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Abstract: Nitidine chloride (NC) has reported tumor suppressive activities for various human cancers, including
hepatocellular carcinoma (HCC). Nevertheless, the pharmacological mechanism of NC on HCC has not previously
been elucidated. SMMC7721 HCC cell lines, before and after the treatment of NC, were injected into nude mice for
a subcutaneous tumor xenograft model. MiRNA and mRNA sequencing were performed for both control and treated
xenograft tissues to further analyze differential expressed miRNAs (DEmiRNAs) and mRNAs (DEmRNAs). The ten
most significant DEmiRNAs were selected for prediction of transcription factors (TFs) and target genes. We con-
structed an interconnected network composed of TFs the ten most significant DEmiRNAs, the 100 most significant
DEmMRNASs, and selected target genes from online programs. Hub genes chosen from a protein-to-protein interac-
tion network of hub genes were validated by correlation analysis, expression analysis, and Kaplan-Meier survival
analysis. The five most up-regulated miRNAs (hsa-miR-628-5p, hsa-miR-767-5p, hsa-miR-767-3p, hsa-miR-1257,
and hsa-miR-33b-3p) and the five most down-regulated miRNAs (hsa-miR-378d, hsa-miR-136-5p, hsa-miR-451a,
hsa-miR-144-5p, and hsa-miR-378b) were singled out from the DEmiRNAs. Functional annotations indicated that
potential target genes of the top five up-regulated miRNAs were mainly clustered in molecular processes concerning
epithelial-to-mesenchymal transition. Hub genes, such as ITGA6 and ITGB4, were validated as up-regulated in HCC;
both IFIT2 and IFIT3 were revealed by Kaplan-Meier survival curves as good prognostic factors for HCC. In summary,
the regulating axes of NC-DEmiRNAs-DEmMRNAs and TFs-DEmiRNAs-DEmMRNAs in HCC that were discovered in this
study may shed light on the possible molecular mechanism of NC in HCC.
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Introduction combat HCC, the clinical outcomes for HCC
patients remain poor due to the lack of sensi-

As one of the most common phenotypes of liver tive biomarkers for early detection and the

malignancies, hepatocellular carcinoma (HCC)
takes a great toll on the health of people world-
wide, especially in Asia and Africa [1]. Statistics
of newly diagnosed cancer cases and new can-
cer deaths showed that HCC ranks as the sixth
most common cancer diagnosis and the third
most common cause of cancer-associated
mortality [2]. Although therapeutic strategies,
including resection, liver transplantation, ima-
ge-guided tumor ablation, and transcatheter
chemoembolization, have been developed to

obscure mechanisms underlying the carcino-
genesis of HCC [3]. Therefore, it is imperative to
uncover effective therapeutic targets for HCC
and explore its complicated molecular basis.

Nitidine chloride (NC) is the primary active
ingredient of the traditional Chinese medicine
Zanthoxylum nitidum (Roxb) DC [4]. As a natural
bioactive phytochemical alkaloid, NC is well
known for diverse functions as an anti-fungal,
anti-inflammatory, and anti-oxidant agent [5].
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Recently, the tumor suppressive activities of
NC have been proven for various human can-
cers, including HCC [6-8]. NC could inhibit
tumor growth and stimulate apoptosis in HCC
cells via disturbing relevant pathways [8, 9I.
However, the pharmacological mechanism of
NC in HCC has not yet been elucidated.

MicroRNAs (miRNAs), a class of short non-cod-
ing RNAs that post-transcriptionally regulate
gene expression through inducing the degrada-
tion of target mRNAs or translational repres-
sion, are a hot research topic in cancer treat-
ment because of their crucial roles as either
oncogenes or tumor suppressors in a wide vari-
ety of cancers [10]. Dysregulation of multiple
miRNAs in HCC, such as miR-34a,9 miR-
506,10, miR-6451, miR-197,12 miR-552,13
and miR-65014, have been reported by previ-
ous studies [11]. However, the regulatory asso-
ciation between NC and miRNAs in HCC has not
been researched. In the current study, we
aimed to investigate potential NC-miRNA-mRNA
axes in HCC by analyzing miRNA and mRNA
expression profiles before and after NC treat-
ment in HCC and to further investigate how
these axes form interactive networks to impact
the initiation and development of HCC.

Materials and methods

Human HCC nude mouse xenograft experi-
ment

We have previously found the inhibitory effect
of NC on growth of liver cancer cells [4, 12].
Male and female nude mice, purchased from
Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China), were handled according to
the Guide for the Care and Use of Laboratory
Animals (the Shanghai SLAC Laboratory Animal
of China, 2015). SMMC7721 cells (5 x 107
cells/L) were inoculated by subcutaneous injec-
tion into the right armpit of each mouse. When
tumor size reached approximately 70 mm?, all
mice were randomly assigned to either the neg-
ative control group, which was intraperitoneally
injected with saline, or the NC group, which was
intraperitoneally injected with 7 mg/kg NC.
After 15 days, the mice were anaesthetized,
and the tumor tissues were excised and stored
at-80°C.

RNA-seq

Total RNA was extracted with TRIzol Regent
(Invitrogen, USA). RNA purity was detected
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using the NanoPhotometer® spectrophotome-
ter (IMPLEN, CA, USA). RNA integrity was moni-
tored using the RNA Nano 6000 Assay Kit of
the Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, USA).

The miRNA and mRNA sequencing libraries
were established using the NEBNext® Multi-
plex Small RNA Library Prep Set for lllumina®
(NEB, USA) and the rRNA-depleted RNA by NEB
Next® Ultra™ Directional RNA Library Prep Kit
for lllumina® (NEB, USA), respectively, follow-
ing the manufacturer’'s recommendations. The
library quality was monitored on the Agilent
Bioanalyzer 2100 system. After removing reads
with adaptors, >5% unknown nucleotides, and
low-quality bases, qualified reads were mapped
against human genome references (GRCh37/
hg19).

