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Down regulated oncogene KIF2C inhibits growth, invasion, and 
metastasis of hepatocellular carcinoma through the Ras/MAPK 
signaling pathway and epithelial-to-mesenchymal transition
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Background: Hepatocellular carcinoma (HCC) is the leading cause of cancer death. Kinesin family 
member 2C (KIF2C) has been shown as oncogene in a variety of tumors. However, its role in HCC remains 
unclear.
Methods: In this study, the expression level of KIF2C in HCC was detected by immunohistochemical 
staining and RT-PCR, and verified by Gene Expression Omnibus (GEO), The Cancer Genome Atlas (TCGA) 
and Oncomine database. A curve was established to evaluate the diagnostic efficiency of KIF2C. The effect of 
KIF2C on HCC was investigated by flow cytometry, Cell Counting Kit-8, Transwell, and the wound-healing 
assay. We explored the underlying mechanism through epithelial-to-mesenchymal transition (EMT) and 
transcriptome sequences analysis.
Results: KIF2C was overexpression in HCC tissue and related to neoplasm histologic grade (P<0.001), 
pathology stage (P=0.001), and a dismal prognosis (overall, recurrence-free, and disease-free survival). The 
diagnostic efficacy of KIF2C was >90% in diagnosing HCC. The HCC cell function experiments showed 
that KIF2C promoted HCC cell proliferation, migration, invasion, and an accelerated cell cycle, and 
inhibited apoptosis. Based on western blot analysis and RT-PCR, we found that KIF2C promoted HCC 
invasion and metastasis through activation of the EMT. Based on transcriptome sequences, we showed that 
KIF2C promoted HCC through the Ras/MAPK and PI3K/Akt signaling pathway.
Conclusions: KIF2C was found to promote the progression of HCC and is anticipated to serve as a 
biomarker for HCC diagnosis, prognosis, and targeted therapy. 
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Introduction

In  2018 ,  there  were  over  800 ,000  new cases  o f 
hepatocellular carcinoma (HCC) and 780,000 deaths 
worldwide, with HCC ranking seventh and third among all 
tumors, respectively (1). More than 90% of liver cancers 
are HCCs. HCC is one of the most common malignant 
tumors leading to cancer deaths, especially in East Africa, 
the Asia-Pacific region, and China (2,3). Hepatitis B and C 
virus infections, alcohol abuse, aflatoxin B1 exposure, and 
metabolic liver disease are risk factors for HCC (4). HCC 
heterogeneity is extremely strong due to complex genomic 
changes and abnormal signaling pathway activation, which 
reduces the efficacy of treatment, although traditional 
surgical treatment and emerging targeted therapy and 
immunotherapy play active roles (5,6). For these reasons, 
early diagnosis, individualized treatment, and prognostic 
assessment of HCC patients have become challenging, 
ultimately resulting in poor prognosis, with a 5-year 
survival rate of 15% (7). Therefore, it is important to search 
for new biomarkers and therapeutic targets, and elucidate 
the underlying pathogenesis related to the development, 
invasion, and metastasis of HCC.

More than 40 members in the kinesin superfamily 
genes (KIFs) are divided into 14 subfamilies (8). KIFs 
consist of 2 heavy and 2 light chains that possess molecular 
motor activity and regulate substance binding (9). KIF 
proteins are essential for molecular motor functions, and 
their role in transporting organelles, vesicles, mRNA, 
and proteins along microtubules has been demonstrated 
(10,11). Moreover, KIFs are involved in mitotic spindle 
and chromosome activities during cell division (12,13). 
Kinesin family member 2C (KIF2C), also known as mitotic 
centromere-associated kinesin, belongs to the kinesin-13 
family. KIF2C-encoded proteins participate in microtubule 
depolymerization, therefore facilitating the separation 
of chromosomes during mitosis, which is of significance 
during cell division (14,15).

KIFs have been reported to be associated with 
many diseases. According to previous studies, KIFs are 
associated with neurological and metabolic diseases, such 
as epilepsy, intellectual disability, neuronal dysfunction, 
hypercholesterolemia, and diabetes (8,16-18). 

KIFs, especially KIF2C, are also related to a variety of 
malignancies. KIF2C is overexpressed in breast, lung, and 
bladder cancers (19-21). The level of KIF2C expression is 
associated with tumor stage, sarcoma grade, lymph node 
metastasis, and prognosis (22-24). Although the innate 

mechanism underlying KIF2C has not been completely 
elucidated, there is sufficient evidence to suggest that KIF2C 
is an oncogene. 

Some hub genes, such as telomerase reverse transcriptase 
(TERT), tumor protein 53 (TP53), have been found to be 
HCC oncogenes, and can contribute to the occurrence 
and progression of HCC by promoting proliferation, cell 
cycle progression, and abnormal angiogenesis (25,26). 
Interestingly, KIF2C acts as a molecular motor during 
mitosis to facilitate chromosome separation, which is a 
critical process during the cell cycle and proliferation. 
KIF2C can promote the occurrence and development of 
HCC. Previous studies have screened out some genes, 
including KIF2C, through bioinformatics tools that can 
serve as key genes associated with HCC (27,28). One 
study indicated that the overexpression of KIF2C promotes 
HCC progression by connecting mammalian target of 
rapamycin 1 and Wnt/β-catenin signaling (29). However, 
the relationship between KIF2C and HCC metastasis like 
epithelial-to-mesenchymal transition (EMT), transcriptome 
sequencing analysis, and the other underlying molecular 
mechanisms remain unclear.

Previous studies have shown that EMT was a biological 
process through which epithelial cells transdifferentiate 
into mesenchymal cells could lead to cancer progression 
and organ fibrosis (30). Studies have shown that KIF2C 
leaded to EMT and promotes invasion and metastasis in 
transformed human bronchial epithelial cells, but the role 
of KIF2C in EMT of HCC remains unclear (31). In the 
present study, we determined the level of KIF2C expression 
in HCC and non-tumor tissues, and the correlation 
between KIF2C expression and clinical variables, such as 
prognosis, tumor stage, tissue grade, and microvascular 
invasion. In vitro experiments were conducted to determine 
the relationship between silencing and overexpression of 
KIF2C on proliferation, invasion, metastasis, the cell cycle, 
apoptosis, and EMT markers of HCC cells. Transcriptome 
sequencing was used to screen out the potential mechanism 
by which KIF2C promotes HCC development. We present 
the following article in accordance with the MDAR 
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-21-6240/rc).

