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Abstract. Hepatocellular carcinoma (HCC) is a worldwide 
malignancy; however, there is a lack of effective targeted 
therapies. We and others have found that miR-221 is one of 
the most consistently overexpressed miRNAs in liver cancer. 
However, the roles of miR-221 in hepatocellular carcinogen-
esis are still not fully elucidated. In the present study, we 
used bioinformatics tools, gain- and loss-of-function methods 
to determine the roles of miR-221 in HCC. Bioinformatics 
analysis showed that miR-221 is a core miRNA which targets 
a large number of HCC-related genes and has formed many 
feed-forward regulatory loops combining transcription factors 
(TFs) to regulate HCC-related genes. Inhibition of miR-221 in 
liver cancer cells decreased cell proliferation, clonogenicity, 
migration/invasion and also induced G1 arrest and apoptosis. 
In addition, we demonstrated that miR-221 bound directly to 
the 3'-untranslated region of BMF, BBC3 and ANGPTL2, and 
inhibited the expression of BMF, BBC3 and ANGPTL2. In 
a mouse model, lentivirus-mediated miR-221 silencing could 
significantly suppress the growth of hepatoma xenografts 
in nude mice. In conclusion, we showed that miR-221 is a 
critical modulator in the HCC signaling pathway, and miR-221 
silencing inhibits liver cancer malignant properties in vitro 
and in vivo, which may benefit the treatment for patients with 
unresectable HCC.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common 
cancer worldwide and the third most common cause of cancer-
related mortality, with >600,000 deaths/year (1). The heavy 
burden of HCC has generated extensive studies of molecular 
mechanisms underlying this disease in the hope of elucidating 
its development and determining better methods for treatment.

MicroRNAs (miRNAs) are evolutionarily conserved, small 
non-coding RNAs that are considered to play fundamental 
roles in various biological processes through regulation of gene 
expression at the level of post-transcription. Several studies 
have reported some important aberrant miRNA expression 
profiles in HCC and found multiple specific dysregulated 
miRNAs associated with the development of liver cancer 
through regulating oncogenes or tumor suppressors (2-8). 
Transcription factors (TFs) are essential for the regulation 
of gene expression by binding to specific DNA sequences on 
the promoter of target genes. Many studies have proved that 
TFs are key regulators in HCC, in particular, the protoonco-
genes c-Myc, c-fos and c-jun are frequently overexpressed in 
HCC and play critical roles in modulating cellular growth, 
differentiation and apoptosis by regulating a number of genes 
(9-12). Both the TFs and miRNAs are key regulators of gene 
expression, and they may mutually regulate each other to form 
feedback loops, or they regulate the same target gene to form a 
feed-forward loop (FFL) (13). For example, the cyclin D1 and 
miRNA-17/20 feedback loop in breast cancer and TP53/miR-
106b/E2F FFL in cell proliferation have been experimentally 
verified (14,15). However, the combined regulation of miRNAs 
and TFs in HCC remains elusive.

Previously, we identified a specific aberrant miRNA 
expression profiling in HCC by comparison of miRNA 
expression profiles in cancerous hepatocytes with normal 
primary human hepatocytes and found that miR-221 was 
the most overexpressed miRNA in HCC (16). Several other 
studies also demonstrated that miR-221 was one of the most 
upregulated miRNAs in liver cancer cell lines and tissues 
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(6,8,17). Consistently, upregulation of miR-221 in glioblas-
toma, lung, liver, stomach, colon, pancreatic, kidney, bladder, 
prostate and thyroid cancer strengthened its importance in 
tumorigenesis (8,17-24). Recently, Callegari et al developed 
a liver-specific overexpression of miR-221 transgenic mouse 
model and found that these miR-221 transgenic animals 
exhibited a strong predisposition to the development of liver 
tumors (25). miR-221 can promote cell proliferation and 
increase the cell number in S-phase by suppressing p27 (18), 
p57 (26) and PTEN (17); inhibit cell apoptosis by modulating 
BMF (27); accelerate angiogenesis by regulating TIMP3 (17); 
and regulate DNA damage and repair by targeting DDIT4 (8). 
These studies strongly suggested an important role of miR-221 
upregulation in hepatocarcinogenesis; however, little is known 
regarding its upstream regulatory mechanisms and there is a 
lack of a comprehensive understanding of miR-221 in the HCC 
signaling pathway.

In the present study, bioinformatics analysis was used to 
reveal dysregulated miRNAs in modulating the signaling 
network of HCC. We focused on upregulated miR-221 in HCC, 
and studied the functions of miR-221 silencing in liver cancer 
in vitro and in vivo. In particular, the therapeutic value of 
stable miR-221 silencing by lentivirus-mediated-anti-miR-221 
was evaluated in nude mice bearing hepatoma xenografts.

