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Abstract

Chemotherapy regiments have been widely used in the treatment of a variety of human malignancies including
hepatocellular carcinoma (HCC). A major cause of failure in chemotherapy is drug resistance of cancer cells. Resistance to
doxorubicin (DOX) is a common and representative obstacle to treat cancer effectively. Individual microRNA (miRNA) has
been introduced in the evolution of DOX resistance in HCC in recent studies. However, a global and systematic assessment
of the miRNA expression profiles contributing to DOX resistance is still lacking. In the present study, we applied high-
throughput lllumina sequencing to comprehensively characterize miRNA expression profiles in both human HCC cell line
(HepG2) and its DOX-resistant counterpart (HepG2/DOX). A total of 269 known miRNAs were significantly differentially
expressed, of which 23 were up-regulated and 246 were down-regulated in HepG2/DOX cells, indicating that part of them
might be involved in the development of DOX resistance. In addition, we have identified 9 and 13 novel miRNAs up- and
down-expressed significantly in HepG2/DOX cells, respectively. miRNA profiling was then validated by quantitative real-time
PCR for selected miRNAs, including 22 known miRNAs and 6 novel miRNAs. Furthermore, we predicted the putative target
genes for the deregulated miRNAs in the samples. Function annotation implied that these selected miRNAs affected many
target genes mainly involved in MAPK signaling pathway. This study provides us a general description of miRNA expression
profiling, which is helpful to find potential miRNAs for adjunct treatment to overcome DOX resistance in future HCC
chemotherapy.
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Introduction MiRNAs are endogenously expressed small non-coding RNAs
of 18-25 nucleotides in length that can post-transcriptionally
regulate gene expression across various biological processes [8—
12]. Growing evidences have revealed that miRNAs are important

Hepatocellular carcinoma (HCC) is one of the most common
virus-associated cancers resulting in high mortality worldwide [1].
For some patients who are not appropriate for surgical treatments,

regulators in many signaling pathways involved in tumor
one has to only rely on chemotherapy. However, the development

pathogenesis [8,9,13]. MiRNA signature has been identified as

of drug resistance towards chemotherapeutic agents often prevents pathological markers for HCC diagnostic discriminator and

the successful long-term use of chemotherapy for HCC. Drug
resistance, whether intrinsic or acquired over time, becomes the
main cause of clinical treatment failure. Therefore, reversing drug
resistance has become an emergent issue in tumor treatment. Drug

predictive prognosis of patients [2,14,15]. They might serve as
tumor suppressors or oncogenes and constitute ideal targets in
exploring anticancer therapeutics [6,16,17]. Besides, overwhelm-
ing efforts have been exerted in analyzing the role of miRNAs in
the development of drug resistance in tumor cells. Blower et al.
and Liu et al. carried out systematical studies respectively to
explore the correlation between miRNA expression levels and

target proteins and so on [2-6]. Unfortunately, the key underlying drug activity across the NCI-60 cell lines (HepG2 not included)
mechanisms of the acquisition of resistance to chemotherapeutic

resistance is a multifactorial phenomenon involving many
mechanisms, including gene mutation, DNA methylation, altered
metabolism and disposition of drugs, altered quantity or activity of

[18,19]. Tomimaru and colleagues reported that miRNA-21 is a
significant modulator of the anti-tumor effect of interferon (IFN)-
o/ 5-fluorouracil (5-FU) using quantitative real-time RT-PCR

agents still remain largely unexplored [2,7].
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(qRT-PCR) in both HCC cell lines and clinical HCC samples
[20]. Tomokuni et al. performed miRNA microarray analysis and
found that miRNA-146a regulated the sensitivity of HCC cells to
IFN-o [21]. Another group recently identified the role of miRNA-
195 in developing drug resistance in HCC cell line using qRT-
PCR [22]. They found that miRNA-195 might improve 5-FU
sensitivity by targeting Bcl-w protein to increase cell apoptosis.
Current studies have, thus far, been conducted to support the
hypothesis that up- or down-expression of a certain miRNA can be
tied to a patient’s response to anti-cancer drugs [6]. Among huge
amounts of chemotherapeutics, doxorubicin (DOX) is one of the
most used and front line drugs for treating patients with HCC.
Down-regulation of miRNA-122 was found to contribute to
hepatocarcinogenesis and DOX challenge by targeting cyclin G1
and modulating p53 pathway [23]. Restoring attenuated levels of
miRNA-199a could increase sensitivity to DOX-induced apoptosis
[24]. Apparently, most previous studies attempting to detect
miRNA signature relevant to cancer chemosensitivity and
chemoresistance have scanned only known individual miRNAs.
Since many miRNAs are reported to be involved in the
development of drug resistance in HCC, it is becoming important
to use global and systematic analytic techniques to assess the
miRNA expression profiles. Identification of miRNAs in drug
resistant HCC cells and their parental ones by deep sequencing
technology may provide a quantitative analysis of known
individual miRNA and the possibility to discover novel miRNAs.

