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Abstract. Colorectal cancer is one of the leading causes of 
cancer-related mortality worldwide. Cancer stem cells are cell 
populations with stem cell nature presenting in tumor tissues 
and are the root of tumor formation and metastasis. CCND1 
and E2F3 play important roles in cell cycle regulation. The 
3'UTRs of CCND1 and E2F3 contain miR-449 binding sites. 
By transfecting pre-miR-449b and inhibiting miR-449b, we 
found that cell cycle, cell proliferation ability and cell cycle 
regulatory protein expression levels of colon cancer stem 
cells were altered. The correlation between CCND1, E2F3 
and miR-449b showed that miR-449b could downregulate 
CCND1 and E2F3 expression. This, in turn, reduced the 
proliferative ability of colon cancer stem cells. These data 
suggest that miR-449b plays a tumor-suppressive role in colon 
cancer stem cells.

Introduction

Colon cancer is the third most common cancer worldwide (1) 
and it is also the fourth leading cause of mortality among 
all types of cancer in the United States (National Cancer 
Institute, 2009). Distant metastasis and recurrence of colon 
cancer are major causes of mortality (2,3). With the advances 
in chemotherapy and the development of multi-disciplinary 
collaboration of treatment, the survival rate of colon cancer 
has increased significantly in recent years.

With the potential ability of self-renewal and the uncertain 
ability of differentiation, cancer stem cells are cell populations 
with a stem cell nature presenting in tumor tissue and are the 
root of tumor formation and metastasis (4-7). In recent years, 
a growing number of researchers have considered that cancer 
is a disease caused by the tumor stem cells (8). At present, 

cancer stem cells are isolated with a variety of solid tumors 
and hematological neoplasms (5). This shows that the cancer 
stem cells are a common phenomenon in malignancies. Some 
studies have confirmed the presence of ovarian cancer stem 
cells. These cells are not sensitive to chemotherapy and radio-
therapy (9-12). Qiang et al identified stem-like cells in human 
glioblastoma cell lines U251, U87MG, A172 (13).

microRNAs are a class of non-coding single-stranded 
RNA molecules in eukaryote. Through mediating degra-
dation of target mRNA and inhibiting target mRNA 
translation, microRNA can regulate its target gene expression 
with post-transcriptional regulation. Through complementary 
combining with the target mRNA 3'-untranslated region 
(UTR) completely/incompletely (14-16), microRNAs regulate 
a variety of pathophysiological processes, such as stem cell 
differentiation, cell proliferation and tumor formation (17-20). 
Some microRNAs are closely associated with the ability of 
self-renewal and differentiation of cancer stem cells (21-23). 
Qian  et  al  (24) successfully separated tumor stem cells 
from the lung tissue of mice, finding abnormal expression 
of miR‑142-3p, miR-451, miR-106a, miR-142-5p, miR-15b, 
miR-20a, miR-106b, miR-25, miR-486 in the tumor stem cells. 
This suggests that miRNA regulates differentiation, invasion, 
apoptosis and several other characteristics. Silber et al (25) 
showed that miR-124 and miR-137 can induce differentiation 
of adult mouse neural stem cells, mouse oligodendrocyte 
glioma and human glioblastoma. microRNAs also regulate the 
biological function of tumor stem cells. In pancreatic cancer 
stem cells, miR-34 can inhibit the self-renewal ability of tumor 
stem cells by regulating the Notch and the Bcl-2 gene (26).

miR-449b can decrease SKOV32ip l adhesion ability, arrest 
cell cycle, increase the number of G1 phase cells, decrease 
the number of S phase cells and can downregulate cell cycle-
related proteins CDK6 and CDC25A (27). Bou et al (28) found 
a diminished expression of miR-449 in gastrin KO mice. 
Overexpressing miR-449, they showed a significant increase 
in the sub-G1 fraction indicative of apoptosis. Compared to 
normal human gastric tissues, they also discovered a loss of 
miR-449 expression (16). Through targeting pocket proteins, 
Chen et al (29) found that miR-449a plays a role as a tumor 
suppressor in human bladder cancer.

