RNA Biology 12:6, 643-657; June 2015; © 2015 Taylor & Francis Group, LLC

RESEARCH PAPER

A systematic investigation based on microRNA-
mediated gene regulatory network reveals that
dysregulation of microRNA-19a/Cyclin D1 axis
confers an oncogenic potential and a worse
prognosis in human hepatocellular carcinoma
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MicroRNAs (miRNAs) contribute to a wide variety of human diseases by regulating gene expression, leading to
imbalances in gene regulatory networks. To discover novel hepatocellular carcinoma (HCC)-related miRNA-target axes and
to elucidate their functions, we here performed a systematic investigation combining biological data acquisition and
integration, miRNA-target prediction, network construction, functional assay and clinical validation. As a result, a total of
117 HCC differentially expressed miRNAs were identified, and 728 high confident target genes of these miRNAs were
collected. Then, the interaction network of target genes was constructed and 221 key nodes with topological importance
in the network were identified according to their topological features including degree, node-betweenness, closeness and
K-coreness. Among these key nodes, Cyclin D1 had the highest node-betweenness, implying its bottleneck role in the
network. Luciferase reporter assay confirmed that miRNA-19a, which was one of HCC downregulated miRNAs, directly
targeted Cyclin D1 in HCC cells. Moreover, miR-19a might play inhibitory roles in HCC malignancy via regulating Cyclin D1
expression. Further clinical evidence also highlighted the prognostic potential of miR-19a/Cyclin D1 axis in HCC. In
conclusion, this systematic investigation provides a framework to identify featured miRNAs and their target genes which
are potent effectors in the occurrence and development of HCC. More importantly, miR-19a/Cyclin D1 axis might have

promising applications as a therapeutic target and a prognostic marker for patients with HCC.

Introduction

Hepatocellular carcinoma (HCC) represents the most preva-
lent primary liver malignant disease and ranks the third cause of
cancer-related deaths.! It has an increasing incidence and
accounts for approximately 700000 deaths annually all over the
world.? Itis a multi-step process in hepatocarcinogenesis contain-
ing chronic hepatitis, cirrhosis, dysplastic nodules and malignant
tumors. Over the past decades, many efforts have been made to
improve the overall survival rate of HCC. Both liver transplanta-
tion and surgical resection are considered potentally curative
treatments for early-stage HCC. However, more than two-thirds
of HCC patients occur recurrence after surgical hepatic resection
and more than four-fifths of HCC patients are unresectable due

to fast infiltrating growth, early metastasis, high-grade malig-
nancy.” Growing clinical observations show that HCC patients
with the same clinicopathologic characteristics often display dif-
ferent clinical outcome, implying that there may be several com-
plex molecular and cellular events involved in the development
and aggressive progression of HCC.# Thus, it is extremely impor-
tant to clarify the molecular mechanisms underlying hepatocarci-
nogenesis and to seek optimal biomarkers suitable for early
diagnosis, efficient therapy and patients’ prognosis.

MicroRNAs (miRNAs) constitute a group of short non-
coding RNA molecules with 18-25 nucleotides in length.” Based
on miRBase (release 21), the human genome encodes 1881
(2588) precursor (mature) miRNAs, which potendally target the
majority of the human genes.® Functionally, miRNAs play key
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Figure 1. A schematic diagram of this systematic investigation to discover novel hepatocellular carcinoma (HCC)-
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roles in diverse biological processes including cell development,
proliferation, differentiation and apoptosis via regulating gene
expression post-transcriptionally.” Growing evidence shows the
aberrant expression of miRNAs in various cancer cells. According
to the functions of the target genes, miRNAs either act as onco-
miRs or as tumor suppressors. As oncomiRs, they are upregulated
and have a stimulating role for cancer progression; As tumor sup-
pressors, they are downregulated and inhibit the expression of
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miRNA and target expres-

sions and multiple layers of
regulation, it is very difficult to investigate miRNA regulatory
mechanisms and functions."* To address this problem, a system-
atic approach, which can unravel the underlying mechanisms by
which miRNAs exert their functions, becomes increasingly
appealing. Since this approach can provide a systematic and com-
prehensive perspective on roles of miRNAs in gene regulatory net-
works, we in the current study performed a systematic
investigation and

combining biological data acquisition
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integration, miRNA-target prediction, |{A)
network construction and analysis, func-
tional assay and clinical validation, to dis-
cover novel HCC-related miRNA-target

axes and to elucidate their functions.

Results & Discussion

As shown in Figure 1, the technical
strategy of this study included four steps:
first, five miRNA expression profiles were
collected according to our literature
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HCC  were
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Figure 2. Top ten enriched gene ontology (GO) biological processes (A) and KEGG pathways (B)
involved by validated target genes of hepatocellular carcinoma (HCC) differentially expressed micro-
RNAs (miRNAs). P values were marked beside the bars.

A total of 117 HCC differentially
expressed miRNAs, including 64 upregu-
lated and 53 downregulated miRNAs,
were obtained from five miRNA expres-
sion profiles reported by previous studies.””" To elucidate the
functions of these miRNAs, 728 high confident target genes for
them were collected from miRTarBase. Please see detail informa-
tion on these validated targets in Supplementary Table 1.

