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microRNA-375 inhibits the malignant behaviors of hepatic carcinoma cells by 
targeting NCAPG2 
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Hepatocellular carcinoma (HCC) is a major cause of cancer-related deaths worldwide. Emerging evidence has revealed 
the vital functions of microRNAs (miRNAs) in cancer malignant progressions. miR-375 has been verified to serve as an 
antioncogene in tumorigenesis and a potential therapeutic target in various types of cancer. In this study, we aimed to deter-
mine the role of miR-375 in the regulation of chemoresistance and metastasis of HCC. Differentially expressed miR-375 and 
NCAPG2 were externally validated using expression data from The Cancer Genome Atlas (TCGA) database. Quantitative 
real-time polymerase chain reaction (qRT-PCR) was performed to detect the expression levels of miR-375 in HCC tissues and 
cell lines. miR-375 mimics and NCAPG2-overexpression were transfected into HepG2 and Huh7 cells to establish miR-375 
overexpression models. Cell Counting Kit-8, Transwell, and flow cytometry experiments were conducted to monitor cell 
proliferation, migration, and apoptosis. The targeting relationship between miR-375 and non-SMC condensin II complex 
subunit G 2 (NCAPG2) was determined by qRT-PCR, western blot, and luciferase reporter gene assay. Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analyses were conducted using Gene Set Enrichment Analysis (GSEA). 
The pathway enrichment analysis was used to predict the potential pathways for further study. miR-375 was significantly 
downregulated in HCC tissues and cells compared to adjacent tissue and normal hepatocyte cell line respectively while 
NCAPG2 was upregulated. The targeting relationship was verified by luciferase reporting assay, and miR-375 could target 
the 3’UTR of NCAPG2 mRNA and effectively suppress NCAPG2 protein expression. Replenishing of miR-375 significantly 
repressed HCC cell proliferation and migration, and induced cell apoptosis. Overexpression of NCAPG2 recovered those 
biological abilities in miR-375 overexpressed cells. Collective data suggested that miR-375 served as a tumor suppressor via 
regulating NCAPG2. Replenishing of miR-375 or knockout of NCAPG2 could be therapeutically exploited for HCC. 
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Liver cancer is the fifth most frequent cancer worldwide 
and the second common cause of cancer-related deaths 
worldwide, among which hepatocellular carcinoma (HCC) 
is the most common pathological type [1, 2], especially in 
China with about 50% of newly diagnosed HCC cases and 
deaths worldwide [3]. The rates of HCC incidence and 
mortality have increased across most countries over the past 
three decades since the primary risk factor of HCC is liver 
cirrhosis secondary to persistent infection with hepatitis B 
virus (HBV) or hepatitis C virus (HCV), or alcohol consump-
tion [4]. Large numbers of studies have thoroughly described 
not only the complex pathogenesis of HCC development and 

metastasis but also the multiple treatments [5], including 
the prognosis of HCC patients [4]. Despite improvements 
in HCC therapy in the past 10 years, the prognosis of HCC 
patients is usually very poor due to a high incidence of recur-
rence. An improved understanding of the pathogenesis of 
HCC development would facilitate the development of more 
effective outcomes for the diagnosis and treatment of HCC 
at earlier stages.

Mature miRNAs are a class of non-coding single-stranded 
RNA molecules of 20–23 nucleotide (nt) in length that control 
multiple genes expression in many cellular processes. miRNAs 
are found to adjust target mRNAs’ expression by binding 
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3-untranslated region (UTR) of target mRNAs, thereby 
reducing stability or translation of mRNA [6]. Additionally, 
miRNAs also participate in most cellular functions, such as 
proliferation, apoptosis, differentiation, and metastasis [7, 
8]. miRNAs act as remarkable factors in carcinogenesis and 
receives increasing attention as new non-invasive cancer 
biomarkers as their aberrant expression and dysregulation 
can affect the biological processes of cancer cell greatly [9]. 
Due to their unique maladjusted features throughout tumor 
progression, accumulating evidence has demonstrated 
that miRNAs regulate post-transcriptional progressions 
of HCC by acting as tumor suppressors or oncogenes [10]. 
For instance, the expression of tumor suppressor miR-122, a 
liver-specific anti-proliferative miRNA, is usually downregu-
lated in HCC cells compared with that in normal hepatocytes 
surrounding the tumor [11]. miR-887 has been proved to 
promote the tumorigenesis of HCC via targeting von Hippel-
Lindau tumor suppressor [12]. Besides, serum miRNA-
27a and miRNA-18b as potential predictive biomarkers of 
hepatitis C virus-associated HCC [13]. Among tumor-associ-
ated miRNAs, miR-375 has been studied in multiple cancers 
including osteosarcoma, gastric cancer (GC), prostate cancer 
(PC), oral squamous cell carcinoma (OSCC), and glioblas-
toma (GBM) [14–17]. Despite these studies of miR-375 in 
different cancers, the functions and downstream mechanism 
of miR-375 in HCC remain largely unknown.

