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Abstract. MicroRNAs (miRNAs) are small non-coding 
RNAs that regulate gene expression by suppressing the 
target mRNA and inhibiting translation in order to regulate 
multiple biological processes. miRNAs play important roles 
as oncogenes or tumor suppressors in the development of 
various types of human cancer. The regulation of mammalian 
target of rapamycin (mTOR) by miRNAs has been studied in 
several types of cancer, including colorectal cancer (CRC). 
However, to the best of our knowledge, only limited informa-
tion regarding the function of miRNAs in human CRC is 
available. In the present study, the expression of 22 miRNAs 
in CRC cell lines were investigated in regard to key genes 
in the mTOR pathway. Initially, it was revealed that mTOR, 
regulatory-associated protein of mTOR complex I and 
rapamycin-intensive companion of mTOR were overexpressed 
in CRC cell lines when compared with a normal colorectal cell 
line. Subsequently, putative miRNA-mRNA associations were 
identified via multiple miRNA target prediction programs. 
The expression levels for the candidate miRNAs were 
validated using quantitative real-time polymerase chain reac-
tion. Expression analysis revealed that, among 20 miRNAs, 
five miRNAs (miR‑496, miR‑1185, miR‑654, miR‑3183 and 
miR‑495) exhibited significant downregulation in association 

with the mTOR signaling pathway. Taken together, the results 
from the present study suggest that several miRNAs that are 
associated with CRC, with possible roles in mTOR signaling, 
may have potential therapeutic or diagnostic benefits in 
CRC treatment.

Introduction

Colorectal cancer (CRC) accounted for ~1.4 million of 
the new cancer cases diagnosed in 2012 worldwide and is 
considered the third most common cancer (1). According 
to the International Agency for Research on Cancer, 
by 2035, the estimated number of CRC cases will reach 
2.4 million cases diagnosed each year (1). Although a lot 
has been learned about CRC, novel therapeutic strategies 
are needed in order to tackle this cancer. Mammalian target 
of rapamycin (mTOR) is a catalytic subunit of two large 
signaling complexes; mTORC1 and mTORC2, along with 
key proteins, form these complexes. Regulatory-associated 
protein of mTOR (RPTOR) is the unique component of 
mTORC1, whereas rapamycin-insensitive companion of 
mTOR (RICTOR) is an exclusive component of mTORC2. 
The two complexes play a central role in tumorigenesis 
via phosphorylation of key proteins within the mTOR 
pathway. mTORC1 regulates mRNA translation and elon-
gation by phosphorylating its downstream effectors, such 
as eukaryotic initiation factor 4E‑binding protein 1 and the 
p70 ribosomal S6 kinase 1 (2). mTORC2 phosphorylates 
protein kinase B, promoting cell proliferation, apoptosis 
and survival (3).

MicroRNAs (miRNAs/miRs) are single-stranded, 
non‑coding RNAs, ranging from 19‑24 nucleotides in length. 
In order to perform their regulatory functions, mature 
miRNAs bind most often to the 3'untranslated region (UTR) 
of messenger RNAs, which inhibit the translation of mRNA 
and result in the downregulation of gene expression at 
the post‑transcriptional level (4). Approximately 50% of 
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human miRNA genes are located in genomic regions that 
have fragile sites, and these locations contain chromosomal 
abnormalities, such as deletions and amplifications. These 
genomic regions are vulnerable to genetic alteration in 
several types of human cancer (5,6). Furthermore, a single 
miRNA can interact and regulate more than one mRNA 
target (7).

In the last decade, a growing body of evidence has revealed 
that miRNAs are involved in tumorigenesis and cancer 
progression (8,9). Deregulation of miRNAs has been demon-
strated in several types of cancer, including CRC (10-16). In 
cancer cells, alteration of miRNA expression levels can be 
abnormally down- or upregulated, to function as either tumor 
suppressors or oncogenes (17). In multiple studies, miRNAs 
have been demonstrated to play an important role in CRC. 
For example, miR‑21, miR‑31 and miR‑223 are upregu-
lated in CRC, whereas miR‑143, miR‑145 and miR‑126 are 
downregulated (18-20).