The dysregulation directions of these differentially expressed
miRNAs during HCC progression imply their promotive or sup-
pressive progression potentials. However, their functions in
HCC are still largely unknown. Fortunately, enrichment analysis
of the validated target genes of these HCC differentially
expressed miRNAs could give us a global clue of their functional
roles in HCC progression. Here, the enrichment analysis based
on Gene Ontology (GO) annotation system, which uses a con-
trolled and hierarchical vocabulary to assign function to genes or
gene products in any organism, was performed. As shown in
Figure 2A, the validated target significantly controlled many bio-
logical processes directly relevant to cancers, such as cell differen-
tiation, cell proliferation, apoptosis, cell cycle, cell death and cell
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migration. Notably, 573 in 728 (78.71%) validated target genes
are significantly involved in the regulation of cell differentiation
which has been demonstrated to be significantly correlated with
the invasive proclivity and the tumor recurrence of HCC
patients.”® These results implied several potential regulatory roles
of these HCC differentially expressed miRNAs with no previ-
ously reported involvement in hepatocarcinogenesis.

On the other hand, among the pathways enriched by validated
target genes for HCC differentially expressed miRNAs, we con-
centrated on cell cycle, apoptosis, MAPK signaling pathway, Jak-
STAT signaling pathway, Toll-like receptor signaling pathway,
focal adhesion, TGF-beta signaling pathway and p53 signaling
pathway (Fig. 2B), which all have broad effects on cell behavior.
Among them, cell cycle, apoptosis, MAPK signaling pathway
and p53 signaling pathway are involved in multiple steps of cell
viability, and evidences had shown that dysregulations of the cell
viability components may lead to tumor formation. These results
suggested that the differentially expressed miRNAs in HCC

RNA Biology 645
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Figure 3. (A) Interaction network of crucial target genes of hepatocellular carcinoma (HCC) differentially expressed miRNAs. Using Markov clustering
algorithm, the network was divided into four functional modules. (B) Interaction network of HCC differentially expressed miRNAs and the corresponding
crucial target genes. Pathways which were significantly enriched by crucial target genes of HCC downregulated and upregulated miRNAs in the two sub-

progression may control broad biological functions associated
with cancers.

Network analysis
The interaction information of validated target genes of
HCC differentially expressed miRNAs were used to construct

candidate miRNAs-mediated gene regulatory network, which
consists of 4141 interaction pairs. Four topological features,
‘Degree,” ‘Node betweenness’ and ‘Closeness’ and ‘K coreness’
(defined in ‘Materials and methods’ section) were chosen to
identify topological crucial targets of HCC differentially
expressed miRNAs. Among these topological features,
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Figure 4. Inverse correlation between microRNA (miRNA)-19a and Cyclin D1 expression in human hepatocellular carcinoma (HCC) tissues and cells.
(A) Expression levels of miR-19a in 130 pairs of HCC and adjacent nonneoplastic liver tissues were detected by gRT-PCR and normalized to RNU6B. Statis-
tical analysis showed that the expression level of miR-19a in HCC tissues was significantly lower than that in adjacent nonneoplastic liver tissues (HCC vs.
Normal: 1.28 £ 0.26 vs. 2.81 £ 0.72, P<0.001). (B) Expression levels of Cyclin D1 in 130 pairs of HCC and adjacent nonneoplastic liver tissues were
detected by qRT-PCR and normalized to GAPDH. Statistical analysis showed that Cyclin D1 mRNA expression was dramatically increased in HCC tissues
compared to adjacent nonneoplastic liver tissues (HCC vs. Normal: 3.55 =+ 0.56 vs. 1.78 =+ 0.86, P<0.001). (C) Spearman Correlation analysis clearly
showed inverse correlation between miR-19a and Cyclin DT mRNA expression in HCC tissues. (D) Expression levels of miR-19a in HCC cell line HepG2
and normal human liver cell line HL-7702 were detected by qRT-PCR and normalized to RNU6B; (E) Expression levels of Cyclin D1 in HCC cell line HepG2
and normal human liver cell line HL-7702 were detected by qRT-PCR and normalized to GAPDH. All experiments were done in triplicate. Mean normal-
ized gene expression =+ SE was calculated from independent experiments.
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Table 1. Association of microRNA (miR)-19a and/or Cyclin D1 expression with clinicopathologic features of 130 hepatocellular carcinoma patients