Materials and methods

Bioinformatics analysis. We previously identified a specific 
miRNA expression profiling in liver cancer and the micro-
array data were deposited in NCBI's Gene Expression 
Omnibus (GEO) public database (http://www.ncbi.nlm.nih.
gov/geo/, GEO accession no. GSE20077) (16). Here, the most 
differentially expressed miRNAs were used for further bioin-
formatics analysis. We obtained the candidate miRNA targets 
using the combinatorial utilization of two different databases 
[TargetScan (28) and miRanda (29)] as our previous study (13) 
and chose the overlapped predicted targets based on evolu-
tionary conservation among mammalian. Then, we merged 
the overlap targets with the experimentally reported miRNA 
targets from TarBase and miR2Disease resource (30,31). 
Finally, we chose the candidate genes involved in HCC from 
the predicted targets as our interested miRNA targets. To 
characterize the FFLs among miRNA, TF and HCC genes, we 
parsed the ENCODE ChIP-Seq data from the UCSC genome 
browser database (http://genome.ucsc.edu/) to obtained the TF 
targets (32). For those >100 TFs in ENCODE data, we iden-
tified 29 TFs, which were reported to be related with HCC 
through literature review. Using the strategy we previously 
worked, we obtained the FFLs among miRNA, TF and HCC 
genes (13). The miRNA regulatory network was constructed 
by merging the FFLs and miRNA target pairs through our 
inner Perl scripts. The presented network images were drawn 
using the Cytoscape software (version 2.6.1) (33).

Cell lines, miR-221 precursor/inhibitor and cell transfection. 
The hepatoma cell lines SK-HEP-1, HepG2, SMMC-7721 and 
cervical cancer cell line HeLa were cultured and maintained 
as previously described (16). Stability-enhanced miR-221 
precursor (pre-miR-221), miR-221 inhibitor (anti-miR-221) and 
their matched negative controls (pre-miR-NC and anti-miR-

NC) were from Ambion (Austin, TX, USA). Cell transfections 
were performed using Lipofectamine™ 2000 (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions.

RNA and protein extraction. The mirVana™ PARIS™ kit 
(Ambion) was applied to isolate total RNA and protein from 
the same experimental samples according to the manufac-
turer's instructions.

TaqMan qRT-PCR. The expression of mature miRNAs was 
assayed using the TaqMan MicroRNA Assays specific for 
hsa-miR-221 and RUN6B (both from Applied Biosystems, 
Foster City, CA, USA) according to the manufacturer's instruc-
tions.

Cell proliferation, cell cycle/apoptosis, cell migration/inva-
sion and clonogenicity assay. These assays were detected as 
we previously described (16).

SYBR-Green qRT-PCR. SK-HEP-1 cells were harvested for 
RNA extraction 48 h after transfection. The First Strand cDNA 
Synthesis kit (Fermentas, Burlington, VT, USA) was applied 
to synthesize the first strand cDNAs from 1 µg of total tested 
RNA. A 20 µl PCR reaction/well in 384-well reaction plates 
was prepared by using the Platinum® SYBR-Green qPCR 
SuperMix UDG reagent (Invitrogen). The PCR reaction was 
carried out on Applied Biosystems 7900HT Fast Real-Time 
PCR System. GAPDH RNA was used as a control. The primer 
sequences are listed in Table I.

Luciferase assay. To verify the targets of miR-221, the 
pMIR-REPORT™ system (Applied Biosystems) was applied. 
Briefly, 55-mer double-stranded oligonucleotides containing 
the predicted miR-221 binding sites were synthesized with 
the single-stranded overhangs of the restriction sites SpeI 
and HindIII, and inserted into the multiple cloning site of the 
pMIR-REPORT™ luciferase vector to establish the pLUC-
targets i.e. pLUC-BMF, pLUC-BBC3 and pLUC-ANGPTL2 
vectors. As a control, the pLUC-muttargets, i.e. pLUC-
mutBMF, pLUC-mutBBC3, pLUC-mutANGPTL2 plasmids, 
were also prepared by the same method, except for the 
synthesized oligonucleotides containing corresponding 
mutated nucleotides in the seed-match sequence. The mutated 

Table I. Primers used in SYBR-Green qRT-PCR.