In this study, comprehensive expression profiling of miRNAs by
deep sequencing was performed in DOX-resistant and parental
HCC cells. We identified a panel of differentially expressed known
and novel miRNAs, which contribute to better understanding of
miRNAs’ roles in the formation of drug resistance in HCC cells.

Materials and Methods

Cell culture

The human hepatocarcinoma cell line HepG2 was obtained
from Cell Bank of Chinese Academy of Sciences (Shanghai,
China) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 2 mM
glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin at
37°C in a humidified atmosphere of 5% CO,. The DOX-resistant
variant of HepG2 cells (HepG2/DOX) was established by
continuous culture in medium containing stepwise increasing
concentration of DOX at a range of 0.5 to 25 uM over a period of
10 months. After 10 months of culturing in the presence of DOX,
the 50% inhibitory concentration (ICs5p) values were 23 and
0.6 uM DOX for the HepG2/DOX and parental HepG2 cells,
respectively.

RNA extraction

Total RNA was extracted from HepG2 and HepG2/DOX
using TRIZOL (Invitrogen, US) in accordance with the manu-
facture’s protocol. RNA samples then passed the RNA quality
control for deep sequencing.

Small RNA library construction and sequencing

Small RNA library construction and sequencing were conduct-
ed as previously described [25,26]. Briefly, small RNAs with 18-
30 nt in length were first isolated from total RNA through size
fractionation using 15% tris-borate-EDTA (TBE) urea polyacryl-
amide gel. The separated small RNAs were then ligated to 5’
adaptor (5'- GUUCAGAGUUCUACAGUCCGACGAUCQ) and
3" adaptor (5'-UCGUAUGCCGUCUUCUGCUUGUIT). The
ligated RNAs were size fractionated on a 15% TBE urea
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polyacrylamide gel again and then the excised RNAs with 5" and
3" adaptors were reversely transcribed to cDNA with the RT primer
(CAAGCAGAAGACGGCATACGA). The ¢cDNA was taken as a
template for PCR amplification using primer set (5'-CAAGCA-
GAAGACGGCATACGA-3'; 5'-AATGATACGGCGACCACC-
GACAGGTTCAGAGTTCTACAGTCCGA-3'). After purifica-
tion and quantification, the resulting PCR products were sequenced
on the Illumina Cluster Station and Genome Analyzer II (Illumina
Inc, USA) following the manufacturer’s protocol.

Sequencing data analysis process

The 50-nt sequence reads yielded by deep sequencing passed
through data cleaning process, including getting rid of the low
quality reads and several kinds of adaptor-adaptor contaminants.
The occurrences of each unique sequence reads were counted as
tags. Normally, miRINA is enriched around 21 nt or 22 nt, siRNA
is 24 nt, and piRNA is 30 nt. Here only length of small RNAs
between 18 nt and 30 nt were retained for further analyses. The
standard bioinformatics analysis to annotate the clean tags was as
follows: (1) Map all the small RNA tags that pass filters to the
reference human genome by Short Oligonucleotide Alignment
Program (SOAP 2.0) and analyze their expression and distribution
on the genome [27]; (2) Annotate the small RNA tags with rRNA,
scRNA, snoRNA, snRNA and tRNA using Rfam 10.1 (http://
rfam.sanger.ac.uk/) and Genbank (http://www.ncbi.nlm.nih.gov/
genbank/) databases to get rid of matched tags from unannotated
tags; (3) Align the small RNA tags to the miRNA precursor/
mature miRNA of human species in miRBasel8 (http://www.
mirbase.org/) [28] to get (a) the known miRNA count, (b) base
bias on the first position among identified miRNAs with fixed
length (18-30 nt), (c) base bias on each position among all
identified miRNAs; (4) Align the small RNA tags to repeated
associated RNA to find matched tags in the samples; (5) Align the
small RNA tags to exons and introns of mRNA and match the
small RNA to their original sites in genome; (6) If the clean tags
can not be annotated to any category, we took them to predict the
novel miRNAs. To make every specific small RNA mapped to
only one annotation, we obeyed the following priority rule: rRNA
etc (in which Genbank>Rfam)>known miRNA>repeat>exo-
n>intron [29]. The total rRNA ratio of less than 40% was a mark
for sample quality check.