The potential use of miRNA as diagnostic or prog-
nostic markers in the clinical setting has been highlighted 
previously (21). Furthermore, miRNA mimics can be used 
as therapeutic agents to restore miRNA function, or miRNA 
inhibitors can be used to disrupt upregulated miRNA. 
Therefore, identifying novel cancer-associated miRNAs is 
important for the potential treatment of cancer.

Downregulated miRNAs are believed to act as tumor 
suppressors, which may greatly contribute to colorectal carci-
nogenesis (19,20,22,23). The aim of the present study was to 
identify miRNA-mRNA associations and evaluate miRNA 
expression in human CRC cells, by focusing on the mTOR 
signaling pathway.

Materials and methods

Cell lines. The human CRC cell lines, HT29, HCT116, 
SW620, SW480 and the FHC normal fetal human colon 
epithelial cell line were purchased from the American Type 
Culture Collection (ATCC). The CSC480 cell line was 
purchased from BioMedicure (San Diego, CA, USA) All 
cell lines were maintained in Dulbecco's modified Eagle's 
medium (DMEM; 4.5 g/l D‑Glucose, L‑Glutamine, 110 mg/l 
sodium pyruvate; Invitrogen; Thermo Fisher Scientific, Inc.) 
supplemented with 10% fetal bovine serum (Invitrogen; 
Thermo Fisher Scientific, Inc.) and cultured at 37˚C in a 
humidified incubator with 5% CO2. Cells were induced with 
insulin (200 nM) as previously described (24). The FHC cell 
line was cultured according to previously described culture 
conditions (25).

Bioinformatics analysis. mRNA targets were predicted for 
22 miRNAs of interest using five miRNA target‑prediction 
programs: DIANA-MICROT (diana.imis.athena-innovation.
gr) (26), miRWalk (umm.uni-heidelberg.de) (27), TargetScan 
(targetscan.org) (7), PicTar (pictar.mdc-berlin.de) (28) and 
miRDB (mirdb.org) (29). These databases use a computa-
tional algorithm of miRNAs by searching for the presence of 
conserved sites on the 3'UTR of mRNA that match the seed 
region of each miRNA. The top target candidates according 
to the score in the database for each miRNA provided by each 
program were chosen for further molecular analysis.

RNA isolation and reverse transcription polymerase chain 
reaction (RT‑PCR). Total RNA, including miRNA, was 
extracted from 1x106 cultured cells using an miRNeasy Mini kit 
(Qiagen, Inc.), according to the manufacturer's protocol. Briefly, 
cells were trypsinized, collected from a 10-cm cell-culture 
dish and placed into a centrifuge tube, followed by the addition 
of 700 µl TRIzol® reagent (Qiagen, Inc., Valencia, CA, USA) 
then 140 µl chloroform. The aqueous phase was separated by 
centrifugation (5 min at room temperature) in a microfuge 
(Eppendorf 5430; Eppendorf, Hamburg, Germany) followed by 
washing sequentially with 100% ethanol. Samples were centri-
fuged in an RNeasy Mini spin column membrane (Qiagen, Inc.) 
and RNA was then eluted in RNase-free water. The concentra-
tion of RNA was determined via absorbance measurements at 
260 nm using a NanoDrop spectrophotometer, and the RNA 
was checked by determining absorbance ratios, 260/280  and 
260/230 nm, for any contamination. For mRNA expression, 
cDNAs were synthesized using a BluePrint 1st Strand cDNA 
Synthesis kit (Takara Bio, Inc.), according to the manufacturer's 
protocol. miRNAs were reverse-transcribed using an miScript 
II RT kit (Qiagen, Inc.), also according to the manufacturer's 
protocol. Briefly, single‑stranded cDNA was synthesized from 
RNA in a 20 µl reaction volume. The reactions were incubated: 
first, at 37˚C for 60 min, then the reverse transcriptase mix was 
inactivated by incubation at 95˚C for 5 min. The cDNA gener-
ated was diluted 10-fold in RNase-free water.