miR-19a-low Cyclin D1-high miR-19a-low/
Clinicopathologic Features Case (n, %) P (n, %) P Cyclin D1-high (n, %) P
Age (years)
<50 72 38 (52.78) NS 36 (50.00) NS 30 (41.67) NS
>50 58 30(51.72) 30(51.72) 22 (37.93)
Gender
Male 96 50 (52.08) NS 48 (50.00) NS 40 (41.67) NS
Female 34 18 (52.94) 18 (52.94) 12 (35.29)
Serum AFP
Positive 72 40 (55.56) NS 38 (52.78) NS 32 (44.44) NS
Negative 58 28 (48.28) 28 (48.28) 20 (34.48)
Tumor stage
T1 23 4(17.39) 0.01 4(17.39) 0.01 1(4.35) 0.006
T2 40 15 (37.50) 15 (37.50) 10 (25.00)
T3 52 34 (65.38) 32 (61.58) 26 (50.00)
T4 15 15 (100.00) 15 (100.00) 15 (100.00)
Tumor grade
G1 31 14 (45.16) NS 14 (45.16) NS 10 (32.26) NS
G2 76 39(51.32) 37 (48.68) 30 (39.47)
G3 23 15 (65.22) 15 (65.22) 12 (52.17)
Growth pattern
Trabecular 101 53(52.48) NS 51 (50.50) NS 40 (39.60) NS
Nontrabecular 29 15 (51.72) 15 (51.72) 12 (41.38)
Cirrhosis
Yes 86 45 (52.33) NS 43 (50.00) NS 36 (41.86) NS
No 44 23 (52.27) 23 (52.27) 16 (36.36)
Underlying liver disease
Alcoholic 25 13 (52.00) NS 13 (52.00) NS 10 (40.00) NS
Hepatitis B 49 28 (57.14) 26 (53.06) 20 (40.82)
Hepatitis C 35 17 (48.57) 17 (48.57) 14 (40.00)
Unknown 21 10 (47.62) 10 (47.62) 8(38.10)

Note: ‘NS’ refers to the differences among groups have no statistical significance.

‘Degree’, ‘Node betweenness’ and ‘Closeness’ centralities can
measure a node’s topological importance in the network. The
larger a node’s degree/betweenness/closeness centrality is, the
more important the node is in the network.”" After calculat-
ing the value of the four features for each node, the median
values of ‘Degree,” ‘Node betweenness’ and ‘Closeness’ and
‘K coreness’ were 8, 20.51, 0.04 and 6, respectively. There-
fore, we determined that nodes with ‘Degree’>8, ‘Node
betweenness’>20.51, ‘Closeness’>0.04 and ‘K coreness’>6
were topological important nodes. As a result, 221 crucial
targets of HCC differentially expressed miRNAs with topo-
logical importance were identified. Please see topological fea-
tures of these crucial targets in Supplementary Table S2.
Modularity has been reported to be another important aspect
of an interaction network.”” Nodes that are highly intercon-
nected within the network are usually involved in the same bio-
logical modules or pathways. Using Markov clustering
algorithm, we divided the interaction network of crucial targets
of HCC differentially expressed miRNAs into four functional
modules containing 97, 89, 24, and 11 nodes, respectively
(Fig. 3A). The functional enrichment analysis based on GO
annotation system and KEGG pathway of crucial targets of
HCC differentially expressed miRNAs in four modules
highlighted their involvements in hepatocarcinogenesis. The
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biggest functional module was significantly associated with Jak-
STAT signaling pathway, Toll-like receptor signaling pathway
and VEGF signaling pathway. The other modules were respec-
tively involved in p53 signaling pathway, cell cycle, apoptosis,
focal adhesion, mTOR signaling pathway and ErbB signaling
pathway.

Moreover, the interaction network of HCC differentially
expressed miRNAs and the corresponding crucial target genes
was constructed as shown in Figure 3B. We also identified path-
ways which were significantly enriched by crucial target genes of
HCC downregulated and upregulated miRNAs in the two sub-
networks. As a result, the crucial target genes of HCC downregu-
lated miRNAs specially participated in the influence of Ras and
Rho proteins on G1 to S Transition, p53 signaling pathway,
cyclins and cell cycle regulation, cell cycle arrest and apoptosis,
implying these HCC downregulated miRNAs might have sup-
pressive progression potential by significantly control multiple
steps of cell cycle. On the other hand, five cancer related path-
ways, including Toll-like receptor signaling pathway, EGF Sig-
naling Pathway, Jak-STAT signaling pathway, TGF beta
signaling pathway, Role of ERBB2 in Signal Transduction and
Oncology were significantly enriched by crucial target genes of
HCC upregulated miRNAs, suggesting their associations with
hepatocarcinogenesis.
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Experimental validation

Among 221 crucial target
genes of HCC differentially
expressed miRNAs, Cyclin
D1 has the highest node
betweenness (Table S2),
suggesting it may function
as a bottleneck in the
miRNA-mediated gene reg-
ulatory network. From the
view of network topology,
growing evidence shows that
‘node betweenness’
(‘bottleneck-ness’) is a much
more significant indicator of
essentiality than ‘degree’
(‘hub-ness’) in networks,
because bottlenecks often
control most of the informa-
tion flow in the network.”®
Since ‘node betweenness’
may be a good predictor of
essentiality, we here chose
Cyclin D1 for detailed
analysis.

As shown in Table S1,
eight HCC differentially
expressed miRNAs, includ-
ing miR-106b, miR-15b,
miR-16, miR-17, miR-195,
miR-19a, miR-20a and
miR-338, were experimen-
tally validated to target
Cyclin D1. According to
our literature retrievals, Shen
and colleagues reported that
miR-106b  expression was
markedly upregulated in
hepatoma cells and hepa-
toma tissues compared with
immortalized normal liver
epithelial cells and normal
hepatic tissues, and its over-
expression could modulate
entry into the G(1)/S transi-
tional phase by upregulating
Cyclin D1, Chung and
colleagues indicated  that
miR-15b  expression in
HCC tissues might predict a
low risk of HCC recurrence
and the modulation of miR-
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Figure 5. Disease-free survival and overall survival curves for two groups defined by microRNA (miRNA)-19a expres-
sion (A and B, respectively), Cyclin D1 expression (C and D, respectively) and miR-19a/Cyclin D1 expression (E and F,
respectively) in patients with hepatocellular carcinoma (HCC).

