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A B S T R A C T

Objective: In the fight against Colorectal Cancer (CRC), chemotherapy resistance is a major obstacle. Therefore, it 
is imperative to identify effective biomarker therapeutics. Despite microRNAs (miRs) playing a crucial role in 
drug resistance, the mechanisms comprising miR-519d-3p’s role in CRC drug resistance have not been fully 
understood. Therefore, the present study aimed to investigate the biological function of miR-519d-3p in the 
chemosensitivity of CRC cells to 5-Fluorouracil (5-FU).
Methods: CRC cells were treated with 5-FU and transfected. Cellular proliferation, invasion, and apoptosis were 
evaluated. The relationship between miR-519d-3p and 6-Phosphofructokinase-2/Frucose-2, 6-Biphosphatase-3 
(PFKFB3) was analyzed, and their interaction in CRC was further investigated. In vivo tumor experiments were 
conducted to investigate the function of miR-519d-3p and 5-FU in CRC.
Results: As determined, CRC cells overexpressing miR-519d-3p were more sensitive to 5-FU in vitro, as miR-519d- 
3p inhibits proliferation and invasion and stimulates apoptosis. miR-519d-3p directly targeted PFKFB3. In CRC 
cells, PFKFB3 overexpression rescued miR-519d-3p-induced 5-FU toxicity. In vivo results showed that mice co- 
treated with miR-519d-3p mimics and 5-FU showed higher antitumor activity.
Conclusion: Overall, it may be possible to improve 5-FU chemosensitivity of CRC cells by targeting miR-519d-3p 
and PFKFB3.

Introduction

Globally, the third most common kind of cancer worldwide is 
Colorectal Cancer (CRC) which has been treated with 5-Fluorouracil (5- 
FU) as a first treatment option for over 60 years.1,2 5-FU, however, has 
been shown to be ineffective mainly because of acquired drug resistance, 
while the mechanisms underlying 5-FU resistance acquisition are com-
plex and are commonly mediated by complicated processes.3,4 It is 
therefore necessary to study the mechanisms underlying resistance to 
5-FU drugs.

Additionally, it was previously reported that the dysregulation of 
microRNAs (miRNAs/miRs) is involved in cancer progression, as well as 
cancer cells’ resistance to therapies.5,6 In this paper, the authors initially 
conducted correlation sequencing on 5-FU-resistant and non-resistant 

CRC cell strains. The outcomes indicated that miR-519d-3p was mark-
edly different. In the past few years, numerous studies have verified that 
miR-519d-3p affects the development of a diverse array of malignant 
tumors. Liang et al. showed that miR-519d has the potential to regulate 
the Wnt/β-catenin signaling pathway in pancreatic malignancies, 
thereby inhibiting tumor growth.7 Li et al. found that miR-519d-3p can 
inhibit gastric cancer by down-regulating the expression of B-cell lym-
phoma6 cell proliferation and invasion.8 Relevant studies further found 
that miR-519d-3p has an important impact on improving tumor 
chemotherapy resistance. Jiang et al. pointed out that miR-519d-3p 
improves the sensitivity of cervical cancer cells to cisplatin by inhibit-
ing the PI3K/AKT signaling pathway.9 Chen et al. showed that 
miR-519d-3p regulates CREB1 expression and mediates CRC chemo-
sensitivity to oxaliplatin.10 Therefore miR-519d-3p may inhibit tumor 
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growth and alleviate the disease by improving tumor chemotherapy 
resistance, but the effect and mechanism of action in regard to the 
sensitivity of miR-519d-3p of CRC to chemotherapy with 5-FU is still 
unclear and needs further study.

Based on database bioinformatics (http://starbase.sysu.edu.cn/), we 
predicted that miR-519d-3p might be capable of focusing and binding 
multiple downstream target genes, among which PFKFB3 showed strong 
binding affinity. In comparison to the other PFKFB isozymes, the pro-
tease that is encoded by the PFKFB3 gene has the greatest ratio, and it 
has the ability to efficiently increase the efficiency of glycolysis in 
cells.11 So does miR-519d-3p have any effect on glycolysis? For this 
purpose, the authors reviewed the relevant literature: Sun et al. pro-
posed that PVT1 could function as an oncogenic lncRNA, thereby pro-
moting tumor progression and glycolysis by competing with 
miR-519d-3p to regulate HIF-1A12; Another report demonstrated that 
the H19/miR-519d-3p/LDHA axis predominantly contributed to aerobic 
glycolysis, proliferation, and immune evasion of GC cells.13 In recent 
years, the expression of PFKFB3 being elevated in cancerous tissues and 
the role that it plays in the process of carcinogenesis have attracted 
attention while several studies have confirmed that PFKFB3 is overex-
pressed in breast cancer, CRC, pancreatic cancer, gastric cancer are 
overexpressed, leading to tumor cell proliferation, distant metastasis, 
and reduced patient survival.14,15 In addition, PFKFB3 was revealed to 
play an essential function in tumor chemosensitivity, Long et al. 
demonstrated The triggering of the PFKFB3/HIF-1α axis promotes drug 
resistance in hepatocellular carcinoma cells.16 According to the over-
expression, Deng et al. found of PFKFB3 decreased chemosensitivity to 
5-FU in LoVo, HCT116 cells.17 Therefore the relationship among 
miR-519d-3p with PFKFB3, and the mechanism of action of both in the 
sensitivity of CRC to 5-FU chemotherapy needs to be explored in more 
depth.

