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ABSTRACT MicroRNAs (miRNAs) exhibit aberrant expression in the initiation and pro-
gression of a variety of human cancers, including colorectal cancer (CRC). However, the
exact mechanisms are not well defined. miRNA expression profiles were characterized by
microarrays in CRC samples, and miRNA 18b (miR-18b) was increased significantly in tu-
mor tissues. The expression of miR-18b was confirmed in the CRC cell lines SW480 and
HCT116 and 44 clinical specimens by quantitative real-time PCR (qRT-PCR). Multiple lin-
ear regression analysis showed a strong correlation of miR-18b expression with lymph
node and distant metastasis. Overexpression of miR-18b promoted cell proliferation by
facilitating cell cycle progression, and knockdown of miR-18b significantly suppressed
migration in CRC cells. CDKN2B was identified as a target of miR-18b by high-
throughput RNA sequencing and bioinformatics. After transfection with a miR-18b
mimic, expression of CDKN2B was reduced significantly in CRC cells, and the effect was
restored when a miR-18b inhibitor was transfected. A luciferase assay indicated miR-18b
directly binds to the 3= untranslated region (UTR) of CDKN2B. Expression of CDKN2B was
downregulated in patient cancer tissues and negatively correlated with miR-18b. In a
model of ectopic expression of miR-18b and CDKN2B, CDKN2B overexpression antago-
nized the effects of miR-18b in vitro and in vivo. The data show that miR-18b is involved
in CRC carcinogenesis through targeting CDKN2B.

KEYWORDS microRNA 18b, microRNA array, colorectal cancer, CDKN2B, high-
throughput RNA sequencing

Colorectal cancer (CRC) is the fourth most common cancer and the second leading
cause of cancer-related death worldwide (1). More than 1.2 million patients are

diagnosed with CRC every year, and more than 600,000 people die from the disease (2).
In China, the incidence of CRC has been increasing continually in the most recent years,
and it ranks fourth in mortality of all malignant diseases. The long-term survival of
patients with CRC remains poor despite recent therapeutic advances in treatment.
Therefore, there is an urgent and growing need for better understanding of the
molecular pathogenesis, for identifying novel biomarkers for diagnosis and prognosis,
and for exploring new and more effective treatment strategies.

MicroRNAs (miRNAs) are a cluster of noncoding RNAs 18 to 25 nucleotides in length.
The miRNA guide strand is associated with a protein complex termed the RNA-induced
silencing complex and guides the complex to target mRNAs via base pairing between
the miRNA and the cognate target mRNA sequence (3). Accumulating studies over the
past decades suggest that miRNAs exhibit aberrant expression in the initiation and
progression of a variety of human cancers. These miRNAs have been implicated in
several cellular processes, including differentiation, proliferation, autophagy, and apop-
tosis. Some oncogenic miRNAs have been demonstrated to be involved in the devel-
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opment of CRC (4). However, the disease-specific mechanisms of most miRNAs involved
in the progress of CRC remain unknown.

To investigate the CRC-specific miRNA profile in humans, we identified multiple
miRNAs differentially expressed in CRC tissues by miRNA expression microarray
experiments. Among them, miRNA 18b (miR-18b) represents one of the most
significantly upregulated miRNAs in CRC tissues. miR-18b is located at chromosome
X within the miR-106a-363 cluster, which is the paralog of the miR-17-92 cluster. Previous
reports showed that miRNAs encoded by these two clusters could act as oncogenes (5).
For example, it has been shown that miR-18b is differentially expressed in several
human cancers, including hepatocellular carcinoma (6), gastric cancer (7), nasopharyn-
geal carcinoma (8), breast cancer (9), ovarian cancer (10), and lung adenocarcinomas
(11). In addition, aberrant expression of miR-18b in the sera of some patients with
breast cancer (12) and rectal cancer patients who were lymph node positive after
preoperative chemoradiotherapy (13) was observed. Although accumulating evidence
suggests that miR-18b plays a role in the development of human cancers, its patho-
physiological functions, as well as cellular targets, in CRC remain unclear. In the present
study, we analyzed the expression levels of miR-18b in CRC tissues and cell lines,
identified its target genes, and investigated the mechanisms of miR-18b involved in
CRC progression. Our data suggest that miR-18b has the potential to serve as a novel
biomarker and therapeutic target in CRC.