Mireap (http://sourceforge.net/projects/mireap) [25] was de-
veloped to predict novel miRNA candidates based on their
secondary hairpin structure, the Dicer cleavage site and the
minimum free energy of the unannotated small RNA tags. In
general, the prediction accuracy could be assessed according to the
following two criteria for defining high-confidence miRNA
candidates: (1) the characteristic stable hairpin structure with low
free energy (<—20 kcal/mol); (2) expressed in both two samples at
detectable levels (1 TPM, one transcript per million tags) [26].

Detection of differentially expressed miRNAs and
prediction of target genes

Detection of differentially expressed miRINAs between HepG2
and HepG2/DOX cells was similar as described previously [25]. If
the adjusted P-values were <0.05 based on the Benjamini and
Hochberg multiple testing correction [30,31] and there was at
least a 2-fold change (HepG2/DOX)/HepG2) in the normalized
expression level, one could consider the miRNAs as significantly
differentially expressed. The target genes for each differentially
expressed miRNA were mainly predicted by Mireap (http://
sourceforge.net/projects/mireap) [25]. Given that the prediction
softwares often suffer from high false positive rates, we used other
three tools to assist the prediction, including miRanda (http://
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Figure 1. Annotation and distribution of small RNAs among different categories. (A) Pie chart for annotation of unique tags of small RNAs
in HepG2; (B) Pie chart for annotation of total tags of small RNAs in HepG2; (C) Pie chart for annotation of unique tags of small RNAs in HepG2/DOX;

(D) Pie chart for annotation of total tags of small RNAs in HepG2/DOX.

doi:10.1371/journal.pone.0054111.g001

www.microrna.org/microrna/home.do) [32], PicTar (http://
pictar.mdc-berlin.de/) [33] and miRDB (http://mirdb.org/
miRDB/) [34,35]. Only the target genes predicted by at least
three independent tools were taken into account. The Gene
Ontology (GO) [36] terms and Kyoto Encyclopedia of Genes and
Genomes (KEGG ) [37] pathways of target genes were annotated.

Validation of miRNA expression by quantitative RT-PCR
Assays to quantify the known and novel miRNAs were done by
using miScript PCR System (Qiagen) according to the manufac-
turer’s instruction. RT reactions with miScript II RT Kit (Qiagen)
contained 1.0 pg total RNA, 4 pl 5 xmiScript HiSpec buffer, 2 pl
10 xmiScript nucleics mix and 2 pl miScript reverse transcriptase
mix in each reaction (20 pl). The RT reaction was conducted
under the following conditions: 37°C for 60 min and then 95°C
for 5 min. After that, the cDNA products from RT reaction were
diluted 15 times. PCR was carried out with 1.5 pl of the diluted
products in 20 pl PCR reaction containing 10 ul 2xQuantiTect
SYBR Green PCR master mix, 2 ul 10xmiScript universal
primer, 2 pl 10xmiScript primer assay. Amplification was
performed as follows: 95°C for 15 min, followed by 40 cycles at
94°C for 15 s, 55°C for 30 s and 70°C for 30 s. All reactions were
run in triplicate. Relative expression was calculated using the
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comparative CT method and normalized to the expression of
RNUG6B.

Results

Sequencing data description

For each sample, we obtained ~14 M clean reads from the raw
sequences (Table S1, data available in http://www.ncbinlm.nih.
gov/Traces/sra/, submission number: SRA060665). The quite
equal total number of reads between HepG2 and HepG2/DOX
cells will allow a reliable comparison of miRNA distribution and
expression profiles in the following steps. To assess the size
distribution of small RNAs in each library, we counted the number
of clean reads based on the insert length. The most abundant
group in both samples was 22 nt in length, as most studies of
miRNA size distribution reported in human or animals. Two
samples presented different patterns of distribution: tags with 22 nt
comprised ~64.00% of the total number of small RNAs in
HepG2, while only ~25.00% in HepG2/DOX small RNA pools
(Figure S1). The lower distribution of 22-nt tags in the latter
sample might indicate that most miRNAs were down-expressed in
HepG2/DOX.

We then summarize the common and specific tags between two
samples, including the summary of unique tags and total tags. In
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Figure 2. The miRNA expression levels from deep sequencing and validation with qRT-PCR. (A) The scatter plot shows the expression
levels of known miRNAs in HepG2 and HepG2/DOX cells. Blue dots: equally expressed miRNAs between HepG2 and HepG2/DOX; Red dots: miRNAs in
HepG2/DOX were up-expressed compared to HepG2 (adjusted P<<0.05); Green dots: miRNAs in HepG2/DOX were down-expressed compared to
HepG2 (adjusted P<<0.05). (B,C) The validation of selected up- and down-expressed known miRNAs indicated that the results from deep sequencing
were generally agreed well with the qRT-PCR results. (D) The scatter plot shows the expression levels of novel miRNAs in HepG2 and HepG2/DOX
cells. (E) The validation of selected novel miRNAs indicated that the results from deep sequencing were generally agreed well with the gRT-PCR

