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1  | INTRODUC TION

MicroRNAs (miRNAs or miRs) are endogenous approximately 22‐
nt non‐coding RNAs that negatively regulate gene expression by 
inhibiting the translation of mRNAs in a sequence‐specific man‐
ner.1‐3 More than 3000 miRNAs in the human genome have already 
been identified (http://www.mirba se.org/), and up t33o one‐third 

of all human mRNAs are predicted to target plural target mRNAs 
in various cancers.3 Each miRNA can target more than 200 differ‐
ent transcripts directly or indirectly,4,5 and more than one miRNA 
can converge on a single mRNA target.3,6 Therefore, the potential 
regulatory circuitry afforded by miRNAs is enormous. These find‐
ings support the notion that alterations of miRNA copy number and 
their regulatory genes should be highly prevalent in cancer, because 

 

Received: 4 January 2019  |  Revised: 30 April 2019  |  Accepted: 25 May 2019

DOI: 10.1111/cas.14090  

O R I G I N A L  A R T I C L E

Induced miR‐31 by 5‐fluorouracil exposure contributes to the 
resistance in colorectal tumors

Yoshihito Nakagawa1  |   Yuki Kuranaga2 |   Tomomitsu Tahara1 |   Hiromi Yamashita1 |   
Tomoyuki Shibata1 |   Mitsuo Nagasaka1 |   Kohei Funasaka2 |   Naoki Ohmiya1 |   
Yukihiro Akao2

This is an open access article under the terms of the Creat ive Commo ns Attri bution‐NonCo mmerc ial‐NoDerivs License, which permits use and distribution in 
any medium, provided the original work is properly cited, the use is non‐commercial and no modifications or adaptations are made.
© 2019 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

1Department of Gastroenterology, School 
of Medicine, Fujita Health University, Aichi, 
Japan
2The United Graduate School of Drug 
Discovery and Medical Information 
Sciences, Gifu University, Gifu, Japan

Correspondence
Yoshihito Nakagawa, Department of 
Gastroenterology, Fujita Health University, 
School of Medicine, Kutsukake‐cho, 
Toyoake, Aichi, Japan.
Email: yo‐hi@fujita‐hu.ac.jp

Funding information This study was 
supported by grants from Fujita Health 
University and by a Grant‐in‐aid for scientific 
research from the Ministry of Education, 
Science, Sports, and Culture of Japan. 
Nakagawa's research was supported by joint 
research funds from Eli Lilly Japan.

Abstract
Drug resistance makes treatment difficult in cancers. The present study identifies 
and analyzes drug resistance‐related miRNA in colorectal cancer. We established 4 
types of 5‐fluorouracil (5‐FU)‐resistant colon cancer cell lines in vitro and in vivo. We 
then analyzed the miRNA expression profile by miRNA array in these 4 cell lines, and 
identified the drug resistance‐related miRNAs. We examined the expression levels of 
the identified miRNA in 112 colorectal tumor samples from the patients. We iden‐
tified 12 possible miRNAs involved in 5‐FU resistance by miRNA arrays. We then 
examined the relationship between miR‐31, which was the most promising among 
them, and drug resistance. The ectopic expression of mimic miR‐31 showed signifi‐
cant 5‐FU resistance in the parental DLD‐1 cells, while anti–miR‐31 caused signifi‐
cant growth inhibition in DLD/F cells; that is, 5‐FU‐resistant colon cancer cell line 
DLD‐1 under exposure to 5‐FU. When we exposed high doses of 5‐FU to parent or 
5‐FU‐resistant cells, the expression levels of miR‐31 were raised higher than those of 
controls. Notably, the expression levels of miR‐31 were positively correlated with the 
grade of clinical stages of colorectal tumors. The protein expression levels of factors 
inhibiting hypoxia‐inducible factor 1 were downregulated by transfection of mimic 
miR‐31 into DLD‐1 cells. This study provides evidence supporting the association of 
miR‐31 with 5‐FU drug resistance and clinical stages of colorectal tumors.
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genomic aberrations are closely associated with carcinogenesis.7,8 
Recent increasing evidence shows that the expression of miRNA 
genes is deregulated in human cancers.7,8 Previously, we reported 
that the dysregulation of miRNA‐143, ‐145, ‐7, ‐34a and ‐21 might 
have affected the endoscopic appearance and development path‐
ways of colorectal tumors.9,10 Moreover, we reported that the 
miR‐143 showed a significant tumor‐suppressive effect of DLD‐1 
human colorectal cancer cells in vitro and in vivo through silencing 
KRAS signaling networks.9,11,12