Methods

Cell culture and lentivirus infection

Since two human HCC cell lines (Hep3B and Huh7) 

https://atm.amegroups.com/article/view/10.21037/atm-21-6240/rc
https://atm.amegroups.com/article/view/10.21037/atm-21-6240/rc


Annals of Translational Medicine, Vol 10, No 3 February 2022 Page 3 of 19

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(3):151 | https://dx.doi.org/10.21037/atm-21-6240

were widely used and representative in various HCC 
studies, they were purchased from the Chinese Academy 
of Sciences (Shanghai, China). We cultured the 2 cell lines 
using Dulbecco’s Modified Eagle Medium (Gibco, CA, 
USA) with 10% fetal bovine serum (Gibco, USA) and 1% 
penicillin-streptomycin solution (Gibco, CA, USA) at 37 ℃  
in a humidified incubator containing 5% CO2. Cell line 
authenticity was confirmed by genotyping (Figure S1A,S1B).

To establish a stable cell line and intervene the expression 
of KIF2C, lentiviral vectors and short hairpin RNA (shRNA; 
shRNA-1: 5'-GCCCACTGAATAAGCAAGAAT-3'; 
shRNA-2: 5'-GCCCGAATGATTAAAGAATTT-3'; and 
shRNA-3: 5'-GCACTGAATGTCTTGTACTTT-3') 
targeting KIF2C (NM_006845) were obtained from 
GeneChem (Shanghai, China). Cells were transfected and 
underwent sterility testing with lentivirus, strictly following 
the manufacturer’s instructions (GeneChem, China) (32). 
Lentivirus vectors were as follows: LV-KIF2C, Ubi-MCS-
3FLAG-CBh-gcGFP-IRES-puromycin (Figure S1C); 
and shRNA vector, hU6-MCS-ubiquitin-EGFP-IRES-
puromycin (Figure S1D). 

Patients and specimens

All procedures performed in this study involving human 
participants were in accordance with the Declaration of 
Helsinki (as revised in 2013). The study was approved by 
the ethics committee of the First Affiliated Hospital of 
Guangxi Medical University [approval number: 2021(KE-E-
272)] and informed consent was taken from all the patients. 
We collected fresh samples from 76 patients at the First 
Affiliated Hospital of Guangxi Medical University from 
2013 to 2014, including both cancerous and matched non-
cancerous tissues. All patients underwent hepatectomy, had 
not received preoperative therapy, and were pathologically 
diagnosed with HCC. Tissue specimens were obtained 
during surgery and immediately preserved at –80 ℃.  
Subsequent real-time polymerase chain reactions (RT-
PCRs) of KIF2C were performed.

KIF2C expression verification and survival analysis 

The level of KIF2C expression was measured by the 
Oncomine database (http://www.oncomine.com/), and 
included 225 HCC and 220 normal cases. The GSE14520 
dataset from the Gene Expression Omnibus (GEO) datasets 
was used for analysis, which we have previously reported 
(33,34). For additional patients, more comprehensive 

information, and avoidance of the batch effect, the 
GPL3921 platform was used for further analysis. The 
expression profiles of KIF2C were extracted from the 
Metabolic gEne RApid Visualizer (MERAV; http://merav.
wi.mit.edu/) database, and the expression of KIF2C in cancer 
cell lines, HCC, and normal tissues was compared using 
a raw matrix. The Gene Expression Profiling Interactive 
Analysis (GEPIA; http://gepia.cancer-pku.cn/index.html) 
website, which matches The Cancer Genome Atlas (TCGA; 
https://portal.gdc.cancer.gov) normal and GTEx data, and 
Kaplan-Meier Plotter (https://kmplot.com/) were used to 
evaluate the level of KIF2C expression and the relationship 
between KIF2C and prognosis. Corresponding clinical 
variables and expression files were obtained from TCGA. 
The following criteria were established to screen for high-
quality data from TCGA: (I) pathological diagnosis was 
HCC; (II) availability of the expression profile; and (III) 
complete clinical variables. According to the level of KIF2C 
expression in HCC and non-HCC tissues, the diagnostic 
efficiency of KIF2C was determined based on a receiver-
operating characteristic curve, which was constructed using 
the pROC package in R (https://www.r-project.org/), and 
the value of the area under the curve (AUC) represented 
diagnostic efficiency.

Immunohistochemistry (IHC) staining

We collected 20 HCC and adjacent non-tumor liver tissues 
from patients undergoing hepatobiliary surgery at the 
First Affiliated Hospital of Guangxi Medical University. 
All of the tissues were pathologically confirmed to be 
HCC and fixed in 4% paraformaldehyde overnight and 
embedded in paraffin. Sections were deparaffinized with 
xylene and hydrated with graded alcohols. Subsequently, 
the sections were incubated with 3% H2O2 for 10 min 
at 37 ℃ and washed in phosphate-buffered saline (PBS). 
The sections were then incubated with 50 µL of rabbit 
monoclonal anti-KIF2C antibody (Abcam, USA) at 4 ℃ 
overnight. The dilution ratio of the antibody was dependent 
on the recommended dilution ratio in the specifications. 
Next, the sections were incubated with PV-6001 (ZSBG, 
Beijing, China) for 30 min at 25 ℃. Finally, we stained 
the slices with 3,3'-diaminobenzidine and hematoxylin for 
detection. A positive reaction was defined as cytoplasm 
showing a brown signal. The degree of immunostaining was 
performed independently by 2 experienced pathologists. 
The immunostaining score depended on the percentage 
of positive cells (range: 0–4%; 0, <5%; 1%, 5–25%; 2%, 

https://cdn.amegroups.cn/static/public/ATM-21-6240-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-6240-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-6240-supplementary.pdf
http://www.oncomine.com/
http://merav.wi.mit.edu/
http://merav.wi.mit.edu/
http://gepia.cancer-pku.cn/index.html
https://portal.gdc.cancer.gov
https://kmplot.com/
https://www.r-project.org/
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25–50%; 3%, 51–75%; and 4%, >75%) multiplied by the 
immunostaining intensity (range: 0–4; 0, non-staining; 1, 
low intensity; 2 median intensity; and 3, high intensity) (35).

Quantitative RT-PCR (qRT-PCR)

We used TRIzol reagent (Solarbio, China) to extract total 
RNA from cells, and transcribed into complementary DNA. 
Subsequently, SYBR green PCR Master Kit (QIAGEN, 
Germany) was used for RT-PCR. The primer sequence was 
designed and showed in Table S1. The reaction conditions 
of qRT-PCR were as follows: initial heat activation 95 ℃ 
for 2 min and denaturation at 95 ℃ for 5 s, consecutively 
followed by 40 cycles of 60 ℃ for 30 s and a final extension 
step. The level of RNA expression was determined by the 
original Ct value and the 2–∆∆Ct method (36).