RESULTS
Identification of miRNAs dysregulated in CRC tissues. To identify miRNAs that

potentially drive CRC carcinogenesis, microRNA expression profiles were examined by
microarray analysis. Hierarchical clustering showed systematic variations in transcrip-
tion levels between paired tumor and nontumor tissues from 3 CRC patients. Microarray
data showed 17 miRNAs were upregulated and 7 were downregulated in tumor tissues
compared with nontumor tissues (Fig. 1). To validate the microarray analysis findings,
8 miRNAs (miR-124-3p, miR-6750, miR-18b, miR-21-3p, miR-224, miR-146, miR-27a, and
miR-550a) were analyzed by quantitative real-time PCR (qRT-PCR) in 10 pairs of ran-
domly selected CRC patients (Fig. 2A). qRT-PCR analysis verified the microarray findings,
showing that a set of miRNAs are dysregulated in CRC tissues. Among them, we focused
on three miRNAs (miR-18b, miR-21-3p, and miR-244) for further study because they are

FIG 1 Hierarchical clustering showing systematic variations in transcription levels between paired tumor and nontumor tissues
from 3 CRC patients (�2- or �0.5-fold; P � 0.05).
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more frequently dysregulated than others in patient tissues. The expression levels of
miR-18b, miR-21-3p, and miR-224 were further measured by qRT-PCR in 44 pairs of
human CRC tissues and paired nontumor samples. The mRNA expression of miR-18b,
miR-21-3p, and miR-224 in CRC tissue was 3.16, 1.73, and 1.50 times as much as that in
the control, respectively. We found that miR-18b was significantly upregulated com-
pared to the control (P � 0.001) (Fig. 2B). Furthermore, we evaluated the association
between clinical characteristics and miR-18b expression levels in CRC patients by
multiple linear regression analysis (Table 1). Statistical analysis showed a strong corre-
lation between miR-18b expression and the lymph node and distant metastasis (Table
1). However, the level of miR-18b was not associated with other clinical factors,
including age, gender, location, vessel invasion, tumor differentiation grade, and
tumor-node-metastasis (TNM) stage. Collectively, these findings strongly suggest that
upregulation of miR-18b is correlated with CRC progression.

miR-18b promotes CRC cell proliferation, migration, and cell cycle progression.
To investigate the biological significance of miR-18b upregulation in the development
and progression of CRC, we performed gain-of-function and loss-of-function studies in
CRC cell lines. After transfecting the mimic and inhibitor of miR-18b, we detected the

FIG 2 (A) Expression levels of 8 miRNAs were analyzed by qRT-PCR in 10 pairs of randomly selected human CRC samples. (B)
The expression levels of miR-18b, miR-21-3p, miR-224 were analyzed by qRT-PCR in 44 pairs of CRC samples. The graphs show
means � SD. *, P � 0.05; **, P � 0.01.

TABLE 1 Association between clinical characteristics of CRC patients and miR-18b
expression levels revealed by multiple linear regression analysisa

Patient characteristic B SE R2 F P value

Age 0.083 0.523 0.657 9.852 0.875
Gender �0.227 0.447 0.656 18.582 0.615
Location �0.091 0.463 0.657 11.801 0.846
Tumor differentiation grade �1.451 0.902 0.654 25.157 0.115
Vessel invasion 0.168 0.665 0.656 14.521 0.802
Distant metastasis 3.134 0.561 0.631 35.079 �0.01
Metastatic lymph node 1.833 0.471 0.631 35.079 �0.01
aB, regression coefficient; F, variance test of the overall regression model.
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level of miR-18b to confirm the efficiency of its up- or downregulation. The expression
of miR-18b was upregulated in both HCT116 and SW480 cells (P � 0.05) (Fig. 3A). Both
HCT116 and SW480 cells were suitable transfection host cells and have often been used
in the study of miRNA function (14, 15). We found that inhibition of miR-18b expression
in HCT116 and SW480 cells suppressed cell proliferation by CCK-8 compared with the
nonspecific control (P � 0.05) (Fig. 3B). Conversely, overexpression of miR-18b dramat-
ically promoted cell proliferation (Fig. 3B). To gain insights into the mechanism by
which miR-18b enhances CRC cell proliferation, we analyzed cell cycle distributions in