15b expression might be useful as an apoptosis-sensitizing strat-  may be related with the biological behavior of HCC and it may
egy for HCC treatment>; The regulatory role of miR-15b on  be considered as a potential indicator to estimate the tumor size

Cyclin D1 was validated by Sun and colleagues using glioma or the recurrence of HCC?’; The regulatory role of miR-16 on

cells®®; Accumulating studies have demonstrated that miR-16  Cyclin D1 was also validated in various cancer cells, such as
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Table 2. Multivariate survival analysis of five-year overall and disease-free survival in 130 patients with hepatocellular carcinoma

Five-year overall survival

Five-year disease-free survival

Features HR 95% Cl P HR 95% Cl P
Serum AFP 1.931 0.685-4.056 0.063 1.953 0.615-4.273 0.062
Tumor stage 2.879 1.366-5.196 0.009 2.686 1.386-6.009 0.01
Tumor grade 1.563 0.609-4.088 0.081 1.551 0.607-4.466 0.086
Presence of cirrhosis 1.919 0.738-4.102 0.063 1.921 0.793-4.219 0.062
miR-19a expression 2.768 1.321-6.032 0.01 2.608 1.331-5.863 0.01
Cyclin D1 expression 2.629 1.309-5.946 0.01 2.572 1.300-5.626 0.01
miR-19a/Cyclin D1 expression 4.182 1.618-8.382 0.002 4,067 1.581-8.139 0.003

bladder cancer, non-small cell lung cancer, colorectal cancer,
osteosarcoma, mantle cell lymphoma and prostate cancer®®>';
Recent studies have reported the prognostic value of miR-17 in
human HCC and miR-17 has been observed to inhibit breast
cancer cellular proliferation through G1/S cell cycle arrest via
binding to the Cyclin D1°% Yu and colleague also found a
Cyclin D1/miRNA-17/20 regulatory feedback loop in control of
breast cancer cell proliferation®; Xu and colleagues implied that
miR-195 may block the G(1)/S transition by repressing Rb-E2F
signaling through targeting multiple molecules, including Cyclin
D1, CDKG6, and E2F3%% Qin and colleagues reported that miR-
19a could mediate the suppressive effect of laminar flow on
cyclin D1 expression in human umbsilical vein endothelial cells®’;
miR-20a has been found to be decreased in HCC and may corre-
late with HCC recurrence and prognosis®®; The aberrant expres-
sion of miR-338 has been indicated to be associated with clinical
aggressiveness, such as, tumor size, tumor-node-metastasis stage,
vascular invasion and intrahepatic metastasis.”” These findings
reveal the clinical significance of miR-106b, miR-15b, miR-16,
miR-17, miR-195, miR-20a and miR-338 in human HCC and
also validated their regulatory roles on Cyclin D1 in different
cancer cells. However, the involvement of miR-19a-Cyclin D1
axis in HCC is still unclear. Therefore, we would like to perform
further systematic experimental validation to address this
problem.

Reverse correlation between miR-19a and cyclin D1
expression in human HCC tissues and cells

MiR-19a, together with miR-17, miR-18a, miR-20a, miR-
19b-1 and miR-92-1, belongs to the miR-17-92 cluster, which is
a highly conserved gene cluster located on chromosome
13931.3.>® Growing evidence shows that the human genomic
region encoding the miR-17-92 cluster often plays a crucial role
in tumorigenesis. Similar with other members in this cluster,
miR-19a has been reported to be dysregulated in various human
cancers, such as laryngeal squamous cell carcinoma, breast cancer,
non-small cell lung cancer, gastric cancer, colorectal cancer, cervi-
cal carcinoma, and bladder cancer.>’**? Especially, Han et al.*®
observed the downregulation of miR-19a in primary HCC sam-
ples of patients who had developed HCC recurrence compared
to those with non-recurrence, implying that this miRNA might
function as a tumor suppressor in HCC. Cyclin D1, located
within chromosome 11q13, belongs to the G1 cyclin family and
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plays a role in regulating the transition through the G1 phase of
the cell cycle.** Accumulating studies have reported that Cyclin
D1 functions as an oncogene and is overexpressed in a variety of
human malignancies, including B-cell lymphomas, parathyroid
adenoma, esophageal carcinoma, breast carcinoma, non-small-
cell lung carcinoma, HCC, gastric cancer, pancreatic cancer and
colorectal cancer.*>">? In this experimental validation, we, at first,
performed qRT-PCR to evaluate the relationship between miR-
19a and Cyclin D1 mRNA expression in HCC tissues and cells
in vitro. As shown in Figure 4A and B, the expression levels of
miR-19a in HCC tissues were significantly lower than those in
adjacent nonneoplastic liver tissues (HCC vs. Normal: 1.28 £
0.26 vs. 2.81 £ 0.72, P<0.001, Fig. 4A), while Cyclin D1
mRNA expression was dramatically increased in HCC tissues
compared to adjacent nonneoplastic liver tissues (HCC vs. Nor-
mal: 3.55 £ 0.56 vs. 1.78 £ 0.86, P<0.001, Fig. 4B). More
interestingly, the Spearman Correlation analysis clearly showed
negative correlation between miR-19a and Cyclin D1 mRNA
expression in HCC tissues (rs = —0.586, P<0.001, Fig. 4C).
These findings were consistent with those based on HCC cells in
vitro system (Fig. 4D,E).