Currently, many anti–cancer drugs have been developed and 
used for metastatic and adjuvant treatment of colorectal cancer.
13fluorouracil (5‐FU)14 is one of the most popular and important 
anticancer drugs for colorectal cancer in the world.13 Therefore, 
the drug resistance of 5‐FU makes treatment with systemic chemo‐
therapy difficult in colorectal cancer. It is reported that dysregula‐
tion of microRNA expression causes drug resistance in colorectal 
cancer.15‐19

In the current study, we established 4 types of 5‐FU‐resistant 
colon cancer cell lines in in vitro and in vivo mouse models. We an‐
alyzed the miRNA expression profile by miRNA array and found the 
predictive 5‐FU resistance‐related miRNAs. Among them, we con‐
cluded that miR‐31 is closely involved in 5‐FU resistance in colorec‐
tal cancer cells.

2  | MATERIAL S AND METHODS

2.1 | Reagents

5‐fluorouracil (FUJIFILM Wako Pure Chemical Corporation) was di‐
luted with (DMSO, FUJIFILM) in vitro or normal saline in vivo. H2O2, 
oxaliplatin and irinotecan (FUJIFILM) was diluted with DMSO.

2.2 | Cell culture and cell viability

Human colorectal malignant cell lines DLD‐1 and SW480 were 
grown in RPMI‐1640 medium supplemented with 10% (v/v) heat‐
inactivated FBS (Sigma) and 2 mmol/L L‐glutamine under an at‐
mosphere of 95% air and 5% CO2 at 37°C. Other cell lines, such as 
SW480 (KRAS‐mutated), WiDr (BRAF‐mutated), HT‐29 (BRAF‐mu‐
tated) and SW48 (both wild) cells, were also used. The evaluation of 
cell growth was determined by trypan blue (FUJIFILM Wako Pure 
Chemical Corporation, Tokyo, Japan) dye‐exclusion assay. For evalu‐
ating IC50, the starting cell number was 1 × 105/mL.

2.3 | Establishing 5‐fluorouracil‐resistant colon 
cancer cell lines in vitro and in vivo

We establish 5‐FU‐resistant colon cancer cell lines in vitro. First, we 
sowed DLD‐1 or SW480 cells in a culture bottle and exposed the 
cells to a low dose 5‐FU (half dose of IC50). 5‐FU was diluted with 
DMSO. We repeatedly gradually exposed 5‐FU in low to high doses 
to DLD‐1 or SW480 cells, and were able to establish DLD/F (5‐FU‐
resistant DLD‐1) and SW/F (5‐FU‐resistant SW480).

At the same time, we establish 5‐FU‐resistant colon cancer 
cell lines in an in vivo mouse model. Animal experimental pro‐
tocols were approved by our institute's Committee for Ethics in 
Animal Experimentation, and animal experiments were conducted 
in accordance with the guidelines for Animal Experiments of Fujita 
Health University. Human colon cancer DLD‐1 cells were injected 
with 2 × 106 cells/100 μL per site on the subcutaneous xenograft 
nude mice (CAnN.Cg‐Foxn1nu /CrlCrlj; Charles River, San Diego, 
CA, USA) aged 5 weeks, which is set as day 0. Tumor size was 
monitored by measuring the length and width with calipers, and 
volumes were calculated using the formula: (L × W2) × 0.5, where 
L is the length and W is the width of each tumor. When the tumor 
sized reached 150 mm3, 5‐FU (50 mg/kg) was administered intra‐
peritoneally once a week. 5‐FU was diluted using normal saline. As 
a control, normal saline was intraperitoneally administered once 
a week. When tumor size reached 900 mm3, we collected tumors 
from mice, and we sowed and cultured tumor cells in a culture bot‐
tle. Once the cell numbers increased, the tumor cells were again 
transplanted into mice. We repeated this procedure twice, and we 
were able to establish 2 types of 5‐FU‐resistant cell lines (mDLD/
F1 and mDLD/F2) and control cell lines mDLDc in an in vivo mouse 
model.