Non-SMC condensin II complex subunit G2 (NCAPG2) 
belongs to the chromosome condensin II complex, which 
plays essential roles in mitotic chromosome assembly and 
segregation [18]. Both condensins contain 2 invariant struc-
tural maintenance of chromosome (SMC) subunits, SMC2 
and SMC4, which contain different sets of non-SMC subunits. 
NCAPG2 is 1 of 3 non-SMC subunits that define condensin 
II. Altered expression of NCAPG2 has been the focus in the 
study of different cancers, including lung adenocarcinoma 
[19], glioblastoma [20], and HCC [21]. Although there 
are numerous studies of the effects of NCAPG2 on tumor 
progression, information about the effects of NCAPG2 on 
HCC is still very sparse, and the exact mechanism of action 
of NCAPG2 remains unclear. The present study aimed to 
resolve this issue.

This study was undertaken to clarify how miR-375 
regulates HCC progression by affecting the PI3K/AKT 
pathway and NCAPG2. miR-375 expression in HCC tissues 
and cell lines was analyzed to reveal the role of miR-375 in 
the progression of HCC. Additionally, the effects of miR-375 
on the proliferation and apoptosis of HCC cells and its poten-
tial downstream targets were explored.

Materials and methods

Bioinformatics analysis. Clinical data for patients 
with HCC were obtained from The Cancer Genome Atlas 
(TCGA) database (https://tcga-data.nci.nih.gov; https://
gdac.broadinstitute.org/) available to the public. miRNAs 

and mRNAs with differential expressions in HCC tissues 
were analyzed. The Kaplan-Meier curve was used to test 
lncRNA association with time to progression. All TCGA 
data are now available without restrictions on their use in 
publications or presentations.

Ethical statement. The use of clinical samples was 
approved by the Ethics Committee of the First Affiliated 
Hospital, Sun Yat-Sen University according to the Declara-
tions of Helsinki. Written informed consent was obtained 
and signed by each patient enrolled in the present study.

Tissue samples. A total of 131 pairs of HCC tissues 
were collected from patients who received surgery from 
the Department of the First Affiliated Hospital, Sun Yat-sen 
University between January 2010 and January 2019. None 
of the HCC patients had received adjuvant radiotherapy or 
chemotherapy before surgery. Tissues were stored in liquid 
nitrogen at –80 °C for follow-up testing.

Cell lines. Human HCC cell lines (HepG2, Hep3B, 
and Huh7) and human hepatocyte immortalized cell line 
(THLE-3) were purchased from the Institute of Biochem-
istry and Cell Biology of the Chinese Academy of Sciences 
(Shanghai, China). All cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% fetal bovine serum (FBS; 
Gibco) and 1% v/v penicillin/streptomycin solution (Sigma-
Aldrich), and incubated in the incubator with 5% CO2 at 
37 °C. The medium was replaced every 3 days. Cells in the 
logarithmic growth phase were used for experiments.

RNA isolation and RT-qPCR analysis. The total RNA 
was extracted using TRIzol reagent (Thermo Fisher Scien-
tific, Inc.) and cDNA was synthesized, using the iScript™ 
cDNA reverse transcription kit (Biorad, China). To examine 
the miR-375 expression, RT-qPCR was conducted using the 
PrimeScript® miRNA RT-PCR Kit (Takara, Dalian, China) 
on a 7900HT Real-Time PCR System (Applied Biosys-
tems). To examine the expression of NCAPG2, RT-qPCR 
was performed using SYBR-Green PCR kit (Invitrogen) 
following the manufacturer’s procedure. U6 was used to 
normalize miR-375 while GAPDH was used to normalize 
NCAPG2 mRNA. The relative expression levels of miR-375 
and NCAPG2 were calculated using the 2−ΔΔct method. The 
primers sequences of the evaluated genes are shown in 
Table 1. All experiments were repeated at least three times.