Gene name Primers

BMF F: 5'-CCAGCCTCCCAGCTAAAG-3'
BMF R: 5'-CCTGGGGATGAACAAAATG-3'
BBC3 F: 5'-TGGGACTCCTGCCCTTAC-3'
BBC3 R: 5'-GGCTGGGAGTCCAGTATG-3'
ANGPTL2 F: 5'-GTTTGGTACTGTCCATGTCTG-3'
ANGPTL2 R: 5'-GCAGATTCGTGTCATTACAAG-3'

F, forward; R, reverse.
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scrambling sequences were prepared by the online tool on 
the web site https://www.genscript.com/ssl-bin/app/scramble. 
Synthesized sequences are listed in Table II. In 96-well plates, 
SK-HEP-1 cells were cotransfected with 0.1 µg of each pLUC-
target or pLUC-muttarget, 0.01 µg of pMIR-REPORT™ β-gal 
plasmid served as an internal transfection efficiency control, 
and pre-miR-221 or pre-miR-NC with a 50 nM final concentra-
tion. At 24 h post-transfection, luciferase and β-galactosidase 
activities were measured using the Dual-Light Assay System 
(Applied Biosystems) according to the manufacturer's instruc-
tions.

Western blot analysis. SK-HEP-1 cells were harvested for 
protein extraction 48 h after transfection. Cell protein lysates 
were used for western blot analysis as previously described (16). 
The following antibodies were used: anti-BMF (ab9655), anti-
BBC3 (ab9643), anti-ANGPTL2 (ab35574,) (all from Abcam), 
anti-β-actin (sc-47778), goat anti-mouse IgG-HRP (sc-2005) 
and goat anti-rabbit IgG-HRP (sc-2004) (all from Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA).

Construction of miR-221 silencing lentivirus. In order to eluci-
date the role of miR-221 in vivo, we constructed a recombinant 
lentivirus termed miR-221(D)-LV to generate stable loss-of-
function of miR-221 in hepatoma cells. We first prepared a 
recombinant lentivirus vector named as pmiR-221(D)-LV as 
previously described (34). Briefly, two oligonucleotides 
(forward sequence, 5'-CCGGCGAAACCCAGCAGACAAT 
GTAGCTTTTTTTTGGAAG-3' and reverse sequence, 
5'-AATTCTTCCAAAAAAAAGCTACATTGTCTGCTGGG 
TTTC-3') were chemically synthesized and annealed to form a 
double-stranded nucleotide with the overhangs (Italic letters in 
the sequences) of AgeI and EcoRI in 5' and 3' flanking ends, 
respectively. The bold letters in the forward sequence refer to 
the complementary sequence to miR-221. This double-stranded 
nucleotide was directionally cloned into the AgeI/EcoRI-

digested lentivirus vector pGCSIL-GFP (GeneChem Co., Ltd., 
Shanghai, China) to form the recombinant lentivirus vector 
pmiR-221(D)-LV. pGCSIL-GFP has a polymerase III promoter 
U6 which can promote the transcription of small non-coding 
RNAs. The underlined polyT in the 3' flanking region of 
forward sequence is the transcription termination signal for 
promoter U6. A control recombinant lentivirus vector, pNC-
GFP-LV, containing a scrambling sequence was also 
constructed and used as an internal control. All recombinant 
vectors were verified by sequencing. To obtain high titer 
recombinant lentivirus, a lentivirus package system (Gene-
Chem Co., Ltd.) was applied, containing three vectors: i) our 
recombinant lentivirus vector [pmiR-221(D)-LV or pNC-GFP-
LV], ii) pHelper1.0, and iii) pHelper2.0. pHelper1.0 contains 
gag gene and pol gene of human immunodeficiency virus 
(HIV), coding the major structural protein Gag and the virus-
specific enzyme Pol of HIV, respectively. pHelper 2.0 contains 
VSV-G gene of herpes simplex virus (HSV), coding envelope 
protein needed by virus package. These three vectors were 
cotransfected into the packaging cell line 293T to produce 
VSV.G-pseudo-typed lentiviral particles. At 8-h post-transfec-
tion, the culture media was replaced by complete media. The 
supernatant of transfected 293T was collected at 48 h post-
transfection, and was further concentrated into high titer 
lentivirus as previously described (35). The titer of lentivirus 
was evaluated by limiting dilution assay (36).

Animal experiments. BALB/c athymic nude mice (male, 
4-6 weeks old, 16-20 g) were purchased from Hubei Research 
Center of Laboratory Animal (Wuhan, China) and bred in 
pathogen-free conditions in the Animal Centre of Tongji 
Medical College. All animals received humane care and all 
animal experiments were carried out in accordance with the 
Guide for the Care and Use of Laboratory Animals of Tongji 
Medical College (Permit no. 130321u). SK-HEP-1 cells were 
incubated with lentivirus stocks diluted at an MOI of 50 in 

Table II. The sequences of 55-mer double-stranded oligonucleotides containing the predicted miRNA binding sites.