In summary, the authors hypothesized the following ideas: 1) miR- 
519d-3p may inhibit tumor growth by improving tumor chemotherapy 
resistance, but there is a lack of relevant studies on the sensitivity of 
miR-519d-3p to 5-FU in CRC cells; 2) Based on the prediction of bioin-
formatics databases, PFKFB3 may be a target gene of miR-519d-3p, and 
PFKFB3 has been similarly confirmed to be closely related to tumor 
growth and chemotherapy sensitivity, but there is a lack of relevant 
studies on the mechanism of their functions in the sensitivity of CRC to 
5-FU chemotherapy, as well as the relationship between miR-519d-3p 
and PFKFB3. Therefore, this paper was developed at the following 
levels: 1) We constructed 5-FU resistant cell lines, performed gene 
sequencing with non-resistant cell lines and RT-PCR to verify the genetic 
differences of miR-519d-3p; 2) We verified the effect of miR-519d-3p on 
the sensitivity of CRC cells to the action of 5-FU; 3) In vitro experiments, 
we identified the consequences of miR-519d-3p on the regulation of 
PFKFB3; 4) In vitro and in vivo experiments the authors observed the 
effect of miR-519d-3p targeted regulation of PFKFB3 on the sensitivity 
of CRC 5-FU action, in order to establish novel targets and directions for 
the diagnostic and therapeutic mechanisms of CRC.

Materials and methods

Cell culture

The human CRC cell lines HT-29 and DLD-1 were acquired from FU 
Heng Biology (Shanghai, China). The normal human colon mucosal 
epithelial NCM460 cell line was established by Yuchun Co., Ltd. 
(Shanghai, China), and HCT116 cells were generously provided by Dr. 
Tan (Department of Traditional Chinese Medicine, Jiangsu, China). The 
cell lines mentioned above were cultured in RPMI-1640 medium that 
was supplemented with 10 % fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc.), 1 % penicillin (10,000 U/mL), and streptomycin 
(10 mg/mL). These cells were maintained in a humidified atmosphere 
with 5 % CO2 at 37 ◦C.18

HT29 and DLD-1 human colon cancer cell lines were obtained from 

Wuhan Pricella Life Science and Technology Co., Ltd. in order to 
generate 5-FU resistant cell lines. The cells were dispersed into six-well 
plates. The cells were treated with 5-FU at concentrations of 0, 12.5, 25, 
50, 100, 200, and 300 μg/mL for 1 h, respectively, when the cell density 
reached 70 %‒80 %. The cells were rinsed twice with PBS following 
drug treatment. Fresh medium was substituted for the drug-containing 
medium, which was devoid of 5-FU. At the second transit of the cells, 
the drug-containing medium was reintroduced, and the handling time 
was progressively extended to 2, 3, 6, 12, 24, 36, 48, 60, and 72 h. The 
subsequent action was identical to the one that was previously 
described. To verify the successful generation of 5-FU-resistant cells, a 
CCK-8 assay was conducted until the sensitivity of cells to 5-FU treat-
ment was markedly reduced and stabilized.19,20

RNA isolation and sequencing

The total RNA concentration was determined using a Nanodrop (ND- 
1000) and RNA was isolated from Cell using TriReagent (Ambion Inc, 
TX) in accordance with the manufacturer’s protocol. The quality was 
evaluated using the Agilent 2100 Bioanalyzer, and samples with an RIN 
value of 7 or higher were selected for further analysis. The Illumina® 
TruSeq™ Small RNA Sample Preparation protocol was employed to 
generate small RNA sequencing libraries. Sequencing Data Analysis and 
Normalization were conducted in accordance with the methodology 
previously described.