Western blotting

We used RIPA lysis buffer (Beyotime, China) to lyse Hep3b 
and Huh7 cells for total protein extraction. We diluted 
the total protein solution with a gradient and measured 
the protein concentration using the bicinchoninic acid 
method. The protein solution at a specific concentration 
was prepared according to the reagent instructions. Ten 
micrograms of internal control protein and 30 µg of the 
specimen protein were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel and transferred to 
polyvinylidene difluoride (PVDF) membranes. The PVDF 
membrane was blocked for 1 h and washed 3 times with 
tris-buffered saline and Tween 20. The membrane was 
incubated with primary antibody at 4 ℃ overnight, then 
incubated with horseradish peroxidase (HRP)-labeled 
secondary antibody and continuously shaken for 1 h. The 
antibodies used were as follows: HRP-conjugated GAPDH 
(HRP-60004; Proteintech, USA); HRP-linked anti-mouse 
immunoglobulin G (IgG) (7076P2; CST, USA); HRP-
linked antirabbit IgG (7074S; CST, USA); anti-E-cadherin 
(ab40772; Abcam, UK); anti-N-cadherin (ab76011; Abcam, 
UK); Slug rabbit monoclonal antibody (mAb; 9585T; CST, 
USA); Snail rabbit mAb (3879T; CST, USA); and anti-
Vimentin (ab92547; Abcam, UK) (35). The results were 
analyzed using Image J software.

Cell proliferation, and migration and invasion assay

The stably transfected Hep3b and Huh7 cells were divided 
into different groups and seeded onto a 96-well plate at a 

density of 5×104 cells/mL. We used the Cell Counting Kit-8 
(CCK-8 Kit; Dojindo, Japan), based on the manufacturer’s 
instructions, to determine the proliferative capacity of cells. 
Optical density (OD) values were obtained at 450 nm after 
24, 48, 72, 96, and 120 h.

A transwell cell migration and invasion assay was used to 
test the ability of cells to invade and metastasize. The cell 
density of different groups was adjusted to 2×105 cells/mL, 
and 100 µL cell suspension of different groups were added 
to the upper chamber with or without Matrigel (Corning, 
USA). The cells were cultured for 48 h in a humidified 
incubator containing 5% CO2 at 37 ℃. The cells were them 
removed, fixed with 4% paraformaldehyde for 30 min, 
washed 3 times with PBS, stained with 1% crystal violet for 
30 min, and rewashed with PBS. Each sample was viewed 
and photographed under a microscope in 5 fields. Crystal 
violet was eluted with 300 µL of 33% acetic acid, and 100 µL  
cell suspension of different groups were added to each of 
the 96-well plates. OD value at 590 nm was determined.

Wound-healing assay

We planted the Huh-7 and HepG3 cell lines (1×105 cells/
well) onto 12-well plates. When the cell confluence reached 
100%, a pipette tip was used to scratch the center of the 
well. After washing the cells 3 times with PBS, the cells were 
cultured and photographed after 0, 24, and 72 h. Image J 
software was used to calculate the area of the blank space.

Flow cytometry assay

To assess the effect of gene expression on the cell cycle, cells 
were centrifuged, fixed with ethanol, and washed with PBS; 
500 µL of PI/RNase dye (BD Biosciences, USA) was then 
added. The cells were incubated in darkness for 15 min, and 
then the cells were analyzed by flow cytometry (BD Accuri 

C6 Plus; BD Biosciences, USA). 
To assess the effect of gene expression on cell apoptosis, 

cells were centrifuged and resuspended in 50 µL 1× binding 
buffer. Then, 5 µL of Annexin V-APC and 10 µL of 7-AAD 
(MultiSciences Biotech, China) were added to the cells, 
which were then incubated in the dark at 25 ℃ for 25 min. 
The cells were immediately analyzed by flow cytometry.

RNA-sequencing and enrichment analysis

Negative control (NC) and shRNA groups of Huh-7 stably 
transfected cells were sent to BGI (Shenzhen, China) for 

https://cdn.amegroups.cn/static/public/ATM-21-6240-supplementary.pdf
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further RNA-sequencing detection. The sequencing file was 
filtered and analyzed on the BGISEQ-500 platform (BGI, 
Shenzhen, China); known and novel coding and non-coding 
transcripts were included. We then used DESeq2 for the 
differential expression analysis, and |log fold change (FC)| 
>2 and an adjusted Q-value of <0.05 were considered to 
represent differentially expressed genes (DEGs). To further 
elucidate a change in the underlying mechanism, the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway was 
analyzed by phyper, based on hypergeometric testing with the 
Dr. Tom network platform of BGI (http://report.bgi.com). 
The interaction network of KIF2C to other genes or proteins 
was acquired from the Dr. Tom network platform and Search 
Tool for the Retrieval of Interacting Genes/Proteins (https://
string-db.org/) or Gene Multiple Association Network 
Integration Algorithm (http://genemania.org).

Statistical analyses

All statistical analyses used in the present study were 
performed using SPSS version 22.0 (SPSS, Chicago, IL, 
USA); P<0.05 was considered statistically significant. R 
(version 3.6.3) and GraphPad Prism (version 8.0.1) were 
used to create statistical graphics; χ2 test or rank sum test 
was used to assess statistical differences between multiple 
groups. Survival analysis was performed using the Kaplan-
Meier method with a log-rank test. A 2-group comparison 
was performed using Student’s t-test. All data in this study 
are expressed as the mean ± standard deviation (n=3).

Results

KIF2C overexpression in HCC 

We first assessed the expression of KIF2C in HCC and non-
tumor tissues. IHC based on 20 HCCs and an adjusted 
non-cancer tissues microarray indicated that the KIF2C 
protein was upregulated in HCC tissues (t=3.172, P=0.003) 
(Figure 1A,1B). To further confirm that the level of KIF2C 
expression was significantly increased in HCC, 76 samples 
were detected by RT-PCR (Figure 1C). The AUC of KIF2C 
in diagnosing HCC was 0.9229 (Figure 1D).

Differential expression of KIF2C verification and 
prognostic analysis

Next, we used public databases to verify the overexpression 
of KIF2C in HCC and evaluated the relationship between 

KIF2C and prognosis. In total, 225 HCC and 220 normal 
cases in the Oncomine database were obtained, and KIF2C 
was overexpressed in HCC tissue (Figure 2A). The same 
results were observed in the GEO databases, which included 
212 HCC and 204 non-tumor tissues (Figure 2B). In the 
MERAV database, the expression of KIF2C in both HCC 
tissues and cancer cell lines were upregulated (Figure 2C,2D). 
In the GEPIA databases, the level of KIF2C expression 
was higher in HCCs compared with normal tissues  
(Figure 2E). KIF2C was found to have extremely high 
diagnostic performance, with an AUC of 0.9025 in the 
GEO and 0.9020 in the Oncomine databases (Figure 2F,2G). 
Survival analysis according to the GEPIA and Kaplan-Meier 
Plotter websites suggested that high KIF2C expression 
groups had poor overall survival, disease-free survival, and 
relapse-free survival (Figure 2H-2K). The higher the tumor 
stage, the higher the level of KIF2C expression, except stage 
IV (Figure 2L). Based on TCGA, KIF2C was significantly 
correlated with pathological stage (P=0.001) and neoplasm 
histological grade (P<0.001) (Table 1). The higher the level 
of KIF2C expression, the higher the 8th American Joint 
Committee on Cancer stage and neoplasm histological grade. 
KIF2C was overexpressed in nearly all tumors (Figure S2A).