Targeted gene Sequence

BMF F: 5'-CTAGTCAGGGGCTATCGAGGAGACCCAGTGAGAATGTAGCATTTTGTTCATCCCA-3'
 R: 5'-AGCTTGGGATGAACAAAATGCTACATTCTCACTGGGTCTCCTCGATAGCCCCTGA-3'
Mutated BMF F: 5'-CTAGTCAGGGGCTATCGAGGAGACCCAGTGAGATGTATCGATTTTGTTCATCCCA-3'
 R: 5'-AGCTTGGGATGAACAAAATCGATACATCTCACTGGGTCTCCTCGATAGCCCCTGA-3'
BBC3 F: 5'-CTAGTGGCCAGCGCGGGGGACTTTCTCTGCACCATGTAGCATACTGGACTCCCAA-3'
 R: 5'-AGCTTTGGGAGTCCAGTATGCTACATGGTGCAGAGAAAGTCCCCCGCGCTGGCCA-3'
Mutated BBC3 F: 5'-CTAGTGGCCAGCGCGGGGGACTTTCTCTGCACCTGTATCGATACTGGACTCCCAA-3'
 R: 5'-AGCTTTGGGAGTCCAGTATCGATACAGGTGCAGAGAAAGTCCCCCGCGCTGGCCA-3'
ANGPTL2 F: 5'-CTAGTTACCTCAGCATTTCTCACAAAGTGTACCATGTAGCATGTT TTGTGTATAA-3'
 R: 5'-AGCTTTATACACAAAACATGCTACATGGTACACTTTGTGAGAAATGCTGAGGTAA-3'
Mutated ANGPTL2 F: 5'-CTAGTTACCTCAGCATTTCTCACAAAGTGTACCTGTATCGATGTTTTGTGTATAA-3'
 R: 5'-AGCTTTATACACAAAACATCGATACAGGTACACTTTGTGAGAAATGCTGAGGTAA-3'

The sequences in bold refer to predicted pairing nucleotide with the seeding sequences of corresponding miRNAs. Italics refer to overhangs of 
restriction enzyme sites. F, forward; R, reverse.
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Opti-MEM supplemented with 5 µg/ml polybrene for 10 h. 
Transduction efficiency was examined by fluorescence 
microscopy 72 h later. SK-HEP-1 cells (2x106) infected with 
miR-221(D)-LV or NC-GFP-LV were suspended in 100 µl 
DMEM and injected subcutaneously into the back of mice. 
Tumor growth was examined every 4 days for >1 month. To 
establish hepatoma xenograft model, 2x106 SK-HEP-1 cells 
were inoculated subcutaneously on the right flank of nude 
mice. After 8 days, the transplanted nude mice were randomly 
divided into 2 groups (n=6 each). TU (2x108) miR-221(D)-LV 
or NC-GFP-LV/animal was administered a single intratumor 
injection. Tumor volume (V) was monitored by measuring the 
length (L) and width (W) with vernier caliper and calculated 
with the formula V = (LxW2) x 0.5.

Immunohistochemistry. Resected tumor tissues were fixed in 
4% paraformaldehyde, embedded in paraffin, cut into 4 µm 
pieces and mounted on polylysine-coated slides. Haematoxylin 

and eosin (H&E) and Ki67 immunohistochemistry assay were 
detected as previously described (16).

Statistical analysis. All data are presented as means ± stan-
dard error from 3 separate experiments performed in triplicate 
except otherwise noted. The differences between groups were 
analyzed by Student's t-test and P<0.05 was considered to 
indicate a statistically significant result.

Results

miR-221 plays a central role in HCC regulatory network. To 
reveal the regulation of dysregulated miRNAs involved in 
HCC, bioinformatics analysis was used to predict regulatory 
targets and TFs-related to hepatocarcinogenesis and construct 
regulatory networks for dysregulated miRNAs. As shown in 
Fig. 1, the 9 mostly differentially expressed miRNAs in our 
miRNA microarray assay (16) were predicted to target 56 

Figure 1. Differentially expressed miRNAs and their targets with HCC genes. The top 9 differentially expressed miRNAs in our miRNA microarray assay 
were used to predict their targets in published HCC-related genes. Red circle indicates miRNAs, round green rectangle represents HCC genes. 
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HCC-related genes with 73 edges in the HCC miRNA target 
network. In this network, miR-221 is one of the miRNAs 
having the most targets of HCC-related genes. Furthermore, 
since TF is another type of key regulator of gene expression, 
we also investigated the TFs involved in the HCC regula-
tory network. Using the ENCODE ChIP-Seq data in UCSC 
genome browser, we obtained the TF targets in the HCC genes 
and miRNAs. Choosing those TFs involved in HCC and using 
the same strategy as described in our previous study (13), we 
constructed the co-regulatory network among the HCC-related 
TFs, genes and miRNAs (Fig. 2). Fig. 2 shows that there are 
many FFLs among TFs, miRNAs and HCC genes. In an FFL, 
the TF regulates miRNA and HCC gene, while the miRNA 
also regulates the same HCC gene. This network contains 