RT‑quantitative (q)PCR analysis of mRNA. Quantitative, 
RT-qPCR was used to measure mRNA expression levels 
for all three genes (mTOR, RPTOR and RICTOR). qPCR 
was performed using a LightCycler 480 thermal cycling 
system (Roche Diagnostics) with SYBR Premix Ex Taq II 
(Takara Bio, Inc.) in a 20 µl reaction mixture. The sequences 
of primers used for qPCR analysis are listed in Table I. 
Thermal cycling conditions were stage 1: Initial denaturation 
(1 cycle) 95˚C for 5 min; stage 2: PCR (40 cycles) 95˚C for 
10 sec followed by 56˚C for 10 sec and 72˚C for 20 sec; and 
stage 3: Melting curve analysis 95˚C for 5 sec, 65˚C for 60 sec 
and 97˚C. A non‑template control (nuclease‑free water) was 
included for each primer set and each sample was analyzed in 
triplicate. Relative expression was calculated using the 2-ΔΔCq 
method (30).

RT‑qPCR analysis of miRNAs. RT-qPCR was performed on 
selected miRNAs using the LightCycler 480 thermal cycling 
system (Roche Diagnostics). Expression levels of mature 
miRNAs were quantified using an miScript SYBR Green PCR 
kit (Qiagen), according to the manufacturer's instructions. The 
small nucleolar RNA, C/D box 68 (SNORD68), and the U6 
small nuclear 2 RNA (RNU6‑2) (Qiagen, Inc.) were used as 
endogenous controls, due to their relatively stable expression. 
Forward primers (Table II) were designed by first converting 
the miRNA sequences to DNA and adjusting the melting 
temperature of the primer to 60˚C, either by adding a thymine 
to the 3' of the primer or removing a nucleotide from the 5' end 
of the primer. Primers were purchased from Integrated DNA 
Technologies, Inc., while the universal reverse primer was 
included in the miScript SYBR Green kit. The amplification 
reaction (10 µl) included 2X SYBR Green PCR master mix 
(5 µl), universal primer (250 nM), miRNA‑specific primer 
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(250 nM), RNase-free water (1.75 µl) and cDNA (2 µl). 
Pipetting was performed using the epMotion 5075 automated 
pipetting system (Eppendorf). The reaction conditions were 
as follows: Initial activation step (1 cycle), 95˚C for 15 min 

followed by 3‑step cycling (40 cycles), (denaturation) 94˚C for 
15 sec, (annealing) 55˚C for 30 sec and (extension) 70˚C for 
30 sec, with melting curve: 95˚C for 5 sec, 65˚C for 60 sec 
and 97˚C. All reactions were performed in triplicate and the 

Table II. Designed miRNA forward sequences.

miRNA Forward sequence primer

hsa‑miR‑1271‑5p 5'‑TTGGCACCTAGCAAGCACTC‑3'
hsa‑miR‑496 5'‑GCTGAGTATTACATGGCCAATCTC‑3'
hsa‑miR‑581 5'‑GCGTCTTGTGTTCTCTAGATCAGTAAA‑3'
hsa‑miR‑1185‑3p 5'‑GCATATACAGGGGGAGACTCTTATAAA‑3'
hsa‑miR‑767‑3pa 5'‑CTGCTCATACCCCATGGTTTC‑3'
hsa‑miR‑96‑5p 5'‑TTG GCACTAGCACATTTTTGC‑3'
hsa‑miR‑335‑3p 5'‑GTTTTTCATTATTGCTCCTGACCA‑3'
hsa‑miR‑3182 5'‑GCCGCTTCTGTAGTGTAGTCAAA‑3'
hsa‑miR‑1294 5'‑TGTGAGGTTGGCATTGTTGTCT‑3'
hsa‑miR‑2114‑3p 5'‑GAGCCTCAAGCAAGGGACTT‑3'
hsa‑miR‑3121‑3p 5'‑GCTAAATAGAGTAGGCAAAGGACAAA‑3'
hsa‑miR‑3183 5'‑CTCTCTCGGAGTCGCTCG‑3'
hsa‑miR‑340‑3p 5'‑GCTCCGTCTCAGTTACTTTATAGCAA‑3'
hsa‑miR‑4802‑3p 5'‑TACATGGATGGAAACCTTCAAGC‑3'
hsa‑miR‑548o‑3p 5'‑CCAAAACTGCAGTTACTTTTGCA‑3'
hsa‑miR‑654‑5p 5'‑GTGGGCCGCAGAACATG‑3'
hsa‑miR‑1323 5'‑TCAAAACTGAGGGGCATTTTC‑3'
hsa‑miR‑142‑3p 5'‑GCTGTAGTGTTTCCTACTTTATGGAAAA‑3'
hsa‑miR‑194‑5p 5'‑TGTAACAGCAACTCCATGTGGA‑3'
hsa‑miR‑495 5'‑GAAACAAACATGGTGCACTTCTTAA‑3'
hsa‑miR‑659‑3p 5'‑TTGGTTCAGGGAGGGTCC‑3'
hsa‑miR‑98‑5P 5'‑GCCTGAGGTAGTAAGTTGTATTGTTAAAA‑3'