Cell cycle regulators and regulatory proteins play an impor-
tant role in the tumor genesis process. CCND1 and E2F3 are 
key in cell cycle regulation. Cyclins, cyclin-dependent kinases 
and cyclin-dependent kinase inhibitors all have the ability to 
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regulate cell cycle. The expression of CCND1 is closely linked 
to Ras, Raf, MAPK pathway and pRb family (30-34). The 
overexpression of CCND1 is the characteristic of a variety 
of human primary tumors (35-37), with significance for the 
diagnosis of cancer. E2F3 transcription factor is an important 
regulatory factor of cell cycle G1 to S phase (38,39). E2F3 
includes two protein products (E2F3a and E2F3b) sharing 
DNA binding. E2F3a is closely related to DNA synthesis and 
cell cycle progression. E2F3b is expressed throughout the cell 
cycle (39) and it is also linked to tumor genesis and prolif-
eration (40). Studies have shown that E2F3 plays a role as an 
oncogene in most organizations (40-42). E2F3 overexpression 
can contribute to the formation of skin tumors in p53-deficient 
mice (43).

Based on the above, we first identified differentially 
expressing microRNAs in colon cancer stem cells and we 
then explored the relationship between differential expressing 
microRNA (miR-449b) in colon cancer stem cells and cell 
cycle regulation.

Materials and methods

Cell line and cell culture. Human colon cancer cell line 
SW1116 was obtained from the Shanghai Institute of Cell 
Biology, affiliated to the Chinese Academy of Sciences, 
Shanghai, China. The cell culture method was the same as the 
one we previously reported (44). We separated CD133+CD44+ 
and CD133-CD44- cells using the same method as we pre- 
viously reported (44).

Total cellular RNA extraction. We used TRIzol (Invitrogen, 
Carlsbad, CA, USA) to extract total cellular RNA following 
the manufacturer's instructions. Extracted RNA samples were 
quantified with NanoDrop 1000 (NanoDrop Technologies, 
Wilmington, DE, USA). The extracted RNA samples were 
treated by DNase (Ambion, Austin, TX, USA) to remove 
genomic DNA contamination.

Analysis with microRNA chip. Human microRNA OneArray® 
v3 was used to analyze samples. microRNA chip perfor-
mance and analysis methods were the same as we previously 
reported (44).

Real-time PCR. Total RNA was extracted as described above. 
We extracted RNA reverse transcribed into cDNA using a 
PrimeScript® RT Reagent kit (Takara, China). miRNA samples 
were first polyadenylated and were then reverse transcribed 
into cDNA with a One Step PrimeScript® miRNA cDNA 
Synthesis kit (Takara). Quantitative real-time PCR reaction 
was performed with 7000 Sequence Detection System (ABI) 
and with the reaction system, which included strand cDNA 
(0.5 µl), forward and reverse primers (both 0.5 µl) and SYBR 
Green Supermix (12.5 µl) (Tianjin, China). The formula 2-ΔΔCT 

values (ΔCt=Ctgene-Ctcontrol) was used to calculate relative 
expressions.

Dual-luciferase report system assay. The fragments of 
pMIR- CCND1, pMIR-E2F3 and mutant variants were 
cloned downstream of the luciferase reporter into pMIR-
REPORT vector (Ambion). The sequences cloned were: 

5'-UUUACAAUGUCAUAUACUGCCAU-3' (CCND1), 
5'-UUUACAAUGUCAUAUUGACGGUU-3' (CCND1-mut), 
5'-CAAUUAAUUUGUAAACACUGCCA-3' (E2F3), 
5'-CAAUUAAUUUGUAAAGUGACGGA-3' (E2F3-mut). 
Cells were cultured in 24-well plates. Then, we added 
siPORT NeoFX Transfection Agent (AM4510, 1  µl; ABI, 
USA), pre-miR-449b (4464066, 40  nM; ABI)/miR-449b 
precursor molecule negative control (4464058, 40 nM, ABI), 
pMIR-E2F3 (0.1  µg)  +  pRL-TK vector (0.01  µg)/pMIR-
CCND1 (0.1 µg) + pRL-TK vector (0.01 µg)/pMIR-E2F3-mut 
(0.1  µg  )+  pRL-TK vector (0.01  µg)/pMIR-CCND1-mut 
(0.1 µg) + pRL-TK vector (0.01 µg) into 25 µl of Opti-MEM 
medium. Then, 450 µl of cell suspension containing 20,000 
cells were added into the above-mentioned reagents. The 
24-well plates were placed into the cell culture incubator and 
cell proliferation was observed with an optical microscope 
at 24 and 48 h. Cell lysates were used for Dual-Luciferase® 
Reporter Assay System analysis, according to the manufac-
turer's instructions (Promega, Madison, WI, USA).

