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Compared to three normal colon tissues that 
served as surrogates due to the absence of 
normal colon cell lines, miR-34a expression 
was significantly downregulated in seven CRC 
cell lines (Figure 2A). As shown in a previous 
study, both miR-34a and 5-FU alone could 
inhibit the growth of CRC cells. The current 
work addresses whether miR-34a has any syn-
ergistic effect with 5-FU. HCT116 and SW480 
cell lines were used in the following experi-
ments, and ectopic expression of miR-34a was 
confirmed by quantitative polymerase chain 
reaction (PCR; Figure 2B). After treatment, cell 
viability indicated by OD450 was highest in cells 
treated with miR-Ctrl (the mean OD450 was 6.49 
in HCT116 cell and 10.47 in SW480 cell), mod-
erate in cells treated with miR-34a (the mean 

OD450 was 3.55 in HCT116 cell and 6.20 in 
SW480 cell) or miR-Ctrl+5-FU (the mean OD450 
was 2.13 in HCT116 cell and 6.11 in SW480 
cell), and lowest in cells treated with miR-
34a+5-FU (the mean OD450 was 0.98 in HCT116 
cell and 2.42 in SW480 cell). These results sug-
gested that miR-34a could increase the sensi-
tivity of CRC cells to 5-FU in vitro (Figure 2C and 
2D).

miR-34a increased 5-FU sensitivity by inducing 
cell apoptosis

To explore the mechanisms by which miR-34a 
increased 5-FU sensitivity, we used flow cytom-
etry to analyze the cellular apoptotic rate. As 
shown in Figure 3A-D, compared to control 

Figure 3. Cell apoptosis were detected in (A and B) HCT116 and (C and D) SW480 cells after treatment with miR-
Ctrl, miR-34a, miR-Ctrl+5-FU, and miR-34a+5-FU (*P<0.05). The expression levels of apoptotic proteins including 
cleaved caspase-9, 8, cleaved PARP, and Bcl-2 were evaluated in HCT116 and SW480 cells (E).

Figure 4. A. After stable expression of miR-34a, the level of miR-34a in SW480 cells was confirmed (P<0.001). B. 
The gross specimens of xenografts in mice after treated with miR-Ctrl, miR-34a, miR-Ctrl+5-FU, and miR-34a+5-FU. 
C. The growth curves of xenografts during the treatment with miR-Ctrl, miR-34a, miR-Ctrl+5-FU, and miR-34a+5-
FU. Tumor volume was expressed as Mean ± S.D. D. The expression levels of apoptotic proteins including cleaved 
caspase-9, 8, and Bcl-2 were evaluated in xenografts.
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(8.1% and 13.7% in HCT116 and SW480), miR-
34a (16.8% and 17.5% in HCT116 and SW480) 
or 5-FU (10.5% and 16.1% in HCT116 and 
SW480) alone could increase the proportion of 
apoptotic cells in both cells. Moreover, more 
apoptotic cells in both cells were found when 
miR-34a combined with 5-FU (20.5% and 
19.8% in HCT116 and SW480). Induction of cell 
apoptosis was further confirmed by western 
blot to detect apoptosis-related proteins. Acco- 
mpanied by cell apoptosis, the expression of 
cleaved caspase-9, caspase-8 and PARP was 
enhanced, but the anti-apoptosis gene Bcl-2 
was inhibited (Figure 3E). These data suggest-
ed that induction of cell apoptosis was one of 
the mechanisms involved in miR-34a expres-
sion increasing 5-FU sensitivity.

miR-34a increased the inhibitory activity of 
5-FU in vivo

SW480 cells transfected with miR-34a or miR-
Ctrl were confirmed by quantitative PCR (Figure 

4A) and then subcutaneously inoculated into 
the dorsal flank of NOD/SCID mice to establish 
xenografts in vivo. After the tumors reached 
about 150 mm3, mice were treated with 5-FU or 
0.9% saline solution as a control. We found 
that, unlike in cells transfected with miR-Ctrl 
and treated with 0.9% saline solution, the 
growth of tumors in other three groups was 
suppressed to a certain extent. Tumor suppres-
sion was most significant in cells transfected 
with miR-34a and treated with 5-FU, with tumor 
growth inhibition (TGI) 91% (Figure 4B and 4C), 
which was consistent with the results shown in 
Figure 2 and confirmed that miR-34a increased 
the antitumor activity of 5-FU in CRC in vitro 
and in vivo.