Differential expression profiles

Prior to differential expression analysis, the raw
count data of mRNA and miRNA sequencing in
NC-treated and control samples was subjected
to principal component analysis (PCA) in the lat-
tice package of R software v.3.5.2 to examine
outliers. After excluding samples containing
outliers, we performed differential expression
analysis utilizing the DESeq2 package in R soft-
ware v.3.5.2 with raw count data of the remain-
ing samples. The cutoff value for differentially
expressed miRNAs (DEmiRNAs) and differen-
tially expressed mRNAs (DEmRNAs) was set as
log2-transformed fold change (FC) value >1 or
<-1 and P<0.05.

TF predictions for the ten most significant
DEmiRNAs

Transcription factors (TFs) are DNA-binding pro-
teins that exert indispensable influence in regu-
lating gene expression and cancer-associated
pathways [13]. Mounting evidence suggests
that some TFs interact with miRNAs to impact
the transcriptome of target genes [14, 15]. In
the present study, TFs that target the five most
up-regulated miRNAs and five most down-regu-
lated miRNAs, as ranked by P-value, were pre-
dicted by TransmiR v.2.0 and FunRich v.3.1.3.
Both databases store regulatory relations
between human TFs and miRNAs [16, 17].
Network diagrams and bar plots of predicted
TFs were exported from TransmiR and FunRich,
respectively.
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Potential target genes of the ten most signifi-
cant DEmiRNAs

One part of the target genes of the ten most
significant DEmiRNAs was achieved from
DEmRNAs in NC-treated human HCC xeno-
grafts in nude mice. Significantly up-regulated
and down-regulated (|log2FC|>1, P<0.05)
mRNAs corresponded to the target mRNAs of
the five most down-regulated miRNAs and the
five most up-regulated miRNAs, respectively.
The target genes of the ten most significant
mMiRNAs were also predicted by a combination
of 12 online programs: miRWalk, Microt4,
miRanda, mirbridge, miRDB, miRMap, miRNA-
Map, Pictar2, PITA, RNA22, RNAhybrid, and
Targetscan. Genes frequently predicted by
more than six online programs were selected
as the target genes of the ten DEmiRNAs if they
appeared as the common part of the prediction
lists of the five most up-regulated or the five
most down-regulated miRNAs. The potential
target genes of the ten most significant
DEmiRNAs came from the union of two parts.
One part was the DEmRNAs in NC-treated
human HCC xenografts in nude mice and the
other part was predicted genes from online
programs.

Functional analysis of the target genes of the
ten most significant DEmiRNAs

After obtaining the target genes of the ten most
significant DEmiRNAs, functional annotations
composed of gene ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGQG)
pathway, and disease ontology (DO) enrich-
ment analyses were performed for these target
genes to probe into their participation in bio-
logical processes and pathways. This was
accomplished using the ClusterProfiler pack-
age of R software v.3.5.2. We constructed an
interconnected network in Cytoskape v.3.7.0 to
illustrate the interaction axes of TF-miRNA-
MRNA. The interconnected network consisted
of integrating predicted TFs simultaneously tar-
geting more than four of the five most signifi-
cantly up-regulated or down-regulated miRNAs,
the ten most significant DEmiRNAs, the 100
most significant DEmRNAs, and selected target
genes from online programs. Protein-to-protein
interaction (PPI) networks were built for the tar-
get genes of the ten most significant DEmiRNAs
to describe the interplay between target genes.
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From the PPI networks, hub genes that may
play dominant roles were determined according
to the connectivity degrees of the target genes.

Validations of hub genes

The level 3 llluminaHiSeq expression profiles of
hub genes in 423 The Cancer Genome Atlas
(TCGA)-liver cancer and adjacent normal sam-
ples and level 3 llluminaHiSeq expression pro-
files of the ten most significant DEmiRNAs in
420 TCGA-liver cancer and adjacent normal
samples were downloaded from UCSC Xena
(http://xena.ucsc.edu/) and paired to calculate
the correlation between hub genes and the ten
DEmiRNAs in HCC. Correlation analysis was
conducted in GraphpadPrism v.8.0. Because of
the imbalance in sample sizes between liver
cancer and normal samples in TCGA, we addi-
tionally downloaded the transcripts per million
(TPM) gene expression profiles of 175 normal
liver samples from the Genotype-Tissue Expre-
ssion (GTEx) database. The expression differ-
ence of eight TFs simultaneously targeting
more than four of the five most significantly up-
regulated or down-regulated miRNAs, hub
genes in 373 HCC tissues, and 225 normal liver
tissues from TCGA and GTEx were evaluated by
students’ t-tests and presented as scatterplots
in GraphpadPrism v.8.0. From the eight TFs and
ten hub genes, we chose ESR1 and ITGA6 for
meta-analysis of differential expression based
on microarray studies in Gene Expression
Omnibus (GEO) database. We searched and
included microarray studies with gene expres-
sion profiles of more than 20 HCC samples and
more than 20 normal liver samples in the GEO
database. The batch effect was removed for
microarray studies from the same platform by
the limma package in R software v.3.5.2. ITGAG
and ESR1 expression in HCC and normal sam-
ples was extracted from the included microar-
ray datasets and log2 transformed when nec-
essary. Forest plots of pooled standard mean
difference (SMD) for ITGA6 and ESR1 expres-
sion in HCC and normal liver samples were cre-
ated using meta and ggplot2 packages in R
software v.3.5.2. We also referred to immuno-
histochemistry (IHC) data in the Human Protein
Atlas (HPA) database to compare the protein
expression of hub genes in HCC and normal
hepatocytes. Kaplan-Meier Plotter (http://
kmplot.com/analysis/) was utilized to assess
the prognostic effect of hub genes on the over-
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Figure 1. Transcription factors (TF) of the five most down-regulated miR-
NAs from FUNrich. Blue bars, orange bars, and red bars represent per-
centage of predicted genes, reference of P=0.05, and p value, respec-
tively. SP4 and EGR1 were predicted to potentially target the five most