FIG 3 (A) miR-18b expression levels in CRC cells after transfection with miR-18b mimic, inhibitor, mimic negative control, and
inhibitor negative control. (B) miR-18b significantly inhibited HCT116 and SW480 cell viability. Cell growth rates were detected
by CCK-8 assay. OD, optical density. (C) miR-18b regulated cell cycle progression. miR-18b overexpression promoted the
transition from G1 phase to S phase, which was detected by flow cytometry at 48 h posttransfection. (D) Reexpression of
miR-18b in HCT116 and SW480 cells significantly inhibited cell migration ability as determined by a cell migration assay.
Shown is quantitative analysis of migrated HCT116 and SW480 cells. The data are means from three independent
experiments � SD. *, P � 0.05. All experiments were performed in triplicate. nc, negative control.
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HCT116 and SW480 cells by flow cytometry after miR-18b overexpression or knock-
down. We found that miR-18b overexpression decreased the percentage of cells in G1

phase and increased those in S phase, while miR-18b underexpression had the opposite
effect (Fig. 3C). These data suggested that miR-18b could promote the transition from
G1 to S phase.

Since miR-18b expression was correlated closely with the metastasis property of
CRC, migration assays were performed by Transwell experiments, and we found that,
compared with the controls, knockdown of miR-18b significantly suppressed migration
of CRC cells. In contrast, overexpression of miR-18b promoted the effect (Fig. 3D). These
results suggest that miR-18b expression promotes CRC cell proliferation and migration
in vitro.

CDKN2B is a potential target of miR-18b. To identify the target mRNAs of miR-18b,
we performed high-throughput RNA sequencing (RNA-seq) experiments after knock-
down of miR-18b in HCT116 cells. The miRNA-mRNA integration analysis workflow was
as follows (Fig. 4A). We first used 3 different software programs for microRNA target
prediction and identified 2,190 potential miR-18b targets based on their sequence
complementarity (Fig. 4B). RNA-seq experiments were carried out in miR-18b-depleted
HCT116 cells and normal HCT116 cells. Then, the gene expression profile in HCT116
cells regulated by miR-18b was analyzed by RNA-seq. Gene ontology (GO) analysis
revealed that the differentially expressed genes were involved in molecule function,
cellular components, and biological processes (data not shown). The resulting 678
differentially expressed genes (DEGs) were overlapped with the miR-18b targets pre-
dicted by bioinformatics analysis, and 19 candidate genes were identified: the CDKN2B,
CDK5R2, CYLD, GORAB, TTBK2, TBATA, ONECUT1, GGN, IGSF9B, AQP1, KCNRG, CHD9,
ZBTB24, CYP11A1, HARBI1, C2orf88, SARM1, ATG9A, and PPP2R1B genes (Fig. 4C and D).
Among these candidates, the CDKN2B gene exhibited the most significant alteration.
Our data showed that miR-18b promoted G1-S transition, and the CDKN2B gene is well
known to inhibit the transition, so we verified whether the CDKN2B gene is a target of
miR-18b. CDKN2B is a cyclin-dependent kinase inhibitor, forms a complex with cyclin-
dependent kinase 4 (CDK4) or CDK6, and prevents the activation of the CDK kinases,
thus functioning as a cell growth regulator that controls cell cycle G1 progression (16).
In addition, an alignment of CDKN2B mRNA and miR-18b sequences using the RNA22
database predicted the binding site of miR-18b (Fig. 4E). Furthermore, in the current
study, the RNA-seq result clearly showed that CDKN2B was enriched in miR-18b
knockdown cells (Fig. 4F), which suggested that CDKN2B might be the potential target
of miR-18b.

miR-18b suppresses the cell cycle by targeting CDKN2B. Since CDKN2B was
predicted to be the target of miR-18b, we measured its mRNA and protein expression
levels by qRT-PCR and Western blotting in CRC cell lines. The results showed that
overexpression of a miR-18b mimic reduced the mRNA and protein levels of CDKN2B,
whereas overexpression of a miR-18b inhibitor had the opposite effect in HCT116 and
SW480 cells (Fig. 5A and B). Interestingly, a luciferase reporter assay indicated that
miR-18b significantly inhibited luciferase activity in the reporter vector containing the
wild-type 3= untranslated region (UTR) of CDKN2B but not in the mutant 3= UTR vector,
demonstrating the specificity of miR-18b in CDKN2B 3= UTR targeting (Fig. 5C). Con-
sistently, protein expression and mRNA levels of CDKN2B were significantly downregu-
lated in tumor tissues compared with nontumor controls (Fig. 6A and B). Moreover, we
further analyzed the association between miR-18b and CDKN2B mRNA levels and found
that miR-18b was negatively correlated with CDKN2B mRNA in CRC patients by Pearson
correlation analysis, suggesting that miR-18b negatively regulates the expression of
CDKN2B (Fig. 6C). Our data suggest that CDKN2B is a target of miR-18b in CRC
development and progression.