332 regulatory relations (edges) among 70 molecules (nodes), 
including 7 miRNAs, 29 TFs and 34 HCC-related genes. As 
shown in this network, miR-221 is a core miRNA regulating 
many HCC genes and being regulated by many TFs, while 
c-Myc, c-Jun and STAT are core TFs. Notably, FOXM1 is an 
HCC-related gene and also a TF. Thus, in the network, it regu-
lates other HCC-related genes or miRNAs and also as a target 
of other TFs or miRNAs. Since miR-221 is the most highly 
expressed miRNA in our microarray results and it is also a 
core miRNA in our regulatory networks, we then focused on 
miR-221. Extracting miR-221-related targets and TFs in Fig. 2 
co-regulatory network and adding some other known miR-221 
targets, we obtained the miR-221 regulatory network (Fig. 3). 
As shown in Fig. 3, there are many FFL regulations particu-

Figure 2. TF and miRNA co-regulatory network in HCC. TF regulation using the encode ChIP-Seq data compiled at UCSC genome browser. Red circle 
represents miRNAs, green round rectangle is HCC-related genes and blue diamond indicates TF. Blue line indicates the miRNA regulating the HCC-related 
genes, green line indicates TF regulating HCC-related genes and red line shows the TF regulating miRNA. 
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larly among the c-Myc, miR-221 and HCC-related genes. 
These may indicate that c-Myc plays an important role in 
the miR-221 functional pathway in HCC development. These 
analyses indicate that miR-221 is a critical modulator of HCC 
and could be considered as a potential therapeutic target.

miR-221 silencing inhibits tumorigenic properties of liver 
cancer cells in vitro. To assess the role of miR-221 in hepato-
carcinogenesis, we used gain- and loss-of-function methods. 
As shown in Fig. 4A, the increase of miR-221 or inhibition 
of miR-221 expression were verified by TaqMan qRT-PCR in 
SK-HEP-1, HepG2, SMMC-7721 or HeLa cells transfected 
with pre-miR-221 or anti-miR-221.

Sustained cell proliferation is the most distinctive prop-
erty of cancer. Inhibiting miR-221 markedly suppressed 
the proliferation of liver cancer cells (Fig. 4B). To examine 
whether compromised cell proliferation could be attributed 
to the cell cycle arrest, we further analyzed the status of cell 
cycle. As shown in Fig. 4C, miR-221 silencing significantly 
increased the percentages of cells in G1 phase, which indi-
cated the occurrence of G1 arrests in treated SK-HEP-1 cells, 
while the cell percentages in S phase were obviously shrunk 
by nearly 10%. Escaping from cell apoptosis is another 
advantage of tumor cells for overwhelming growth. The 
result from Annexin V/PI combined labeling flow cytometry 
analysis showed that the numbers of apoptotic cells were 
clearly increased in SK-HEP-1 cells treated with anti-miR-221 
(Fig. 4D). To assess the functional role of miR-221 in tumor 
formation, the capacity of colony formation and anchorage-
independent growth were measured in SK-HEP-1 transfected 
with anti-miR-221. Notably, anti-miR-221-transfected cells 
displayed much fewer and smaller colonies than control trans-

fectants (Fig. 4E). Metastasis is another hallmark of cancer. 
As shown in Fig. 4F, miR-221 inhibition effectively suppressed 
the ability of SK-HEP-1 cell migration and invasion.

These data indicate that miR-221 functions as an oncogene 
and its silencing inhibits tumorigenic properties of liver cancer 
cells in vitro.

miR-221 targets BMF, BBC3 and ANGPTL2. To elucidate 
the tumorigenic role of miR-221 in HCC, we further verified 
several putative targets of miR-221 from Fig. 3 (Fig. 5A). As 
shown in Fig. 5B, luciferase assay indicated that miR-221 
could directly aim at its predicted binding sites of BMF, 
BBC3 and ANGPTL2, leading to the suppression of luciferase 
expression, whereas when the binding site was mutated by 
site-specific mutagenesis, the luciferase activity was reserved 
comparable with the matched negative control group. At the 
mRNA level, miR-221 inhibition elicited an obvious upregula-
tion of ANGPTL2 but not of BMF and BBC3 (Fig. 5C). While 
at the protein level, BMF, BBC3 and ANGPTL2 protein were 
apparently increased in anti-miR-221-treated cells (Fig. 5D). 
These data suggest that miR-221 may suppress its targets BMF, 
BBC3 and ANGPTL2 mainly through a translational inhibi-
tion at the protein level with or without mRNA degradation.

