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Deep sequencing reveals complex mechanisms of
microRNA deregulation in colorectal cancer
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Abstract. Deregulated microRNAs (miRNAs) have been
reported to be of functional relevance for tumor biology. In
this study, we analyzed the small RNA transcriptomes of 10
paired colorectal cancer samples using SOLiD next-generation
sequencing, and generated a total of >15141000 reads. miRNA
expression profiles obtained by SOLiD sequencing correlated
well with quantitative PCR results. The results showed that
the expression of 36 miRNAs was significantly different
between the two groups of samples. Additionally, we explored
the global miRNA-mRNA interactions using a statistical
model. In-depth analysis reveals a diagram of extensive
post-transcriptional miRNA regulations. Signaling pathways
associated with the miRNA altered expression signature were
identified using gene enrichment analysis. The results suggest
that these microRNAs, in the aggregate, regulate signaling
pathways, such as MAPK, Wnt and p53 pathways in cancer,
which are known to be involved in the transformation of
colorectal cancer. This evidence demonstrates that miRNAs
can cooperatively regulate a given pathway and play a subtle
role by regulating their target genes.

Introduction

Colorectal cancer (CRC) is one of the most frequent cancers
and a common cause of cancer-related deaths in the world (1).
Currently, prognosis for CRC largely relies upon descriptive
staging systems depending on the morphology and histopa-
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thology of the tumor (2). The alteration of normal cells to
malignant carcinomas involves a multi-step process with
accumulation of both genetic and epigenetic changes, leading
to a temporal activation of oncogenes and inactivation of
tumor suppressor genes that confer a selective advantage to
cells containing these alterations (3). Most CRC cases have the
aberration related to Wnt, KRAS, TGF-f, f-catenin and p53
pathways, as result in an accumulated effect on CRC progres-
sion (4). This suggests that underlying levels of regulation exist
to control the complex cross-talk between different signal
transduction pathways.

To better understand the molecular mechanism of
colorectal cancer, a number of mRNA expression profiling
studies on protein coding genes have been performed to further
explore the pathogenesis of CRC (5,6). However, the possi-
bility of mRNA degradation during RNA sample preparation
and the post-translational regulation on mRNA translations
impair the application of mRNA assay on illustrating the
exact gene expression process. Compared to the instability of
mRNAs, microRNAs (miRNAs), a newly discovered class of
short 22 nucleotide (nt) non-coding RNAs, were paid more
and more attentions because of their stability in the samples
and the universality in gene regulations (7,8). miRNAs are
involved in the regulation of most physiological processes,
including differentiation, development and apoptosis (9). In
cancer, miRNAs may exert oncogenic function by inhibiting
tumor suppressor genes or may act as tumor suppressors by
inhibiting oncogenes (10). Bioinformatics analysis suggested
that miRNAs may regulate ~30% of the human protein coding
genes, indicating that these small non-coding RNAs may
coordinate the interplay between complex signal transduction
pathways (11).

Several groups have analyzed miRNA expression in
colorectal cancer using miRNA microarrays or high-
throughput RT-qPCR. They reported broad deregulation
of miRNA expression patterns (12-15). Further functional
analysis identified that the dysregulated miR-135 family and
miR-17 family are important for proliferation, migration as
well as invasive growth of colorectal cancer cells (16,17).
Subsequently, a small number of clinical samples have been
screened using a deep sequencing approach to investigate
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the differentially expressed miRNAs identifying novel
miRNAs (18). Notwithstanding these earlier studies in CRC,
there still remains the need to confirm earlier observations in a
large set of clinical CRC samples and to examine comprehen-
sively the molecular mechanism of altered miRNA expression
in this cancer.

In this study, we compared the small RNA transcriptomes
of 10 colorectal cancer samples versus adjacent normal tissues
by means of ultra-deep sequencing using SOLiD system
(Applied Biosystems, USA). The results were confirmed
by RT-qPCR. Subsequently, we investigated the miRNA-
mRNA relationships using correlation analysis and applied a
statistical model to infer the regulatory relationships between
mRNA and miRNAs. This is a comprehensive presentation
of the composition of the small RNA transcriptome in a
kind of primary tumor, using colorectal cancer as a model
system, which provided insights into the heterogeneity of the
small RNA transcriptomes in cancer. Our results also present
a unique perspective on miRNA regulation mechanism by
predicting causal regulators of miRNAs and the downstream
mRNA targets of miRNAs.