CDKN2B overexpression antagonizes the effects of miR-18b in vitro and in vivo.
Although the downregulation of CDKN2B by miR-18b and the negative correlation of
CDKN2B and miR-18b in CRC patients are convincing, the role of CDKN2B in antago-
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FIG 4 (A) Strategy for identification and validation of miR-18b targets. (B) miR-18b targets predicted by 3 different types of software. There were
as many as 1,786 mRNAs in intersections of the 3 target-predicting software programs. (C) Nineteen mRNAs were in the intersection of RNA-seq
and predicted mRNAs. (D) The concrete target mRNAs of miR-18b were based on the intersection between RNA-seq and its predicted targets. (E)
Alignment of CDKN2B mRNA and the miR-18b sequence predicted by the RNA22 database (also termed miR-18-5p). (F) RNA-seq data indicated
that there was enrichment of CDKN2B in miR-18b-depleted HCT116 cells compared with normal HCT116 cells.
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nizing miR-18b function remains to be fully explored. In light of this, we examined the
effect of ectopic expression of miR-18b and/or CDKN2B on cell growth and migration
in SW480 cells. We noticed that the miR-18b levels in the Lenti-miR-18b and Lenti-miR-
18b plus Lenti-CDKN2B groups were about 20.4-fold and 23.3-fold those in the Lenti-
miR NC SW480 cells (Fig. 7A). Meanwhile, the expression of CDKN2B was decreased in
Lenti-miR-18b plus Lenti-CDKN2B SW480 cells compared with Lenti-CDKN2B SW480

FIG 5 (A) CDKN2B mRNA expression was detected by qRT-PCR in CRC cells after transfection at 48
h. (B) The protein level of CDKN2B was verified by Western blotting in CRC cells; �-actin was used
as a loading control. (C) Base pairing complement suggested that the putative miR-18b binding
position was at the 3= UTR of CDKN2B. Lines, strict base pairing between miRNA and mRNA; colons,
nonstrict pairing; underlining, differences from CDKN2B. The luciferase activity was standardized to
that of hRluc. The graphs show means � SD. *, P � 0.05.
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cells (Fig. 7B). We also conducted a CCK-8 assay and found that ectopic expression of
CDKN2B significantly suppressed the effects of stimulation proliferation of miR-18b
(P � 0.01) (Fig. 7C). The number of SW480 cells that migrated to the lower chamber (see
Materials and Methods) in Lenti-miR-18b plus Lenti-CDKN2B SW480 cells was smaller
than in Lenti-miR-18b SW480 cells (P � 0.05) (Fig. 7D).

Because miR-18b could promote CRC cell growth and was antagonized by CDKN2B
in vitro, we next addressed the effects in vivo. In the model of tumor xenografts in nude
mice, BALB/c nude mice were injected subcutaneously with SW480 cells stably express-
ing miR-18b and/or CDKN2B or the negative control. We detected the expression of
miR-18b and CDKN2B in subcutaneous tumors and demonstrated that both of them
were indeed elevated (Fig. 7E and F). Lenti-CDKN2B suppressed the tumor growth rate
in nude mice compared with Lenti-CDKN2B-NC, and from day 13 on, Lenti-miR-18b
exhibited a markedly increased growth rate compared with Lenti-miR-NC (P � 0.05). In
contrast, from day16 on, the tumor volume of Lenti-miR-18b plus Lenti-CDKN2B mice
was smaller than that of Lenti-miR-18b mice (P � 0.05) (Fig. 7G). These results indicated
that miR-18b has the ability to promote CRC cell growth and that CDKN2B overexpres-
sion can antagonize the effects of miR-18b in vitro and in vivo.

DISCUSSION

In recent years, our understanding of the mechanisms underlying colorectal carci-
nogenesis has vastly expanded. The initiation and progression of CRC is a complex
process that involves multiple factors and multistep alterations. A variety of factors—
genetic, immunological, epigenetic, microbial, and environmental—all have different
impacts on CRC carcinogenesis (17).