Cell transfection. When cells reached 80% confluence, 
miR-375 mimics and mimics negative controls (Control), 
pCDNA3.1-NCAPG2 (NCAPG2) synthesized by GenePh-
arma (Shanghai, China), were transfected into cells using 
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s procedure. The cells were harvested 48 h after transfec-
tion for follow-up tests. Transfection efficiency was measured 
by RT-qPCR.

Cell Counting Kit-8 Assay. Cell Counting Kit-8 (CCK-8) 
assay was carried out according to the instructions of the 
CCK-8 kit and cell proliferation was detected. Cells were 
harvested in the logarithmic phase, digested with trypsin 
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(0.25%), and the cell suspension was prepared with 10% FBS. 
HepG2 and Huh7 cells (3×103 cells/well) were cultured in 
96-well plates for 1, 2, 3, 4, and 5 days, respectively. Then, cells 
were incubated with 10 µl of the CCK-8 solution (Beyotime) 
at 37 °C for 1 h. The culture was continued at 37 °C for 2 h 
and then terminated. The empty control wells were zeroed. 
The absorbance value of each well was measured at 450 nm 
under a microplate reader. The relative OD ratio was used 
to reflect the cell proliferation capacity. The average value 
of five wells in each group was taken. Every experiment was 
repeated three times.

Transwell assay. Cells were transfected with control and 
miR-375 mimics for 24 h. Cell migration was assessed with 
a Transwell membrane filter insert (8 µm pore size). Briefly, 
the upper chamber was incubated with 200 µl serum-free 
3×104 cell suspension and the lower chamber was filled with 
500 µl DMEM culture medium containing 10% FBS. Cells 
were then incubated in a humidified 5% CO2 incubator at 
37 °C for 24 h. Cells on the upper layer of the membrane 
were removed with a cotton swab and those migrated cells in 
the lower chamber through the membrane were fixed in 4% 
paraformaldehyde for 5 min and stained with 0.3% crystal 
violet dye for 10 min. At least five fields of each membrane 
were observed and photographed under a microscope. The 
number of cells was presented as the average number of cells 
in every microscopic field of every well. Each experiment was 
repeated at least three times.

Apoptosis analysis. After 48 h of incubation, transfected 
cells were digested by trypsin and centrifuged at 1000× g. 
The sedimentary cells were resuspended and adjusted at the 
density of 1×106 cells/ml. The cell suspension was incubated 
in a dark room for 15 min after the addition of 5 µl Annexin-
V-APC and 5 µl PI solutions. Then, the flow cytometer was 
used to analyze the cell apoptosis using CellQuest (Easycyte 
plus; Millipore, France).

Xenograft model. All animal procedures were approved 
by the Institutional Animal Care and Use Committee of the 
First Affiliated Hospital, Sun Yat-Sen University. Xenograft 
model in female BALB/c nude mice was formulated by 
subcutaneous injection of 0.2 ml exponentially growing 
lentivirus infected HepG2 cell suspensions at a density of 
2×107 cell/ml. When the mice were euthanized, tumor weight 
was measured. Tumor growth was assessed using a caliper 
and tumor volumes (V) were estimated as V=π/6 × L × W × W 
(L and W was tumor length and width, respectively) at day 
10, 14, 17, 21, and 23 post tumor inoculation. Mice were 
purchased from Shanghai Lingchang Experimental Animals 

Co., Ltd. Mice were sacrificed and the tumor tissues were 
removed for Ki-67 immunostaining.

Ki67 staining assay. Tissue slides were blocked with 
3% PBS-H2O2 and were incubated with primary antibody 
Ki67 (ab16667, 1:200, Abcam) at 4 °C overnight. Then, the 
slides were incubated with HRP goat anti-rabbit IgG at 
room temperature for 2 h. Finally, all slides were stained by 
Hematoxylin (# BA4041, Baso) and Eosin (# BA4022, Baso).

miRNA target prediction and Dual-Luciferase Reporter 
Assay. TargetScanHuman 7.2 (http://www.targetscan.org/) 
and miRcode (http://www.mircode.org/) were used to 
predict the target genes of miR-375 and found the binding 
region (chr7:158433540-158433561[–]) on NCAPG2. Cells 
were seeded in a 24-well plate. The segments of NCAPG2-
3’UTR-WT (wild type) or NCAPG2-3’UTR-MUT (mutant) 
were constructed and then inserted into the luciferase 
reporter assay vector pmirGLO (Promega, USA). Cells were 
harvested 48 h after co-transfection with miR-375 mimics 
or control (50 nmol/l) (GenePharma, Shanghai, China), and 
WT or MUT of NCAPG2 (500 ng) using LipotectamineTM 
2000 (Invitrogen). The luciferase activity was measured using 
the Dual-Luciferase Reporter Assay System (Promega, USA). 
Firefly luciferase activity was normalized to Renilla luciferase 
activity. Each experiment was conducted in triplicate and 
repeated three times.