Materials and methods

Sample preparation and RNA isolation. Twenty fresh-frozen
human colorectal cancer samples in late stage were obtained
from Affiliated ZhongDa Hospital (Southeast University,
China), including 10 colorectal cancer samples and 10 adja-
cent normal tissues. Written informed consent was obtained
from all patient representatives, and this work obtained ethics
approval from the ethics committee of Zhongda Hospital.
The median tumor content of all CRC samples was >80%,
without significant difference in tumor content between these
samples. Samples were divided into two groups (tumor group
and adjacent normal tissues), treated with TRIzol (Invitrogen,
Carlsbad, CA, USA), and then all 10 samples were pooled,
respectively, and small RNA was extracted using the mirVana
miRNA isolation kit (Ambion, Austin, USA) according to the
manufacturer's recommendations. RNAs were quantified
using oneDrop® ND-1000 and quality was tested by migra-
tion of 200 ng RNA on 1% agarose gel.

Small RNA preparation and SOLID sequencing. Small RNA
for deep sequencing prepared was converted into a cDNA
library according to the manufacturer's protocol [SREK
(small RNA expression kit), Applied Biosystems]. Template
bead preparation, emulsion PCR and deposition were
performed according to the standard protocol, and slides
were analyzed on a SOLiD system (Applied Biosystems).
The results of SOLiD sequencing was presented in the
form of nucleotide sequences and their coverage. Two
mismatches for read lengths between 12 and 14 and three
mismatches for longer reads were allowed. Raw expression
values (read counts) were obtained by comparing with
Genebank, Human Genome RefSeq, miRBase release 15.0,
and registered miRNAs could be screened out (the new
data were deposited in GenBank, NCBI tracking system
#16137685).

The differentially expressed miRNAs in colorectal
cancer were performed with fold-change analysis (19). The
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coverage of a miRNA in the miRNA group was calculated
with formula 1:
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In which c,;xna means the reads of a special mzy, and C,,ixna
means the reads of all miRNAs in a sample. Therefore, the
fold-change of miRNA expression was expressed in formula 2
below:
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Quantitative RT-PCR. To verify the differentially expressed
miRNAs in colorectal cancer, we randomly selected
16 miRNAs and performed quantitative RT-PCR using stem-
loop primers and the ABI 7500 System (Applied Biosystems).
For each sample tested, retrotranscription using specific reverse
transcription primers were performed on 1 ug of total RNAs
according to manufacturer's protocol. U6 snRNA was used for
the normalization of expression data. The relative amount of
miRNAs and U6 was determined using the 2°2*“T method (20),
where -AACT = (CT e CTue)sampte = (CTrarger- CTue) catibrator-
Briefly, for the validation set of samples, expression was
normalized with U6 and with corresponding normal colon
sample. The reactions were incubated in a 96-well plate at
95°C for 10 min, followed by 40 cycles of 95°C for 15 sec, and
60°C for 1 min. All RT-gPCR reactions included a no template
control were performed in triplicate.

Target gene prediction. PicTar Web interface (http://pictar.
mdc-berlin.de/cgi-bin) was used for miRNA target prediction.
This tool performs a prediction of miRNA targets based on a
perfectly Watson-crick-base-paired stretch of ~7 nt starting at
either the first or the second base of the miRNA. Initially, a
predicted target gene cluster was generated by PicTar from all
expressed miRNAs. All predicted target genes for miRNAs
and PicTar score were extracted in order to determine mRNA
inhibitor ratio for next step.

miRNA repression effect on mRNAs. The degree of miRNA
repression effecton a specific mRNAk was calculated with
formula 3:

!
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In which, R, v, means the repression degree (RD) to the
mRNA, by its target miRNAs; Count,,;zna;> the amount of the
ith miRNA; 7, the number of miRNAs target to the mRNA,,
i=1,2,...,n; n;the number of mRNA targeted by the miRNAs;
weight, the weight coefficient for the repression degree to
the mRNA, by its target miRNAs, which is the PicTar score
for interaction of miRNA with its target mRNAS; N, the
number of all miRNAs detected in the sample.