In the present study, we found that several miRNAs exhibited abnormal expression
in human CRC by microarray profiling analysis, and miR-18b showed the most signif-
icant abnormality among these candidate miRNAs. Our data suggest that miR-18b is
overexpressed in CRC patients, which is consistent with previous reports showing

FIG 6 (A) Western blotting was performed to show CDKN2B expression in human CRC. (B) Scattergram
presenting mRNA expression levels of CDKN2B in 44 CRC patients. (C) Pearson correlation analysis
revealed that miR-18b was negatively correlated with CDKN2B mRNA in CRC patients. Each data point
represents an individual colon tissue sample. All experiments were performed in triplicate. The graphs
show means � SD. *, P � 0.05; **, P � 0.01.
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FIG 7 (A and B) miR-18b and CDKN2B mRNA expression was detected by qRT-PCR in stable overexpression of miR-18b and/or CDKN2B or the negative
control (NC) in SW480 cells. U6 is a reference gene. (C) Ectopic expression of CDKN2B significantly suppressed the effects of stimulation of proliferation
of miR-18b (P � 0.01). (D) Representative images of stable overexpression of miR-18b and CDKN2B cells that migrated into the lower chamber. The
number of SW480 cells that migrated to the lower chamber in Lenti-miR-18b plus Lenti-CDKN2B SW480 cells was less the that in Lenti-miR-18b SW480
cells. (E) miR-18b expression was detected by qRT-PCR in colorectal cancer xenografts. (F) CDKN2B expression was detected in subcutaneous
implantation of human colorectal cancer cells in 5 groups. (G) (Left) Tumor growth curves. miR-18b promoted colorectal cancer cell growth in vivo, and

(Continued on next page)
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miR-18b overexpression in CRC, as well as in hepatic cell carcinoma and breast, gastric,
and nasopharyngeal cancers (6–9, 18). These studies imply that miR-18b is indeed
involved in the progression of various human cancers as an oncogene. However, there
have been other reports revealing the opposite trend in several human cancers. For
instance, miR-18b expression is downregulated in a radioresistant esophageal cell line
(19). It has also been reported that stable overexpression of miR-18b produces potent
tumor suppressor activity by suppressing melanoma cell viability, migration, and
invasiveness; inducing apoptosis; and reducing tumor growth, which implies a novel
role for miR-18b as a tumor suppressor in melanoma (20). In the study, we detected the
expression of miR-18b in CRC cell and tumor xenografts in a nude mouse model and
found miR-18b could promote cell growth in vitro and in vivo. The contradiction
between different studies might derive from the different cancers with intrinsic biologic
characteristics and microenvironments, consequently inducing different mechanisms to
regulate miR-18b expression in different malignant tumors. For instance, miR-18b could
be reduced by hypermethylation of CpG islands in the promoter and reinduced after
5-AZA-deoxycytidine treatments in melanoma cell lines (20, 21). miR-18b suppresses
high-glucose-induced proliferation in human retinal endothelial cells (HRECs) by tar-
geting IGF-1/IGF1R signaling pathways (22). Therefore, the function of miR-18b might
be tissue specific and should be explored further.

In addition, we found that miR-18b expression was much higher in CRC patients
with lymph node and distant metastasis, suggesting that miR-18b is related to survival.
Previous reports also suggested that the higher expression of miR-18b was associated
with poor survival in human cancers, such as rectal cancer, hepatocellular carcinoma
(HCC), and breast cancer (6, 13, 23). miR-18b also exhibited dysregulation in some
benign diseases, including hypertrophic cardiomyopathy and multiple sclerosis (24, 25).
Yin et al. reported that miR-18b was involved in the process of benign colorectal
adenomas developing into malignancy (18). Taken together, the data show that
miR-18b is responsible for various human diseases, particularly in malignant tumors,
including CRC. Since it also contributes to colorectal adenomas during the transition
process from benign lesions into malignant disease, miR-18b may serve as a diagnostic
biomarker and a novel therapeutic target in CRC.