results.
doi:10.1371/journal.pone.0054111.g002

both HepG2 and HepG2/DOX cells, we obtained 932,661
unique tags after removing repeats from the total tags
(27,733,155). The two samples shared 6.64% and 89.07% of
unique common tags and total common tags. The very few unique
common tags indicated that HepG2/DOX presented a distinctive
small RNA profile compared to HepG2. HepG2/DOX had more
specific small RNAs than HepG2 (unique: 62.40% and 30.96%;
total: 8.12% and 2.81% for HepG2/DOX and HepG2, respec-
tively) (Figure S2).

In HepG2 and HepG2/DOX, most 22-nt small RNAs began
with the base “U”. The 21-nt small RNNAs exhibited a bias to “A”
and “U” at first base in HepG2, but only “A” in HepG2/DOX
(Figure S3). Both libraries displayed similar compositions of four
bases and most sites possessed a major base, which indicated that
small RNA sequences from libraries were conserved.

Mapping

With regard to the unique tags, a total of 42.10% (147,647 tags)
from HepG2 and 47.79% (307,759 tags) from HepG2/DOX were
mapped onto human genomes. Concerning the total tags, about
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78.73% (11,033,112 tags) from HepG2 and 73.82% (10,128,686
tags) from HepG2/DOX were mapped onto human genomes. As
shown in Figure S4, small RNAs were unevenly distributed across
chromosomes between sense and antisense chains. More small
RNAs were mapped in the sense chains. For example, there were
25,847 unique tags and 2,332 unique tags in the exon-sense and
exon-antisense regions in HepG2, respectively, with ratio of 11:1;
while in HepG2/DOX, the ratio was 112:1 (173,619:1,546)
(Figure 1A and 1C). As shown in Figure 1B and 1D, the numbers
of total tags were 32,526 and 2,985 on the exon-sense and exon-
antisense chains in HepG2, while 260,480 and 2,546 in HepG2/
DOX.

Categorization and annotation

We categorized the small RNA tags into miRNA, scRNA,
tRNA, rRNA, snRNA/snoRNA, repeats, and mRNA fragments.
From the annotated small RNAs in Genbank and Rfam (10.1)
databases, we obtained 4,056 and 3,190 miRNAs in HepG2 and
HepG2/DOX cells, respectively (Figure 1). There were still
55.63% and 42.47% unannotated small RNAs in two samples,
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which were used for novel miRNA prediction. As for known
miRNAs, we referred to the database of miRBase18 and detected
780 mature miRNA (including 270 miRNA-5p and 246 miRNA-
3p) and 680 miRNA precursors from HepG2,and 668 mature
miRNA (including 231 miRNA-5p and 209 miRNA-3p) and 585
miRNA precursors from HepG2/DOX (Table S2). In total, we
got 360 miRNAs shared by both samples, whose expression levels
were then normalized and compared.

Differentially expressed known and novel miRNAs
between HepG2 and HepG2/DOX cells