As presented above, cell apoptosis was also 
analyzed using Western blot analysis to detect 
the expressions of apoptosis-related proteins 
in xenografts. As shown in Figure 4D, cell apop-
tosis was confirmed according to the changes 
in cleaved caspase-9, caspase-8, and Bcl-2.

Figure 5. A. CREB1, Bcl-2, Notch 1, Sirt1, E2F3, HDAC1, and BIRC5 were predicted as targets of miR-34a by three 
prediction software packages. B. The potential binding sites of miR-34a in 3’UTR of each target gene. Alignment in 
the figure indicated by vertical lines means the direct binding site of miR-34a with each target gene. C. After ectopic 
expression of miR-34a, the expressions of CREB1, Bcl-2, Notch 1, Sirt1, and E2F3 were decreased, however, the 
expressions of HDAC1 and BIRC5 were increased.
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Potential target genes of miR-34a

To facilitate further study of the underlying 
mechanism, we predicted possible targets of 
miR-34a by searching three reliable databases 
(MicroRNA-org, DIANA, TargetScan). Figure 5A 
lists several target genes including CREB1, Bcl-
2, Notch 1, Sirt1, E2F3, HDAC1, and BIRC5, 
which were reported to be involved in the regu-
lation of 5-FU chemosensitivity [15-20], and 
the binding sites of miR-34a in 3’-UTR were 
also presented in Figure 5B. Our results dem-
onstrated that the expression of CREB1, Bcl-2, 
Notch 1, Sirt1, and E2F3 was decreased in 
HCT116 cells transfected with miR-34a com-
pared to miR-Ctrl (Figure 5C), which suggested 
these genes might be the targets of miR-34a. 
However, whether these genes are the direct 
targets of miR-34a remains unclear and needs 
to be validated further.

Discussion

miR-34a has been confirmed to be downregu-
lated in multiple tumors, including CRC, in sev-
eral studies [15, 21-24]. We previously demon-
strated that the expression of miR-34a can 
serve as an independent prognostic factor for 
recurrence [15]. In this study, we analyzed the 
3-year recurrence rate of 91 stage II/III CRC 
patients who received fluorouracil-based adju-
vant chemotherapy stratified by miR-34a expre- 
ssion. We found that patients with high levels of 
miR-34a had lower 3-year recurrence rate than 
patients with low levels of miR-34a. It is here 
suggested that miR-34a has some relationship 
to fluorouracil.

To validate the above, we evaluated patients 
with stage IV CRC treated with first-line fluoro-
uracil-based regimens. As expected, patients 
with high levels of miR-34a expression were 
found to benefit more from fluorouracil-based 
chemotherapy than patients with lower levels 
of expression. Our results indicate for the first 
time that miR-34a expression could predict the 
patient response to fluorouracil-based chemo-
therapy in patients. In clinical practice, almost 
all patients received fluorouracil as part of their 
combination regimens. As a consequence, our 
results suggested that there might be some 
correlation between miR-34a and fluorouracil, 
which we confirmed using in vitro cell experi-
ments and in vivo animal experiments.

Our cell viability assay in HCT116 and SW480 
cells demonstrated that cell growth was signifi-
cantly inhibited by miR-34a combined with 
5-FU relative to miR-34a or 5-FU alone. This 
was further confirmed in SW480-cell-derived 
xenografts. These results suggested that miR-
34a could increase 5-FU therapeutic sensitivity 
in vitro and in vivo. Consistent with our results, 
other groups reported that miR-34a was down-
regulated in 5-FU-resistant DLD-1 cells, and 
that miR-34a could resensitize 5-FU-resistant 
DLD-1 cells to 5-FU. All of this data showed that 
miR-34a was promising for use in patients to 
enhance the sensitivity of 5-FU treatments.