Previous studies and our data all showed that miR-18b plays a critical role in the
pathogenesis of human cancer. However, to date, studies have shown only miR-18b
abnormal expression; its function and underlying mechanism remain to be explored.
Further, we aimed to identify the potential miRNA targets for CRC. High-throughput
RNA-seq suggested that miR-18b might play an effective role by targeting some genes
involving in growth and proliferation, invasion and metastasis, glucose metabolism, cell
cycle regulation, epithelial-mesenchymal transition, and apoptosis of CRC. Compared
with traditional systematic analysis of miRNAs in colorectal tumorigenesis (18), which
searches for miRNA-regulated genes by computer-aided algorithms, such as Target-
Scan, miRanda, and miRwalk, our study proposes a novel and efficient strategy to
improve the accuracy of miRNA targets through combined use of RNA-seq and pre-
dicted target gene bioinformatics software. In the present study, we identified CDKN2B
mRNA as the most likely target of miR-18b in CRC. CDKN2B is a cyclin-dependent kinase
inhibitor and functions as a cell growth regulator that controls cell cycle G1 progression
(16). Previous studies have confirmed CDKN2B as a critical tumor suppressor, and
deletion of its enhancer element is associated with some human neoplasms (26, 27).
Silencing of CDKN2B gene expression by epigenetic modification, such as promoter
hypermethylation, plays a key role in gastric adenocarcinoma and multiple myelomas
(28, 29). Reexpression of CDKN2B in tumor-derived cells significantly attenuates the
tumorigenic potential of the cells and delays tumor progression (30). miRNAs can

FIG 7 Legend (Continued)
the growth effect could be antagonized by CDKN2B. The data are means � SD (n � 4/group). (Right) Images of tumors induced by miR-18b and/or
CDKN2B or negative-control SW480 cells.
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regulate gene expression by translation suppression, mRNA cleavage, or both. We
showed that miR-18b significantly inhibited CDKN2B at both the mRNA and protein
levels, whereas its knockdown had the opposite effect. Our luciferase assay indicated
miR-18b directly binds to the 3= UTR of CDKN2B. Correlation analysis indicated that the
mRNA level of miR-18b is negatively related to the level of CDKN2B in CRC tissues,
suggesting that miR-18b negatively regulates CDKN2B expression in CRC development.
Furthermore, we investigated the effects of miR-18b and CDKN2B on CRC cells in vitro
and in vivo and verified that CDKN2B overexpression could antagonize the effect of
miR-18b on CRC cell proliferation, migration, and tumor growth rate, which demon-
strated that miR-18b indeed plays a key role in the pathogenesis of CRC through
targeting CDKN2B.

Conclusions. Our study demonstrates that miR-18b contributes to CRC carcinogen-
esis by targeting CDKN2B and regulating cell cycle progression. Our findings also
suggest that miR-18b might be a potential biomarker and therapeutic target for CRC.

MATERIALS AND METHODS
Sample preparation. All CRC patients were recruited at the Department of Oncology, Zhongnan

Hospital of Wuhan University (Wuhan, China), from July 2014 to September 2014. CRC tissues and paired
tumor-adjacent nontumor samples were obtained from 44 patients with confirmed histology during
surgery. The nontumor samples were more than 5 cm away from tumor tissues. The tissues were
immersed in RNAlater (Sigma-Aldrich, St. Louis, MO) quickly in case of RNA degradation. After overnight
incubation, the samples were transferred into a �80°C refrigerator and stored for further use. None of
the patients had received preoperative adjuvant chemotherapy or radiotherapy. The study was approved
by the Institutional Review Board for Clinical Research and the Ethics Committee of the Zhongnan
Hospital. Written informed consent was also obtained from all the subjects before initiating the study
protocol.

Cell culture and transfection. HCT116 and SW480 cells were purchased from the China Center for
Type Culture Collection (Wuhan, China). All the cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (HyClone, Logan, UT) supplemented with 10% fetal bovine serum (FBS) (HyClone), 100 U/ml
penicillin, and 100 mg/ml streptomycin. The cells were maintained in a 5% CO2 humidified atmosphere
at 37°C. Oligonucleotides containing a miR-18b mimic, inhibitor, mimic negative control, and inhibitor
negative control were synthesized by Suzhou Gene Pharma Co., Ltd. (Suzhou, China). The sequences
were as follows: mimic sense, 5=-UAAGGUGCAUCUAGUGCAGUUAG-3=, and antisense, 5=-AACUGCACUA
GAUGCACCUUAUU-3=; mimic negative control sense, 5=-UUCUCCGAACGUGUCACGUTT-3=, and antisense,
5=-ACGUGACACGUUCGGAGAATT-3=; inhibitor, 5=-CUAACUGCACUAGAUGCACCUUA-3=; inhibitor nega-
tive control, 5=-CAGUACUUUUGUGUAGUACAA-3=. The human miR-18b mimic, inhibitor, mimic negative
control, and inhibitor negative control (Genepharma, Suzhou, China) were transfected into CRC cells with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to procedures recommended by the manufac-
turer. The cells were harvested 48 to 72 h posttransfection.