Bioinformatics analysis. Based on the results from formula 3,
gene ontology (GO) enrichment analysis of biological
processes (hierarchical level 3, 4 and 5) was applied on this
set of predicted miRNA target genes, in which human genome



INTERNATIONAL JOURNAL OF ONCOLOGY 45: 603-610, 2014 605

107 4 451 b
~ 351 < 10-
% Z 35
£ 30 :
=T
5 5 30-
< 95 P
3 g 254
5 2 2
< 20- <
= g 20+
£ 5. 2
2 § 15 4
Z 10+ 2
é & 104
54 5-
04 0
18 19 20 21 22 23 24 25 26 27 28 18 19 20 21 22 23 24 25 26 27 28
7d
5 ¢ 2
2 C 604
= v
201 * z
g ¢ =50
ol
2 =
= 240
= i
80.05 s % E
Z o ¥ é:"
< o * =30+
Z » :
H—| 3 nq
Z 0.0 E2
g 3
o= =
0.0 0.05 0.1 015 9 -

P for miRNAs in normal colon

1 2345 678 910111213 14151617 1819 20 2122 X

Figure 1. Results of SOLiD sequencing. (a) and (b), Reads length distribution of sequences obtained from SOLiD sequencing in normal colon and colorectal
cancer, respectively. Sequences with 20-24 nucleotides (nt) length occupied the most part in all detected sequences. (c) Scatter diagram of relationship between
miRNA coverage of the colorectal cancer and adjacent normal tissues. (d) Chromosome distribution of miRNAs revealed by SOLiD sequencing.

was used as a reference set (21). GO terms or KEGG pathway
enrichment was determined by Z-test. In addition, enrich-
ment analysis of signaling pathways, comparative analysis of
biological functions and disease categories were performed
to further explore functional characterization of the enriched
target genes using DAVID bioinformatics tools (http:/david.
abcc.ncifcrf.gov). Finally, genes significantly affected were
enriched to KEGG pathway through DAVID bioinformatics.

[R:HR.’VA}c ) Nm!u-‘ ]fu.sf + [RmR.'\-"Ak i N-'
N,

total test +

atal ]wmn-nf

(4]

Py =

total control

Statistical analysis. Z-test assay was used to investigate the
differences in repression of targeted mRNAs in colorectal cancer
(22). P, was calculated with formula 4 above, which was the
estimate of the proportions whether the null hypothesis was true.
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When the Z-value >1.96 or <-1.96, the null hypothesis was
rejected, which means that there were significant differences
between the repression of mRNAs in the colorectal cancer
versus adjacent normal tissues.

Results

Sequencing of the small RNA transcriptomes of 10 paired
colorectal cancer samples. Small RNA transcriptomes from
10 colorectal cancer and 10 adjacent non-tumoral tissues were

analyzed using the SOLiD sequencer. A total of 15141013
sequencing reads were obtained from the two group samples,
their Read length distribution after adapter removal suggest
that the majority of sequence were 20-24 nt (Fig. la and b),
which indicates that mature miRNAs were enriched in the
sequenced samples, and their proportion is ~93.3%. After
removing the reads of other RNA (tRNA, tRNA and snRNA)
and comparing with miRBase database, we obtained 627
and 451 miRNAs from total copies of several hundreds of
thousands in colorectal cancer and adjacent normal tissues,
respectively (available upon request).

The coverage of majority miRNAs (80%) is <0.001,
which indicate that the sensitivity and feasibility of SOLiD
sequencing in recovering miRNAs with low coverage. Next,
we analyzed the correlation between the coverage of miRNAs
in colorectal cancer and adjacent normal tissues. Although
correlation of some miRNAs partly deviated from one in
colorectal cancer, most miRNAs are slight regulated (Fig. 1c),
which is confirmed by our fold-change analysis. In addition,
the distribution of different miRNAs in each chromosome
were investigated, Fig. 1d shows that chromosome 14, chromo-
some X and chromosome 1 have relatively more distributed
miRNAs.