Gene set enrichment analysis (GSEA). Gene Set Enrich-
ment Analysis (GSEA) (http://software.broadinstitute.org/
gsea) was conducted based on the pathway gene set Kyoto 
Encyclopedia of Genes and Genomes (KEGG) (https://
www.kegg.jp/kegg/), which were used to implement gene set 
enrichment analysis. The expression data of total normal-
ized mRNAs were uploaded to the GSEA v3.0 software. 
The default weighted enrichment statistic was adopted to 
process the data 1000 times, with normalized p<0.05 consid-
ered to be significantly enriched. Next, the highest up- and 
down-regulated results of the GSEA reports were selected to 
undergo graphics processing using the “ggplot2” package in 
R. Dotplot was also used to visualize the data from the GSEA 
and illustrate the distribution of multiple pathways. The data 
of miRNA involved in pathways was from KEGG.

Western blot. Cells were lysed with a Cell Lysis Reagent 
(Sigma-Aldrich) for total protein extraction. The protein 
concentration was determined with a BCA protein assay 
kit (Beyotime, Shanghai, China). Total protein (45 µg) was 
boiled for 5 min in 1× loading buffer, chilled on ice, and then 
separated by 10% sulfate sodium salt-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred onto a polyvi-

Table 1. Specific primer sequences for qRT-PCR.
Forward primer sequences (5’->3’) Reverse primer sequences (5’->3’)

miR-375 GTGCAGGGTCCGAGGT AGCCGTTTGTTCGTTCGGCT
NCAPG2 AAGTGAGAACTACGAAGCCCT CCCACCAGGTAACACACAAATC
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
GAPDH GTTCGACAGTCAGCCGCATC GGAATTTGCCATGGGTGGA
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As shown in Figure 1A, miR-375 had been reported to act as 
tumor suppressor molecular in multiple tumors and it was 
significantly downregulated in the HCC patients, predicting 
its expression and biological function in HCC tumorigen-
esis. It is worth mentioning that overall survival (OS) rates 
of patients with HCC with highly expressed miR-375 were 
higher than those with low expression of miR-375 (p=0.0039, 
Figure 1B). What is more, we further analyzed the relation-
ship between miR-375 and the clinicopathological character-
istics of HCC patients (Table 2). We found that in patients the 
low expression miR-375 was related to high T infiltrate and T 
stages. The data indicated that miR-375 might play a tumor-
suppressing role in HCC, as well as showed that miR-375 was 
a potential biomarker for the clinical outcome of patients 
with HCC.

miR-375 suppressed the proliferation, migration, and 
induced apoptosis of HCC cells. To explore the effects of 
miR-375 on HCC, we first detected the expression profile 
of miR-375 in HCC cells. As shown in Figure 1D, miR-375 
expression dramatically decreased in three HCC cell 
lines (HepG2, Hep3B, and Huh7) when compared with 
the normal hepatocyte immortalized cell line (THLE-3) 
(Figure 2A). Inspired by the above data, HepG2 and Huh7 
cells were then selected for subsequent experiments. Further, 
miR-375 was overexpressed by transfecting miR-375 mimics 
into HepG2 and Huh7 cells. The transfection efficiency was 
analyzed using an RT-qPCR assay (Figure 2B). Subsequently, 
it was observed that upregulation of miR-375 significantly 

nylidene fluoride (PVDF) membrane (Merck Millipore, 
USA). Membranes were blocked with 5% skim milk powder 
for 2 h. After washing, the primary antibodies for NCAPG2 
(ab70350, 1:5000, Abcam), cleaved-Caspase3 (ab2302, 1:100, 
Abcam), Caspase3 (ab49822, 1:500, Abcam), AKT (ab8805, 
1:500, Abcam), and p-AKT (ab38449, 1:1000, Abcam) were 
added and incubated overnight at 4 °C. The horseradish 
peroxidase (HRP)-conjugated secondary antibodies at a 1: 
2000 dilution were then used to incubate the membranes for 
1 h. The targeting proteins on the membrane were visualized 
with enhanced chemiluminescence (ECL) detection system. 
GAPDH (ab181602, 1:10000, Abcam) was used as an internal 
control and the experiments were repeated three times.