miRNA, microRNA; miR, microRNA.

Table I. mTOR, RPTOR and RICTOR primer sequences.

Primer Sequence Amplicon size

mTOR  146 (bp)
  F 5'‑AGCATCGGATGCTTAGGAGTGG‑3' 
  R 5'‑CAGCCAGTCATCTTTGGAGACC‑3' 
RPTOR  148 (bp)
  F 5'‑GATCGTCAACAGCTATCACACGG‑3' 
  R 5'‑CGAGTCGAAGTTCTGCCAGATC‑3' 
RICTOR  125 (bp)
  F 5'‑GCCAAACAGCTCACGGTTGTAG‑3' 
  R 5'‑CCAGATGAAGCATTGAGCCACTG‑3' 
GAPDH  131 (bp)
  F GTCTCCTCTGACTTCAACAGCG 
  R ACCACCCTGTTGCTGTAGCCAA 

mTOR, mammalian target of rapamycin; RPTOR, regulatory-associated protein of mTOR complex I; RICTOR, rapamycin-insensitive 
companion of mTOR; F, forward; R, reverse.
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average values were used in subsequent analysis. Expression 
was normalized to SNORD68 and RNU6‑2. The fold change 
was calculated using the 2-ΔΔCq method (30) to acquire relative 
expression levels.

Statistical analysis. Data analysis was conducted using Prism 
software (version 6.0; GraphPad Software, Inc.). One-way 
analysis of variance (ANOVA) was used to determine statis-
tical significance, with the Dunnett's multiple comparisons 
test used as a post hoc test. P<0.05 was considered to indicate 
a statistically significant difference. In the ANOVA, each 
CRC line was compared to the control FHC cell line, and 
the multiple group graphs represent significance in regard to 
FHC. Data are presented as the mean of three replicates with 
standard error.

Results

miRNA target prediction analysis of mTOR pathway genes. 
In order to determine potential target genes and signaling 
pathways implicated in mTOR, RPTOR and RICTOR, five 
programs were used for miRNA target prediction analysis, 
namely DIANA-MICROT, miRWalk, TargetScan, PicTar and 
miRDB. Using the combination of five programs provided a 
more reliable model of target prediction, due to a different 
computer-aided algorithm for each target prediction program. 
From the miRNAs predicted for each gene, the highest 
miRNAs predicted by at least 2 prediction programs were 
chosen. A total of 22 miRNAs for all three genes were selected 
for further analysis (Tables III-V).

Gene expression of mTOR, RICTOR, RPTOR and validation 
of specific miRNAs. To assess alterations of the mTOR pathway 
in CRC cells, mTOR, RPTOR and RICTOR expression 
levels were investigated in five human CRC cell lines, HT29, 
HCT116, SW620, SW480 and CSC480, using RT‑qPCR. The 
gene GAPDH was used as a reference. The comparison of 
results from mTOR, RPTOR and RICTOR expression revealed 
significantly (P<0.01) elevated mRNA expression levels in all 
cell lines compared with normal FHC cells (Fig. 1).