Evaluating the silencing efficacy of shRNA

qRT-PCR was used to detect the efficacy of 3 shRNAs 
silencing KIF2C in Hep3b and Huh7 HCC cell lines. In 
both cell lines, shRNA-2 had the best silencing efficacy 
(0.12 and 0.17 in Hep3b and Huh7, respectively) by qRT-
PCR (Figure 3A). Therefore, shRNA-2 was used for further 
functional experiments. The ability of lentiviral infection to 
overexpress KIF2C was confirmed in Figure S2B.

Downregulation of KIF2C inhibits proliferation, 
migration, and invasion of HCC cells

According to the results of the CCK-8 assay, changing 
the level of KIF2C expression changed the proliferative 
ability of HCC cells. KIF2C suppression significantly 
reduced the proliferative ability of HCC cells (Figure 3B). 
Transwell cell migration and invasion assay indicated that the 
overexpression of KIF2C promoted metastasis and invasion of 
HCC cells, while the suppression of KIF2C had the opposite 
result (Figure 3C,3D). Similar results were obtained with 
the wound-healing assay, indicating that the upregulation of 
KIF2C elevated migration activity, and the downregulation of 
KIF2C slowed migration activity (Figure 4).

http://report.bgi.com
https://string-db.org/
https://string-db.org/
http://genemania.org
https://cdn.amegroups.cn/static/public/ATM-21-6240-supplementary.pdf
https://cdn.amegroups.cn/static/public/ATM-21-6240-supplementary.pdf
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Figure 1 The expression level of KIF2C in HCC. (A) Representative IHC staining for KIF2C protein expression in 20 HCC and adjacent 
non-cancerous tissues. (B) Statistical analysis of KIF2C protein expression in 20 patients based on IHC staining. (C) mRNA expression of 
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operating characteristic curves for KIF2C in 76 paired HCC and adjacent non-cancerous tissues. *, P<0.05. KIF2C, kinesin family member 
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Suppressing KIF2C accelerates HCC cell apoptosis and 
prolongs the cell cycle

Cell apoptosis and the cell cycle are important in tumor 
progression. The relationship with KIF2C was ascertained 
using a flow cytometry assay. The results showed that the 
upregulation of KIF2C promoted the growth of HCC cells 
and reduced apoptosis (Figure 5A,5B). Suppressing KIF2C 
caused the percentage of G2/M phase cells to increase 
(P<0.001), and KIF2C inhibited cell mitosis and led to a 
prolonged cell cycle (Figure 5C,5D). 

EMT in HCC cells

The biological processes of tumor cell invasion and 
metastasis were shown to be related to EMT and Western 

blot analysis; qRT-PCR was used to determine whether 
KIF2C promotes metastasis and invasion of HCC cells 
via EMT. E-cadherin was found at 80 and 125 kDa 
respectively, while N-cadherin was found at 170 kDa. The 
downregulation of KIF2C was characterized by the high 
expression of E-cadherin and low expression of N-cadherin 
and Vimentin in Hep3b cells (Figure 6A,6B, Figure S3A,3B). 
Overexpression of KIF2C in Huh7 cells was related to 
the high expression of N-cadherin and Slug. Based on 
qRT-PCR, the level of E-cadherin and N-cadherin were 
upregulated when KIF2C was downregulated in Hep3b 
(Figure 6C). E-cadherin exhibits anti-EMT activity and 
N-cadherin, Snail, Slug, and Vimentin are pro-EMT. In 
short, KIF2C regulated the metastasis and invasion of HCC 
cells through EMT.

https://cdn.amegroups.cn/static/public/ATM-21-6240-supplementary.pdf
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Figure 2 Clinical analysis and expression of KIF2C in HCC based on database. (A-E) Level of KIF2C expression in Oncomine, GEO, 
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GEO, Gene Expression Omnibus; MERAV, Metabolic gEne RApid Visualizer; GEPIA, Gene Expression Profiling Interactive Analysis; 
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Transcriptome sequence analysis and interaction network

To further explore the potential mechanism underlying 
KIF2C to promote the progression of HCC, we analyzed 
the differences in the transcriptome between the si-
KIF2C and control groups. In total, 144 mRNAs were 
differentially expressed, of which 63 were upregulated and 
81 were downregulated. Seventy-two long non-coding 
RNA (lncRNA) were DEGs and 34 and 38 lncRNA were 
downregulated and upregulated, respectively. Three 
miRNAs were downregulated and 8 miRNAs were 
upregulated (Figure 7A). Based on the enrichment of 
differentially expressed mRNAs, lncRNA target genes, 
and miRNA-targeted mRNA genes, the leading 45 KEGG 
pathways that were enriched were selected according to the 
enrichment results of KEGG from small to large P values 
(Tables S2-S4). Finally, the mitogen-activated protein kinase 
(MAPK) signaling pathway, Ras signaling pathway, and 
colorectal cancer were all enriched in 3 enrichment analyses 
(Figure 7B). Phospha-tidylinositol-3 kinase (PI3K)/protein 
kinase B (Akt) signaling pathway was one of the potential 
pathways (Figure 7C). Protein interaction networks showed 
that KIF2C interacts with BUB1B, CDCA8, CDK1, 
CCNB1, CCNB2, PLK1, AURKB, and NDC80, which 
were reported to be associated with HCC (Figure 7D,7E) 
(37-39). The results of the gene-to-gene interaction are 
shown in Figure 7F,7G.

Discussion

Generally, most HCC patients are first diagnosed at an 
advanced stage and have intra- or extra-hepatic metastases, 
which affect the therapeutic effect and result in a poor 
prognosis (40). Recent studies have indicated that targeted 
molecular therapies, such as sorafenib and lenvatinib, 
relieve pain and improve prognosis, but only a fraction 
of patients benefit because therapeutic targets are limited 
due to genetic alterations of HCC being complicated and 
multifaceted (40). Therefore, there is an urgent need to 
explore the mechanism underlying HCC and search for 
new biomarkers.