To identify the mechanisms involved in the 
increased effects of miR-34a and 5-FU, we 
evaluated two important processes: the cell 
cycle and cell apoptosis. Consistent with our 
previous study, significant induction of miR-
34a-mediated apoptosis via the caspase apop-
tosis pathway was verified in this study. There 
was less overall 5-FU-mediated apoptosis than 
miR-34a apoptosis, but the most apoptotic 
cells were observed when miR-34a and 5-FU 
were administered in combination than miR-
34a or 5-FU alone in both cell lines. There were 
also differences in the make-up of apoptosis-
related proteins, which were assessed in both 
in vitro cells (Figure 3) and in vivo xenografts 
(Figure 4). 

In regard to cell cycle, compared to control, 
miR-34a was confirmed to induce cell cycle 
arrest at G1 phase, however, 5-FU was verified 
to induce cell cycle arrest at S phase. As a 
result, the progress of the cell cycle in cells 
exposed to both miR-34a and 5-FU might be 
complicated and the results may be difficult to 
interpret, which was shown in Supplementary 
Figure 1. 

MicroRNA acts by regulating target genes, and 
several target genes have been reported to be 
regulated by miR-34a, such as Notch1, c-Myc, 
Sirt1, Bcl-2, LDHA, and KLF4. In this study, 
three reliable databases (MicroRNA-org, DIANA, 
TargetScan) were employed to predict the pos-
sible target genes of miR-34a. Seven potential 
targets including CREB1, Bcl-2, Notch 1, Sirt1, 
E2F3, HDAC1, and BIRC5 were screened and 
preliminarily validated. We found that ectopic 
expression of miR-34a could not suppress the 
expression of HDAC1 or BIRC5 at the mRNA 
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level. Among the remaining five genes down-
regulated by miR-34a, further studies would be 
conducted to confirm the genes directly regu-
lated by miR-34a and involved in 5-FU sensitiv-
ity. It was reported that Bcl-2 was an integral 
outer mitochondrial membrane protein that 
blocked the apoptotic death of some cells such 
as lymphocytes [27]. Moreover, numerous stud-
ies reported that Bcl-2 participated in regulat-
ing chemosensitivity in multiple tumors [17]. 
Wu and his colleagues reported that the phos-
phorylated Bcl-2 regulated by PXN contributed 
to 5-FU based chemotherapy resistance in CRC 
[17]. Similarly, numerous studies indicated that 
CREB1, Notch 1, Sirt1, and E2F3 were reported 
to play a role of oncogenes and involved in reg-
ulating response to chemotherapy [16, 18-22]. 
Further studies would be conducted to identify 
the direct genes regulated by miR-34a and 
involved in 5-FU sensitivity.

Also, there are limitations in our study and the 
results were needed to be further validated due 
to the relative small samples of stage IV CRC 
patients. In addition, more mechanisms under-
lying cell proliferation and chemosensitivity 
would be investigated such as autophagy and 
necrosis, and the identification of target genes 
of miR-34a would be continued. In summary, 
we found for the first time that miR-34a might 
function as a predictor of fluorouracil chemo-
sensitivity in patients with CRC, and a combina-
tion strategy of miR-34a with fluorouracil was 
expected to be more beneficial for CRC patients.
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Supplementary Table 1. Primer sequences and size of targets of miR-34a
Gene Sequence (5’-3’)
CREB Forward TCAGCCGGGTACTACCATTC

Reverse TTCAGCAGGCTGTGTAGGAA
Bcl-2 Forward GTGGAGGAGCTCTTCAGGGA

Reverse AGGCACCCAGGGTGATGCAA
Notch 1 Forward CAATGTGGATGCCGCAGTTGTG

Reverse CAGCACCTTGGCGGTCTCGTA
Sirt1 Forward TGGCAAAGGAGCAGATTAGTAGG

Reverse CTGCCACAAGAACTAGAGGATAAGA
E2F3 Forward GATGGGGTCAGATGGAGAGA

Reverse GAGACACCCTGGCATTGTTT
HDAC 1 Forward CTGGCAAAGGCAAGTATTA

Reverse TGTAAGACCACCGCACTAGG
BIRC5 Forward CAGATTTGAATCGCGGGACCC

Reverse CCAAGTCTGGCTCGTTCTCAG
GAPDH Forward GCAAGTTCCACGGCACAG

Reverse TCAGCACCAGCATCACCC
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Supplementary Figure 1. Cell cycle analysis in HCT116 and SW480 cells treated with miR-Ctrl, miR-34a, miR-
Ctrl+5-FU, and miR-34a+5-FU.