Transfection. We prepared pre-miR-449b precursor molecule, 
pre-miR-449b precursor molecule negative control and their 
inhibitors for transfection. SW116 cells were cultured in 6-well 
plates at ~60% confluence. Cells were supplemented with 
siPORT NeoFX Transfection Agent (ABI, AM4510, USA) 
after 24 h. We replaced siPORT NeoFX Transfection Agent 
with complete medium containing FCS 6 h later. To complete 
real-time PCR and western blot analyses, we lysated cells 48 h 
after transfection.

Cell growth and viability test. Tetrazolium blue method (MTT) 
was used to determine cell growth and viability. Cells in each 
group were seeded in 96-well plates. Each group had three 
parallel holes and each hole was supplemented with 5 mg/ml 
MTT 20 µl after culturing cells for 48 h. Then, dimethyl 
sulfoxide (DMSO) 150 µl was added after incubating for 4 h. 
The microplate reader determined the absorbance value (A) of 
each well at 640 nm wavelength. Proliferation ratio represents 
the extent of cell proliferation. Proliferation ratio = A value of 
experimental group/control group A value x 100%.

Cell cycle test. The treated cells were cultured for 72  h 
before washing with PBS. The cells were fixed overnight 
using ice ethanol (70%, 4˚C). Cells were stained for 30 min 
with PI (Sigma, St. Louis, MO, USA). Cell cycle analyses 
were performed with the FACSCalibur (Becton-Dickinson). 
CellQuest (BD Bioscience, San Jose, CA, USA) was used as 
data analyzing software.

Western blot analysis. We washed and lysed cells with lysis 
buffer. Lysates were centrifuged to collect supernatants. 
Protein was denatured and separated in 10% SDS-PAGE and 
was then transferred to nitrocellulose membranes. Non-fat 
milk (5%) was used to block nitrocellulose membranes. 
The membranes were incubated with antibodies against 
CCND1, E2F3, pRb, Rb and p53 overnight and we then incu-
bated membranes with secondary antibodies (horseradish 
peroxidase; Santa Cruz Biotechnology, Santa Cruz, CA, 
USA). Using the ECL procedure (Amersham Biosciences, 
Piscataway, NJ, USA), we detected secondary antibodies.
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Results

CD133+CD44+ colon stem cell isolation and stem character-
istics. Several studies have proved that CD133 and CD44 were 
powerful markers to detect colon cancer stem cells (45-51). 
We isolated CD133+CD44+ and CD133-CD44- cells from the 
SW1116 cell line with FACS as we previously reported (44). 
Following amplification, flow cytometry was used to detect cell 
surface molecules (CD133 and CD44). Using real-time PCR, 
we examined several stem cell-specific molecule expression 
levels; CD133, CD44, Bmi1 and Oct4. In the CD133+CD44+ 
group, the expression levels of these specific molecules were 
higher than in the CD133-CD44- group (Fig. 1A). In the cell 
culture process, the CD133+CD44+ cells can be gathered to 
become balls of cells after ~10 days of culture, with EGF 
and β-EGF in serum-free medium. Then, we moved the 
CD133+CD44+ cells to normal medium culture. Cells gradu-
ally restored the adherent nature. At the same time, we found 
that the expression level of CD133, CD44 was also decreased 
(Fig. 1B). Our study confirmed that the CD133+CD44+ cells 
possess stem cell phenotype, the specific molecular character-
istics, the nature of self-renewal and directed differentiation.