In our study, we first proposed that KIF2C promotes the 
development of HCC through the Ras/MAPK signaling 
pathway by detecting transcriptome changes between 
the KIF2C silent and control groups based on KEGG 
enrichment analysis. Moreover, based on qRT-PCR and 
IHC, we found that KIF2C was overexpressed in HCC, 
and public databases confirmed our findings. At the same 
time, KIF2C was correlated with clinical factors, such as 
pathological stage and histopathological grade, and patients 
in the high KIF2C expression group had a worse prognosis. 
KIF2C was shown to be highly effective in the diagnosis of 
HCC. Based on in vitro experiments, the overexpression of 
KIF2C promoted cell proliferation, migration, and invasion, 
and accelerated the cell cycle, and inhibited apoptosis. 

https://cdn.amegroups.cn/static/public/ATM-21-6240-supplementary.pdf
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Table 1 Correlation analysis of KIF2C gene expression level and patient clinical characteristics in The Cancer Genome Atlas database

Variable All cases (n=358)
KIF2C expression level

P value
Low expression High expression

Age (years) 0.026

≤60 172 75 97

>60 186 103 83

Sex 0.132

Female 242 127 115

Male 116 51 65

Child-Pugh classa 0.622

A 209 112 97

B 22 13 9

Alcohol historyb 0.732

No 223 110 113

Yes 117 60 57

Hepatitis virusc 0.303

No 94 51 43

Yes 256 123 133

Vascular invasiond 0.235

No 199 109 90

Yes 103 49 54

Pathological stagee 0.001

I 165 96 69

II 81 36 45

III + IV 88 33 55

Neoplasm histological gradef <0.001

G1 53 38 15

G2 169 91 78

G3 + G4 131 47 84

Cirrhosisg 0.687

No 72 29 43

Yes 139 60 79

Radical resectionh 0.154

R0 315 162 153

R1/Rx 36 14 22
a, Child-Pugh class was unavailable for 127 patients; b, alcohol history was unavailable for 18 patients; c, hepatitis virus was unavailable 
for 8 patients; d, vascular invasion was unavailable for 56 patients; e, pathological stage was unavailable for 24 patients; f, neoplasm 
histological grade was unavailable for 5 patients; g, cirrhosis was unavailable for 147 patients; h, radical resection was unavailable for 7 
patients. KIF2C, kinesin family member 2C. 
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Figure 3 Results of cell proliferation, migration and invasion in HCC. (A) Real-time polymerase chain reaction results for KIF2C expression 
in Hep3b and Huh7 cell lines with different shRNAs. (B) Growth curves for Hep3b and Huh7 cell lines based on the Cell Counting Kit-8 
assay and expressed as OD values. (C,D) Representative images and statistical analysis of transwell migration and invasion assays in different 
groups and cell lines expressed as OD values (crystal violet staining; scale bar, 50 µm). *, P<0.05. KIF2C, kinesin family member 2C; HCC, 
hepatocellular carcinoma; NC, negative control; shRNA, short hairpin RNA; OD, optical density.
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Figure 4 Representative images and statistical analysis of wound-healing assay in different groups and cell lines. Scale bar, 100 µm.  
*, P<0.05. KIF2C, kinesin family member 2C; NC, negative control; shRNA, short hairpin RNA.
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Using RT-PCR and Western blotting assay, we found that 
the upregulation of KIF2C promoted the invasion and 
metastasis of tumor cells by changing the level of EMT 
expression. Finally, the Ras/MAPK signaling pathway 
was the main mechanism by which KIF2C promotes 
tumorigenesis and the progression of HCC.

The oncogenic role of KIF2C has been widely reported. 
In lung adenocarcinoma, KIF2C  i s  overexpressed 
and associated with poor overall survival (41). KIF2C 
promotes transition from a low-grade glioma to secondary 
glioblastoma, increases the risk of early death, and is 
related to susceptibility to chemotherapy for secondary 
glioblastoma (42). High KIF2C expression in male patients 
with esophageal squamous cell carcinoma is associated with 
worse overall survival, and even with the same pathological 
TNM stage, patients with high KIF2C expression had 
a worse outcome (43). Similar results have indicated 
that KIF2C promotes breast cancer, prostate cancer, and 

thyroid carcinoma (44-46). In our study, KIF2C was also 
upregulated in HCC tissues and was associated with a 
poor outcome. KIF2C promotes HCC cell proliferation, 
migration, and metastasis, accelerates the cell cycle, and 
inhibits apoptosis. The above cell functional experiments 
explain why upregulation of KIF2C leads to early recurrence 
and death in patients. Previous studies have also added to 
the credibility of our study (29,47). These finding indicate 
that KIF2C is an oncogenic gene and a promising biomarker 
for the diagnosis and prognosis of HCC.

EMT is a key process in tumor migration and distant 
metastases (48). The mechanism underlying KIF2C 
promotion of invasion and metastasis was found to be 
related to EMT by detecting the relationship of KIF2C 
expression and epithelial and mesenchymal markers of 
EMT in HCC cells. Changes in these markers indicate 
that KIF2C could promote the invasion and metastasis 
of HCC cells through EMT. It has been reported that a 
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Figure 5 Results of cell cycle and apoptosis assay. (A,B) Number of apoptotic cells in each group and cell line detected by flow cytometry 
assay and statistical analysis. (C,D) Cell cycle distribution in each group calculated by flow cytometry assay and statistical analysis in Hep3b 
and Huh7 cell lines, respectively. *, P<0.05. KIF2C, kinesin family member 2C; NC, negative control; shRNA, short hairpin RNA.

novel, orally bioavailable compound (VS 8) significantly 
upregulates E-cadherin and downregulates Vimentin, and 
that VS 8 promotes apoptosis of HCC cells (49). Moreover, 
rapamycin was found to effectively reduce the expression 
of N-cadherin and enhanced the expression of E-cadherin 
by reducing the expression of BUB1B, therefore inhibiting 
EMT (37). Therefore, KIF2C could be a target for the 
treatment of HCC by inhibiting EMT, but more functional 
studies and clinical trials are needed to confirm this.

Cell proliferation is one of the most important 
mechanisms for HCC progression and the Ras-Raf-
mitogen-activated protein kinase kinase (MEK)-extracellular 
signal-regulated kinase (ERK)-MAPK (Ras/MAPK) 
signaling pathway is one of the major molecular classes 
of HCC (Figure 8) (50). A number of studies have also 
demonstrated that HCC tumorigenesis and progression are 
related to the Ras/MAPK signaling pathway (51). Hepatitis 
B and C viruses are known risk factors for HCC and can 
activate the Ras/MAPK signaling pathway through Hepatitis 
B virus regulatory X (HBx) and the hepatitis C virus (HCV) 
core protein, resulting in hepatocarcinogenesis (52,53). 
The MAPK signaling pathway transduces signals from cell 
surface receptors to the nucleus and activates biological 
processes. Most of the MAPK signaling pathway is activated 
depending on the GTPase-mitogen-activated protein kinase 

kinase kinase (MEKK)-MEK-MAPK axis (54). 
The Ras protein belongs to the small GTPases family 

and is activated by various extracellular stimuli; the ERK1/2 
pathway, which belongs to the MAPK pathway superfamily, 
is then activated (54). In addition, the level of Ras/MAPK 
signaling pathway marker expression, such as PAN-Ras, 
Raf-1, and phosphorylated MEK1, is correlated with poor 
prognosis in HCC patients (55). In a study of lung cancer 
cell lines, suppressing KIF2C inhibits the migration and 
invasion of tumor cells (31). Importantly, in the transformed 
model, knocking down K-Ras or inhibiting the activation 
of ERK1/2 reduces KIF2C expression, which also suggests 
that KIF2C could be considered a new alternative cancer 
drug target (31). Inhibitors of the Ras/MAPK signaling 
pathway or its upstream and downstream targets have been 
developed, such as imatinib, sorafenib and gefitinib (56). 