mTOR pathway‑targets miRNAs differentially regulated. 
Next, the most significant candidates of miRNAs were 
selected, as predicted by the bioinformatics analysis, to 
target the genes of interest for further confirmatory studies. 
A selection of CRC cell lines, as well as the control (FHC), 
were used to examine whether miRNAs were associated with 
transcriptional expression of their relevant target gene and to 
identify miRNAs involved in CRC cells. Based on the results 
from the bioinformatics analysis, candidate miRNAs that 
were identified to be associated with each gene were assessed 
using qPCR.

mTOR. A statistically significant upregulation in the expression 
levels of miR‑96 (P<0.01) and miR‑335 (P<0.001), which was 
associated with mTOR, was observed in all cell lines (Fig. 2). 
miRNAs, such as miR‑676a (HT29 and SW480, P<0.001) 
and miR‑3182 (HCT116 P<0.05), were upregulated in certain 
cell lines, while miR-1272 and miR-581 expression remained 
unchanged. miR‑496 and miR‑1185 expression levels were 
significantly downregulated (P<0.001) in all cancer cell lines 
(Fig. 2).

RPTOR. In miRNAs associated with RPTOR, miR‑340 exhib-
ited high expression levels in all cell lines (P<0.01), whereas 
miR‑4802 was upregulated (P<0.001) in HT29 cells only 
(Fig. 3). Furthermore, miR‑548 was upregulated in all cell 
lines (P<0.05) except HCT116. HT29 and CSC480 were the 
only cell lines that exhibited upregulated miR‑2114 (P<0.001). 
There was no statistically significant difference in the expres-
sion levels of miR‑3121, except for the downregulation in 
HCT116 cells (P<0.05). However, miR‑654 (P<0.01) and 
miR‑3183 (P<0.001) expression levels were downregulated in 
all cell lines (Fig. 3).

RICTOR. In miRNAs associated with RICTOR, miR‑142, 
miR‑194, miR‑98 and miR‑659 demonstrated high expres-
sion levels in all cells (P<0.01), while miR‑1323 was 
upregulated (P<0.001) in CSC480 cells only (Fig. 4). The 
expression levels of miR‑495 were downregulated in all cell 
lines (P<0.001).

Figure 1. Reverse transcription-quantitative PCR analysis of differentially expressed mRNAs in three genes, mTOR, RPTOR and RICTOR, in 5 human 
colorectal cancer cell lines. The expression levels of all genes were elevated in all cell lines (stimulated with 200 nM insulin) compared with normal FHC cells. 
In the RICTOR bar graph, error bars are included but are small. **P<0.01; ***P≤0.001. Number of repeats, 3. mTOR, mammalian target of rapamycin; RPTOR, 
regulatory-associated protein of mTOR complex I; RICTOR, rapamycin-insensitive companion of mTOR.
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Discussion

Deregulation of the mTOR pathway occurs frequently in 
human cancer types (3,24,31,32). Regulation of mTOR by 
miRNAs has been investigated in a number of different 
types of cancer, including CRC (33,34). In the present study, 
it was revealed that 6 miRNAs (miR‑96, miR‑335, miR‑340, 
miR‑142, miR‑194, miR‑659 and miR‑98) were upregulated 
in the 5 investigated human CRC cell lines when comparing 
with FHC. Furthermore, among 20 miRNAs, 5 (miR‑496, 

miR‑1185, miR‑3183, miR‑654 and miR‑495) revealed signifi-
cant downregulation in association with the 3 key mTOR 
signaling pathway genes, mTOR, RPTOR and RICTOR.

