides promising means for HCC treatment.
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TRAF1, a member of the TRAF family, is known to regulate the cascade of typical and atypical NF-κB
signaling. Compared with the other members, TRAF1 has received more attention due to its lack of RING
and zinc �nger structures[41]. The upregulated anti-apoptotic protein TRAF1 activates the PI3K/Akt/NF-
κB signaling pathway in non-small cell lung cancer (NSCLC)[42]. TRAF1 is necessary for the development
of UV radiation-induced skin cancer, and the deletion of TRAF1 in mice has been shown to signi�cantly
inhibit the formation of skin tumors[43]. Also, miR-483 has been shown to inhibit the proliferation and
migration of colorectal cancer cells by targeting TRAF1[44]. Studies have shown that miR-127-5p
alleviates severe pneumonia by targeting TRAF1 to inactivate Akt and NF-κB signaling pathways[45]. In
our study, TRAF1 was con�rmed as the downstream regulator of miR-378a-3p. Also, miR-378a-3p could
negatively regulate the expression of TRAF1. These data further suggested that miR-378a-3p was
inversely correlated with the TRAF1 in HCC.

DNA methylation is one of the most important epigenetic modi�cations and is involved in various human
diseases[46]. DNA methyltransferases (DNMTs) are a vital epigenetic family of enzymes that catalyze
and maintain DNA methylation. Studies have identi�ed three types of DNMTs with speci�c biological
functions: DNMT1, DNMT3A, and DNMT3B. Compared with DNMT3A and DNMT3B, DNMT1 plays a
more vital biological roles[47]. Numerous studies have found that DNMT1 is associated with abnormal
DNA methylation, and elevated expression of DNMT1 has been shown to promote the occurrence and
development of cancers of the esophagus, breast, pancreas, thyroid, and colon[48]. Enhancer of Zeste
Homolog 2 (EZH2) has been shown to recruit DNMT1 to methylate the CpG island of the miR-484
promoter, which negatively regulates the Wnt/MAPK and TNF signaling pathways by upregulating the
expression of HNF1A and MMP14, respectively, to inhibit the growth and metastasis of cervical
cancer[49]. Jiang et al. found that ARID2 inhibited epithelial-mesenchymal transition (EMT) of HCC cells
by recruiting DNMT1 to the Snail promoter region, inducing promoter methylation and inhibiting Snail
transcription[50]. Our results provide a new mechanism indicating DNMT1-induced regulation of the
downregulated expression of miR-378a-3p.

The expression of DNMT1 is regulated by multiple factors. A histone H3 peptide ubiquitinated (H3Ub)
stimulates the maintenance activity of DNMT1 by increasing its methylation processivity. The SET and
RING �nger-associated domain (SRA) domain of ubiquitin like with PHD and ring �nger domains 1
(Uhrf1) additively stimulates DNMT1 activity with H3Ub peptides[51]. Deletion of lysine-speci�c histone
demethylase 1 (LSD1) induces the loss of DNA methylation. This loss correlates with a decrease in
DNMT1 protein, as a result of reduced DNMT1 stability. DNMT1 protein is methylated in vivo, and its
methylation is enhanced in the absence of LSD1[52]. Multiple transcription factors including E2F1 and
SP1 mediate the transcriptional activation of DNMT1 by the activated MEK/ERK pathway[53]. In lung
cancer, p65 is known to directly recruit DNMT1 to chromatin to enhance the methylation of the BRMS1
promoter; thus, acting as a transcriptional suppressor[54]. Therefore, we hypothesized that p65 induced
DNMT1 transcription by promoting the activation of the promoter of DNMT1 in HCC. The DNMT1
promoter region was analyzed by JASPAR, and the region contains a hypothesized binding site of p65.
Additionally, we found that DNMT1 was positively correlated to p65 in GEPIA. Combined with ChIP assay
and dual-luciferase reporter assay, these experiments indicated that p65 promoted DNMT1 transcription.
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Conclusion
In conclusion, our study unravels that miR-378a-3p is a potential predictor and therapeutic target for the
treatment of HCC. Low miR-378a-3p expression was associated with MVD and poor survival outcome in
HCC patients. DNA hypermethylation-induced silencing of miR-378a-3p facilitates HCC angiogenesis by
up-regulating TRAF1 and NF-κB signaling. As a transcriptional coactivator, p65 promotes DNMT1
expression, which positively regulates miR-378a-3p promoter methylation.
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Table 1. Relationships between miR-378a-3p expression and clinicopathological characteristics of HCC
patients
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Clinicopathological characteristics   n Low expression High expression P value