Based on this, we suggest that the KIF2C oncogene 
promotes HCC generation and progression through the 
Ras/MAPK and PI3K/Akt signaling pathway, providing a 
new biomarker for the treatment of HCC patients. Previous 
studies further strengthen the credibility of our findings (29).

There were some drawbacks to the present study. First, 
there was a lack of a clinical cohort to assess the relationship 
between KIF2C and clinical variables. Second, we need to 
confirm the effect of KIF2C in in vivo experiments. Third, 
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Figure 6 Expression of the epithelial proteins in HCC cells were detected by Western blot and PCR analysis. (A,B) Levels of E-cadherin, 
N-cadherin, Snail, Slug, and Vimentin expression was compared by Western blot analysis in Hep3b and Huh7 cell lines. (B) Corresponding 
statistical analysis. (C) Levels of E-cadherin, N-cadherin, Snail, Slug, and Vimentin expression were compared by real-time polymerase 
chain reaction in Hep3b and Huh7 cell lines. *, P<0.05. KIF2C, kinesin family member 2C; HCC, hepatocellular carcinoma; NC, negative 
control; shRNA, short hairpin RNA.

NC
-s
hR
NA

NC
-s
hR
NA

NC
-K
IF2
C

NC
-K
IF2
C

NC NCsh
RN
A

sh
RN
A

KI
F2
C

KI
F2
C

H
uh

7

H
ep

3b
N-cadherin

E-cadherin

E-cadherin

Vimentin

Snail

Slug

GAPDH

170 kDa

125 kDa

80 kDa

54 kDa

30 kDa

30 kDa

36 kDa 

170 kDa

125 kDa

80 kDa

54 kDa

30 kDa

30 kDa

36 kDa

N-cadherin

E-cadherin

E-cadherin 

Vimentin

Snail

Slug

GAPDH

1.5

1.0

0.5

0.0

2.0

1.5

1.0

0.5

0.0

30

24

18

12

6

0

200
150
100

50

8
6
4
2

0.2

0.1

0.0

E
xp

re
ss

io
n 

le
ve

l
E

xp
re

ss
io

n 
le

ve
l

R
el

at
iv

e 
pr

ot
ei

n 
le

ve
l

R
el

at
iv

e 
pr

ot
ei

n 
le

ve
l

E-cadherin
80 kDa

E-cadherin
80 kDa

E-cadherin

E-cadherin

*

*

*

* * * *

*

* *

** **

* *

E-cadherin
125 kDa

E-cadherin
125 kDa

N-cadherin
170 kDa

N-cadherin
170 kDa

N-cadherin

N-cadherin

Slug
30 kDa

Slug
30 kDa

Slug

Slug

Vimentin
54 kDa

Vimentin
54 kDa

Vimentin

Vimentin

sh
KIF2

C

sh
KIF2

C

NC-s
hK

IF2
C

NC-s
hK

IF2
C

NC-K
IF2

C

NC-K
IF2

C

NC

NC

NC

NC

sh
KIF2

C

sh
KIF2

C

KIF2
C

KIF2
C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

NC-K
IF2

C

KIF2
C

KIF2
C

NC-K
IF2

C

NC-K
IF2

C

sh
KIF2

C

sh
KIF2

C

NC-s
hK

IF2
C

NC-s
hK

IF2
C

NC-s
hR

NA

NC-s
hR

NA

NC-s
hR

NA

NC-s
hR

NA

NC-s
hR

NA

NC-s
hR

NA

NC-s
hR

NA

NC-s
hR

NA

NC-s
hR

NA

NC-s
hR

NA

sh
RNA

sh
RNA

sh
RNA

sh
RNA

sh
RNA

sh
RNA

sh
RNA

sh
RNA

sh
RNA

sh
RNA

NC-s
hK

IF2
C

NC-s
hK

IF2
C

KIF2
C

KIF2
C

NC

NC

NC-s
hK

IF2
C

NC-s
hK

IF2
C

KIF2
C

KIF2
C

NC

NC

sh
KIF2

C

sh
KIF2

C

sh
KIF2

C

sh
KIF2

C

NC-s
hK

IF2
C

NC-s
hK

IF2
C

NC-K
IF2

C

NC-K
IF2

C

NC

NC

NC

NC

NC

NC

NC

NC

NC

NC

NC

NC

NC-K
IF2

C

NC-K
IF2

C

NC

NC

NC-s
hK

IF2
C

NC-s
hK

IF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

KIF2
C

NC-K
IF2

C

NC-K
IF2

C

sh
KIF2

C

sh
KIF2

C

NC 
NC-KIF2C
KIF2C 
NC-shRNA
shRNA

NC 
NC-KIF2C
KIF2C 
NC-shRNA
shRNA

Snail
30 kDa

Snail
30 kDa

Snail

Snail

H
ep

3b
H

uh
7

H
ep

3b
H

uh
7

A

B

C



Annals of Translational Medicine, Vol 10, No 3 February 2022 Page 15 of 19

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(3):151 | https://dx.doi.org/10.21037/atm-21-6240

Protein homology

Physical Interactions Co-localization
Pathway
Genetic Interactions
Shared protein domains

Co-expression
Predicted

From curated databases
Experimentally determined Co-expression mRNA

mRNA

10

1 8 14

1

1

1000

819

ppi

ggi

nodenumber

nodenumber

Textming

−Log10 (P value)
has4512: ECM-receptor interaction

has4151: PI3K-Akt signaling pathway
has4010: MAPK signaling pathway

has4974: Protein digestion and absorption
has4510: Focal adhesion

has4928: Parathyroid hormone synthesis, secretion and action
has4014: Ras signaling pathway

has5200: Pathways in cancer
has590: Arachidonic acid metabolism

has140: Steroid hormone biosynthesis
has5031: Amphetamine addiction
has3320: PPAR signaling pathway

has4060: Cytokine-cytokine receptor interaction
has4015: Rap1 signaling pathway

has5418: Fluid shear stress and atherosclerosis
has4662: B cell receptor signaling pathway

has4380: Osteoclast differentiation
has4657: IL-17 signaling pathway

has4933: AGE-RAGE signaling pathway in diabetic complications
has5224: Breast cancer