Differential microRNA expression profile in colon cancer stem 
cells. With microRNA chip, we investigated the differential 
microRNA expression profile in CD133+CD44+ colon cancer 
stem cells. We previously reported that there are 31 miRNAs 
upregulated and 31 miRNAs downregulated comparing the 
two groups (44). miR-449b was included in the most signifi-
cantly downregulated list, whose average ratio was 0.486804 
(CD133+CD44+ cells vs. CD133-CD44- cells).

Prediction of the target gene of miR-449b. We thoroughly 
searched the microRNA database (PicTar, TarBase, TargetScan 

and DIANA microT) bioinformatics technical analysis to 
predict the candidate miR-449b target gene mRNA. The 
3'UTRs of CCND1 and E2F3 contain miR-449 binding 
sites (Fig. 2A). Thus, CCND1 and E2F3 may target genes of 
miR‑449b.

CCND1, E2F3 and miR-449b correlate inversely in colon 
cancer stem cells. We verified the expression level of miR‑449b 
in CD133+CD44+ cells and CD133-CD44- cells (Fig.  2C). 
miR‑449b expression in the CD133+CD44+ cells is only 0.455 
times in the CD133-CD44- cells. Then, we examined protein 
levels of CCND1 and E2F3 (Fig. 2B). Based on the above, 
CCND1, E2F3 and miR-449b correlate inversely.

miR-449b regulates CCND1 and E2F3 expression in colon 
cancer stem cells. We tested CCND1 and E2F3 protein and 
mRNA expression levels to evaluate the effect of miR-449b 
transfection. The experiment set two groups of negative control; 
the blank control group and the pre-miR-449b negative control 
group. The inhibitors of pre-miR-449b and pre-miR‑449b 
negative control were also analyzed. In our experiment, 
transfection of pre-miR-449b reduced the expression level of 
protein of CCND1 and E2F3. However, the expression levels 
of mRNA of CCND1 and E2F3 presented only minor changes. 
Moreover, the transfection of miR-449b inhibitor led to the 
overexpression of protein of CCND1 and E2F3. The change of 
mRNA level was not very sensitive (Fig. 3).

As the putative binding site of miR-449b in mRNA 
3'-UTR region of CCND1 and E2F3, a Dual-Luciferase 
assay was performed to determine the direct link between 
CCND1, E2F3 and mir-449b. The mRNA region of CCND1 
and E2F3 containing the miR-449b putative binding site and 
mutant variants were cloned into pMIR-REPORT vector. In 
Fig. 4, fluorescence activity was significantly reduced in the 

Figure 1. (A) A few stem cell-specific molecular expression levels in two groups of cells using real-time PCR. The chart shows that CD133, CD44, Bmi1 and 
Oct4 in the CD44+CD133+ group have a higher expression level. (B) Expression levels of CD133, CD44 reduced after stem cell differentiation.
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pMIR‑CCND1 + pre-miR-449b group and in the pMIR-E2F3 
+ pre-miR-449b group. Meanwhile, we found that transfecting 
miR-449b inhibitor can increase the fluorescent expression 
while transfecting with pre-miR-449b negative control had no 
effect (Fig. 4).

miR-449b influences cell growth and viability. As mentioned 
above, the expression of CCND1 and E2F3 can promote the 
role of cell proliferation. Therefore, miR-449b can be defined 
as a factor for the inhibition of cancer. In this experiment, we 
detected cell proliferation in each group by MTT assay. We 
observed cells in each group at different times after transfec-
tion and we found that the pre-miR-449b group lost its ability 
of proliferation significantly after 48 h. Conversely, in the 
miR-449b inhibitor group, the proliferation ability of cells 
increased slightly after 72 h (Fig. 5).

miR-449b affects the cell cycle. According to the above find-
ings, miR-449b has the ability to arrest cell cycle through 
controlling CCND1 and E2F3. A flow cytometer was used to 
analyze the cell cycle of all treatment groups. We found most 
of the pre-miR-449b group of cells in G phases. Accordingly, 
the number of this group in the S phase was significantly 
reduced. Other group processing by the miR-449b inhibitor, 
cells in G phases were relatively reduced while cells in S phase 
had a small increase (Fig. 6).

Expression level of pathway-related molecules. By treating 
miR449b, we changed the expression level of its target genes. 
This affects the expression levels of other interrelated mole-
cules in the pathway. Through the detection of pRb, p53, and 
CDK4 molecular levels, we found an increased level of expres-
sion of these molecules in the pre-miR-449b group (Fig. 3E).