Dysregulation of miR-19a/Cyclin D1 axis associates the
advanced tumor progression of human HCC

To evaluate whether miR-19a and/or Cyclin D1 expression
was associated with clinicopathological features of patients with
HCC, we analyzed the association of miR-19a and/or Cyclin D1
expression with T stage, tumor grade, presence of cirrhosis,
underlying liver disease including alcohol abuse, viral hepatitis B
and C, sex, and age (Table 1). We chose the median expression
values of miR-19a and Cyclin D1 expression as the cutoff points.
HCC tissues with an expression value exceeding the cutoff points
for miR-19a or Cyclin D1 were deemed to be low expressions of
miR-19a or Cyclin D1; all other scores were considered to be
high expressions of miR-19a or Cyclin D1. Of 130 HCC
patients, 14 (10.77%) were both high expression of miR-19a and
Cyclin D1, 16 (12.31%) were both low expression of miR-19a
and Cyclin D1, 48 (36.92%) were miR-19a-high and Cyclin
D1-low expression, and 52 (40.00%) were miR-19a-low and
Cyclin D1-high expression. Statistical analysis showed that the
low miR-19a expression (P = 0.01, Table 1), high Cyclin D1
expression (P = 0.01, Table 1) and miR-19a-low/Cyclin D1-
high expression (P = 0.006, Table 1) were all more frequently
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found in HCC tissues with high tumor stage (T34) than those
with low tumor stage (T12), suggesting that the dysregulation of
miR-19a/Cyclin D1 axis may be implicated into the aggressive
progression of HCC.

Dysregulation of miR-19a/cyclin D1 axis predicts poor
prognosis of human HCC

Prognosis evaluation is important for making appropriate
treatment choices. To determine the prognostic value of miR-
19a and/or Cyclin D1 expression in patients with HCC, the
Kaplan—Meier method was employed to analyze the correlation
of miR-19a and/or Cyclin D1 expression with 5-year disease-free
survival and 5-year overall survival of HCC patients. As shown in
Figure 5A and B, we observed a trend that 5-year disease-free sur-
vival and overall survival of HCC patients with low miR-19a
expression were both significantly shorter than those with high
miR-19a expression (both P
= 0.001, log-rank test). In

D1 expression was more significant than that of miR-19a and
Cyclin D1 expression alone. These clinical evidence highlighted
the prognostic potential of miR-19a/Cyclin D1 axis in HCC.

MiRNA-19a directly targets cyclin D1 in HCC cells

Our data mentioned above suggested that the dysregulation of
miR-19a/Cyclin D1 axis may contribute to HCC progression
and patients’ prognosis. Next, we would like to investigate the
exact mechanisms by which miR-19a/Cyclin D1 axis acts on
hepatocarcinogenesis.

To verify the regulatory effect of miR-19a on Cyclin D1 in
HCC cells, we respectively transfected HepG2 cells with miR-
192 mimics, miR-19a mimic control (negative control, NC),
miR-19a inhibitor, anti-miRNA control and blank control cul-
ture medium (mock). After 24 h post-transfection, the expression
level of Cyclin D1 protein in HepG2 cells overexpressed miR-
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Figure 6. MicroRNA (miRNA)-19a directly targets Cyclin D1 in HCC cells. (A) QRT-PCR analysis showing relative
expression of miR-19a in HepG2 cells transfected with miR-19a mimics, miR-19a mimic control (negative control,
NC), miR-19a inhibitor, anti-miRNA control (Anti-control) and blank control culture medium (mock). (B and C) Rela-
tive expression of Cyclin D1 protein in HepG2 cells transfected with miR-19a mimics, miR-19a mimic control (nega-
tive control, NC), miR-19a inhibitor, anti-miRNA control (Anti-control) and blank control culture medium (mock)
detected by Western blot analysis. GAPDH was used as an internal loading control. *" and “**": P<0.05 and P<0.001,
respectively, compared with the data of miR-19a mimic control group or anti-miRNA control; " and “*#: P<0.05 and
P<0.001, respectively, compared with the data of mock group. (D) RNA sequence alignment showing the 3"-UTR of
Cyclin D1 mRNA contains a complementary site for the seed region of miR-19a. Cyclin D1mut is amutant with sub-
stitutions in the complementary region as a negative control. (E) Luciferase report assay was performed to verify
whether Cyclin D1 was a direct target of miR-19a. The luciferase activity was detected after transfection of FLuci vec-
tor (3"-UTR-Cyclin D1wt FLuci vector or 3"-UTR-Cyclin D1mut FLuci vector) into the miR-19a mimic or miR-19a mimic
control (negative control, NC) transfected HepG2 cells.
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Figure 7. MicroRNA (miRNA)-19a inhibits hepatocellular carcinoma (HCC) cell proliferation, cell cycle progression and promotes cell apoptosis in vitro.
(A) MTT assay showed that miR-19a overexpression could inhibit cell proliferation of HepG2 cells. (B) miR-19a overexpression led to substantial accumu-
lation of the cell population at the G1 stage of the cell cycle. (C) miR-19a overexpression promoted apoptosis in HepG2 cells. ‘NC": miR-19a mimic control
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Figure 8. Inhibition of Cyclin D1 was responsible for the tumor suppressive effects of microRNA (miRNA)-19a in hepatocellular carcinoma (HCC) cells in
vitro. (B) MTT assay showed that inhibition of Cyclin D1 could inhibit cell proliferation of HepG2 cells. (C) Inhibition of Cyclin D1 led to substantial accu-
mulation of the cell population at the G1 stage of the cell cycle. (D) inhibition of Cyclin D1 promoted apoptosis in HepG2 cells. ‘si-CCND1": the small inter-
fering RNA targeting human Cyclin D1 transcript; ‘si-NC": siRNA control.
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19a was significantly lower than those in NC and mock groups
(both P<0.05, Fig. 6AC), while Cyclin D1 protein expression
was dramatically increased in HepG2 cells with the suppression
of miR-19a (P = 0.01, Fig. 6B and C).