Predicted TFs for the ten most
significant DEmiRNAs

Prediction results from TransmiR
for the ten most significant DE-
miRNAs are shown in Supple-
mentary Table 1. It can be
observed that several TFs, such
as CEBPB, MAX. KDM5B, and
MAZ, could target up to four
miRNAs (Supplementary Table
1). Two TFs (SP4 and EGR1) were
predicted by FUNrich to poten-
tially target the five most down-
regulated miRNAs (P<0.05),
while no results were returned
for the five most up-regulated
miRNAs (Figure 1).

DEmRNAs in NC-treated sam-
ples

Differential expression analysis
for mMRNA was performed on the

down-regulated miRNAs (P=0.043; P=0.013).

all survival of 364 TCGA-LIHC patients and
progress free survival of 370 TCGA-LIHC pa-
tients, split by the median expression value
of hub genes. P<0.05 was considered statisti-
cally significant.

Results
DEmIiRNAs in NC-treated samples

For in vitro experiment, NC successfully sup-
pressed tumor growth in HCC nude mouse
xenograft. Five samples including two control
and three NC-treated samples were eligible for
subsequent differential expression analysis
after quality control of PCA. Differential expres-
sion analysis for the five samples revealed that
a total of 10 miRNAs and 73 miRNAs were sig-
nificantly up-regulated and down-regulated in
NC-treated samples compared with control
samples (|log2FC|>1, P<0.05) (Supplementary
Figure 1). We focused on the five most up-regu-
lated miRNAs (miR-628-5p, miR-767-5p, miR-
767-3p, miR-1257, and miR-33b-3p) and the
five most down-regulated miRNAs (miR-378d,
miR-136-5p, miR-451a, miR-144-5p, and miR-
378b) for further analysis. Differential expres-
sion of the five DEmiRNAs was exhibited in a

panel of violin plots (Supplementary Figure 2).
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three control tissues and two

NC-treated tissues. Differential
expression analysis for the five samples reve-
aled that a total of 60 mRNAs and 137 mRNAs
were significantly up-regulated and down-re-
gulated in the NC-treated samples compared
with the control samples (|log2FC|>1, P<0.05)

(Supplementary Figure 3).

Potential target genes of the ten most signifi-
cant miRNAs

The Venn plot in Figure 2A indicates that fifteen
genes frequently predicted by six or more online
programs, including PFKFB2, WWC2, PROX1,
PTGER3, PURB, KLF12, ZAK, ALPK3, MKIG7,
IGF1R, ONECUT2, ARHGEF12, BBX, RAB3B,
and CSNK1G1, were commonly part of the pre-
diction lists of the five most significantly up-
regulated miRNAs. As for the intersection
results of the five most significantly down-regu-
lated miRNAs, only one gene (LPP) was predict-
ed by six or more online programs in the predic-
tion lists of all the five most down-regulated
miRNAs (Figure 2B). Taking DEmMRNAs of
NC-treated samples into account, a total of 152
genes and 61 genes were designated as the
potential target genes of the five most signifi-
cantly up-regulated and down-regulated genes,
respectively.
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Figure 2. Venn plots of predicted target genes of the five top up-regulated miRNAs and the five top down-regulated
miRNAs. A: Petals colored in blue, red, green, yellow, and brown mark predicted target genes of miR-628-5p, miR-
767-5p, miR-767-3p, miR-1257, and miR-33b-3p. B: Petals colored in blue, red, green, yellow, and brown mark
predicted target genes of miR-378d, miR-136-5p, miR-451a, miR-144-5p, and miR-378b.

Functional analysis of target genes of the ten
most significant DEmiRNAs

GO and KEGG analyses for the target genes of
the five most significantly up-regulated miRNAs
suggested that these genes were remarkably
assembled in biological processes, such as
hemidesmosome assembly, cell junction orga-
nization, and renal system development (P<
0.05) (Figure 3; Table 1). Pathways that includ-
ed arrhythmogenic right ventricular cardiomy-
opathy, cell adhesion molecules, and ECM-
receptor interaction were significantly associ-
ated with these target genes (P<0.05) (Figure
4; Table 1). With respect to the target genes of
the five most significantly down-regulated miR-
NAs, these genes prominently participated in
biological processes in molecular functions,
such as neurotransmitter receptor activity
involved in regulation of postsynaptic mem-
brane potential, transmitter-gated ion channel
activity involved in regulation of postsynaptic
membrane potential, and postsynaptic neu-
rotransmitter receptor activity (P<0.05) (Figure
5; Table 2), as well as pathways including nico-
tine addiction, calcium signaling pathway, and
EGFR tyrosine kinase inhibitor resistance (Fig-
ure 6; Table 2). DO analyses for target genes
of the ten DEmiRNAs reached no significant
terms.
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The network diagrams consisting of predicted
TFs simultaneously targeting more than four
of the five most significantly up-regulated or
down-regulated miRNAs, the ten most signifi-
cant DEmiRNAs, the 100 most significant DE-
mMRNAs, and selected target genes from online
programs depicted the complicated intercon-
nected relationships of the TF-miRNA-mRNA
axis (Figure 7). According to the PPl networks
for the target genes of the ten most signifi-
cant DEmiRNAs, genes including ITGAG, LSR,
KRT14, ITGB4, IFIT2, IFIT3, OASL, PDGFRB,
CHRNAA4, and LRRK2 with the highest connec-
tivity degrees were selected as the hub genes

(Supplementary Figure 4).