2.4 | Cell cycle distribution

Quantification of cell cycle distribution was determined by using 
FACS.20 Briefly, the cells were harvested and fixed with 70% cold 
ethanol at −20°C overnight. The fixed cells were washed twice with 
PBS, resuspended in 100‐μL PBS‐based propidium iodide solution 
containing 0.1% Triton X‐100 (Wako Pure Chemical Industries), 
0.2 mg/mL RNase A (Invitrogen) and 20 μg/mL propidium iodide 
(Invitrogen), and incubated for 30 minutes at room temperature pro‐
tected from the light. The DNA content in the cells was analyzed by 
cytometry (Invitrogen, Waltham, MA, USA).

2.5 | Patients and tissue preparation

All human samples were obtained in a fresh state from patients 
who had undergone a direct biopsy for diagnosis or surgery for 
resection of colorectal tumors at Fujita Health University Hospital 
(Aichi, Japan), Saiseikai Ibaraki Hospital (Osaka, Japan), Osaka 
Medical College Hospital (Osaka, Japan) or Kyoritsu General 
Hospital (Aichi, Japan) between 2002 and 2018. No fresh frozen 
or formalin‐fixed, paraffin‐embedded (FFPE) samples were used in 
this study. Two pathologists diagnosed each sample based on the 
Japanese Classification of Colorectal Carcinoma (8th edition).21 
Informed consent in writing was obtained from each patient. The 
protocol was approved by the Ethics Committee of Fujita Health 
University Hospital. At first, we analyzed the expression level of 
identified microRNA in colorectal tumor tissues compared with 
adjacent normal colon tissues in the same patient. We examined 
the identified miRNA expression levels in 112 sporadic colorectal 
tumors (28 low grade tubular or tubulovillous adenomas, 18 high 
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grade tubular or tubulovillous adenomas, 10 tubular carcinomas in 
situ, 12 tubular carcinomas invading submucosa and 44 advanced 
cancers). Next, we analyzed the expression level of identified mi‐
croRNA in colorectal tumors to examine the association of target 
proteins. We examined the identified miRNA expression levels in 
112 sporadic colorectal polyps (7 hyperplastic polyps and 14 ser‐
rated adenomas).

2.6 | RNA isolation and quantitative real‐time PCR

Total RNA was isolated from the tissues using TRIzol containing 
phenol/guanidium isothiocyanate and treatment with DNase I.9‐

11 At first, expression levels of miRNAs <0.50 were designated 
as downregulated and >2.00 as upregulated through estimating 
microRNA array estimation (Human miRNA Oligo chip, TORAY, 
Tokyo, Japan).

After that, to examine the expression levels of miRNAs in de‐
tail, we performed TaqMan MicroRNA Assays using a real‐time PCR 
apparatus (Life Technologies, Grand Island, NY, USA).9‐11,22‐24 We 
examined the expression levels of tumor miRNAs compared with 
those of the paired normal samples in a blinded fashion. The thresh‐
old cycle (Ct) is defined as the fractional cycle number at which the 

fluorescence passes a fixed threshold. The range of Ct values of 
these miRNAs in colorectal cancer was from 18 to 40. In our data, 
we judged that there was no miRNA expression over 28 cycles, be‐
cause there were miRNA molecules less than 50 copies per 1 mL 
in Ct value 28. The levels of miRNAs in each tissue were measured 
and normalized to those of U6, which was used as an internal con‐
trol.9‐11,24 The relative expression levels were calculated using the 
ΔΔCt method. The relative expression level in normal tissue was in‐
dicated as “1.”

In human samples, the tumor/non‐tumor ratio of each miRNA 
expression in the samples was determined. The tumor/non‐tumor 
ratio of each miRNA expression in the samples was expressed using 
box‐and‐whisker plots.

2.7 | Transfection experiments

DLD‐1 and DLD/F cells were seeded in 6‐well plates at a concentra‐
tion of 0.5 × 105/well (10%‐30% confluence) on the day before the 
transfection. The mature types of miR‐31 (has‐miR‐31‐5p, mirVana 
miRNA mimic; Life Technologies) and anti–miR‐31 (Anti–miR miRNA 
Inhibitor; Life Technologies) were used for the transfection of the 
cells, which was achieved by using cationic liposomes, Lipofectamine 