Figure 2. (A) The 3'UTRs of CCND1 and E2F3 contain miR-449 binding sites. (B) The difference of CCND1 and E2F3 protein expression levels between 
CD133+CD44+ and CD133-CD44- cells. (C) We confirmed differences in the expression levels of miR-449b in the two groups of cells using real-time PCR.

Figure 3. (A) miR-449b, miR-449b negative control, miR-449b-inhibitor, miR-449b-inhibitor negative control and blank control were added to cells, consti-
tuting five experimental groups. (B) The changes of CCND1 and E2F3 mRNA expression. (C) The changes of protein expression levels of CCND1 and E2F3. 
(D) We used real-time PCR to verify miR-449b expression level after transfection. (E) Expression levels of some cell cycle regulatory proteins and oncogenes, 
such as pRb, P53, CDK4, also changed.
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Figure 4. (A) We transformed CCND1, E2F3 and their mutants into the pMIR-REPORT vector. (B) A luciferase assay was carried out using pMIR-CCND1, 
pMIR-CCND1-mut, pMIR-E2F3 and pMIR-E2F3-mut reporter vectors. According to the requirements of the experiment, we designed 17 different experi-
mental groups. Firefly luciferase activity was evaluated 48 h after transfection normalizing against Renilla luciferase activity.

Figure 5. Growth and viability inhibition by miR-449b in colon cancer stem cells. We used MTT assay to analyze the cell growth and viability. We observed 
reduced cell growth and viability in the miR-449b group from 3 days after transfection.

Figure 6. miR-449b arrests the cell cycle in colon cancer stem cells. The cells transfected with miR-449b, miR-449b negative control, miR-449b-inhibitor, 
miR-449b-inhibitor negative control were subjected to flow cytometry for the cell cycle test. We found that miR-449b increased the number of cells in the 
G0-G1 phases, reducing the number of cells in the S phase.
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Discussion

Previous studies suggested that differences of miRNA expres-
sion levels play an important role in the physiological function 
and phenotype of cells  (52,53). Cancer in various organs 
of the body have microRNA expression profile changes. 
Iorio et al (54) reported that overall miRNA expression can 
help separate normal vs. cancer tissues in human breast cancer. 
Michael et al (55) found 28 different miRNAs identified in a 
colonic adenocarcinoma and normal mucosa. They inhibited 
the expression of oncogenes while inhibiting the expression of 
tumor suppressor genes, directly or indirectly.

In cancer research, the hypothesis that cancer stem cells 
are the root of tumor cells has gained attention. With lineage 
tracing system, Schepers et al  (56) confirmed a variety of 
different types of tumor cells from the same stem cells 
expressing Lgr5+ in mice. Moreover, these stem cells are 
the driving force of tumor development. Driessens et al (57) 
marked single tumor cells, while not specifically labeling stem 
cells. They found that cells exhibit two different modes of 
activities: before slowly depleting, they split a few or several 
cells. This again confirmed a unique type of cell subsets is 
the driving force of tumor growth. Therefore, the tumor stem 
cell hypothesis is a scientific explanation of the occurrence of 
cancer.

Based on these findings, it is evident that cancer stem 
cells are special groups in the tumor cells. Tumor stem cells 
may have a different microRNA expression profile vs. non-
stem cell groups. Liu et al (58) showed miR-34a, a p53 target, 
was underexpressed in CD44+ prostate cancer cells, and they 
confirmed that miR-34a inhibits prostate cancer stem cells and 
metastasis by directly suppressing CD44. Godlewski et al (59) 
showed that miR-128 caused a striking decrease in the 
expression of the Bmi-1 oncogene, which is also a stem cell 
renewal factor. Through access to the microRNA database, 
several target genes of differentially expressing microRNAs 
are closely related to the special biology phenotype of stem 
cells. Possible target genes which have functions such as 
self-renewal, differentiation, membrane receptor connection, 
metabolism, tumor-related function are all regulated by differ-
entially expressing microRNAs.