In all the 360 known miRNAs shared by both cells, 23 miRNAs
were over-expressed and 246 miRNAs were down-expressed
significantly (adjusted P<0.05) in the HepG2/DOX cells
(Figure 2A). Among these differentially expressed miRNAs,
HepG2/DOX cells had a total of 12 miRNAs with elevated
expression levels >16-fold and 30 miRNAs with reduced
expression levels >16-fold of the corresponding miRNAs in
HepG2 cells (Table 1).
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Table 1. The most significantly differentially expressed miRNAs in HepG2/DOX cells.
log,(fold Up/down log,(fold Up/down P- value
miRNA ID change)* expression P- value adjusted miRNA ID change)* expression adjusted
hsa-miR-181a-3p 9.04 Up 1.56E-23 hsa-miR-338-3p —11.63 Down 4.47E-133
hsa-miR-3660 7.87 Up 1.95E-11 hsa-miR-486-3p —8.90 Down 2.14E-21
hsa-miR-2682-5p 7.77 Up 7.78E-11 hsa-miR-944 —8.39 Down 1.61E-15
hsa-miR-551b-3p 7.39 Up 9.63E-09 hsa-miR-2277-5p —8.01 Down 2.67E-12
hsa-miR-3117-3p 7.26 Up 3.73E-08 hsa-miR-338-5p —8.01 Down 2.68E-12
hsa-miR-551b-5p 7.11 Up 1.49E-07 hsa-miR-139-3p —7.96 Down 9.21E-75
hsa-miR-548h-5p 6.95 Up 5.93E-07 hsa-miR-4427 -7.36 Down 1.58E-08
hsa-miR-296-3p 6.60 Up 8.05E-29 hsa-miR-3186-3p —7.01 Down 4.40E-07
hsa-miR-4488 5.95 Up 4.10E-35 hsa-miR-1269b —6.74 Down 3.15E-06
hsa-miR-296-5p 5.84 Up 3.88E-78 hsa-miR-3674 —6.74 Down 3.16E-06
hsa-miR-4454 5.19 Up 3.07E-85 hsa-miR-3910 —6.74 Down 3.17E-06
hsa-miR-4687-3p 437 Up 8.32E-26 hsa-miR-642a-3p —6.74 Down 5.10E-32
hsa-miR-3654 3.38 Up 1.21E-25 hsa-miR-486-5p —6.46 Down 2.81E-100
hsa-miR-577 294 Up 8.64E-05 hsa-miR-203 —6.30 Down 3.19E-89
hsa-miR-4508 29 Up 5.94E-06 hsa-miR-1277-3p —6.16 Down 3.01E-41
hsa-miR-3687 2.49 Up 2.04E-05 hsa-miR-1277-5p —5.90 Down 3.84E-18
hsa-miR-4448 245 Up 1.66E-04 hsa-miR-1250 =571 Down 2.05E-169
hsa-miR-4426 223 Up 3.53E-05 hsa-miR-139-5p —5.46 Down 3.71E-25
hsa-miR-720 2.08 Up 1.21E-05 hsa-miR-335-5p —5.26 Down 2.00E-41
hsa-miR-4485 1.71 Up 6.14E-08 hsa-miR-362-3p —5.01 Down 3.36E-10
hsa-miR-877-5p 1.68 Up 1.92E-82 hsa-miR-1255a —4.92 Down 1.25E-62
hsa-miR-3679-5p 1.45 Up 5.53E-04 hsa-miR-3622a-5p —4.83 Down 4.30E-09
hsa-miR-21-3p 1.40 Up 7.87E-13 hsa-miR-1293 —4.67 Down 2.87E-08
hsa-miR-2116-3p —4.64 Down 3.67E-14
hsa-miR-365a-3p —4.52 Down 8.20E-62
hsa-miR-365b-3p —4.52 Down 8.29E-62
hsa-miR-4501 —4.22 Down 2.27E-06
hsa-miR-196a-3p —4.14 Down 4.15E-06
hsa-miR-500a-5p —4.01 Down 2.94E-09
hsa-miR-500b —4.01 Down 2.94E-09
Note: *fold change = (HepG2/DOX)/HepG2.
doi:10.1371/journal.pone.0054111.t001

To further validate these differentially expressed known
miRNAs, 22 individual miRNAs were selected to perform
quantitative RT-PCR assay. These 22 selected miRNAs covered
both top up-expressed miRNAs (miR-181a-3p, miR-3660, miR-
2682-5p, miR-551b-3p, miR-3117-3p, miR-551b-5p, miR-548h-
5p, miR-296-3p, miR-4488, miR-296-5p, miR-4454) and top
down-expressed miRNAs (miR-338-3p, miR-486-3p, miR-944,
miR-2277-5p, miR-338-5p, miR-139-3p, miR-4427, miR-3186-
3p, miR-1269b, miR-3674, miR-3910) in HepG2/DOX cells. As
illustrated in Figure 2B and 2C, the Illumina deep sequencing data
correlated well with the quantitative RT-PCR results, indicating
the reliability of sequencing based expression analysis.

To discover novel candidate miRNAs in HepG2 and HepG2/
DOX cells, we predicted the sequences with miRNA stem loop
structure and Dicer cleavage sites from unannotated small RNA
sequences to be novel miRNAs. A total of 71,596 and 41,059
sequence tags were identified to be 70 and 59 novel miRNAs in
HepG2 and HepG2/DOX, respectively, of which 26 miRNAs
were shared by both cells. Compared to HepG2 cells, 9
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Table 2. Significantly differentially expressed novel miRNAs in HepG2/DOX cells.