F I G U R E  1   Established 5‐fluorouracil (5‐FU)‐resistant cell growth in human colorectal cancer cell line. A, Effect of 5‐FU on cell growth 
of parent and 5‐FU‐resistant cells at various concentrations. Cell numbers after treatment with 5‐FU were evaluated using the trypan‐blue 
dye exclusion test. B, Cell cycle distribution of parent and 5‐FU‐resistant cells. C, The expression of cell cycle‐related protein in parent and 
5‐FU‐resistant cells
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RNAiMAX (Life Technologies), according to the manufacturer's lipo‐
fection protocol. The nonspecific miRNA (mirVana miRNA Mimic, 
Negative Control #1, Life Technologies) was used as a control for 
nonspecific effects.10,15,16,25,26 The sequence of the mature type of 
miR‐31 used in this study was 5′‐AGGCAAGAUGCUGGCAUAGCU 

‐3′. The effects manifested by the introduction of miRs into the 
cells were assessed at 48 hours after the transfection. The effects 
manifested by the introduction of miRNAs into the cells were as‐
sayed at 48 hours after the transfection by western blot and quan‐
titative RT‐PCR analyses for miRNA.

F I G U R E  2   Identification of miRNAs involved in 5‐fluorouracil (5‐FU) resistance in colon cancer cells. A, The heatmap of miRNA 
expression profiles between the 5‐FU treated and non‐treated cells. miR‐31 (arrow) was more frequently overexpressed in 5‐FU resistant 
cells than 5‐FU non‐treatment cells. B, Expression levels of miR‐31 in parent and 5‐FU‐resistant cells. Right panel: DLD‐1 and DLD/F cells. 
Left panel: mDLDc, mDLD/F1 and mDLD/F2 cells. The relative expression levels were calculated using the ΔΔCt method, with RNU6B used 
as a control
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2.8 | Western blotting

The cells were homogenized in chilled RIPA buffer comprising 
50 mmol/L Tris‐HCl buffer (pH7.6), 150 mmol/L NaCl, 1% Nonidet 
P40, 0.5% sodium deoxycholate and 0.1% SDS and stood for 30 min‐
utes on ice. After centrifugation at 13 000 rpm for 20 minutes at 
4°C, the supernatants were collected as protein samples. Protein 
contents were measured with a BCA Protein Assay Kit (Takara Bio, 
Shiga, Japan). Ten micrograms of lysate protein for western blot‐
ting of cyclin D1 (Cell Signaling Technology), CDK4 (Cell Signaling 
Technology), cyclin B1, factor inhibiting hypoxia‐inducible factor 
1 (FIH1, Cell Signaling Technology), PKM1 (Novus Biologicals) and 
GAPDH (Cell Signaling Technology, Danvers, MA, USA) was sepa‐
rated by SDS‐PAGE using a 10% polyacrylamide gel and electroblot‐
ted onto a PVDF membrane (Du Pont, Wilmington, DE, USA). After 
blockage of nonspecific binding sites for 1 hour with 5% nonfat milk 
in PBS containing 0.1% Tween 20, the membrane was incubated 
overnight at 4°C with the first antibody. The membranes were then 
washed 3 times with PBS containing 0.1% Tween 20, incubated fur‐
ther with HRP‐conjugated sheep anti–mouse or donkey anti–rabbit 
Ig antibody (Amersham Biosciences) at room temperature, and then 
washed 3 times with PBS containing 0.1% Tween 20. The immuno‐
blots were visualized using an enhanced chemiluminescence detec‐
tion kit (ECL Prim, Amersham Biosciences).

2.9 | Statistics and data analysis

Each examination was performed in triplicate. In experiments 
on clinical samples, expression levels >10.0 were designated as 

upregulated, for which fold changes were obtained from the results 
of linear discriminant analysis of miR‐31 expression patterns from 
pairs of colon tumors and non‐tumorous tissues. Statistical differ‐
ences of miRNA levels were evaluated by using Pearson's χ2 test, 
Fisher's extract test, or single‐factor ANOVA for differences be‐
tween 2 groups. A P‐value of 0.05 was considered significant. All 
calculations were performed by using software BellCurve for Excel 
(version 2; SSRI).