Validations of hub genes

Pearson correlation analyses based on expres-
sion data of hub genes and the ten most sig-
nificant DEmiRNAs in HCC tissues reported a
distinctly negative correlation between ITGAG,
ITGB4, LRRK2, PDGFRB, miR-628-5p, miR-
33b-3p, MiR-1257, miR-378d, miR-451a, miR-
144-5p, and miR-378b (r<0, P<0.05) (Figure 8).
The RNA expression value of hub genes in HCC
and normal samples from TCGA and GTEx
reflected significant overexpression of ITGAG,
LSR, KRT14, ITGB4, and LRRK2 in HCC tissues,
which agreed with the anticipated oncogenic
effect, because the five hub genes were five of

Am J Transl Res 2019;11(12):7503-7522
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Figure 3. Gene ontology analysis for potential target
genes of the five top up-regulated miRNAs. A. The en-
richment of genes in the five most significant terms of
biological process; B. The enrichment of genes in the
five most significant terms of cellular component; C.
The enrichment of genes in the five most significant
terms of molecular function. The sizes of the central
nodes and colors of the peripheral nodes represented
the number of enriched genes and fold change value.
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Table 1. GO and KEGG analysis for potential target genes of the five top up-regulated miRNAs

ID Description Gene Ratio  Bg Ratio P-Value P Adjust QValue  GenelD Count

G0:0031581 hemidesmosome assembly 3/128 11/17653 5.88848E-05 0.108413995 0.10328206 KRT14/ITGB4/ITGA6

G0:0034330 cell junction organization 9/128 270/17653 0.000156605 0.108413995 0.10328206 PLEKHA7/CAMSAP3/LSR/F11R/CLDN1/KRT14/ITGB4/ITGA6/CDH13 9

G0:0072001 renal system development 9/128 280/17653 0.000205479 0.108413995 0.10328206 ADAMTS16/LRRK2/WNK4/NOG/PROX1/MMP17/ITGB4/ITGAG6/CALBL 9

G0:0034329 cell junction assembly 8/128 223/17653 0.000223071 0.108413995 0.10328206 CAMSAP3/LSR/F11R/CLDN1/KRT14/ITGB4/ITGA6/CDH13 8

G0:0060457 negative regulation of digestive 3/128 17/17653 0.000235069 0.108413995 0.10328206 WNK4/PTGER3/0XTR 3
system process

G0:0005913 cell-cell adherens junction 7/134 110/18698 1.42939E-05 0.002074991 0.001781377 PLEKHA7/CAMSAP3/TRIM29/0XTR/KRT18/ITGAG6/CDH13 7

G0:0005911 cell-cell junction 13/134  440/18698 1.70081E-05 0.002074991 0.001781377 PLEKHA7/WNK4/CAMSAP3/LSR/F11R/TRIM29/MLC1/CLDN1/OXTR/ 13

KRT18/ITGA6/GJB3/CDH13
G0:0031012 extracellular matrix 11/134 479/18698 0.000674451 0.051544312 0.044250725 ADAMTSL5/ADAMTS16/LAMC3/MFAP5/MMP17/LUM/LPL/ITGAG/ 11
GPC5/DMBT1/CDH13

G0:0031225 anchored component of 6/134 159/18698 0.001008953 0.051544312 0.044250725 RAB3B/MMP17/LPL/GPC5/CD55/CDH13 6
membrane

G0:0098793 presynapse 9/134 379/18698 0.001657811 0.051544312 0.044250725 LRRK2/MCTP1/HAP1/BAIAP3/RAB3B/PVALB/GAD1/CNGB1/CALB1 9

G0:0031994 insulin-like growth factor | binding 3/129 13/17548 0.000105182 0.035446166 0.033325928 ITGB4/ITGA6/IGF1R 3

G0:0005520 insulin-like growth factor binding 3/129 29/17548 0.001233175 0.207789967 0.195360862 ITGB4/ITGAG/IGF1R 3

G0:0004177 aminopeptidase activity 3/129 45/17548 0.004396621 0.301461291 0.28342917 PRSS16/MMP17/CTSV 3

G0:0005344 oxygen carrier activity 2/129 14/17548 0.00460554 0.301461291 0.28342917 HBG2/HBB 2

G0:0042562 hormone binding 4/129 94/17548 0.005105336 0.301461291 0.28342917 THRB/OXTR/IGF1R/CDH13 4

hsa05412 Arrhythmogenic right ventricular 3/57 77/7867  0.018071713 0.624896034 0.620949322 ITGB4/ITGAG6/CACNA2D1 3
cardiomyopathy (ARVC)

hsa04514 Cell adhesion molecules (CAMs) 4/57 146/7867 0.021034104 0.624896034 0.620949322 F11R/CLDN1/ITGA6/ALCAM 4

hsa04512 ECM-receptor interaction 3/57 86/7867  0.02415834 0.624896034 0.620949322 LAMC3/ITGB4/ITGA6 3

hsa05410 Hypertrophic cardiomyopathy 3/57 90/7867 0.027178083 0.624896034 0.620949322 ITGB4/ITGA6/CACNA2D1 3
(HCM)

hsa00250  Alanine, aspartate and glutamate 2/57 36/7867 0.027759351 0.624896034 0.620949322 RIMKLB/GAD1 2
metabolism