Through further bioinformatics analysis, we found 
that the expression levels of miR-449b and CCND1, E2F3 
in colon cancer stem cells and stem cells are negatively 
correlated. CCND1, E2F3 have been proved to have the 
function of controlling cell cycle. The same family members 
of miR-449b, miR-449a have also been shown to be closely 
related to the miR-34 family. Target genes and target path-
ways of the miR-34 family are closely related to cell cycle 
regulation (29). Therefore, miR-449b may also be related 
to the regulation of colon cancer stem cell cycle. To prove 
this hypothesis, we transfected the precursor of miR-449b 
and miR-449b inhibitor into the colon cancer stem cells. 
As the colon cancer stem cell hypothesis demonstrated, the 
expression level of CCND1, E2F3 and miR-449b correlated 
inversely after transfection. However, this does not suffice 
to prove miR449b directly regulated CCND1 and E2F3 
through a silencing mechanism, nor through other cellular 
factors or pathways. We performed a Dual-Luciferase assay 
to prove this. We co-transfected miR-449b precursor and 

reporter vectors containing E2F3 and CCND1 into cells. 
A decrease in luciferase activity in groups containing 
microRNA precursors and gene sequence reporter vectors 
was successfully observed. This confirmed direct inter-
action between CCND1, E2F3 and miR-449b. When we 
transfected mutants, these phenomena were not observed. 
At the same time, we explored the regulatory mechanism by 
which miR449b regulates E2F3 and CCND1. The change 
of the target gene mRNA levels is less than the protein 
level change. Thus, our evidence indicates that miR‑449b 
uses two ways to regulate target genes, degradation and 
reversible combination.

We further studied the role of miR-449b in the colon 
cancer stem cell cycle regulation. In the group transfected with 
precursor of miR-449b, the number of cells in the G0-G1 phase 
increased significantly. In the group transfected with inhibitor 
of miR-449b, the opposite phenomenon was observed; the 
number of cells in the G0-G1 phase decreased. This is also 
consistent with the regulation of cell cycle function of E2F3 
and CCND1. Similar to the above, miR-449b also influences 
cell growth and viability. By MTT assay, we found that the 
transfection of miR-449b precursors significantly reduced 
the proliferation ability of colon cancer stem cells; this may 
also be achieved through miR-449b direct regulation of E2F3, 
CCND1. It was also consistent with the phenomenon of E2F3 
and CCND1 regulated by microRNAs confirmed by previous 
reports (38,39,60,61). These confirmed that miR-449b has a 
certain influence on cell proliferation. Based on these, miR-
449b, as its family member miR-449a (29), plays a role of the 
tumor suppressor gene.

In general, the regulation of cell signal is a unified 
system. In the present study the colon cancer stem cell 
expression levels of miR-449b changed. The level of its 
target genes also changed. Some pathway-related molecule 
expression levels have changed. In this study, in the pRb 
pathway, if active, the complex of CCND-CDK4/6-Rb, Rb 
can be phosphorylated, promoting cells from G1 to S phase. 
By inhibiting the expression of the Arf gene, E2F3 can 
inhibit the expression of p53. This may result in p53 tumor 
suppressor pathway dysfunction, promoting tumor develop-
ment. We have also seen these molecule expression levels 
changed. This also shows miR-449b regulating cell cycle 
and proliferation not only through E2F3 and CCND1, but 
also through alteration of other molecules. miR-449b indi-
rectly enhances p53 expression levels in colon cancer stem 
cells providing key evidence to prove its tumor suppressor 
role.

In conclusion, our study shows that miR-449b may have a 
direct relationship with E2F3 and CCND1 in colon cancer stem 
cells in vitro. Notably, miR-449b can regulate the expression 
level of E2F3 and CCND1 through the post-transcriptional 
regulation. These in turn affect cell cycle regulation and 
proliferation characteristics. The regulatory pathway related 
molecules also change their expression levels. Regulating 
the expression levels of miR-449b can affect a number of 
important stem cell phenotypes in colon cancer stem cells. 
We can use it to prevent the self-renewal and proliferation of 
colon cancer stem cell, as the source of the colon cancer cells. 
miR-449b may become an important target in the treatment of 
colon cancer in the future.
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