3  | RESULTS

We were able to establish 5‐FU‐resistant colon cancer cell lines 
in in vitro and in vivo mouse models. We named DLD/F cells, 
which are 5‐FU‐resistant DLD‐1 cells in vitro, SW/F cells, which 
are 5‐FU‐resistant SW480 cells in vitro, mDLDc, which are con‐
trol DLD‐1 cells in vivo, and mDLD/F1 and mDLD/F2, which are 
5‐FU‐resistant DLD‐1 produced in an in vivo experiment. We 
examined the effect of 5‐FU at various concentrations on cy‐
totoxity in these cells, as judged by trypan blue‐exclusion test 
(Figure 1A). The 5‐FU‐resistant cell proliferation rate was lower 
compared to that of the 5‐FU non‐treatment cells (Figure 1A). 
The IC50 value of 5‐FU was DLD‐1: 7.64 ± 0.25 μmol/L, DLD/F: 
41.23 ± 0.24 μmol/L, SW480: 4.19 ± 0.35 μmol/L, SW/F: 
21.28 ± 0.20 μmol/L, mDLDc: 4.23 ± 0.12 μmol/L, mDLD/F1: 
17.68 ± 0.14 μmol/L, and mDLD/F2: 19.78 ± 0.13 μmol/L. In con‐
trast, IC50 of irinotecan, oxaliplatin and H2O2 had no significant 
difference between 5‐FU‐resistant cells and 5‐FU non‐treatment 
cells (data not shown).

F I G U R E  3   Effect of 5‐fluorouracil 
(5‐FU) exposed DLD‐1 and DLD/F cells. 
A, Expression levels of miR‐31 in mimic 
miR‐31 transfected DLD‐1 cells treated 
with 10 μmol/L of 5‐FU for 48 h. B, 
Expression levels of miR‐31 in miR‐31 
inhibitor transfected DLD/F cells treated 
with 20 μmol/L of 5‐FU for 48 h. The 
relative expression levels were calculated 
using the ΔΔCt method, with RNU6B used 
as a control

F I G U R E  4   Expression levels of miR‐31 
in parent or 5‐fluorouracil (5‐FU)‐resistant 
cells treated with various concentrations 
of 5‐FU for 48 h. The relative expression 
levels were calculated using the ΔΔCt 
method, with RNU6B used as a control
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Cell proliferation of 5‐FU‐resistant cells was significantly slower 
than that of parent cells (Figure 1A). We examined the cell cycle of 
parent cells and 5‐FU‐resistant cells. Cell cycle analysis indicated a 
trend that G0/G1 arrest in DLD/F cells and G2/M arrest in mDLD/F1 
and 2 cells were evident compared with parent cells (Figure 1B). The 
protein expression of CDK4 and Cyclin B1, which were cell cycle‐re‐
lated proteins,27 was lower in 5‐FU cells than parent cells (Figure 1C).

We examined the miRNA expression profile in 5‐FU‐resistant 
cells compared with 5‐FU non‐treatment cells. Seven miRNAs were 
overexpressed in 5‐FU‐resistant cells compared with parent cells 
and 5 miRNAs were overexpressed in parent cells compared with 
5‐FU‐resistant cells (Figure 2A). We found that miR‐31 was most 
promising among these miRNAs, because miR‐31 was more fre‐
quently overexpressed in 5‐FU‐resistant cells than 5‐FU non‐treat‐
ment cells. We next analyzed the relationship between upregulation 
of miR‐31 and 5‐FU resistance.

Subsequently, we examined whether the expression level of 
miR‐31 contributed to 5‐FU resistance. First, we compared the 
expression level of miR‐31 in 5‐FU‐resistant cells with parent cells 
(Figure 2B). The expression level of miR‐31 in 5‐FU‐resistant cells 
was higher than in parent cells. Next, mimic miR‐31 caused a sig‐
nificant resistance to 5‐FU in DLD‐1 cells, which are 5‐FU resistant 
colon cancer cells of DLD‐1 after the exposure of 5‐FU (Figure 3A). 
In contrast, anti–miR‐31 caused significant growth inhibition in 
DLD/F cells (Figure 3B). When we exposed a high dose of 5‐FU to 
parent or 5‐FU‐resitant cells, the expression levels of miR‐31 were 
raised higher than those of control cells (Figure 4).