Note: GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes. The top five significant terms (P<0.05) in each category were displayed.
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Figure 4. Chord plot for Kyoto Ency-
clopedia of Genes and Genomes
analysis of the five top up-regulat-
ed miRNAs. Ribbons of different
colors symbolize seven significant
pathways (P<0.05). The seven
pathways including arrhythmo-
genic right ventricular cardiomy-
opathy, cell adhesion molecules,
ECM-receptor interaction, hyper-
trophic cardiomyopathy, alanine,
aspartate and glutamate metabo-
lism, dilated cardiomyopathy and
leukocyte transendothelial migra-
tion were significantly enriched
by ITGB4, F11R, LAMC3, RIMKLB,
ITGAG, CLDN1, GAD1, RAPGEF4,
CACNA2D1 and ALCAM.
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Figure 5. Gene ontology analysis for potential tar-
get genes of the five top down-regulated miRNAs.
A. The enrichment of genes in the five most sig-
nificant terms of biological process; B. The enrich-
ment of genes in the five most significant terms of
cellular component; C. The enrichment of genes in
the five most significant terms of molecular func-
tion. The sizes of the central nodes and colors of
the peripheral nodes represented the number of
enriched genes and fold change value.
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Table 2. GO and KEGG analysis for potential target genes of the five top down-regulated miRNAs

ID Description Gene Ratio  Bg Ratio P-Value P Adjust Q Value Gene ID Count
G0:0030324 lung development 5/52 167/17653 0.000129477 0.086509579 0.076367812 CRISPLD2/DLG5/PHEX/PDGFRB/HOXAS 5
G0:0030323 respiratory tube development 5/52 171/17653 0.000144665 0.086509579 0.076367812 CRISPLD2/DLG5/PHEX/PDGFRB/HOXA5 5
G0:0060541 respiratory system development 5/52 193/17653 0.000254071 0.090234337 0.079655905 CRISPLD2/DLG5/PHEX/PDGFRB/HOXAS 5
G0:0035457 cellular response to interferon-alpha 2/52 10/17653  0.000377234 0.090234337 0.079655905 IFIT3/IFIT2 2
G0:0072537 fibroblast activation 2/52 10/17653  0.000377234 0.090234337 0.079655905 RGCC/PDGFRB 2
G0:0043235 receptor complex 6/54 374/18698 0.000706928 0.076385679 0.066604952 CHRNA9/PDGFRB/IL6R/GABRA3/CHRNA4/CD74 6
G0:0005892 acetylcholine-gated channel complex 2/54 18/18698 0.001215951 0.076385679 0.066604952 CHRNA9/CHRNA4 2
G0:0016324  apical plasma membrane 5/54 300/18698 0.001710127 0.076385679 0.066604952 SORBS2/PDGFRB/IL6R/SLC26A2/ABCC6 5
G0:0031012 extracellular matrix 6/54 479/18698 0.002498882 0.083712541 0.072993653 CRISPLD2/SPON2/TGFBI/MUC4/DPT/AMBP 6
G0:0045177 apical part of cell 5/54 366/18698 0.004029599 0.099719836 0.08695131 SORBS2/PDGFRB/IL6R/SLC26A2/ABCC6 5
G0:0099529 neurotransmitter receptor activity involved in 3/51 38/17548 0.00018159  0.014755691 0.012039395 CHRNA9/GABRA3/CHRNA4 3
regulation of postsynaptic membrane potential
G0:1904315 transmitter-gated ion channel activity involved in 3/51 38/17548  0.00018159 0.014755691 0.012039395 CHRNA9/GABRA3/CHRNA4 3
regulation of postsynaptic membrane potential
G0:0098960 postsynaptic neurotransmitter receptor activity 3/51 40/17548 0.000211804 0.014755691 0.012039395 CHRNA9/GABRA3/CHRNA4 3
G0:0022824 transmitter-gated ion channel activity 3/51 57/17548 0.000605831 0.025323722 0.020662015 CHRNA9/GABRA3/CHRNA4 3
G0:0022835 transmitter-gated channel activity 3/51 57/17548 0.000605831 0.025323722 0.020662015 CHRNA9/GABRA3/CHRNA4 3
hsa05033 Nicotine addiction 2/21 40/7867  0.004980053 0.33252323 0.314514725 GABRA3/CHRNA4 2
hsa04020 Calcium signaling pathway 3/21 193/7867 0.013962079 0.33252323 0.314514725 CACNA1l/PDGFRB/PDE1A 3
hsa01521 EGFR tyrosine kinase inhibitor resistance 2/21 79/7867  0.018480044 0.33252323 0.314514725 PDGFRB/IL6R 2
hsa04742 Taste transduction 2/21 83/7867  0.020281396 0.33252323 0.314514725 PDE1A/GABRA3 2
hsa05032 Morphine addiction 2/21 91/7867  0.024095886 0.33252323 0.314514725 PDE1A/GABRA3 2

Note: GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes. The top five significant terms (P<0.05) in each category were displayed.
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Figure 6. Chord plot for Kyoto Encyclopedia of Genes and Genomes analysis of the five top down-regulated miRNAs. Ribbons of different colors symbolize seven
significant pathways (P<0.05). The seven pathways including nicotine addiction, calcium signaling pathway, EGFR tyrosine kinase inhibitor resistance, taste trans-
duction, morphine addiction, phenylalanine metabolism and nitrogen metabolism were significantly enriched by GABRA3, CACNA1l, PDGFRB, PDE1A, MAOA, CA12,
CHRNA4 and IL6R.