G
en

e 
nu

m
be

rs

3.0

2.5

2.0

1.5

100

80

60

40

20

0

mRNA

33
1

37

3

30

8 4

mRNA
Up-regulated

Down-regulated

DEGs

IncRNA IncRNAmiRNA

miRNA

0.0 2.5 5.0 7.5 10.0

CDCA8

CCNB2

KIF2C

BUB1B
NDC80

ADCY10
ZNF207

MTOR CLIP4

MTUS1

KIF2C

CADM1

PDXP

GTSE1MCAT

SGSM3
COX7A2L

ATP8A2

CALCA
KIF1A

Gene count

A

D

F

C

B

E

G

Figure 7 The potential mechanism of KIF2C in HCC and interaction network. (A) Number of DEGs between shRNA and control group. 
(B) Intersection of mRNA, long non-coding RNA, and miRNA-enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling 
pathways. (C) Top 20 enrichment KEGG pathways based on differentially expressed mRNA from small to large according to P value. (D,E) 
Interaction network for KIF2C and other proteins. (F,G) Interaction network for KIF2C and other genes. LncRNA, long non-coding RNA; 
KIF2C, kinesin family member 2C; HCC, hepatocellular carcinoma; ECM, extracellular matrix; DEGs, differentially expressed genes.
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Figure 8 Schematic representation of mitogen-activated protein kinase cascade activation. ERK1/2, extracellular signal-regulated kinase 
1/2; MEK, mitogen-activated protein kinase kinase; RTK, receptor tyrosine kinase.

more functional experiments are needed to clarify the 
mechanism of KIF2C regulating Ras/MAPK.

We found that KIF2C is an oncogene in HCC and is 
highly expressed in HCC tissues. High expression of KIF2C 
can promote tumorigenesis, progression, migration, and 
invasion, and accelerate the cell cycle, and inhibit cell 
apoptosis through the Ras/MAPK and PI3K/Akt signaling 
pathway and activate the EMT, all of which indicate poor 
prognosis. KIF2C is an anticipated biomarker for HCC 
diagnosis, prognosis, and targeted therapy. 
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Figure S1 Identification report of cell lines and lentiviral vector. (A,B) Electrophoretogram of Hep3b and Huh7 cell line authentication, 
respectively. (C,D) Diagram of kinesin family member 2C and short hairpin RNA lentivirus vectors.
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Table S1 The primer sequence

Gene forward reverse

KIF2C 5'-TGGGTCTAGGCAGGGTCTGA-3' 5'-TGAGGGCGACAACTGAGGA-3'

GAPDH 5'-AGGCCGGTGCTGAGTATGTC-3' 5'-TGCCTGCTTCACCACCTTCT-3'

E-cadherin 5'-TTAACAGGAACACAGGAGTC-3' 5'-GGATTGAAGATCGGAGGATT-3'

N-cadherin 5'-CATCATCCTGCTTATCCTT-3' 5'-AGTCATAGTCCTGGTCTTCT-3'

Slug 5'-CAAGGACACATTAGAACTCAC-3' 5'-GAGACATTCTGGAGAAGGTT-3'

Snail 5'-CCAATCGGAAGCCTAACTAC-3' 5'-CAGAGTCCCAGATGAGCATT-3'

Vimentin 5'-TACATCGACAAGGTGCGCTT-3' 5'-CTCCTCCTGCAATTTCTCCCG-3'
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Figure S2 KIF2C expression level in pan-cancer and lentivirus overexpression efficiency (A) Expression level of KIF2C in different tumors. 
(B) Real-time polymerase chain reaction results for expression of KIF2C in overexpressed Hep3b and Huh7 cell lines. KIF2C, kinesin family 
member 2C; NC, negative control.

Hep3b Huh7
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Figure S3 Official and original images of western blot. (A) Official and original E-cadherin bands of Western blot and was found in the 
range of 80–125 kDa; (B) official and original N-cadherin bands of Western blot and was found in 125 and 170 kDa, respectively.
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Table S2 Results of KEGG pathway analysis of mRNA

KEGG pathway term ID KEGG pathway term description Rich ratio P value

4512 ECM-receptor interaction 0.039683 <0.001

4151 PI3K-Akt signaling pathway 0.019011 0.001095

4010 MAPK signaling pathway 0.019048 0.003447

4974 Protein digestion and absorption 0.038095 0.003497

4510 Focal adhesion 0.021053 0.00693

4928 Parathyroid hormone synthesis, secretion, and action 0.028169 0.010067

4014 Ras signaling pathway 0.019169 0.010718

5200 Pathways in cancer 0.013643 0.011387

140 Steroid hormone biosynthesis 0.036585 0.012721

590 Arachidonic acid metabolism 0.036585 0.012721

5031 Amphetamine addiction 0.034884 0.014454

3320 PPAR signaling pathway 0.029703 0.022096

4060 Cytokine-cytokine receptor interaction 0.016173 0.022854

4015 Rap1 signaling pathway 0.018315 0.023082

5418 Fluid shear stress and atherosclerosis 0.020202 0.030058

4662 B-cell receptor signaling pathway 0.025641 0.032251

4380 Osteoclast differentiation 0.019048 0.036141

4657 IL-17 signaling pathway 0.023256 0.041214

4933 AGE-RAGE signaling pathway in diabetic complications 0.022901 0.042817

5224 Breast cancer 0.018018 0.042888

600 Sphingolipid metabolism 0.033898 0.04776

5146 Amoebiasis 0.021898 0.047814

5030 Cocaine addiction 0.032787 0.050698

4913 Ovarian steroidogenesis 0.031746 0.053699

5202 Transcriptional misregulation in cancer 0.015326 0.069385

460 Cyanoamino acid metabolism 0.076923 0.07435

480 Glutathione metabolism 0.025316 0.079779

5221 Acute myeloid leukemia 0.022727 0.09585

430 Taurine and hypotaurine metabolism 0.058824 0.096106

4927 Cortisol synthesis and secretion 0.022472 0.097689

4810 Regulation of actin cytoskeleton 0.013514 0.098895

4917 Prolactin signaling pathway 0.022222 0.099539

5165 Human papillomavirus infection 0.010969 0.105775

4260 Cardiac muscle contraction 0.020619 0.112751

5226 Gastric cancer 0.014778 0.119386

1230 Biosynthesis of amino acids 0.019231 0.126388

4145 Phagosome 0.012232 0.129157

5218 Melanoma 0.018868 0.130355

5133 Pertussis 0.018692 0.132349

4012 ErbB signaling pathway 0.018349 0.136358

1521 EGFR tyrosine kinase inhibitor resistance 0.018018 0.140395

4630 Jak-STAT signaling pathway 0.013699 0.140612

5210 Colorectal cancer 0.017857 0.142423

4360 Axon guidance 0.013453 0.146108

5410 Hypertrophic cardiomyopathy 0.017544 0.146498

KEGG, Kyoto Encyclopedia of Genes and Genomes; ECM, extracellular matrix; PI3K, phosphoinositide 3-kinase; MAPK, mitogen-
activated protein kinase; PPAR, peroxisome proliferator-activated receptor-γ; IL, interleukin; AGE, advanced glycation end products; 
RAGE, receptor for advanced glycation end products; EGFR, epidermal growth factor receptor. 
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Table S3 Results of KEGG pathway analysis of long non-coding RNA