log,(fold Up/down log,(fold Up/down
miRNA ID change)* expRession P- value miRNA ID change)* expRession P- value
hsa-novel-mir-27 10.32 Up 7.84E-55 hsa-novel-miR-43 —10.14 Down 3.29E-48
hsa-novelmiR-35 9.95 Up 5.69E-43 hsa-novel-miR-65 —9.644 Down 1.24E-34
hsa-novel-miR-14 9.59 Up 7.59E-34 hsa-novel-miR-51 —8.12 Down 3.59E-13
hsa-novel-mir-8 9.31 Up 4.43E-28 hsa-novel-miR-41 —8.08 Down 7.06E-13
hsa-novel-miR-12 8.84 Up 8.36E-21 hsa-novel-miR-64 —7.48 Down 4.18E-09
hsa-novel-miR-25 7.99 Up 2.48E-12 hsa-novel-miR-50 —-7.29 Down 3.06E-08
hsa-novel-mir-15 7.57 Up 1.23E-09 hsa-novel-miR-72 —7.29 Down 3.05E-08
hsa-novel-miR-17 1.39 Up 1.75E-03 hsa-novel-miR-71 -7.23 Down 5.87E-08
hsa-novel-miR-26 112 Up 1.58E-08 hsa-novel_miR-58 —7.08 Down 2.25E-07
hsa-novel-miR-57 —6.74 Down 3.13E-06
hsa-novel-miR-13 —2.82 Down 1.41E-21
hsa-novel-miR-19 —1.04 Down 4.77E-05
hsa-novel-miR-5 -1.01 Down 2.18E-06

Note: *fold-change = (HepG2/DOX)/HepG2.
doi:10.1371/journal.pone.0054111.t002

and 13 novel miRNAs were significantly up-expressed and down-
expressed in HepG2/DOX cells, respectively (Figure 2D, Table 2,
adjusted P<<0.05). We selected 6 novel miRNAs for further
validation by quantitative RT-PCR assay, including novel-miR-
43, novel-miR-65, novel-miR-51, novel-miR-14, novel-miR-35
and novel-miR-27. As a result, the above predicted miRNA
candidates could be successfully amplified by quantitative RT-
PCR and the level of expression coincided with the sequencing

results (Figure 2E). These differentially expressed miRNAs or their
combined expression might regulate mRINAs associated with the
DOX resistance of HCC cells.

Prediction of miRNA target genes

We predicted the potential target genes of aberrantly expressed
miRNAs in HepG2/DOX cells. Based on prediction of Mireap
software, these miRNAs were expected to target 31,175 genes in
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Figure 3. Differentially expressed miRNA-modulated putative targets in the part of MAPK signaling pathway. Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis was conducted to identify some of the putative targets for the most differentially expressed known and novel
miRNAs in the MAPK signaling pathway. Here only part of the pathway was displayed. miRNAs shown in green box are up-regulated while those in

blue box were down-regulated.
doi:10.1371/journal.pone.0054111.g003

PLOS ONE | www.plosone.org

January 2013 | Volume 8 | Issue 1 | 54111



The miRNA Signature of Hepatocellular Carcinoma

total. From the results, we observed that a single miRNA could
influence thousands of potential targets (e.g. the most up- and
down- expressed miRNAs, miRNA-181a-3p and miRNA-338-3p,
target 6056 and 11814 genes, respectively) and the same gene
could also be targeted by multiple miRNAs (Figure 3).

To explore the biological functions of the most differentially
expressed miRNAs (miRNA-18la-3p and miRNA-338-3p), we
further checked their potential targets by other three prediction
methods: PicTar, miRDB and miRanda. The genes detected by
three of four independent tools including Mireap were considered
to be the targets of miRNAs. Of the most up-expressed miRNA
(miRNA-181a-3p) in HepG2/DOX, one target gene RBM22
supported by three softwares (Mireap, miRDB and PicTar), was
expected to be the common targets of seven other significantly
differentially expressed miRNAs including miR-21, miR-101,
miR-217, miR-590-5p, miR-181b, miR-18lc, and miR-181d.
Based on GO database, this gene is suggested to participate in
cellular response to pressure (GO:0033554), mRNA splicing
(GO:0045292, GO:0000398, and GO:0033120), protein translo-
cation and transporting (GO:0090316 and GO:0000060). The
target gene of the most down-expressed miRNA (miRNA-338-3p)
was UBE2Q)1, which was detected by three prediction softwares
(Mireap, PicTar and miRanda) and validated by experimental
tests as well [38] (http://mirecords.biolead.org). It is also the
common candidate target of other ten significantly differentially
expressed miRNAs, i.e. miR-203, miR-195-5p, miR-497-5p, miR-
424-5p, miR-16, miR-15b-5p, miR-27a, miR-27b, miR-101 and
miR-590-3p. This target gene has ubiquitin-protein ligase activity
(GO:0004842) and it has been shown to join in the pathways that

Table 3. The GO term of predicted targets of differentially expressed novel miRNAs.