Statistics processing. Quantitative data were expressed as 
the mean ± standard deviation (SD), and GraphPad Prism 
8.0 software was used for statistical analysis. Differences 
between two groups were identified by unpaired t-tests, and 
one-way analysis of variance (ANOVA) was used to identify 
differences between three or more groups. All experiments 
were repeated at least three times. A p-value <0.05 indicates 
the comparison is statistically significant.

Results

Expression of miR-375 was downregulated in HCC 
tissues and predicts poor prognosis. Microarray analysis 
based on the TCGA database set was used to identify differ-
entially expressed miRNA in HCC tissues and normal tissues. 

Figure 1. Downregulation of miR-375 predicts a worse prognosis in patients with HCC. A) The expression of miR-375 was downregulated in HCC 
tissues from the TCGA dataset. B) Differences in overall survival rate (OS) between HCC patients with miR-375 expression were analyzed by Kaplan-
Meier analysis. The patients with high miR-375 expression exhibited a higher overall survival rate. miR-microRNA; HCC-hepatocellular carcinoma.
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Figure 2. miR-375 inhibited cell proliferation, migration, and promoted cell apoptosis in HCC cells. A) miR-375 expression in HCC cell lines, includ-
ing HepG2, Huh7, and Hep3B, and in the immortalized normal liver THLE-3 cell line was measured by RT-qPCR. B) Transfection of miR-375 mimics 
increased miR-375 expression in HepG2 and Huh7 cells. C) The CCK-8 assay revealed that overexpressed miR-375 can suppress the proliferation of 
HepG2 and Huh7 cells. D) Transwell assay indicated that the overexpression of miR-375 significantly impeded the migration of HepG2 and Huh7. E) 
Flow cytometry demonstrated that the apoptosis of HepG2 and Huh7 was elevated after the overexpression of miR-375. *p<0.05, **p<0.01, ***p<0.001
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decreased cell proliferation (Figure 2C) and migration 
(Figure 2D) in HepG2 and Huh7 cells. Besides, the overex-
pression of miR-375 significantly promoted cell apoptosis 
(Figure 2E) in HepG2 and Huh7 cells. This result indicated 
that miR-375 might be associated with tumor metastasis and 
survival in HCC.

Overexpression of miR-375 suppressed HCC in vivo. 
To further verify the cancer-suppressing effect of miR-375 in 
HCC, we conducted a tumor-forming experiment in nude 
mice. The results showed that the tumor volume and weight 
in the overexpressed miR-375 group were significantly lower 
than those in the control group (Figures 3A–3C). Moreover, 
Ki67 staining was used to detect the proliferative activity of 
tumors, which was shown to be significantly weaker in the 
miR-375 mimic group than the control group (Figure 3D).

miR-375 targeted the 3’UTR region of NCAPG2. As 
mentioned above, the prediction by TargetScanHuman 
and miRcode suggested that NCAPG2 might be the target 

of miR-375, and it was predicted the NCAPG2 sequence 
that could potentially bind with miR-375 (Figure 4A). The 
luciferase reporter gene assay was performed to verify their 
binding relationship. The result revealed that the luciferase 
activity of cells co-transfected with miR-375 mimics and 
3’UTR-WT of NCAPG2 was significantly lower than that of 
cells co-transfected with NC and 3’UTR-WT of NCAPG2 
(Figure 4B), whereas miR-375 mimics had no effect on the 
fluorescence of the MUT recombinant plasmid (Figure 4B). 
Meanwhile, miR-375 mimics could inhibit the expression of 
NCAPG2 both at mRNA and protein levels (Figures 4C, 4D). 
Taken together, these results revealed that miR-375 directly 
targeted the 3’UTR of NCAPG2 in HCC cells and inhibited 
NCAPG2 expression in HCC.