KEGG pathway term ID KEGG pathway term description Rich ratio P value

3060 Protein export 0.066666667 <0.001

4974 Protein digestion and absorption 0.019047619 0.009187952

72 Synthesis and degradation of ketone bodies 0.071428571 0.01924159

4614 Renin-angiotensin system 0.033333333 0.04079921

650 Butanoate metabolism 0.02173913 0.06190407

4014 Ras signaling pathway 0.006389776 0.0691404

565 Ether lipid metabolism 0.019230769 0.06970352

5230 Central carbon metabolism in cancer 0.012345679 0.1065363

140 Steroid hormone biosynthesis 0.012195122 0.1077813

5217 Basal cell carcinoma 0.011764706 0.1115061

4111 Yeast cell cycle 0.00990099 0.1311227

310 Lysine degradation 0.009803922 0.1323349

562 Inositol phosphate metabolism 0.009803922 0.1323349

5212 Pancreatic cancer 0.009090909 0.1419746

4972 Pancreatic secretion 0.009009009 0.1431724

5210 Colorectal cancer 0.008928571 0.1443685

3008 Ribosome biogenesis in eukaryotes 0.007874016 0.1621207

4916 Melanogenesis 0.007874016 0.1621207

4666 Fc gamma R-mediated phagocytosis 0.007633588 0.1667949

4070 Phosphatidylinositol signaling system 0.007407407 0.1714442

4114 Oocyte meiosis 0.005882353 0.2110827

4919 Thyroid hormone signaling pathway 0.005681818 0.2176935

4310 Wnt signaling pathway 0.005263158 0.2329137

4550 Signaling pathways regulating pluripotency of stem cells 0.005235602 0.23399

4390 Hippo signaling pathway 0.005208333 0.2350648

4072 Phospholipase D signaling pathway 0.005076142 0.2404174

5226 Gastric cancer 0.004926108 0.2467933

4150 mTOR signaling pathway 0.004830918 0.2510155

4934 Cushing’s syndrome 0.004807692 0.2520675

5224 Breast cancer 0.004504505 0.2666484

4360 Axon guidance 0.004484305 0.2676794

5200 Pathways in cancer 0.002728513 0.2702418

5225 Hepatocellular carcinoma 0.004385965 0.2728139

3013 RNA transport 0.004048583 0.2920133

4141 Protein processing in endoplasmic reticulum 0.004048583 0.2920133

4020 Calcium signaling pathway 0.00390625 0.300938

4015 Rap1 signaling pathway 0.003663004 0.3175035

5205 Proteoglycans in cancer 0.003571429 0.3242151

5164 Influenza A 0.003546099 0.3261211

5016 Huntington’s disease 0.003533569 0.3270721

4080 Neuroactive ligand-receptor interaction 0.00295858 0.3774527

4010 MAPK signaling pathway 0.002380952 0.445933

4144 Endocytosis 0.002314815 0.4553301

5166 HTLV-I infection 0.002237136 0.4668626

5165 Human papillomavirus infection 0.001828154 0.5379964

KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin.
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Table S4 Results of KEGG pathway analysis of miRNA

KEGG pathway term ID KEGG pathway term description Rich ratio P value

4011 MAPK signaling pathway—yeast 0.069767442 0.004472886

4714 Thermogenesis 0.022012579 0.01195188

4723 Retrograde endocannabinoid signaling 0.027777778 0.0131002

4070 Phosphatidylinositol signaling system 0.02962963 0.02090116

592 Alpha-linolenic acid metabolism 0.064516129 0.02392995

4660 T-cell receptor signaling pathway 0.027586207 0.02632254

5213 Endometrial cancer 0.035294118 0.02833318

4391 Hippo signaling pathway—fly 0.034883721 0.02919557

591 Linoleic acid metabolism 0.057142857 0.03001341

4071 Sphingolipid signaling pathway 0.024539877 0.03803573

4926 Relaxin signaling pathway 0.024390244 0.03876129

4664 Fc epsilon RI signaling pathway 0.030612245 0.04061433

5223 Non-small cell lung cancer 0.03030303 0.04165402

1524 Platinum drug resistance 0.02970297 0.04377343

4138 Autophagy—yeast 0.02970297 0.04377343

4919 Thyroid hormone signaling pathway 0.022727273 0.04808599

4624 Toll and IMD signaling pathway 0.041666667 0.05333537

5210 Colorectal cancer 0.026785714 0.05636666

4960 Aldosterone-regulated sodium reabsorption 0.04 0.05735102

4068 FoxO signaling pathway 0.020942408 0.06133822

565 Ether lipid metabolism 0.038461538 0.06146856

1100 Metabolic pathways 0.010920437 0.06518307

5132 Salmonella infection 0.025 0.06648798

5205 Proteoglycans in cancer 0.017857143 0.06683517

740 Riboflavin metabolism 0.1 0.0748772

5034 Alcoholism 0.019230769 0.07845541

564 Glycerophospholipid metabolism 0.022900763 0.08165378

5231 Choline metabolism in cancer 0.022222222 0.08750878

4724 Glutamatergic synapse 0.02189781 0.09050143

4978 Mineral absorption 0.03030303 0.09281642

4014 Ras signaling pathway 0.015974441 0.09634893

5215 Prostate cancer 0.021126761 0.09816741

4010 MAPK signaling pathway 0.014285714 0.1082272

4530 Tight junction 0.016736402 0.1150601

4270 Vascular smooth muscle contraction 0.019607843 0.1159115

510 N-glycan biosynthesis 0.025974026 0.1199953

4370 VEGF signaling pathway 0.025641026 0.1225561

1522 Endocrine resistance 0.01910828 0.1226449

4722 Neurotrophin signaling pathway 0.01875 0.1277874

561 Glycerolipid metabolism 0.024691358 0.1303174

4062 Chemokine signaling pathway 0.015873016 0.132303

590 Arachidonic acid metabolism 0.024390244 0.1329296

4976 Bile secretion 0.024096386 0.1355538

603 Glycosphingolipid biosynthesis—globo and isoglobo series 0.052631579 0.1374972

4140 Autophagy—animal 0.008728943 0.1394996

KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen-activated protein kinase; VEGF, vascular endothelial growth factor.