We determined that one of the important target genes related 
to chemoresistance of miR‐31 was FHI‐1 (http://micro rna.sanger.
ac.uk/). FIH‐1 is also known as hypoxia inducible factor 1 alpha sub‐
unit inhibitor (HIF1AN). It has already been reported that miR‐31 
inhibited the expression of FIH‐1.28,29 In addition, FIH‐1 inhibited 

F I G U R E  5   The expression levels of 
FIH‐1 and PKM‐1 protein in colorectal 
cells. These proteins were examined by 
western blot analysis. A, Mimic miR‐31 
was transfected in DLD‐1 or mDLDc 
cells. B, miR‐31 inhibitor was transfected 
in DLD/F or mDLD/F1 cells. C, siRNA of 
FIH‐1 or mimic miR‐31 was transfected 
in SW48 (KRAS wild) and DLD‐1 (KRAS 
mutant) cells

http://microrna.sanger.ac.uk/
http://microrna.sanger.ac.uk/
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the expression of PKM1.20 We examined the expression of FIH‐1 
protein after transfection of the mimic miR‐31 into the parent cells 
by western blot analysis (Figure 5A). The expression levels of FIH‐1 
protein were markedly decreased and PKM1 protein was increased 
by transfection with mimic miR‐31 in parent cells. We also examined 
the expression of FIH‐1 protein after transfection of the anti–miR‐31 
into the 5‐FU‐resistant cells (Figure 5B). The expression levels of 
FIH‐1 protein were increased by transfection with anti–miR‐31 
in 5‐FU‐resistant cells. In addition, silencing FIH‐1 increased the 

resistance to 5‐FU in SW48 (KRAS wild) and DLD‐1 (KRAS mutant) 
cells (Figure 5C).

Finally, we analyzed the expression level of miR‐31 in colorectal 
tumor tissues and compared this with that of adjacent normal colon 
tissues in the same patient. The expression level in each tumor sample 
was evaluated using the relative ratio of tumor to non‐tumor tissue. 
The expression level of miR‐31 was lower in adenoma or early cancer 
depth mucosa than early cancer depth submucosa or advanced cancer 
(Figure 6). Expression levels of >10.0 were considered upregulated. The 
expression levels of miR‐31 in adenoma and carcinoma in situ were sig‐
nificantly lower than those of carcinomas invading submucosa and ad‐
vanced cancers (Table 1). The expression level of miR‐31was positively 
associated with the grade of the clinical stage of colorectal tumors.

4  | DISCUSSION

Various regimens were developed with the aim of more effective 
treatment for metastatic and adjuvant treatment of colorectal can‐
cer.13 For example, 5‐FU/leucovorin,30‐32 FOLFOX (5‐FU, leucovorin 
and oxaliplatin)33‐35 or FOLFIRI (5‐FU, leucovorin and irinotecan)34‐37 
FOLFOXILI (5‐FU, leucovorin, oxaliplatin and irinotecan)35‐37 are 
well‐known regimens globally. 5‐FU is one of most important anti‐
cancer drugs for treatment of colorectal adenocarcinoma.13

Drug resistance of anticancer drugs makes treatment with sys‐
temic chemotherapy difficult. Many studies have reported on the 
mechanisms of drug resistance.38 Recently, it has become clear that 
microRNA plays an important role in drug resistance for chemother‐
apy of cancer.18,19 We previously reported that miR‐34a or miR‐145 
was related to drug resistance in colorectal cancer, too.15‐17 In this 
study, we suggested that miR‐31 was related to the 5‐FU resistance in 
colorectal cancer. There are some reports that miR‐31 is related to the 
5‐FU resistance in colorectal cancer.39,40 Korourian et al and Li et al 
reported that miR‐31 targeted RhoA,39 and a long non‐cording RNA 
for 5‐FU resistance, respectively.39 In our data, mimic miR‐31 caused 
a significant 5‐FU resistance in control mother cells (Figure 3A). 
Moreover, anti–miR‐31 caused significant growth inhibition in 5‐FU‐
resistant cells after the expose of 5‐FU (Figure 3B). When we exposed 
a high dose of 5‐FU to parent or 5‐FU‐resistant cells, the expression 
levels of miR‐31 were increased more compared with no treatment 
cells (Figure 4). Our data suggested that miR‐31 played on important 
role in 5‐FU resistance of colorectal cancer. It is necessary to note that 
introduction of mimic‐miR‐31 suppresses cell proliferation of colorec‐
tal cancer cells but causes drug resistance (Figure 3A).