Differentially expressed miRNAs in colorectal primary
tumors. We analyzed the expression level of all detected
miRNAs in the samples. Matches to known miRNAs in
miRBase (release 15.0) represented 57.9% of the normal colon
reads and 66.7% of colorectal cancer reads. A total of 673
known miRNAs was identified in two groups, with a greater
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Figure 2. Differential expression of known miRNAs between colorectal cancer and adjacent normal tissues. (a) Expression ratios (percentage of total reads in
colorectal cancer divided by percentage of total reads in adjacent normal tissues) are shown for all known miRNAs that were detected in both colorectal cancer
and normal tissues datasets. Specific data pertaining to the 10 most differentially expressed miRNAs at both ends of the spectrum are displayed in the inset.
(b) The absolute number of reads obtained for miRNAs that were detected solely in either colorectal cancer or in adjacent normal tissues.

total number of miRNAs expressed in colorectal cancer than
in adjacent normal tissues (data not shown). An unsupervised
analysis was performed after selection of the 313 miRNAs
coexpressed in two group samples (Fig. 2a). There was a
significant difference between non-tumor and tumor samples

(P<0.01). Of note, most of these miRNAs are associated with
chromosomal regions of human tumor susceptibility loci that
are known to have frequent gains or losses (23-25). Among
them, a total of 36 significant differentially expressed miRNAs
was identified. The 10 most up- and downregulated miRNAs
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Figure 4. Correlation between expression ratios of miRNAs detected with
SOLIiD and qRT-PCR.

in colorectal cancer are shown in Fig. 2a. These miRNAs have
2-fold overexpression and Fisher's exact test P-values <0.01.
In addition, we surveyed the miRNAs that were expressed in
normal colon tissues while diminish in colorectal cancer and
that undetected in normal colon while expressed in colorectal
cancer, as these miRNAs might be expected to participate in
tumor-specific functions (Fig. 2b).

In addition, 16 significantly deregulated miRNAs were
selected and validated by RT-qPCR. Further analysis of the
16 miRNAs shows that many were coordinately expressed,
including the miR-17, miR-222, miR-101, miR-143, miR-145,
miR-4315 and miR-17-92 clusters, which were consistently
down- or upregulated in CRC (Fig. 2a). Among them, two
miRNAs are significantly upregulated (miR-135b and
miR-222) and four are downregulated (miR-101, miR-145,
miR-4315 and mir-451) in majority of tumor samples (Fig. 3).

Correlation of miRNA sequencing to RT-qPCR results. To
verify the accuracy of SOLiD sequencing data of miRNAs, the
qPCR result of the 16 selected differently expressed miRNAs
were used to further analyze the correlation with the SOLiD
data. The Pearson's correlation coefficient between sequencing
and RT-qPCR data was calculated for 16 miRNAs across the
10 patients. The expression of the majority miRNAs is highly
correlated between the two technical platforms (Fig. 4). This
was also confirmed on the level of individual datasets, with
Pearson's correlation coefficients ranging from 0.65 to 0.76
for each tumor (data not shown). The results suggest that
normalized expression values obtained from miRNA deep
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Figure 5. The distribution of genes regulated by miRNAs in colorectal cancer. (a)
The proportion of differentially expressed genes in colorectal. (b) Distribution
of proteins regulated by miRNAs.

sequencing are valid and comparable to RT-qPCR data,
demonstrating that there was a very good correlation between
the expression patterns of miRNAs obtained from the SOLiD
sequencing and RT-qPCR. Therefore, the expression patterns
of miRNAs detected by SOLiD sequencing could be feasible
for evaluating relative expression of miRNAs.

Regulation of mRNAs by miRNAs in colorectal cancer. With
the assay mentioned above, we gained repression degrees of
miRNAs to their target mRNA in colorectal cancer (Fig. 5).
Approximately 7273 mRNAs were repressed by miRNAs in
colorectal cancer (available upon request). Subsequently, we
performed the Z-test to compare the differences between the
repression of miRNAs in colorectal cancer and adjacent normal
tissues. The Z-test results indicated that many mRNAs were
significantly repression by miRNAs in disease state (Fig. Sa).
However, those mRNAs, including Ras, p53 and PTEN, signifi-
cantly repressed by miRNAs were a minority of all targeted
mRNAs.

A relatively small group of 1838 genes (~25% of total
regulated genes), 865 upregulated and 973 downregulated,
are significantly affected by the disease state (Fig. 5b). These
results can help to understand the roles of miRNA in the
pathogenesis of colorectal cancer.