Lentivirus-mediated-anti-miR-221 inhibits tumor forma-
tion and growth of hepatoma xenografts in vivo. Given the 
importance of miR-221 in HCC carcinogenesis, it is not 
surprising that miR-221 is an attractive target for developing 
novel therapies. Lentiviral vectors are the most recently 
developed virus-derived vectors for gene therapy applications, 
and have demonstrated the ability to transduce dividing and 
non-dividing cells, and sustain long-term transgene expres-
sion, which makes them uniquely attractive as gene therapy 
vectors (37). Thus, we successfully constructed a recombinant 
lentiviral vector termed miR-221(D)-LV (and NC-GFP-LV 
as control) to transduce SK-HEP-1 cells (Fig. 6A) and inhibit 
the expression of miR-221 (Fig. 6B-a). First, we employed 
SK-HEP-1 cells pre-infected with miR-221(D)-LV to establish 
subcutaneous tumors in nude mice, and measured the tumor 
growth and significant features. As depicted in Fig. 6C, deple-
tion of miR-221 in vitro by miR-221(D)-LV renders SK-HEP-1 
cells less efficient in establishing tumors in vivo. The average 
fold increase of tumor volumes at the sacrifice with respect to 
the first measurements was much smaller in miR-221(D)-LV 
pre-infected tumors vs. control tumors (9.05±1.62 vs. 
16.23±2.89, P=0.034). Next, we further assessed the effects of 
miR-221 inhibition on pre-established SK-HEP-1 xenografts. 
Consistent with our expectation, a single intratumor injection 
with 2x108 TU miR-221(D)-LV on day 8 (when the tumor 
volume reached ~80 mm3), reduced the growth of tumors. As 
shown in Fig. 6D, the growth curves of miR-221(D)-LV and 
NC-GFP-LV-treated tumors became divergent on day 16 after 
the inoculation of SK-HEP-1 in mice, and this trend became 
more obvious and continued to the end of the experiment. 
Relative to the first measurements on day 8, the average fold 
increase of tumor volumes at the sacrifice of miR-221(D)-
LV-treated groups was significantly smaller than that of the 
negative control (7.81±1.02 vs. 12.61±1.37, P=0.041).

To clarify the cellular mechanisms underlying miR-221(D)-
LV mediated tumor suppression, resected tissues from those 

Figure 3. The regulatory network of miR-221 and its related TFs in HCC 
genes. A subset data specific for miR-221 extracted from the Figs. 1 and 2.  
Red circle represents miRNA, green round rectangle is HCC-related genes 
and blue diamond indicates TF. Blue line indicates the miRNA regulating the 
HCC-related genes, green line indicates TF regulating HCC-related genes 
and red line shows the TF regulating miRNA. c-Myc and STAT3 are the top 
two transcription factors targeting to most HCC genes and forming feed-
forward loops with miR-221.
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treated xenograft tumors were analyzed to verify miR-221 
expression, and measured for mitotic index and expression of 
Ki67 as markers of proliferation. At the end of the experiment, 
miR-221(D)-LV effectively reduced the expression of miR-221 
(Fig. 6B-b). Consistent with the above results, HE and Ki67 
staining revealed markedly reduced proliferation index in 
miR-221(D)-LV-treated tumors (Fig. 6E and F). These results 
indicate that miR-221 silencing inhibits liver cancer cell 
growth in vivo.

Discussion

The rationale for using miRNAs as potential therapeutic targets 
for cancer is based on many facts: i) miRNAs are natural 
antisense interactors; ii) miRNA expression profiles have been 
shown to be related to disease state and treatment response 
and the dysregulated miRNAs contribute to the initiation and 
development of cancer; iii) the small size (22-24 nucleotides in 
length) makes them very attractive for drug development (38).

Figure 4. miR-221 silencing inhibits tumorigenic properties of hepatocarcinoma. (A) Relative expression of miR-221 was detected by TaqMan qRT-PCR in 
various hepatoma cell lines or HeLa cell line transfected with anti-miR-221, pre-miR-221 or their matched negative control. The relative miRNA expression 
from the negative control group was designated as 1. (B) miR-221 inhibition suppresses cell proliferation in SK-HEP-1, HepG2 and SMMC-7721 cells. (C) Cell 
cycle determined by propidium iodide (PI) staining flow cytometry. Numbers over each histogram indicate the percentage of cells in G0-G1, S and G2-M 
cell-cycle phases. (D) Cell apoptosis detected by Annexin V/PI combined labeling flow cytometry. Apoptotic evaluation was determined by the percentage of 
apoptotic cell number in total cell number. (E-a and -c) Representative results of colony formation and anchorage-independent growth in soft agar using the 
indicated clones. (E-b and -d) Histogram indicated that anti-miR-221 markedly inhibited the colony formation and anchorage-independent cell growth. The 
percentage of colony numbers from the negative control group was designated as 100%. (F) Anti-miR-221 reduced the cell migration and invasion ability. 
(a and c) Results of cell invasion and migration across an 8-µm pore size membrane with or without Matrigel. (b and d) Histogram reported the percentage 
of cells across a membrane with 8-µm pores with or without Matrigel after transfection with anti-miR-221 or its matched control. The percentage of cells for 
migration or invasion of the negative control group was designated as 100%. *P<0.05 and **P<0.01.
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In the present study, we found that miR-221 plays a central 
role in HCC signaling pathway by bioinformatics analysis. 
It is common in biology for gene expression and important 
processes to have multiple layers of regulation and control. TFs 
and miRNAs are key regulators of gene expression at the tran-
scription and post-transcription level. They may regulate the 
same target gene and regulate mutually to form complex regu-
latory module and network including FFLs, thus carry out the 
subtle regulation of the target gene expression (39). It has been 
predicted that there are hundreds of FFLs in human genome (40) 
and some of them have been experimentally verified such as 
TP53/miR-106b/E2F (15) and NF-κB/miR-19/CYLD (13) in 
cancer cell proliferation. Many TFs and miRNAs have been 
reported to be involved in the progress of HCC, which is a 
complex process (41). Therefore, the TF and miRNA regula-
tions will be the key regulation of HCC progress. In this study, 