Interestingly, Pearson’s correlation analysis indicated that 
there was a negative correlation between NCAPG2 expres-
sion and miR-375 expression in HCC tissues (Figure 4E). 
Additionally, NCAPG2 was significantly upregulated in the 

Figure 3. Highly expressed miR-375 can suppress the progression of hepatocellular carcinoma (HCC). A, B) Mice tumor images, weight changes (A), 
and tumor volume growth curves (B) for subcutaneous xenografts. Images were taken by camera (respectively). n=10, ***p<0.001; C) Images of the sub-
cutaneous xenografts from the miR-375 mimics and control groups. Images were taken by Perkin Elmer IVIS Spectrum (respectively). n=10, *p<0.05; 
D) Representative images of sections sliced from the indicated tumors and H&E (above) and Ki67 (below) staining, respectively (scale bar = 50 µm)
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Figure 4. NCAPG2 was a target of miR-375 in hepatocellular carcinoma. A) Putative miR-375 binding sequence in the 3’-UTR of NCAPG2 predicted 
using the Target Scan Human. B) Relative luciferase activity of HepG2 and Huh7 cells co-transfected with miR-375 mimics with wild-type or mutant 
3’-UTR of NCAPG2. C, D) NCAPG2 expression was detected by (C) reverse transcription-quantitative PCR and (D) western blot analysis after trans-
fection with miR-375 mimics. E) Correlation between the expression levels of miR-375 and NCAPG2 analyzed by Spearman’s correlation test. F) The 
expression of NCAPG2 was upregulated in HCC tissues from the TCGA dataset. G) Differences in overall survival rate (OS) between HCC patients 
with NCAPG2 expression were analyzed by Kaplan-Meier analysis. The patients with high NCAPG2 expression exhibited a lower overall survival rate. 
**p<0.01, ***p<0.001. Abbreviations: miR-microRNA; HCC-hepatocellular carcinoma
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HCC patients (Figure 4F), and the OS time of HCC patients 
with high expression of NCAPG2 was significantly shorter 
than those with low expression of NCAPG2 (p=0.00085, 
Figure 4G). We also found that patients expressing high 
NCAPG2 are related to high T Infiltrate and T stages 
(Table  2). The data indicated that NCAPG2 might play a 
tumor-promoting role in HCC.

NCAPG2 overexpression reversed the inhibitory effect 
of miR-375 in HCC cells. To confirm the involvement of 
NCAPG2 in the anticancer activity of miR-375 in HCC 
cell lines, HepG2 and Huh7 cells were transfected with the 
pcDNA-NCAPG2 plasmid. The results of both qRT-PCR 
and western blotting showed that the expression of NCAPG2 
was significantly in the NCAPG2 group (Figures 5A, 5B), 
suggesting that the overexpression of NCAPG2 (NCAPG2 
pcDNA) was successfully obtained. Importantly, functional 
analysis revealed that overexpression of NCAPG2 signifi-
cantly attenuated the inhibitory effect of miR-375 mimics 
on the proliferation and apoptosis of HepG2 and Huh7 cells 
(Figures 5C, 5D). Simultaneously, western blot indicated 
miR-375 could elevate the expression of apoptosis-related 
protein cleaved-Caspase3 while NCAPG2 had the opposite 
effect (Figure 5E). The present results suggest that the tumor-
suppressive role of miR-375 in HCC is partially mediated 

by NCAPG2 downregulation and miR-375 the malignant 
behaviors of hepatic  carcinoma cells by directly targeting 
NCAPG2.

Enrichment of related pathways of miR-375/NCAPG2 in 
HCC cells. To confirm the downstream-associated molecular 
mechanisms underlying the miR-375 axis in HCC cells, the 
enrichment analysis of related-pathway was performed using 
GSEA. KEGG enrichment analysis of differentially expressed 
genes when miR-375 was silenced in HCC cells showed 
that miR-375 might be involved in the regulation of the 
PI3K-AKT signaling pathway. According to the enrichment 
score from the GSEA report, the pathways involved in HCC 
cells were screened out when miR-375 was downexpressed. 
Based on the adjusted p-value of each pathway, the distribu-
tions of the top 8 or 10 scored KEGG pathways were drawn 
in dotplots (Figure 6A). The GSEA enrichment plot showed 
that most genes involved in the PI3K-AKT signaling pathway 
were found in the region where miR-375 was downregulated 
in HCC cells (Figure 6B). Both dotplot and GSEA enrich-
ment plot showed that the PI3K-AKT pathway was one of the 
most significantly activated pathways in HCC cells. Western 
blot also showed that miR-375 mimic remarkably reduced 
p-AKT expression in HepG2 and Huh7 cells (Figure 6C). 
Furthermore, reintroduction of NCAPG2 could weaken the 
inhibition of miR-375 on the PI3K-AKT signaling pathway 
by upregulating p-AKT expression in HCC cells (Figure 6C), 
which demonstrated the importance of NCAPG2 in miR-375 
regulating PI3K/AKT. Combining these bioinformatics 
results, we speculated that the PI3K-AKT signaling pathway 
could influence the functions of miR-375 targeting NCAPG2, 
thereby participating in HCC progression.