To verify whether Cyclin D1 was a direct target of miR-19a,
the luciferase reporter containing the complimentary seed
sequence of miR-19a at the 3’-UTR region of Cyclin D1 mRNA
was constructed (Fig. 6D). Luciferase activity was detected at
48 h after the co-transfection of FLuci vector (3’-UTR-Cyclin
Dlwt FLuci vector or 3’-UTR-Cyclin Dimut FLuci vector),
miR-19a mimic or NC mimic, and RLuci vector in HepG2 cells.
As shown in Figure GE, the luciferase activity was significantly
decreased in HepG2 cells co-transfected with 3’-UTR-Cyclin
D1wt FLuci vector and miR-19a mimic compared with those
co-transfected with 3’-UTR-Cyclin D1mut FLuci vector and
miR-19a mimic (P<0.001, Fig. 6E), suggesting that the frag-
ment at the 3’-UTR of the Cyclin D1 mRNA was the comple-
mentary site for the miRNA-19a seed region.

These findings suggested that Cyclin D1 be a direct target of
miR-19a.

MiR-19a inhibits HCC cell proliferation, cell cycle
progression and promotes cell apoptosis by targeting cyclin D1

The associations of miR-19a downregulation in HCC tissues
with advanced tumor stage and poor patients’ prognosis
prompted us to verify whether it acted as a tumor suppressor in
this malignancy. Since it is of critical to understand the regula-
tion of cell proliferation for developing novel and efficient thera-
peutic strategies for the treatment of HCC, in vitro cell
proliferation assay was performed in this study to investigate the
effect of miR-19a on proliferation of HepG2 cells. As shown in
Figure 7A, the enforced expression of miR-19a significantly
inhibited cell proliferation of HepG2 cells (P = 0.01). Subse-
quently, we observed that miR-19a overexpression could lead to
substantial accumulation of the cell population at the G1 stage of
the cell cycle (Fig. 7B) and also promoted apoptosis in HepG2
cells (Fig. 7C).

To ascertain the roles of Cyclin D1 in miR-19a regulated cell
proliferation, cell cycle progression and apoptosis, we further
investigated whether knockdown of the endogenous Cyclin D1
was able to mimic the effect of miR-19a restoration. We inhibited
the expression of Cyclin D1 via siRNA (Fig. 8A) and confirmed
that Cyclin D1 knockdown inhibited cell proliferation (Fig. 8B),
cell cycle progression in HepG2 cells, possibly be G1-phase cell
cycle arrest (Fig. 8C), and also promoted cell apoptosis (Fig. 8D).

These data suggest that the tumor suppressive roles of miR-
19a may be mediated by inhibiting its target gene Cyclin D1.

Conclusion

This systematic investigation provides a framework to identify
featured miRNAs and their target genes which are potent effec-
tors in the occurrence and development of HCC. Our data imply
that miR-19a may play important inhibitory roles in HCC
malignancy via regulating Cyclin D1. More importantly, miR-
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19a/Cyclin D1 axis might have promising applications as a thera-
peutic target and a prognostic marker for patients with HCC.

Materials and Methods

miRNA expression profiles

Five publicly available datasets of miRNA expression profiles
were chosen in this study, including Wei HCC (110 non-
cancerous liver samples vs. 110 HCC samples),15 Muraka-
mi_HCC (25 non-cancerous liver samples vs. 25 HCC sam-
ples),’® URA_HCC (9 non-cancerous liver samples vs. 26 HCC
samples),’” Wang HCC (18 non-cancerous liver samples vs. 18
HCC samples)'® and Qi_HCC_serum/urine (Healthy controls
vs. HCC_serum/urine).'” The detailed information about these
datasets was provided in Supplementary Table 3. Normalized
miRNA data were downloaded directly. After deleting redundant
data, a total of 117 HCC differentially expressed miRNAs,
including 64 upregulated and 53 downregulated miRNAs, were
identified for further analysis. The detailed information of the
HCC differentially expressed miRNA list was shown in Supple-
mentary Table 4.

miRNA target prediction

Validated targets for above HCC differentially expressed miR-
NAs were collected from miRTarBase (Release 4.5: Nov. 1, 2013;
hetp://mirtarbase.mbe.nctu.edu.tw/), which has accumulated more
than fifty thousand miRNA-target interactions (MTIs) which are
all validated experimentally by reporter assay, western blot, qPCR,
microarray and next-generation sequencing experiments.54 Here,
we only collected the MTTs which are validated experimentally by
reporter assay, western blot and qPCR. In order to facilitate data
analysis, the different ID types for validated target genes were con-
verted to gene symbol from NCBI-Gene.