A B

Figure 7. Interconnected networks of transcription factors (TF), differentially expressed miRNAs (DEmiRNA), and differentially expressed mRNAs (DEmRNAs). A:
Predicted TFs simultaneously targeting more than four of the five most significantly up-regulated miRNAs, the five most significant up-regulated DEmiRNAs, the 50
most significant down-regulated DEmRNAs, and selected target genes from online programs are marked in green, red, and blue, respectively. B: Predicted TFs si-
multaneously targeting more than four of five most significantly down-regulated miRNAs, the five most significant down-regulated DEmiRNAs, the 50 most significant
up-regulated DEmRNAs, and selected target genes from online programs are marked in green, red, and blue, respectively.
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expression of IFIT3 in HCC cells
than in normal hepatocytes
(Figure 10). Kaplan-Meier sur-
vival curves indicated an im-
proved survival outcome for
HCC patients with lower ex-
pression of ITGAG6 and higher
expression of IFIT2, IFIT3, OASL,
PDGFRB and CHRNA4 (P<0.05),
supporting the carcinogenic ef-
fect of ITGA6 and anti-tumor
effect of IFIT2, IFIT3, OASL,
PDGFRB and CHRNA4 for HCC
(Figures 11 and 12).

Discussion

The regulatory relationship be-
tween NC and miRNA has rarely
been reported. Through litera-
ture investigation, we only found
one study by Liu N et al. that per-
tained to how NC mediated
c-Myc-activated miRNAs in ch-
ronic myeloid leukemia (CML)
[18]. The current work pioneers
investigation of the miRNA and
MRNA expression profiles of
human HCC xenografts in nude
mice treated with NC.

As shown by the differential ex-
pression profiles, multiple miR-
NAs were involved with NC in

Figure 8. Correlation diagrams of hub genes and DEmiRNAs. (A) miR-
628-5p-ITGA6 correlation pair; (B) miR-33b-3p-ITGAG correlation pair; (C)
miR-33b-3p-ITGB4 correlation pair; (D) miR-1257-LRRK2 correlation pair;
(E) miR-378d-PDGFRB correlation pair; (F) miR-451a-PDGFRB correlation
pair; (G) miR-144-5p-PDGFRB correlation pair; and (H) miR-378b-PDGFRB

correlation pair.

the down-regulated DEmRNAs after the treat-
ment of NC in xenograft tumors of nude mice

(Supplementary Figure 5I-L and 5R).

A total of 20 GEO microarray studies contain-
ing 1836 HCC samples and 1554 normal sam-
ples were included for meta-analysis. Trends of
increased expression of ITGA6 and decreas-
ed expression of ESR1 (Figure 9) could be
observed in the forest plots, corresponding to
the anticipated oncogenic effect of ITGAG. IHC
images in the HPA database evidenced higher
expression of ITGAG, LSR, and LRRK2 in HCC
cells than in normal hepatocytes and lower
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HCC. To facilitate the research,
emphasis was placed on the top
five up-regulated and down-reg-
ulated miRNAs. Among the five
top up-regulated miRNAs, miR-
767-3p was reported to be inhib-
ited by hsa_circ_0000673 in
the malignant progression of HCC [19], which
evidenced the expected tumor-suppressive
effect of miR-767-3p. The other four top up-reg-
ulated miRNAs have not been studied in HCC
by previous researchers. Regarding the top five
down-regulated miRNAs, two of them (miR-
136-5p and hsa-miR-451a) have documented
research. However, both studies related to miR-
136-5p and miR-451a in HCC pointed out the
carcinostatic functions of miR-136-5p and miR-
451a in HCC [20, 21], contradictory with the
expected oncogenic functions of them. This
might be attributed to the following causes.
Firstly, the human HCC xenograft in nude mice

Am J Transl Res 2019;11(12):7503-7522
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A Experimental Control
Study Total Mean SD Total Mean SD
GSE14520-571 22 47100285 21 4.66 0.0109
GSE14520-3921 225 472 0.0481 220 4.65 0.0229
GSE22405 24 470 0.0248 24 4.68 0.0086
GSE41804 20 4.68 0.0507 20 4.69 0.0459
GSE45436 93 4.71 0.0390 41 4.63 0.0246
GSE64041 60 4.68 0.0473 65 4.69 0.0474
GSE76297 62 47100368 59 4.63 0.0270
GSE84005 38 4.64 0.0293 38 4.73 0.0338
GSE102079 152 4.67 0.0522 105 4.71 0.0509
GSE107170 49 475 0.0410 91 4.65 0.0204
GSE121248 70 467 0.0494 37 4.71 0.0391
GSE54236 81 856 0.0023 80 8.57 0.0026
GSE22058 100 7.36 0.7609 97 7.34 0.7347
GSE25097 268 8.80 1.8640 249 5.850.7122
GSE87630 64 4.38 0.0045 30 4.37 0.0036
GSE76427 115 4.38 0.0136 52 4.37 0.0104
GSES57957 39 438 00147 39 4.37 0.0054
GSE39791 72 438 00122 72 4.37 0.0071
GSE36411 42 438 00165 21 4.36 0.0128
GSE36376 240 4.38 0.0126 193 4.37 0.0074
Random effects model 1836 1554
Heterogeneity: 1 = 98%, ° = 1.5754, p < 0.01