Total 108 54 54  

Gender       0.060

Male 75 33 42  

Female 33 21 12  

Age (years)       0.440

≤60 83  41 42  

>60 25 13 12  

Grade of differentiation       0.123

Low 56 32 24  

High-Middle 52 22 30  

Tumor diameter (cm)       0.123

≤5 50 29 21  

>5 58 25 33  

Liver function (Child-Pugh stage)       0.588

A 92 45 47  

B or C 16 9 7  

Hepatocirrhosis       0.288

Absent 31 13 18  

Present 77 41 36  

HBV infection       0.555

Absent 43 20 23  

Present 65 34 31  

Tumor thrombus       0.011

Absent 65 26 39  

Present 43 28 15  

AFP (ng/ml)       0.083

≤20 53 22 31  

>20 55 32 23  
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BCLC stage       0.552

A 41 19 22  

B, C, or D 67 35 32  

Envelope       0.700

Absent 52 25 27  

Present 56 29 27  

Tumor satellite       0.079

Absent 63 27 36  

Present 45 27 18  

MVD       <0.001

High 59 45 14  

Low 49 9 40  

*P<0.05. AFP: serum alpha fetoprotein; HBV: hepatitis B virus; BCLC: Barcelona Clinic Liver Cancer.

 

Table 2. Univariate and multivariable analyses of OS and DFS in HCC patients
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Variable

 

OS DFS

Univariate
analysis

Multivariable
analysis

Univariate
analysis

Multivariable
analysis

P>|z| P>|z| HR(95%CI) P>|z| P>|z| HR(95%CI)

miR-378a-3p
expression

           

Low (n=54) vs. high
(n=54)

<0.001 0.003 0.414(0.232-
0.736)

0.001 0.010 0.454(0.249-
0.828)

Gender            

Male (n=75) vs.
female (n=33)

0.944     0.737    

Age (years)            

≤60 (n=83) vs.
>60 (n=25)

0.518     0.837    

Grade of
differentiation

           

Low (n=56) vs.
middle-high (n=52)

0.330     0.444    

Tumor diameter (cm)            

≤5 (n=50) vs.
>5 (n=58)

0.588     0.294    

Liver function (Child-
Pugh stage)

           

A (n=92) vs. B or C
(n=16)

0.901     0.980    

Hepatocirrhosis            

Absent (n=31)
vs. present (n=77)

0.874     0.698    

Hepatitis B virus            

Absent (n=43)
vs. present (n=65)

0.189     0.692    

Tumor thrombus            

Absent (n=65) vs.
present (n=43)

0.079     0.052    

AFP (ng/ml)            

≤20 (n=53) vs. 0.264     0.973    
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>20 (n=55)

BCLC stage            

I (n=41) vs. II, III, or IV
(n=67)

0.194     0.149    

Envelope            

Absent (n=52) vs.
present (n=56)

0.142     0.946    

Tumor satellite            

Absent (n=63) vs.
present (n=45)

0.146     0.411    

MVD            

High (n=59)

vs.  Low (n=49)

<0.001 0.018 2.048(1.129-
3.715)

0.001 0.022 2.036(1.106-
3.746)

 

Figures
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Figure 1

miR‐378a-3p expression is downregulated in HCC patients and correlated with HCC angiogenesis. The
mRNA expression of miR-378a in HCC and paired normal tissues was analyzed based on TCGA and GEO
databases (A, B). Two chains of miR-378a were detected in 10 matched paired normal tissues and HCC
tissues by qRT-PCR (C, D). Relative miR-378a-3p mRNA expressions were measured in GEO databases
and in 108 pairs of specimens (E, F). Section of tumors were stained with anti-CD34 by IHC and miR-
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378a-3p by FISH (G). The correlation line between miR-378a-3p and MVD was analyzed by linear
regression analysis (H). OS and DFS was analyzed by high or low expression of miR-378a-3p in patients
with HCC by Kaplan–Meier survival curves (I, J). *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 2

The miR‐378a-3p expression inhibited HCC angiogenesis in vitro and in vivo. qRT-PCR analyzed the
mRNA expression of miR-378a-3p in different HCC cell lines (A). HCCLM3 and SMMC-7721 cells were
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transfected with miR-378a-3p mimic, mimic-NC, inhibitor, or inhibitor-NC, respectively, and analyzed by
qRT-PCR (B). A working model of co-culture (C). Treated HUVECs were evaluated by the CCK-8 assay and
colony formation assay to analyze cell viability (D, E). Wound healing assay and invasion assays were
performed, and the numbers of migration or invasion cells/�eld were measured (F, G). miR-378a-3p
mimic, mimic-NC, inhibitor, or inhibitor-NC RNA were transfected into HCCLM3 and SMMC-7721 cells for
48 h, and then HUVECs tube formation assay was performed and cultured with the conditional
supernatant collected from HCC cells (H). Matrigel plugs with treated HCC cells were used to assess the
angiogenesis potential (I). Matrigel plugs were collected to perform IHC analysis using the anti-CD34 and
anti-VEGF antibody (J, K). The VEGF protein concentration in condition medium of treated HCC cells was
detected by ELISA (L). *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2