Several software programs are available to aid in iden-
tifying miRNA target prediction. The majority of these 
approaches use the seed region, which is approximately 
6-8 nucleotides in length within the miRNA, as methods to 
target mRNA and bind at the 3'UTR of the target gene when 
searching for complementary strands (35). The present 
study used five algorithmic tools, Diana‑MicroT, miRWalk, 

Figure 2. Quantitative-PCR analysis of differentially expressed miRNAs in association with mTOR expression in 5 human colorectal cancer cell lines, stimu-
lated with insulin (200 nM). The data presented revealed that miRNAs, miR‑96, miR‑335 and miR‑767 were upregulated, whereas miR‑1272 and miR‑581 were 
unchanged compared to FHC cells. Number of repeats, 3. **P≤0.01; ***P≤0.001. miRNA, microRNA; mTOR, mammalian target of rapamycin.
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TargetScan, PicTar and miRDB, for miRNA target predic-
tion analysis, which also considered seed-based methods, 
and miRDB analyses identified those genes affected by 
miRNAs, using a support vector machine trained on 
multiple microarray datasets (29). Despite the recent 
advances in miRNA target prediction databases (26-29), 
the results of miRNA-mRNA association analyses were 
varied depending on the database. A possible explanation 
is that each program has its methodological variances with 
respect to detecting miRNA-binding regions. To minimize 
the differences in miRNA target predictions, miRNAs that 

were identified by at least three prediction programs were 
selected for analysis.

Consistent with the results from the previous study, miR‑335 
has been demonstrated to be overexpressed in gastric cancer 
and involved in the oncogenic mTOR signaling pathway (36). 
In addition, miR‑335 has been revealed as upregulated in a 
number of different types of cancer, including CRC (37‑39). In 
numerous studies, the miRNAs miR‑96 (40‑45), miR‑340 (46), 
miR‑142 (47‑49), miR‑194 (50‑52) and miR‑98 (53‑55), have 
demonstrated overexpression in a number of different types of 
cancer, including CRC.

Figure 3. Confirmation of miRNAs associated with RPTOR expression in colorectal cancer cell lines (stimulated with 200 nM insulin) by reverse transcription 
PCR. Number of repeats, 3. *P≤0.05; **P≤0.01; ***P≤0.001. miRNA, microRNA; RPTOR, regulatory‑associated protein of mammalian target of rapamycin 
complex I; miR, microRNA.
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Numerous studies have demonstrated downregulation of 
miRNAs in different types of cancer and their capacity to 
play a role in the mTOR signaling pathway (56-59). In the 
present study, the expression analysis was focused on the most 
highly downregulated miRNAs that were associated with 
upregulated mTOR, RPTOR and RICTOR gene expression 
in CRC cell lines. Among all five downregulated miRNAs 
investigated in the present study, miR‑495, miR‑1185, miR‑654 
and miR‑496 have previously been reported in various types 
of cancer (56-59).

When regarding the role of miR‑495 in cancer, several 
studies have revealed decreased miR‑495 expression levels in 
a number of different types of cancer, such as CRC, prostate 
cancer, glioma, leukemia and lung cancer (58,60‑63); in 
addition, miR‑495 has been identified as a tumor suppressor 
in these cancer types. However, in a study conducted on 
breast cancer stem cells, miR‑495 overexpression promoted 
oncogenesis (64).

Xu et al (65) demonstrated downregulation of miR-1185 
in stage IV colorectal carcinoma. Tan et al (66) revealed 
that miR‑654 acts as a tumor suppressor in breast cancer, by 
modulation of its target EPSTI1. Furthermore, another study 
indicated that miR‑654 has tumor suppressor properties in 
papillary thyroid cancer (67). miR‑495 was revealed to be 
downregulated in malignant cells and tissues of the breast (68), 

while its overexpression acts as a critical tumor suppressor in 
CRC cells, through targeting FAM83D (69).

Previous in vitro findings have identified an inverse 
correlation between miR‑496 and miR‑1185 expression and 
mTOR (1), miR‑654 and miR‑3183 expression and RPTOR (2), 
miR‑495 expression and RICTOR (3) in human CRC cells. 
These downregulated miRNAs highlight the importance of 
miRNAs for use as potential tumor suppressors via targeting 
the mTOR signaling pathway. Further studies using 3' lucif-
erase reporters are needed to confirm the targets of these 
miRNAs in the mTOR pathway. Increasing miRNA expres-
sion levels using mimics to examine mTOR signaling and 
cancer progression is an important approach in CRC research. 
Furthermore, the role of these miRNAs requires confirmation 
by applying more functional in vitro and in vivo studies, such 
as miRNA inhibitor studies.
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