B Experimental Control
Study Total Mean SD Total Mean sD
GSE14520-571 22 2.75 0.0246 21 2.84 0.0234
GSE14520-3921 225 2.74 0.0481 220 2.85 0.0403
GSE22405 24 2.78 0.0575 24 2.81 0.0443
GSE41804 20 2.83 0.2235 20 2.70 0.3837
GSE45436 93 2.78 0.0719 41 2.84 0.0500
GSE64041 60 2.80 0.1247 65 2.79 0.1373
GSE76297 62 2.69 0.1051 59 2.90 0.0603
GSE84005 38 2.94 0.0550 28 2.63 0.0752
GSE102079 152 2.81 0.0687 105 2.76 0.0750
GSE107170 49 274 0.0411 91 2.83 0.0255
GSE121248 70 2.80 0.0535 37 2.78 0.0463
GSE54236 81 5.72 0.0118 80 5.71 0.0223
GSE22058 100 5.07 1.8830 97 5.22 1.7399
GSE25097 268 4.24 0.8913 249 6.16 0.9554
GSE87630 64 4.75 0.0387 30 4.85 0.0203
GSET76427 115 4.76 0.0349 52 4.82 0.0285
GSES57957 39 4.75 0.0314 39 4.81 0.0209
GSE39791 72 4.76 0.0210 72 4.80 0.0205
GSE36411 42 4.73 0.0399 21 4.83 0.0295
GSE36376 240 4.76 0.0236 193 4.80 0.0171

Random effects model 1836
Heterogeneity: I = 98%, 1 = 2.0619, p < 0.01
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Figure 9. Forest plot of ITGAG and ESR1 expression in hepatocellular carcinoma (HCC) and normal tissues from mi-
croarray studies. A. Pooled standard mean difference (SMD) of ITGA6 expression between HCC and normal tissues.
B. Pooled SMD of ESR1 expression between HCC and normal tissues.

originated from a single cell line, SMMC7721. A
single cell line could not wholly represent the
biological background of HCC tissues in human.
Secondly, the molecular mechanism of miR-
136-5p and miR-451a in HCC by the two stud-
ies was unable to reflect the molecular basis of
miR-136-5p and miR-451a regulated by NC in
SMMC7721 cell lines.
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A comprehensive study of the molecular mech-
anism of miRNAs in cancer should embrace
both the upstream and downstream transcrip-
tion. TFs have crucial actions on the transcrip-
tion regulation of genes via binding to the pro-
moters and distal cis-regulatory elements [13].
The onset of carcinogenesis in a wide type of
human cancers could be related to abnormal
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200um T 200um

Figure 10. Immunohistochemistry images of ITGAG, LSR, IFIT3, and LRRK2 in hepatocellular carcinoma (HCC) and
normal tissues from HPA database. A: Intermediate immunostaining of ITGA6 in HCC cells (antibody CABOO9009);
B: Immunostaining of ITGA6 in normal hepatocytes was not detected (antibody CABOO9009); C: Intermediate im-
munostaining of LSR in HCC cells (antibody HPAOO7270); D: Low immunostaining of LSR in normal hepatocytes
(antibody HPAOO7270); E: Low immunostaining of IFIT3 in HCC cells (antibody HPA0O59914); F: Intermediate immu-
nostaining of IFIT3 in normal hepatocytes (antibody HPA059914); G: High immunostaining of LRRK2 in HCC cells
(antibody CABO37160); H: Intermediate immunostaining of LRRK2 in normal hepatocytes (antibody CABO37160).

TF-driven proceedings [22-24]. Thus, it is worth-
while to predict TFs that target the ten most
significant DEmiRNAs. A great number of TFs
were reaped from the prediction of TransmiR
and FUNrich. Particularly, several TFs with
reported tumor-promoting or tumor-suppress-
ing effects in HCC, such as MAZ, CREB1, ESR1,
CEBPB, and KDM5B, were predicted to target
four of the five top down-regulated or up-regu-
lated miRNAs [25-29]. We hypothesized that
these TFs might be engaged in NC-induced
expression change of the ten most significant
miRNAs at the transcription level. Specifically,
one of the TFs, ESR1, was validated by meta-
analysis of microarray studies to be down-regu-
lated in HCC samples, consistent with reported
research [30]. ESR1 was predicted by TransmiR
to target four of the five top up-regulated miR-
NAs, which hinted at the positive regulatory
relationship between ESR1 and the five top up-
regulated miRNAs.

After prediction of TFs, we devoted attention to
the downstream target genes of the ten most
significant DEmiRNAs. It was noted that GO and
KEGG terms containing key words such as “cell
junction” and “cell adhesion” were frequently

7517

clustered by potential target genes of the top
five up-regulated miRNAs, which implied that
these target genes were active in epithelial-to-
mesenchymal transition (EMT)-related pro-
grams. In the study of Sun M et al., NC was
demonstrated to impair the EMT- and cancer
stem cell-like properties of breast cancer cells
through interfering with Hedgehog pathway
[31]. NC also possesses inhibitory effects on
the EMT of osteosarcoma cells through acting
on Akt/GSK-3B/Snail signaling pathway [32].
We assumed that NC might trigger overexpres-
sion of the top five up-regulated miRNAs to
restrain the EMT activities participated by tar-
get genes, thus opposing the initiation and de-
velopment of HCC. We further narrowed down
the research focus to concentrate on hub
genes, because these genes, with highest con-
necting degrees in PPI networks, may have key
functions. In line with our assumptions, two of
the hub genes of the top five up-regulated miR-
NAs were declared to promote the progression
of HCC, while two of the hub genes of the top
five down-regulated miRNAs were found to be
protective factors in HCC prevention. The in
vitro experiments led by Lv. et al. showed that
short hairpin RNA silence-targeting ITGA6 could