we started from the top differentially expressed miRNAs and 
constructed the TF-miRNA co-regulatory FFLs in HCC using 
the same strategy we used for schizophrenia and T-cell acute 
lymphoblastic leukemia (13,42). Figs. 1-3 show that miR-221 
was a core miRNA with the most targets of HCC-related genes 
and formed many FFL regulations with some key TFs. We also 
showed that miR-221 may target CDKN1B, CDKN1C, BMF, 
DDIT4, PTEN, TIMP3, E2F3, TP53BP2, BBC3, ANGPTL2 
and many other genes related to HCC (Fig. 3). Some of these 
targets have been experimentally confirmed. Furthermore, 
Fig. 3 also provides insight into FFL regulation of miR-221 
involved in HCC. TFs c-Myc, c-Jun and STAT3 were predicted 
to target many important HCC genes and formed FFLs with 
miR-221. Particularly, c-Myc and miR-221 formed 13 FFLs 
with HCC genes, including FFLs c-Myc/miR-221/E2F3 
and c-Myc/miR-221/CDKN1C. c-Myc is a widely studied 

Figure 5. Target validation of miR-221 in hepatocellular carcinoma. (A) Predicted consequential pairing of target region and miR-221 by TargetScan. 
(B) Luciferase assay in SK-HEP-1 cells. pLUC-target vector was cotransfected with pre-miR-221 or pre-miR-NC. Relative repression of luciferase expression 
was standardized to β-gal signal. Luciferase activity displayed a significant decrease following miR-221 enforced expression compared with control groups. 
(C) The target expressions at mRNA level were measured by SYBR-Green qRT-PCR after inhibition of miR-221 in SK-HEP-1. ANGPTL-2 but not BMF and 
BBC3 mRNA was upregulated by anti-miR-221. The relative mRNA expression from negative control group was designated as 1. (D) Western blot analyses 
showed increased BMF, BBC3, ANGPTL-2 protein expression after inhibition of miR-221 expression. *P<0.05.
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Figure 6. miR-221 silencing slows down the tumor formation and growth of hepatoma xenografts. (A) Fluorescent microscopy showed efficient transduction of 
SK-HEP-1 by lentivirus, as indicated by eGFP expression, 15 days following lentiviral vector administration. (B) Relative expression of miR-221 was detected 
by TaqMan qRT-PCR. (B-a) SK-HEP-1 cells pre-infected with recombinant lentiviral vector miR-221(D)-lv (96 h after transduction) significantly inhibited 
the expression of miR-221 in vitro; (B-b) verified inhibition of miR-221 expression by intratumor injection one time with miR-221(D)-lv on pre-established 
SK-HEP-1 xenografts in vivo. The relative miRNA expression from the negative control group was designated as 1. *P<0.05. (C) In vivo tumor growth of 
recombinant lentivirus pre-infected SK-HEP-1 xenograft in nude mice. (C-a) Average tumor volumes were represented (n=6 for both experimental groups) 
starting from day 8 when tumor volumes were ~40 mm3 until the last measurement before being sacrificed on day 36; (C-b) histogram indicated the average 
fold increase of tumor volumes at the sacrifice with respect to the first measurements and miR-221(D)-LV-treated groups was significantly smaller than 
negative control. (D) Inhibition of miR-221 expression on pre-established SK-HEP-1 xenograft growth by intratumor injection one time with miR-221(D)-LV. 
(D-a and -b) Tumor growth curves and average volume fold increase of tumors at the sacrifice with respect to the first measurements. (E-a) Haematoxylin and 
eosin stained section (magnification, x400). SK-HEP-1 xenografts treated with miR-221(D)-LV had low mitotic index compared with the negative control group; 
arrows indicate mitotic images. (E-b) Graph of the mitotic index as percent of positive cells (8 fields, 3 sections for each tumor). (F-a) Immunohistochemistry 
of the proliferation marker Ki-67 in tumor tissue indicated that SK-HEP-1 xenografts treated with miR-221(D)-LV had markedly reduced Ki-67-positive cells; 
cells with brown nuclear staining were considered to be positive for Ki-67 (magnification, x200). (F-b) Graph of Ki-67 expression as percent of positive cells 
(8 fields, 3 sections for each tumor).
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oncogene and it plays a critical role in human pathogenesis 
(43). Thus, the feed-forward loop regulatory modules among 
c-Myc, miR-221 and HCC genes warrant further exploration.