Discussion

Hepatocellular carcinoma is a highly fatal malignant 
cancer worldwide, with an annual mortality of about 
700,000 persons globally [22]. Elucidating the underlying 
molecular mechanism of HCC progression is critical for the 
identification of new therapeutic targets for HCC. Due to 
the current status of the treatment and diagnosis of HCC is 
not optimistic, numerous clinical trials searching for a more 
ideal tool are running. One of these tools are the miRNAs, 
which can be considered as a promising diagnostic as well 
as a prognostic tool for HCC. The importance of dysregu-
lation and expression of miRNAs has been confirmed in 
many cancers. Abnormal expression of miRNAs is related 
to tumorigenesis of HCC and the plasma miRNA expres-
sion has also been investigated as a possible marker of HCC 
[22–24]. Additionally, miRNAs have a potential prognostic 
impact in patients with HCC [1]. In our study, we used 
public TCGA databases to find that miR-375 is significantly 
downregulated in liver hepatocellular carcinoma (LIHC) 
tissues. Additionally, we provide direct evidence that the 
modulation of miR-375 greatly influenced the propensity 
of HCC cells to migrate and apoptosis. Indeed, the restora-

Table 2. Relationship between miR-375 or NCAPG2 expression and clini-
cal characteristics of patients with hepatocellular carcinoma.

Features No. of 
patients

miR-375 
expression p-value

NCAPG2 
expression p-value

low high low high
All patients 131 70 61 64 67
Age (years) 0.34 0.434

≤64 66 38 28 30 36
>64 65 32 33 34 31

Gender 0.382 0.536
Male 95 53 42 48 47
Female 36 17 19 16 20

T Infiltrate 0.402 0.002*
T1 49 26 23 28 21
T2 39 17 22 26 13
T3 35 18 17 8 27
T4 8 3 5 2 6

Stage 0.000*** 0.000**
1 25 1 24 20 5
2 41 13 28 22 19
3 54 52 2 17 37

BMI 0.27 0.463
≤24.13 59 35 24 31 28
>24.13 59 29 30 27 32

Weight 0.933 0.417
<69 kg 60 32 28 31 29
≥69 kg 61 33 28 27 34

Notes: *p<0.05, **p<0.01, ***p<0.001
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Figure 5. Overexpression of NCAPG2 reversed the suppressive effect of miR-375 on the proliferation and apoptosis of hepatocellular carcinoma cells. 
HepG2 and Huh7 cells were transfected with pcDNA-vector or pcDNA-NCAPG2, and the overexpression of NCAPG2 was confirmed by A) reverse 
transcription-quantitative PCR and B) western blot analysis. C) Proliferation of HepG2 and Huh7 cells detected by a Cell Counting Kit-8 assay fol-
lowing transfection of miR-375 mimics and NCAPG2. D) Apoptosis of HepG2 and Huh7 cells determined by flow cytometry after transfection with 
miR-375 mimics and NCAPG2. E) Relative expression of cleaved-caspase3 and caspase3 in HepG2 and Huh7 cells co-transfected with miR-375 mimics 
and/or NCAPG2 was detected by western blot. **p<0.01, ***p<0.001 vs. control; ##p<0.01, ###p<0.001 vs. miR-375 mimics
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Figure 6. Distributions of several KEGG pathways gene sets in HCC cells. A) Dotplot of GSEA reports showed that the top 10 signaling pathways 
including the PI3K/Akt signaling pathway were upregulated. B) GSEA report for the PI3K/Akt signaling pathway showed that it was upregulated in 
miR-375 mimics induced-HCC cells. C) Relative expression of AKT and p-AKT in HepG2 and Huh7 cells co-transfected with miR-375 mimics and/or 
NCAPG2 was detected by western blot. ***p<0.001 vs. control; ###p<0.001 vs. miR-375 mimics