Gene ontology (GO) and pathway enrichment analysis for
validated genes of HCC differentially expressed miRNAs

Database for Annotation, Visualization and Integrated Dis-
covery”” (DAVID, http://david.abcc.nciferf.gov/home.jsp,ver-
sion 6.7) was used for GO enrichment analysis. Then, the
pathway enrichment analysis based on data from the FTP service
of KEGG’® (Kyoto Encyclopedia of Genes and Genomes, http://
www.genome.jp/kegg/, Last updated: Oct 16, 2012) was also
performed.

Network analysis

Interaction data collection
Interaction data used in the network construction were

imported from eight existing databases including Human Anno-
tated and Predicted Protein Interaction Database (HAPPI),”’
Reactome,”® Online Predicted Human Interaction Database
(OPHID),59 InAct,’® Human Protein Reference Database
(HPRD),’! Molecular interaction Database (MINT),®? Database
of Interacting Proteins (DIP),*® and PDZBase.®® The detailed
information on these databases is described in Supplementary
Table 5. In order to facilitate data analysis, the different ID types
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for proteins or genes were all converted to gene symbol from
NCBI-Gene.

Network construction

Interactions between validated target genes of HCC differen-
tially expressed miRNAs were used to construct miRNA-medi-
ated gene regulatory network. The interaction data were
obtained from eight existing databases as mentioned above.
Then, we applied Navigator software (Version 2.2.1) and Cyto-
scape (Version 2.8.1) to visualize the networks.

Defining network ropological feature set
We defined four measures including ‘Degree’, ‘Node

betweenness’, ‘Closeness’ and ‘K coreness’ for evaluating the
topological property of each node i in the interaction network.
Among them, ‘Degree’ is defined as the number of links to node
i; ‘Node betweenness’ is defined as the number of shortest paths
between pairs of nodes that run through node i; ‘Closeness’ is
defined as the inverse of the farness which is the sum of node i
distances to all other nodes; ‘K coreness’ is used to measure the
centrality of node i.°

Then, we used Markov clustering algorithm to divide all
nodes in miRNA-mediated gene regulatory network into differ-
ent functional modules. Functional modularity analysis can iden-
tify nodes which are highly interconnected within the network
and usually involved in the same biological modules or pathways.

Experimental validation

Patients and tissue samples
This retrospective study was approved by the Research Ethics

Committee of 302nd Hospital of PLA, Beijing, China. Written
informed consent was obtained from all patients. All tissues
specimens were handled and made anonymous according to the
ethical and legal standards.

We collected 130 self-pairs of HCC specimens and adjacent
nonneoplastic liver tissues from 130 patients with primary HCC
who underwent a curative liver resection at the 302nd Hospital
of PLA, Beijing, China. All the tissue specimens were snap-frozen
in liquid nitrogen and stored at —80°C following surgery for
qRT-PCR assay. These patients were diagnosed as HCC between
2001 and 2008, and none had chemotherapy or radiotherapy
before the surgery. World Health Organization (WHO) criteria
was used for the patients’ diagnosis. Based on the Edmondson
grading system and the sixth edition of the tumor-node-metasta-
sis (TNM) classification of the International Union against Can-
cer, tumor differentiation and tumor stage of each patient were
respectively determined. Table 1 summarized the clinicopatho-
logical features of all patients with HCC enrolled in the current
study.

All 130 patients with HCC were performed follow-up
(median follow-up period: 8.6 years). Postoperative surveillance
included routine clinical and laboratory examinations every third
month, computed tomography scans of the abdomen, and radio-
graphs of the chest every third month. After 5 years, the examina-
tion interval was extended to 12 months.
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Cell culture
Human HCC cell line HepG2 was obtained from the Ameri-

can Type Culture Collection (Manassas, VA, USA) and was cul-
tured in DMEM (Invitrogen, USA) supplemented with 10%
fetal bovine serum (Gibico, USA), 2 mM L-glutamine and anti-
biotics. Normal human liver cell line HL-7702 was obtained
from the American Type Culture Collection (Manassas, VA,
USA) and was maintained in RPMI 1640 medium (Invitrogen,
USA) supplemented with 10% fetal bovine serum (Gibico,
USA). Two cell lines were both maintained at 37°C in a humidi-
fied chamber supplemented with 5% CO,.