Am J Transl Res 2019;11(12):7503-7522
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Figure 11. Kaplan-Meier survival curves for the prognostic significance of ten hub genes on overall survival of liver cancer patients from the Cancer Genome Atlas.
Liver cancer patients were split by the median expression value of hub genes. HR: hazard ratio. The survival outcome of patients in high expression group was
marked in red line while the survival outcome of patients in low expression group was marked in black line.
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Figure 12. Kaplan-Meier survival curves for the prognostic significance of ten hub genes on progress free survival of liver cancer patients from the Cancer Genome
Atlas. Liver cancer patients were split by the median expression value of hub genes. HR: hazard ratio. The survival outcome of patients in high expression group was

marked in red line while the survival outcome of patients in low expression group was marked in black line.
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attenuate the metastatic ability of HCC cells
[33]. ITGB4 could cooperate with Slug to foster
invasion and EMT of HCC cells [34]. Encoura-
gingly, scatterplots for mRNA expression data
in TCGA and GTEx suggested up-regulated ex-
pression levels of mRNA for ITGA6 and ITGB4;
IHC pictures in the HPA database indicated up-
regulated protein expression of ITGAG, which
proved to some extent that ITGA6 and ITGB4
serve as oncogenes targeted by the five top
NC-induced up-regulated miRNAs in HCC. With
respect to the hub genes of the top five down-
regulated miRNAs, the coordination of overex-
pressed IncRNA0O0364 and IFIT2 could dam-
age proliferation of HCC cells [35]; IFIT3 was
claimed to sensitize HCC patients to inter-
feron-a (IFN-o) therapy [36]. Both IFIT2 and
IFIT3 were revealed by Kaplan-Meier survival
curves in the validation part of the present
study to be prognostic factors portending a rel-
atively favorable survival rate for HCC patients,
strengthening the reliability of our results.

Limitations of this study should be acknowl-
edged. First, we only detected the expression
profile change of miRNA and mRNA upon treat-
ment of NC in HCC xenografts originating from
a single cell line, SMMC7721. For a better sim-
ulation of the biological background of HCC,
more HCC cell lines should be collected for
sequencing analysis. Second, regulating axes
of NC-DEmiRNAs-DEmRNAs and TFs-DEmiR-
NAs-DEmMRNAs established in this study were
based on bioinformatics predictions and com-
putations; as such, further in vitro or in vivo
experiments should be carried out to verify the
targeting relationships between NC, TF, DE-
miRNAs, and DEmRNAs, as well as their func-
tions in HCC. Previous studies have reported
the cytotoxic effects of NC on healthy tissues
and cell lines [37]. In the present work, we only
focused on the anti-tumor function of NC in
HCC. The side effects of NC in the treatment of
HCC needed to be explored in future studies to
judge and weigh the advantages and disadvan-
tages of NC as potential therapeutic regime for
HCC.

In conclusion, we discovered regulating axes of
NC-DEmiRNAs-DEmMRNAs and TFs-DEmiRNAs-
DEmRNAs in HCC. NC might control expression
of multiple miRNAs to influence the oncogenic
or tumor suppressive functions of target genes
such as ITGAG, ITGB4, IFIT2, and IFIT3, thereby
playing the tumor-suppressive role in HCC.
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Supplementary Figure 1. Differentially expressed miRNAs (DEmiRNAs) in nitidine chloride (NC)-treated samples. A. Volcano plot. Up-regulated and down-regulated
DEmiRNAs are represented as red and green dots, respectively. B. Heatmap. The color spectrum ranging from green to red reflect the expression of 83 DEmiRNAs
from low to high.
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Supplementary Figure 2. Violin plots of expression patterns of the ten most significant differentially expressed
miRNAs (DEmiRNA) in control and nitidine chloride (NC)-treated samples. A: Differential expression of miR-628-5p
in three NC-treated and two control groups; B: Differential expression of miR-767-5p in three NC-treated and two
control groups; C: Differential expression of miR-767-3p in three NC-treated and two control groups; D: Differential
expression of miR-1257 in three NC-treated and two control groups; E: Differential expression of miR-33b-3p in
three NC-treated and two control groups; F: Differential expression of miR-378d in three NC-treated and two control
groups; G: Differential expression of miR-136-5p in three NC-treated and two control groups; H: Differential expres-
sion of miR-451a in three NC-treated and two control groups; I: Differential expression of miR-144-5p in three NC-
treated and two control groups; J: Differential expression of miR-378b in three NC-treated and two control groups.
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Supplementary Figure 3. Differentially expressed mRNAs (DEmRNAs) in nitidine chloride (NC)-treated samples. A. Volcano plot. Up-regulated and down-regulated

DEmRNAs are represented as red and green dots, respectively. B. Heatmap. The color spectrum ranging from green to red reflect the expression of DEmRNAs from
low to high. DEmRNAs were represented as different bars. Samples in control and NC-treated groups were distinguished by blue and red.
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Supplementary Figure 4. Protein-to-protein interaction (PPI) networks for potential target genes of the five top up-
regulated miRNAs and the five top down-regulated miRNAs. A: The color of the nodes represents the shell of interac-
tors, and the number of edges between two nodes reflects the number of sources of interaction between potential
target genes of the five top up-regulated miRNAs. B: The color of nodes represents the shell of interactors, and the
number of edges between two nodes reflects the number of sources of interaction between potential target genes
of the five top down-regulated miRNAs.
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Supplementary Figure 5. RNA expression difference of hub genes and TFs in hepatocellular carcinoma (HCC)
and normal tissues from GEPIA. A-R correspond to RNA expression of CEBPB, KDM5B, GATA3, ESR1, BRD4, MAX,
CREB1, MAZ, ITGAG, LSR, KRT14, ITGB4, IFIT2, IFIT3, OASL, PDGFRB, CHRNA4 and LRRK2 in 369 HCC and 160
normal tissues. HCC tissues were marked in red while non-cancer tissues were marked in blue.