tion of miR-375 resulted in the deletion of proliferation and 
migrating properties as well as emancipated cell apoptosis 
in HCC cells.  Similar findings have been confirmed by 
previous experiments that miR-375 has been reported to be 
significantly dysregulated in many cancers as a suppressor 

or oncogene. For instance, inhibition of miR-375 reversed 
attenuation of cell proliferation, migration, and invasion, 
and therefore promoted tumorigenesis in osteosarcoma 
[14]. Wnt5a overexpression significantly reversed miR-375-
mediated proliferation, migration, and invasion in GBM 
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cells [15]. The results of the TCGA database verified 
the expression of miR-375 in PC tissues was obviously 
higher than that in adjacent non-cancerous tissues [16]. 
Replenishing of miR-375 significantly repressed OSCC 
cell viability, proliferation, invasion, and migration, and 
induced cell apoptosis and G1/G0 arrest while the overex-
pression of SLC7A11 recovered those biological abilities 
in miR-375 upregulated-cells [17]. Simultaneously, these 
findings demonstrated that their target genes of miRNAs 
could negatively regulate miRNA expression and reverse 
its effect on cancer progressions. In an attempt to identify 
the underlying molecular mechanisms responsible for the 
impact of miR-375 on cell motility, we used miRNA target 
prediction algorithms on genes negatively correlated with 
miR-375. Interestingly, an evolutionary conserved binding 
site for miR-375 was detected in the 3’UTR of NCAPG2 
mRNA. Therefore, we speculated that NCAPG2 could influ-
ence the anti-neoplastic effect of miR-375 in HCC cells.

Previous researches had demonstrated that NCAPG 
was involved in the pathogenesis of many kinds of 
cancers, including prostate cancer [25], pediatric glioma 
cell [26], renal cell carcinoma [27]. A study had identified 
that NCAPG2 was involved in hepatocellular carcinoma 
progression as a novel significant stage-specific differen-
tially expressed gene [28]. Here, we first selected miR-375 
as a promising research factor through TCGA data analysis 
from HCC patients and our data showed that high expres-
sion of miR-375 was closely linked with the long OS of 
HCC patients while high NCAPG2 is linked to worse OS in 
patients with HCC. Interestingly, based on the expression 
detection from HCC clinical samples, we found a negative 
correlation between miR-375 and NCAPG2. Further-
more, miR-375 bound the 3’UTR of NCAPG2 and reduced 
NCAPG2 expression in HCC cells, suggesting that miR-375 
targets NCAPG2 and negatively regulates its expression. 
Interestingly, our results found  that the overexpression of 
NCAPG2 could elevate the proliferation while reducing cell 
apoptosis of HCC cells transfected with miR-375 mimics. 
Accordingly, our data indicated that NCAPG2 could recover 
the biological abilities of miR-375 on the malignant behav-
iors of HCC cells. Similar to our results, it was demonstrated 
that NCAPG2 promoted tumor proliferation by regulating 
the G2/M phase and was associated with poor prognosis 
in lung adenocarcinoma [19]. Previous studies indicated 
that NCAPG2 overexpression promoted HCC prolifera-
tion, migration, and invasion through activating STAT3 
and NF-κB signaling pathways [21]. NCAPG2 facilitates 
the malignancy of glioblastoma cells and xenograft tumor 
growth via HBO1 activation by phosphorylation [20]. The 
present results shed light on the critical involvement of 
the miR-375/NCAPG2 signaling pathway in hepatocel-
lular carcinoma. Due to the PI3K-AKT pathway being 
one of the most significantly activated pathways in HCC 
cells after miR-375 was inhibited, from both dotplot and 
GSEA enrichment plot analysis, we speculated that the 

PI3K-AKT signaling pathway could influence the functions 
of the miR-375/NCAPG2 axis, thereby participating in 
HCC progression. In future research, a more comprehensive 
study of the function and mechanism of miR-375 regulating 
PI3K-AKT signaling pathway in HCC is needed.

In conclusion, we found that miR-375 and NCAPG2 play 
significant roles in HCC progression. miR-375 inhibited the 
proliferation and migration, and induced cell apoptosis in 
HCC via targeting NCAPG2, providing the basis for future 
research. Further studies should explore the therapeutic 
potential of miR-375 and identify other genome-wide targets 
in addition to NCAPG2 underlying miR-375 in HCC.
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