Construction of miR-19a expression vectors and cellular

transfection
Commercial miR-19a mimics, miR-19a mimic control, miR-

19a inhibitor, and nonspecific anti-miRNA control expression
vectors were purchased from Ambion (Austin, TX, USA).
HepG2 cells were transfected with miR-19a mimics, miR-19a
mimic control, miR-19a inhibitor, and nonspecific anti-miRNA
control expression vectors with Lipofectamine 2000 reagent
(Invitrogen Life Technologies, Carlsbad, CA, USA) according to
the manufacturer’s protocol.

Quantitative reverse transcription-PCR (qRT-PCR)
The gRT-PCR analysis for miRNA and mRNA was per-

formed according to the similar protocol of our previous stud-
ies.®>% U6 small RNA and GAPDH were respectively used as
internal controls for normalization and quantification miR-19a
and Cyclin D1 expression. The primer sequences were listed in
Supplementary Table 6. Relative quantification of miRNA and
mRNA expression was evaluated using the comparative cycle
threshold (CT) method. All experiments were done in triplicate.
Mean normalized gene expression & SE was calculated from
independent experiments.

RNA interference and cellular transfection
To knockdown the expression of the human Cyclin D1 gene,

the small interfering RNA (siRNA) targeting human Cyclin D1
transcript (si-CCND1) and siRNA control (si-NC) were con-
structed (Shanghai GeneChem Co, Ltd., Shanghai, China).
Sequence of these siRNAs were: Cyclin D1 siRNA, sense, 5'-
CAAGCU CAA GUG GAA CCU GTT-3, antisense, 5'-CAG
GUU CCA CUU GAG CUU GTT-3’; siRNA control, sense,
5'-UUC UCC GAA CGU GUC ACG UTT-3, antisense, 5'-
ACG UGA CAC GUU CGG AGA ATT-3'. HepG2 cells were
seeded into 6-well plates and incubated overnight, and then
transfected using LipofectamineTM 2000 transfection reagent
(Invitrogen) according to the manufacturer’s instructions. The
expression levels of Cyclin D1 in HepG2 cells transfected with
si-CCND1 and si-NC were detected by Western blot analysis as
described in the next section.

Western blot

The Western blot protocol and semiquantitative analysis were
carried out following the protocol of our previous studies.®> ¢

The specific antibodies were as following: Cyclin D1 antibody
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(#sc-753, rabbit polyclonal antibody, dilution 1:100, Santa Cruz
Biotechnology, Inc. USA) and GAPDH antibody (CW02606,
dilution 1:1000 CoWin Biotech). All experiments were done in
triplicate. Mean normalized gene expression &= SE was calculated
from independent experiments.

Luciférase reporter assay
The regulatory effect of miR-19a to Cyclin D1 was evaluated

by a luciferase reporter assay in HepG2 cells following the proto-
col of our previous studies.>*® Briefly, the human Cyclin D1
3’-UTR luciferase reporter construct was generated by cloning
Cyclin D1 3/-UTR sequence containing the predicted miR-19a
binding site into the 3’-UTR region of the pGL3 luciferase
reporter vector (Promega Corporation, Madison W1, USA). The
miR-19a binding site-deleted Cyclin D1 3’-UTR luciferase
reporter construct was generated by PCR fragments of Cyclin
D1 3'-UTR luciferase reporter construct lacking the target site
and ligated. HepG2 cells were cultivated in 24-well plates and
co-transfected using Fugene (Roche) with 100 ng of pGL3-
Cyclin D1-miR-19a constructs, 10 ng miR-19a mimic or NC
mimic, and 2 ng pRL-SV40 RLuci vector (Promega). The lucif-
erase activity assay was performed 24 h after transfection using
the dual-luciferase reporter assay system (Promega Corporation,
Madison WI) according to the manufacturer’s instructions. All
experiments were done in triplicate. Mean normalized gene
expression £ SE was calculated from independent experiments.

In vitro cell proliferation assay
The in vitro cell proliferation of HepG2 cells transfected with

miR-19a mimic, miR-19a mimic control, si-CCND1 and si-NC
vectors, respectively, were measured using the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method fol-
lowing the protocol of our previous studies 33-34. All
experiments were done in triplicate. Mean normalized gene
expression £ SE was calculated from independent experiments.

In vitro cell cycle and apoptosis analysis
At 48 h post-transfection of miR-19a mimic, miR-19a mimic

control, si-CCND1 and si-NC vectors, HepG2 cells were
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harvested by trypsinization and washed with phosphate-buffered
saline (PBS). The effects of miR-19a/Cyclin D1 axis on cell cycle
progression were determined by fluorescence-activated cell sorter
(FACS) analysis using the Cell Cycle and Apoptosis Analysis Kit
(Beyotime Institution of Biotechnology, Shanghai, China)
according to the manufacturer’s instructions. Ten thousand cells
were counted per sample. All experiments were done in triplicate.
Mean normalized gene expression & SE was calculated from
independent experiments.

Statistical analysis

The software of SPSS version13.0 for Windows (SPSS Inc, IL,
USA) and SAS 9.1 (SAS Institute, Cary, NC) was used for statis-
tical analysis. The chi-squared test was used to show differences
in categorical variables. Patient survival and the differences in
patient survival were determined by the Kaplan-Meier method
and the log-rank test, respectively. A Cox regression analysis (pro-
portional hazard model) was performed for the multivariate anal-
Differences considered

yses of prognostic factors. were

statistically significant when P was less than 0.05.
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