The Warburg effect is a well‐known feature of cancer cell metab‐
olism.41 In addition, it is well known that there are many factors that 
establish the Warburg effect (eg, HIF‐1 and c‐Myc).42 We previously 
reported the relationship between drug resistance and the Warburg 
effect.20,43 Hypoxia‐inducible factor 1α (HIF‐1α) is an important pro‐
tein to maintain the Warburg effect, because HIF‐1α mediated tran‐
scriptional responses to localized hypoxia in normal tissues and in 
cancers and can promote tumor progression by altering cellular me‐
tabolism and stimulating angiogenesis.44 There were some reports 

F I G U R E  6   Box‐and‐whisker plots of miRNA‐31 expression in 
colorectal tumors. The relative expression levels were calculated 
using the ΔΔCt method, with RNU6B used as a control. The relative 
expression level in normal tissue was indicated as “1.” M, carcinoma 
in situ; SM, carcinoma invades submucosa

TA B L E  1   Expression of miR‐31 in human colorectal tumor 
tissues were evaluated by performing TaqMan real‐time PCR assays

Colorectal tumor n
Overexpression of 
miR‐31 P‐value

Low‐grade adenoma 28 6 (21.4%) 0.008

High‐grade adenoma 18 3 (16.6%)

Cancer (M) 10 1 (10.0%)

Cancer (SM) 12 7 (58.3%)

Advanced cancer 44 25 (56.8%)

Adenoma and cancer 
(M)

56 10 (17.9%) 0.001

Cancer (SM and 
advanced)

56 32 (57.1%)

The relative expression levels were calculated using the ΔΔCt method, 
with RNU6B used as a control. The relative expression level in normal 
tissue was indicated as “1.” The expression levels in tumors were desig‐
nated as upregulated when the fold change from the expression in the 
non‐tumorous tissue was 10.0. Statistical differences in miRNA levels 
were evaluated by using Pearson's χ2 test and, Fisher's exact test for 
differences between 2 groups. A P‐value of 0.05 was considered to be 
significant; statistical analysis was done in this manner for all subse‐
quent tables. M, carcinoma in situ; SM, carcinoma invades submucosa.
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concerning the relationship between drug resistance and HIF‐1.45‐

47 FIH‐1 inhibited HIF‐1α activity. FIH‐1 protein inhibited PKM‐1.20 
Moreover, there were some reports that miR‐31 targeted FIH and 
enhanced the Warburg effect.26,27,48 In our data, the protein ex‐
pression levels of FIH‐1 were decreased markedly; in contrast, those 
of PKM‐1 were increased by the transfection with mimic miR‐31 in 
DLD‐1 cells (Figure 5). Moreover, the growth ability of 5‐FU‐resis‐
tant cells was lower than that of control cells (Figure 1A). Our data 
suggested that the protein expression of CDK4 and Cyclin B1 was 
lower in 5‐FU cells than parent cells (Figure 1C). There was likely 
inhibition of transition from G1 to S1 phase in 5‐FU‐resistant cells. 
Furthermore, the expression level of miR‐31 was higher in early can‐
cer invading submucosa or advanced cancer than carcinoma in situ 
or adenoma (Figure 6 and Table 1). These data might suggest that 
upregulated miR‐31 expression caused 5‐FU resistance in colorectal 
cancer through maintenance of the Warburg effect (Figure S1).

The serrated neoplastic pathway came with the discovery that 
mutations in the oncogene BRAF occur in serrated polyps.49,50 In 
addition, high miR‐31 expression was significantly associated with 
BRAF mutation in colorectal cancers.50 We examined the expression 
levels of miR‐31 in serrated adenomas and hyperplastic polyps. The 
expression level of miR‐31 was higher in serrated adenomas than 
hyperplastic polyps (P = 0.078; Table S1). It was certain that BRAF 
mutant cells (WiDr and HT‐29) showed high expression of miR‐31 
(Figure S2). However, a clear positive correlation was not found be‐
tween BRAF mutation/miR‐31 high expression and 5‐FU resistance 
in the steady‐state cells. The signaling cascade by induced miR‐31 
after the 5‐FU exposure may function for the 5‐FU resistance.

In this study, we mainly analyzed the relationship between 5‐FU 
resistance and the miRNA profile of colorectal tumors. Moreover, 
the expression level of miR‐31 was higher in carcinomas invading 
submucosa or advanced cancer than in carcinomas in situ or adeno‐
mas. These data might suggest that the increased expression level of 
miR‐31 caused 5‐FU resistance in colorectal cancer through silencing 
FIH‐1, which is associated with cancer‐specific energy metabolism.
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