Bonferroni
GO ID GO term Gene count Percentage (%) correction
G0:0010468 regulation of gene expression 3697 16.0% 0.00064
G0:0060255 regulation of macromolecule metabolic process 4098 17.8% 0.00073
GO:0006464 protein modification process 3103 13.5% 0.00516
G0:0019222 regulation of metabolic process 5101 22.1% 0.00892
G0:0006351 transcription 3607 15.6% 0.00902
G0:0043412 biopolymer modification 3296 14.3% 0.01392
G0:0044238 primary metabolic process 11875 51.5% 0.01610
G0:0006139 nucleobase,nucleoside, nucleotide and nucleic acid 6208 26.9% 0.02706

metabolic process

G0:0050789 regulation of biological process 9522 41.3% 0.03080
G0:0043170 biopolymer metabolic process 9444 41.0% 0.03713
doi:10.1371/journal.pone.0054111.t003

significantly influence the resistance of chemotherapeutics in HCC
therapy [39].

The differentially expressed novel miRNAs were predicted to
target 30,240 mRNAs potentially based on Mireap analysis. We
further inferred the functions of potential miRNA targets from
GO enrichment, including molecular function, cellular component
and biological process. Here, we only listed the significant terms
belonging to biological process in Table 3 (adjusted P<0.05,
Bonferroni Correction). As shown in the table, most of the
significant GO terms are related to the metabolic process (e.g. GO:
0044238, GO: 0060255 and GO: 0006139). Other GO categories
such as regulation of gene expression (GO: 0010468), protein
modification process (GO: 0006464) and transcription (GO:
0006351) are also significantly enriched.

To explore the role that aberrantly expressed miRNAs play in
the regulatory networks, we assigned putative targets of novel
miRNAs into KEGG pathways. We discovered 6 pathways were
enriched, of which the MAPK signaling pathway was the most
prominent (adjusted P<<0.05, Bonferroni Correction, Table 4).
Besides, KEGG analysis offered us further information that
MAPK was also one of the important pathways that gathered
the putative targets for the top up- and down-expressed known
miRNAs, including miR-181a-3p (213 genes), miR-3660 (36
genes), miR-2682-5p (67 genes), miR-551b-3p (19 genes), miR-
3117-3p (51 genes) and miR-338-3p (327 genes), miR-486-3p (297
genes), miR-944 (30 genes), miR-2277-5p (159 genes), miR-338-5p
(189 genes). Among the analyzed miRNAs, some have common
target genes in the MAPK signaling pathway that combined to a
systematic network (Figure 3). In HCC, MAPK signaling pathways

Table 4. The KEGG term of predicted targets of differentially expressed novel miRNAs.

Pathway ID Pathway Gene count Percentage (%) Bonferroni correction
ko04010 MAPK signaling pathway 772 (3.28%) 0.00101
ko00230 Purine metabolism 1652 (7.02%) 0.00515
ko04621 NOD-like receptor signaling pathway 236 (1%) 0.01924
ko04144 Endocytosis 649 (2.76%) 0.03904
ko04730 Long-term depression 3 (0.82%) 0.03964
ko04971 Gastric acid secretion 550 (2.34%) 0.04692

doi:10.1371/journal.pone.0054111.t004
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are up-regulated and generally considered to promote tumor
growth [26,40-43]. It has been addressed to participate in the
drug-induced tumor cell proliferation and apoptosis in other
studies [44—46].

Discussion

MiRNAs have recently been shown to play important roles in
the development of chemoresistance. Resistance to DOX is a
common and representative barrier for successful treatment of
cancers. In the present study, we determined the miRNA
expression profiles that were differentially expressed between
HepG2/DOX and parental HepG2 cells through deep sequenc-
ing, which was followed by validation with gRT-PCR. We then
carried out function annotation for the predicted target genes of
novel miRNAs with GO and KEGG analyses.

The results demonstrated that 23 miRINAs were over-expressed
in HepG2/DOX cells, of which miRNA-181a-3p was the most up-
regulated. It has been studied in various malignancies showing
opposite results. For example, miRNA-181a has been shown to be
linked to improved survival in chronic lymphocytic leukemia and
acute myelogenous leukemia [47]. It is also indicated that miRNA-
181a is an inhibitor of oncogenesis and tumor growth, therefore it
can improve prognosis and reduce recurrence risk in gliomas [48].
In hepatocellular cancer cell lines, over- expression of miRINA-181a
can diminish adhesion and migration of cancer cells through
suppressing glycophosphoprotein OPN expression [49]. In contrast,
miRNA-181a expression level has also been reported to be of
importance in epithelial cell adhesion molecule*/alpha-fetoprotein®
(EpCAM*/AFPY) HCC cells quantity, resulting in increased
metastasis and poor survival [50]. In our results, miRNA-181a-3p
is a specific miRNA in HepG2/DOX cells after normalization. It
might come into play through negative regulation of tumor
suppressor genes and/or genes that suppress cell differentiation or
apoptosis, which contributes to the development of DOX resistance.