KEGG and gene ontology for colorectal cancer enriched by
miRNAs. Those genes significantly dysregulated in colorectal
cancer were enriched into KEGG pathway through DAVID
bioinformatics tools. We found that many KEGG pathways
were significantly affected in colorectal cancer (Fig. 6). These
pathways could be represented as main branches in KEGG
pathway database. Among them, many were signal transduc-
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Figure 6. KEGG and GO for colorectal cancer enriched by miRNAs. (a) KEGG pathways significantly regulated in colorectal cancer. The significant level of
0.05 was applied in this study. (b) GO terms rooted to Biological Processes significantly regulated in colorectal cancer.

tion pathway that participate in cancer-related events (Fig. 6a),
which suggested that the disease state could be amplified or
declined by those signal transduction pathways.

As shown in Fig. 6a, among the significantly regulated
KEGG pathway, two KEGG pathways rooted to cell commu-
nication (gap junction and adherens junction) and another two
pathways rooted to signal transduction (Wnt signaling and
MAPK signaling pathway) were affected in colorectal cancer,
prompting cancer progress.

GO provides an ontology of defined terms representing
gene product properties (26). Among the several covered
domains by GO, the biological process, operations or sets
of molecular events with a defined beginning and end, can
relevantly describe the functioning of integrated genes. Based
on the significantly regulated genes, the biological processes
involved in the colorectal cancer were globally assessed with
the web-based GO analysis tool, DAVID. In this manner, we
investigated the molecular mechanism of colorectal cancer at
the system level.

Among those significantly affected GO terms, most of
them were rooted to the regulation of processes for colorectal
cancer, which indicates that cells intend to adjust themselves
to the environment change in different pathological condi-
tions. Except for those GO terms rooted to regulation, the
significantly regulated GO terms were roughly divided into six
categories (metabolic process, cellular process, cell cycle, cell
death, signaling and transport) to comprehensively analyze the
pathological process. The results of DAVID analysis indicate
that some GO terms rooted to the metabolic process are widely

regulated in colorectal cancer. Among those GO terms, many
terms are co-regulated in colorectal cancer, for example, five
GO terms at level four (cellular metabolic process, regulation
of biosynthesis process, cell differentiation, transcription and
intracellular signaling cascade) are significantly regulated
in colorectal cancer, which reflects the common cytological
effects in response to disease state.

Discussion

In this study, we screened 10 paired clinical CRC samples for
miRNA expression. According the results of deep sequencing,
the expression level of miRNAs was widely affected (Fig. 2a).
The expression of 36 miRNAs were found to be altered in
CRC clinical specimens compared with normal colon and 6
of these miRNAs showed the consistent expression pattern in
10 paired CRC samples. The majority of these miRNAs, based
on Chinese patients, are concordant with the results from
groups, which were based on other ethnicities (27,28). Such
as miR-143, -145, -21, -375, -378 and -96. However, it should
be noted that, different from previous reports, miR-1246,-192,
-4305 and -92a are unique in Chinese patients. Furthermore,
miR-135b and miR-222 previously identified as overexpressed
in colorectal cancer were also upregulated in 10 independent
paired CRC samples. Noteworthy, overexpression of the two
miRNAs was previously identified as important key factors
to promote cell invasion or proliferation in various epithelial
tumor types (16). Recently, Wong et al (29) identified miR-222
as highly expressed in hepatocellular carcinoma (HCC) that
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promotes cell migration and invasion. It was demonstrated
that the overexpression of miR-222 is a common phenom-
enon in HCC and could confer metastatic potentials in HCC
cells through activating AKT signaling (30,31). Concomitant
analysis of different tumor samples enabled us to associate
deregulation of expression of miR-101, -145, -451 and -4315
with common early events in colon tumorigenesis. A lower
expression of miR-145 was also previously described in human
lung adenocarcinoma, and overexpression of miR-145 inhibits
significantly cell proliferation by targeting EGFR and NUDT]1
in A549 cells (32). These results enlightened the importance
of refining classification based on molecular and meticulous
characterization of the tumor phenotypes. Our observation that
miR-145 and miR-451 were downregulated in CRC consistent
with earlier studies (33). Therefore, the dysregulated expres-
sion of miRNAs could be a passive adaptive response to
disease state.