The miR‐378a-3p expression inhibited HCC angiogenesis in vitro and in vivo. qRT-PCR analyzed the
mRNA expression of miR-378a-3p in different HCC cell lines (A). HCCLM3 and SMMC-7721 cells were
transfected with miR-378a-3p mimic, mimic-NC, inhibitor, or inhibitor-NC, respectively, and analyzed by
qRT-PCR (B). A working model of co-culture (C). Treated HUVECs were evaluated by the CCK-8 assay and
colony formation assay to analyze cell viability (D, E). Wound healing assay and invasion assays were
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performed, and the numbers of migration or invasion cells/�eld were measured (F, G). miR-378a-3p
mimic, mimic-NC, inhibitor, or inhibitor-NC RNA were transfected into HCCLM3 and SMMC-7721 cells for
48 h, and then HUVECs tube formation assay was performed and cultured with the conditional
supernatant collected from HCC cells (H). Matrigel plugs with treated HCC cells were used to assess the
angiogenesis potential (I). Matrigel plugs were collected to perform IHC analysis using the anti-CD34 and
anti-VEGF antibody (J, K). The VEGF protein concentration in condition medium of treated HCC cells was
detected by ELISA (L). *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 3

TRAF1 acted as a direct target gene of miR-378a-3p in HCC cells. Three groups of differentially expressed
genes between SMMC-7721-overexpression and NC by RNA-seq was performed to �nd differentially
expressed genes (A). Venn diagram of the potential target of miR-378a-3p using two independent
algorithms (miRWalk and miRTarBase) combined with our RNA-seq (B). The pattern of TRAF1 3’-UTR
wild-type (WT) and mutated type luciferase reporter (C). Relative luciferase activity in SMMC-7721 and
HCCLM3 cells co-transfected with miR-378a-3p mimic and TRAF1 (WT) or mutant (MUT) (D). TRAF1
mRNA and protein levels in SMMC-7721 and HCCLM3 cells (E, F). *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4

The miR‐378a-3p inhibited the activation of the NF-κB signaling pathway by downregulating TRAF1
expression. Signaling pathway enrichment analysis of TRAF1 was analyzed using the online database
STRING (A). Relative luciferase activity was detected in SMMC-7721 and HCCLM3 cells transfected with
p65 and miR-378a-3p mimic or inhibitor (B, C). Immuno�uorescence analysis was done to detect the NF-
κB signaling activation in SMMC-7721 and HCCLM3 cells (D, E). The protein expression of NF-κB target
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genes transfected with mimic, mimic-NC, inhibitor, or inhibitor-NC RNA was detected by Western blot (F,
G). *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 5

miR-378a-3p is hypermethylated by DNMT1 and silenced in HCC tissues and cells. miR-378a-3p mRNA
expression was detected in HCCLM3 and SMMC-7721 cells treated with 10 μM 5‐Aza‐dC for 48h (A).
SMMC-7721 and HCCLM3 cells were transfected with DNMTs siRNA for 48h, DNMTs mRNA expression
was measured by qRT-PCR (B). SMMC-7721 and HCCLM3 cells were transfected with DNMTs siRNA for
48h, miR-378a-3p mRNA expression was measured (C). miR-378a-3p mRNA expression was detected in
HCC cells transfected with pcDNA-DNMT1 and pcDNA-NC (D). The mRNA expression of DNMT1 in GEPIA
database and in 10 paired HCC and adjacent normal tissues was shown (E, F). The relationship between
DNMT1 and miR-378a-3p in 10 matched fresh HCC cases was shown (G). *P < 0.05; **P < 0.01; ***P <
0.001.
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Figure 6

p65 promoted DNMT1 transcription and induced miR-378a-3p silencing mediated by DNA
hypermethylation. mRNA expression of miR-378a-3p was detected in different HCC cells transfected with
control or p65 (A). The mRNA levels of DNMT1 was detected in HCC cells transfected with control or p65
(B). The relationship between DNMT1 and p65 in the GEPIA database (C). Schematic diagram of binding
sites by JASPAR databases (D, E). Detecting the function of p65 on the DNMT1 promoter by luciferase
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reporter assays and ChIP assays (F, G). A working model of miR-378a-3p on inhibiting tumor
angiogenesis of HCC via inactivating NF-κB signaling pathway (H). *P < 0.05; **P < 0.01; ***P < 0.001.
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