Interestingly, most miRNAs were down-regulated in DOX-
resistant cells, accounting for about 91.4% of the total miRNAs we
presented here. We found miRNA-338-3p was the most down-
regulated miRNA in HepG2/DOX cells. It has been reported that
miRNA-338 was down-regulated in surgically removed HCC
tissues through bead-based microarray [51]. The same group also
showed that miRNA-338-3p suppressed HCC cell invasion by
targeting smoothened (SMO) and matrix metalloproteinase (MMP-
9) [52]. It is indicated that miRNA-338-3p together with other
down-regulated miRNAs might be effective in avoiding resistance
or enhancing the effectiveness of HCC to chemotherapy.

Among all the other differentially expressed miRNAs we
discovered, quite a lot have been reported by other studies about
DOX resistance in HCC. A good example is the down-regulation
of miRNA-122 as a liver-specific miRNA in our HepG2/DOX
cells [53,54]. It has been shown that over-expression of miRNA-
122 can silence its target cyclin G1 and increase DOX sensitivity
of HCC cells [23]. MiRNA-122 was also suggested to sensitize
HCC cells to chemotherapeutics through modulating expression
of MDR. [55]. MiRNA-199a/b-3p is reported to be down-
regulated in HCC and it increases sensitivity to DOX-induced
apoptosis by targeting mTOR and c-met. We got the same results
with lower expression level of miRNA-199a-3p in HepG2/DOX
cells [24,56]. Besides, we also found that miRNA-296 have a very
high expression level in HepG2/DOX cells. This miRNA can
suppress p53 function in cancer cells and might contribute to
overcome DOX challenge [57].

Pathway analysis revealed that most significantly regulated
miRNAs have putative targets in a common pathway, the MAPK
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pathway. In line with our predicted targets of known and novel
miRNAs, multiple components in this critical mitogenic pathway
have been reported to favor the development of drug resistance.
For example, an enhanced level of phosphorylated p38 is
displayed to be responsible for chemotherapy resistance in colon
and gastric cancer cells [58,59]. The TrkB-BDNF interaction is
linked to enhanced survival and resistance to DOX, etoposide, and
cisplatin in neuroblastoma [60]. The Ras-RAF-MEK-ERK MAP
kinase signaling is also taken as a critical target of anti-drug
resistance [61-63]. Therefore, molecular targeting of this critical
mitogenic pathway may represent an alternative way for the
treatment of HCC.

Since the discovery of miRNAs’ contribution to cancers, several
technical platforms have been conducted in elucidating the
differential expression of miRNAs, including microarray, qRT-
PCR and deep sequencing. Unlike the former approaches focusing
on the alteration of individual miRNA, deep sequencing depicts
the abundance of each miRNA in the full scale of miRNome. It is
one of the most effective and accurate approaches to discriminate
the abnormally expressed miRNAs in tumor genomes. To our
knowledge, deep sequencing of miRNome related to DOX
resistance has never been done in HCC. This direct sequencing
offers the possibility to obtain millions of small RNA sequence tags
in one shot and detect the length variation of mature miRNA as
well as base bias. With benefit of next generation sequencing, we
not only displayed the expression differences of modest or even low
abundant miRNAs between two samples, but also discovered a
number of novel miRNAs.

The contribution of miRNAs in anticancer drug resistance is a
very complicated question. The study of linking different miRNAs
to various targets and genetic pathways is still in infancy stage.
Identification of the differentially expressed miRNAs in human
HCC cells related to the resistance of chemotherapy regiments
might help to predict the response to chemotherapy. In addition,
manipulation of miRNA functions combined with traditional
chemotherapy agents might provide a highly promising therapeu-
tic strategy for future treatment of malignant tumors.

Supporting Information

Figure S1 Size distributions of small RNAs in HepG2
and HepG2/DOX cells. 22-nucleotide small RNAs are
enriched in both samples, which is in line with the typical size of
miRNAs.

(TIF)

Figure S2 The proportions of unique common tags and
total common tags of small RNAs detected in HepG2 and
HepG2/DOX cells. The very few unique common tags indicate
that HepG2/DOX cells present distinctive small RNA profiles
compared to HepG2 cells.

(TIF)

Figure S3 Base compositions of small RNAs in HepG2
and HepG2/DOX cells. Each color represents the small RNA
tags whose first base is a certain base. In HepG2 and HepG2/
DOX, most 22-nt small RNAs began with the base “U”.

(TIF)

Figure S4 Mapping of small RNAs from HepG2 and
HepG2/DOX cells onto human chromosomes, respec-
tively. Red lines indicate miRNAs that are located on the
antisense chains of genome while the blue ones are on the sense
chains.

(TIF)
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Table S1 Sequencing data of HepG2 and HepG2/DOX

cells.

(DOC)

Table S2 Summary of known miRNAs in each sample.
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