A system approach to better understand the relationship
of miRNA-mRNA is often used in order to gain insight into
miRNA function. In previous studies of miRNA expression
profiling obtained by deep sequencing, only the miRNAs with
significant difference in expression were concerned while those
miRNAs with high coverage but less significant difference were
neglected (34). It results in an incomplete understanding of the
complex mechanism of miRNA regulation. In this study, we
attempted to make a more reliable annotation for the complex
mechanism by considering all miRNAs with the model
described above. In this manner, all miRNAs recovered by
deep sequencing were firstly assigned equally to all their target
mRNAs, and then multiplied by the weight factor for binding its
target mRNAs, respectively, and the total coverage for a certain
mRNA were then summed up from all types of miRNAs.

Since mRNA downregulation depends on the concentration
of mRNA bound to the mRNA-miRNA complex, the degree
of miRNA repression on its targeted mRNA can be deter-
mined by the coverage of mRNA-miRNA complexes. During
the maturation of miRNAs, the rate of miRNA formation
from double-stranded RNA is lower than that of miRNA-load
RISC formation (35,36), this indicates that the formation of
miRNA-load RISC occurs simultaneously with the miRNA
formation. The competitive interaction between targeted
mRNAs of a certain miRNA suggests that miRNA-load RISC
can be arrested by mRNAs to decoy their suppression mecha-
nisms (37). By inducing the parameter RD, which present
the suppression effect of miRNA, closely related functional
mRNAs, as the target of miRNA, are predicted comprehen-
sibly with our model.

With the model provided above, we evaluated all miRNAs
recovered by deep sequencing between the two divergent clin-
ical groups, and obtained repression degrees of miRNAs on
their target mRNA in colorectal cancer (Fig. 5). These target
mRNAs, negatively correlated to the miRNAs regulated,
were commonly enriched in cancer-related pathways. The
number of predicted targeted mRNA exceeds the number of
their miRNA in colorectal cancer, illustrating the complexity
of miRNA-mediated regulation on mRNA. Moreover, those
mRNAs significantly repressed by miRNAs, such as ras,
p53 and PTEN, are among the minority of targeted mRNAs,
these results are consistent with previous studies (38-40).
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These studies can help to understand the roles of miRNA in
the pathogenesis of colorectal cancer.

The KEGG pathway database records networks of molec-
ular interactions in the cells (41). Fig. 6 shows that many KEGG
pathways were significantly affected in colorectal cancer. It
also suggested that these signal transduction pathways ampli-
fied or declined the disease state, which are consistent with a
previous study (25). Pathway analysis of these differentially
expressed genes identified the G1/S cell cycle checkpoint, and
Wnat signal pathways as significantly downregulated in CRC.
This provided an explanation as to why a panel of miRNAs are
deregulated in colorectal cancer. Therefore, miRNA deregula-
tion is an adaptive process in pathological conditions.

The regulation of a cellular process is widely triggered by
external and internal changes (42,43), including the dysregulated
expression of miRNA (44). Based on the mathematic model
proposed in the study, the effects of miRNAs were systematic
analyzed on mRNA level. The amount of mRNA could be
globally regulated by miRNA in colorectal cancer, and the trans-
lation of some mRNAs was significantly regulated according
to the Z-test. With in-depth analysis of miRNA mechanisms,
the mathematic model could be modified to synthetically inves-
tigate the functions of miRNAs at the biological level of the
system. Our method comprehensibly evaluated the complexity
of miRNA-mediated regulation in gene expression.

In conclusion, by comparing tumors of divergent biology
and clinical outcome, we provided insights into the heteroge-
neity of the small RNA transcriptomes in cancer. This study
presents a more comprehensibly analysis on gene alterations
to better understand CRC. Our study employed the miRNA
expression signature to identify clinical and histological
subtypes of tumors. The gene and protein networks directly
targeted and affected by miRNAs that participate in tumori-
genesis remain to be extensively explored. This led us to
identify the consistently deregulated miRNA in colorectal
cancer through miRNAome. Our results from gene ontology
and KEGG analysis of predicted targets may contribute to
establish the definitive genomic landscape and determine the
role of miRNAs in disease. This allows us to better understand
the molecular mechanism of colorectal cancer.
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