Microarrays and computational analysis. FlashTag biotin HSR was added to microRNA before
microRNA array analysis. MicroRNA array results were scanned with a GeneChip Scanner 7G (Affymetrix,
Santa Clara, CA). The quality of RNA was examined with an Agilent 2100 bioanalyzer and RNA LabChip
kits. All the data were normalized, and further analyses were carried out with Expression Console
(Affymetrix, Santa Clara, CA). The miRNAs were considered to be differentially expressed only when they
exhibited a mean change of �2.0-fold or �0.5-fold. Hierarchical clustering was performed based on the
significantly differential expression of miRNAs, using Cluster and Treeview software from Stanford
University (Stanford, CA).

RNA extraction and qRT-PCR. Total RNA was extracted from tissues and cells with a YPH EASYspin
tissue/cell RNA quick extraction kit (YPH, Beijing, China). miRNA reverse transcription (RT) was performed
using the All-in-One miRNA qRT-PCR detection kit (GeneCopoeia, Rockville, MD) according to the
manufacturer’s instructions. Reference gene RUN-6 and miRNA primers were purchased from Gene-
Copoeia Inc. (catalog no. HmiRQP9001 and HmiRQP0256, respectively). In addition, mRNA RT was
performed with a ReverTra Ace kit (Toyobo, Osaka, Japan). The cDNA then served as the template for
SYBR real-time PCR. Primer sequences were as follow: CDKN2B, 5=-TGGCTACGAATCTTCCG-3= (forward)
and 5=-CCTCCTCCACTTTGTCCT-3= (reverse); GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 5=-G
AAGGTGAAGGTCGGAGTC-3= (forward) and 5=-GAAGATGGTGATGGGATTTC-3= (reverse). All reactions
were run in triplicate on a real-time PCR detection system (Bio-Rad, Hercules, CA).

Cell proliferation assays. HCT116 (2 � 103) or SW480 (1.5 � 103) cells were transfected with
miR-18b mimic or inhibitor and then seeded in 96-well plates. The cells were then counted with a Cell
Counting Kit 8 (Dojindo Molecular Technologies, Kumamoto, Japan) at 4 to 48 h posttransfection. The
plates were incubated for an additional 2 h at 37°C. The absorbance at 450 nm was measured with a
microplate reader (ELX-800; BioTek, Winooski, VT).

Cell migration assays. Cell migration assays were performed using Transwell chambers (8-�m pore
size; BandD, NJ) according to the manufacturer’s instructions. The cells (2 � 105) were plated in the insert
of the well. After incubation for 48 h, cells that had migrated to the lower surface were stained with
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crystal violet (Sigma-Aldrich, St. Louis, MO) and photographed. The numbers of cells that migrated were
quantified by counting six random fields. Representative photos were taken at �200 magnifications.

Flow cytometry assay. At 48 h after transfection with miR-18b mimic or inhibitor, CRC cells were
collected with trypsin. The cells were fixed with 70% ethanol and stored overnight at �20°C. The fixed
cells were washed with PBS, treated with 50 �g/ml RNase A (Sangon Biotech Co., Ltd., Shanghai, China),
and stained with 50 �g/ml propidium iodide for 30 min in the dark. The stained cells were analyzed using
flow cytometry (FACSCalibur; Becton Dickinson, Franklin Lakes, NJ).

Bioinformatics analysis and RNA-seq library construction. An RNA-seq library was constructed
with the Illumina TruSeq library construction kit (Illumina, CA). The RNA-seq libraries were sequenced
using HiSeq2000 for 100-bp paired-end sequencing. Quality control of the RNA-seq data was performed
using Fatsqc (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and low-quality bases were
trimmed. The data were mapped to the hg19 genome reference with Tophat2, allowing a maximum of
2 mismatches (31–33). Cufflinks was used to find the gene which was differentially expressed (31). Gene
ontology analysis was performed using DAVID (http://david.abcc.ncifcrf.gov). The PITA, miRanda, and
RNA22 databases were used to predict the potential target genes of miR-18b.