Previous studies have demonstrated that overexpression 
of miR-221 augments cell proliferation, colony formation, 
invasion and increase the number of cells in S phase, while 
inhibiting cell apoptosis (8,17,18,26,27). Here, we re-confirmed 
the role of miR-221 as an oncogene through miR-221 silencing 
functional analysis including cell proliferation, cell cycle, 
apoptosis, cell migration, invasion and clone formation and 
found that inhibition of miR-221 in liver cancer cells decreased 
cell proliferation, clonogenicity, migration/invasion and also 
induced G1 arrest and apoptosis (Fig. 4). To investigate the 
molecular mechanism of miR-221-mediated phenotype in 
hepatoma cells described above, we further validated that 
BMF, BBC3 and ANGPTL2 are direct targets of miR-221 
and showed that miR-221 suppressed the expression of BMF, 
BBC3 and ANGPTL2 by binding directly to the 3'-UTR of 
these genes (Fig. 5), which support the findings of our bioin-
formatics analysis. Among them, BMF is a member of the 
Bcl-2 family belonging to pro-apoptotic BH3-only proteins. 
Our result that BMF is a target of miR-221 is in accordance 
with the result published by Gramantieri et al (27). BBC3, 
also known as PUMA, is an essential mediator of cell death 
in response to various apoptotic signals, notable by its pivotal 
role in p53-induced apoptotic pathway (44). Markedly, 
Pineau et al found that BBC3 is a putative target of miR-221 
and that there is an inverse correlation between miR-221 and 
BBC3 expression in HCC, but failed to validate BBC3 as a 
direct target of miR-221 by luciferase assay in the supporting 
information of their publication (8). However, we have verified 
that BBC3 is a direct target of miR-221, and this is similar to 
the results observed in human epithelial cancers and glioblas-
toma (45,46). ANGPTL2 belongs to the angiopoietin family 
for its limited sequence homology with angiopoietins (47). 
It has been reported that ANGPTL2 works as a functional 
tumor suppressor gene repressing cell growth and impairing 
cell clone formation in ovarian cancer (48). To the best of our 
knowledge, that miR-221 directly targets ANGPTL2 has not 
previously been reported. These results indicate that miR-221 
silencing could inhibit liver cancer malignant properties 
in vitro through regulating many HCC-related genes including 
BMF, BBC3 and ANGPTL2.

The above findings strongly underscore the possibility of 
miR-221 as an ideal target for therapeutic intervention. In Fig. 6, 
we showed that in vitro depletion of miR-221 by lentivirus-
mediated-anti-miR-221 renders liver cancer cells less efficient 
in the establishment of in vivo xenografts, while in vivo intra-
tumoral knockdown of miR-221 reduces tumor growth of liver 
cancer cell xenografts. In the present study, lentiviral vectors 
provided an efficient gene delivery and gave us a stable loss 
of function of miR-221 for study in vitro and in vivo. Hence, 
lentivirus-mediated antagomir expression for stable loss of 
function of a specific miRNA may be a useful laboratory tool 
to study miRNA functions and may be considered for clinical 
gene therapy applications (34,49). Our animal studies indi-
cated that lentivirus-mediated-anti-miR-221 treatment could 
suppress the growth of hepatoma xenografts in vivo. Similarly, 
Park et al showed miR-221 silencing by chol-anti-miR-221 
blocks HCC and promotes survival in a valid orthotopic mouse 

model of HCC (50). These results support that miR-221 may 
be an ideal target for HCC therapy and future studies to deter-
mine the relative efficacy of targeting miR-221 compared with 
other miRNA delivery methods, such as nanoparticles, may be 
required to identify the optimal miRNA delivery methods for 
further clinical translation.

In conclusion, we demonstrated that miR-221 is a critical 
modulator in HCC and miR-221 silencing could inhibit liver 
cancer malignant properties in vitro and in vivo through 
regulation of its targets including BMF, BBC3, ANGPTL2, 
emphasizing the promising potential of miR-221 inhibition for 
HCC therapy.
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