Luciferase assay. The luciferase assay was performed as described previously. Briefly, a 322-bp
fragment of the wild-type CDKN2B UTR containing the putative miR-18b binding site or a mutant
CDKN2B sequence was cloned into the pMIR-REPORT luciferase plasmid (ViewSolid Biotech, Beijing,
China). HCT116 or SW480 cells were transfected with different reporter vectors (p-Luc-3=UTR-CDKN2B or
p-Luc-3=UTR-mut-CDKN2B) and cotransfected with the negative control or miR-18b mimic. Reporter
vectors containing hRluc, a humanized Renilla luciferase, were used for normalizing the transfection rates.
The cells were assayed for luciferase activity 48 h after transfection with a Dual-Light reporter assay
system (Promega, Madison, WI). Measurement periods were 2 s for luc2 activity and 2 s for hRluc activity.
The background activity was subtracted prior to evaluation. Firefly luciferase activity was normalized for
Renilla luciferase activity as recommended by the manufacturer (Promega). The assessment was per-
formed in duplicate for each construct and control. The oligonucleotides used for cloning the CDKN2B
3= UTR into pMIR-REPORT were as follows: CDKN2B wild type, CGGCTAGCGATAGATGCACTTATGCAGTA
and GCGTCGACGGGAACCCCTGTGAACCTTTA; CDKN2B mutant, ATTCCACGTGATCACTGTCAAGTTCCAAT
GATATAATGATCAA and ACTTGACAGTGATCACGTGGAATATAAAGAATTAACAGAGATT.

Western blot analysis. Total protein was extracted from CRC cells and patient tissues. Equal
amounts of proteins were separated by SDS-15% PAGE and transferred to a nitrocellulose membrane
(Bio-Rad). After being blocked with 5% nonfat milk, the membrane was incubated with anti-CDKN2B
(ABcolonal, Cambridge, MA) antibody or anti-�-actin (ABcolonal, Cambridge, MA). All of the Western
blots were repeated three times independently, and only representative images are shown in the figures.

Stable overexpression of miR-18b and CDKN2B in SW480 cells. SW480 cells were stably trans-
duced with commercially available lentiviral microRNA particles expressing miR-18b, termed Lenti-miR-
18b; control lentivirus particles, termed Lenti-miR-NC; CDKN2B, termed Lenti-CDKN2B; and control
lentivirus particles, termed Lenti-CDKN2B-NC (GeneCopoeia, Rockville, MD). In another group, SW480
cells were stably transduced simultaneously with lentiviral microRNA particles expressing miR-18b and
lentiviral particles expressing CDKN2B, termed Lenti-miR-18b plus Lenti-CDKN2B. The plasmid is based
on the pSMART vector with a puromycin selection, Cherry, or green fluorescent protein (GFP) cassette.
SW480 cells were transduced with lentiviral microRNA particles at a multiplicity of infection (MOI) of 50
and 6 �g/ml Polybrene for 24 h. The SW480 cells were then maintained in 6-well plates and purified with
5 �g/ml puromycin for 1 week before further experiments.

Model of tumor xenografts in nude mice. SW480 cells (2 � 106) stably expressing miR-18b and/or
CDKN2B or negative-control cells were injected subcutaneously into the left flank of male BALB/c nude
mice (4 weeks old; n � 4 mice per group). The tumor size was measured every 3 days using calipers, and
the tumor volume (V) was calculated as follows: (l � w � w)/2, with l indicating length and w indicating
width. The mice were killed by cervical dislocation on day 28, and the tumors were excised and
snap-frozen for RNA extraction. All experimental procedures were approved by the Animal Ethics
Committee of Wuhan University.

Statistical analysis. Data are presented as means and standard deviations (SD) of the results from
at least three independent experiments performed in triplicate. SPSS 17.0 software (IBM, Chicago, IL) and
Prism 5.0 (GraphPad, San Diego, CA) were used for statistical analysis. Multiple linear regression analysis
was used to evaluate the association between clinical characteristics and miR-18b expression levels of
CRC patients. Two groups were compared by Student’s t test, and the correlation was determined by
Pearson correlation analysis. A P value of 0.05 or less was considered to indicate statistical significance.

Accession number(s). We have mapped our RNA-Seq data to human genome hg19 and uploaded
the bedgraph format files to the UCSC Ggenome Browser (https://genome.ucsc.edu/cgi-bin/hgTracks?hgS
_doOtherUser�submit&hgS_otherUserName�leipinji&hgS_otherUserSessionName�hg19%2DHCT116
%2Dliyiming).
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