Cell transfection

The miR-519d-3p mimic and inhibitor were acquired from Gene-
Pharma (Suzhou, China). Lipofectamine 2000 (Invitrogen, Carlsbad, 
California) was employed to conduct transfection in accordance with the 
manufacturer’s instructions.miR-519d-3p mimic sequence: 
5′CAAAGUGCCUCCCUUUAGAGUG3’, miR-519d-3p inhibitor sequence: 
5′CACUCUAAAGGGCAUUUG3’,miR-519d-3p negative control 
sequence: 5′UCUACUUUCUAGGAGGUUGUGA3’.

Small interfering RNA targeting PFKFB3(si-PFKFB3): PFKFB3 
(human)-siRNA-1–1529: 5′GGAUAAGAGUGCAGAGGAGTT3’, pcDN-A- 
PFKFB3 overexpression plasmid (pCMV-PFKFB3(human)-EGFP-Neo. 
dna), negative control plasmids (pCMV-EGFP-Neo.dna (vector) 
sequence: 5′UUCUCCGA-ACGUGUCACGUTTACGUGACACGUUCGA-
GAATT3’ were purchased from General Biology Co., Ltd. Prior trans-
fection, the quality/concentration of nucleic acid transfection by 
siPFKFB3 was 1.28 μg/mL, the quality/concentration of pcDNA-PFKFB3 
transfection nucleic acid was 4 μg/mL, the nucleic acid quality/con-
centration of miR-519d-3p mimic and inhibitor was 1.28 μg/mL. A total 
of 105 DLD-1 and HT-29 cells in a complete culture medium were seeded 
into 24-well plates and cultured until they reached 70 %‒80 % 
confluence. Cell transfection was then carried out using Lipofectamine® 
3000 (Invitrogen; Thermo Fisher Scientific). At 24 h or 48 h following 
transfection, follow-up experiments were performed.

Cell viability assay

CRC cells were distributed into 96-well plates at a density of 4 × 103 

cells per well and cultured for 24 h. HT-29 and DLD-1 cells were sub-
sequently treated with 5-FU at concentrations of 50, 100, 200, 400 and 
800 µg/mL (Meilunbio Co., Ltd.). The absorbance was measured at 450 
nm after the treatment was administered for 24 h. The corresponding 
half-maximal Inhibitory Concentration (IC50) was calculated using 
GraphPad Prism software, and the 5-FU inhibition rate (%) was deter-
mined. The cell viability was evaluated using a Cell Counting Kit-8 assay 
(Wuhan Servicebio Technology Co., Ltd).21,22

Colony formation assay

1 × 103 HT-29 and DLD-1 cells were digested with pancreatic 
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enzymes. Following exposure to 5-FU (50 μg/mL), The cells were 
cultured in 6-well plate, the fresh medium was added every 3-days. After 
14-days, the cells were fixed with 4 % paraformaldehyde for 30 min. 
Subsequently, the colonies were stained with crystal violet dye, counted, 
and observed under a microscope.23

Transwell invasion assays

A chamber with 8.0-μm pore size membranes was used to transfer a 
total of 2 × 105 cells. The upper chamber was coated with 40 μL Matrigel 
attenuated in medium, while the lower chamber was supplemented with 
DMEM with 20 % FBS (Gibco; Thermo Fisher Scientific, Inc.). After in-
cubation at 37 ◦C for 24 h, the upper surface of the membrane was fixed 
with 20 % methanol for 20 mins, and crystal violet was used to stain the 
cells. The inverted light microscope was used to acquire cell images at a 
magnification of × 200.24

Cell apoptosis assay

After 24 h of transfection, 5-FU (50 μg/mL) was administered to CRC 
cells, and the apoptosis rate was evaluated using the Fluorescein Iso-
thiocyanate (FITC) Annexin V Apoptosis Detection Kit (BD Biosciences). 
500 μL of 1 × binding buffer was used to re-suspend the cells, and the 
cells were incubated with 5 μL of Annexin V-FITC and 5 μL of Propyl 
Iodide (PI) solutions at ambient temperature for 15 mins. Lastly, the 
FACScan flow cytometer (BD Biosciences) was employed to quantify the 
percentage of apoptotic cells. The apoptosis is the sum of the early and 
late stages. The sum of early and late apoptosis rates is depicted in the 
bar chart.25

Reverse transcription-quantitative pcr (RT-qPCR)

A TRIzol reagent mix (Wuhan Servicebio Technology Co., Ltd.) was 
employed to isolate total cellular RNA from CRC cells. RT-qPCR was 
used to reverse transcribe the total RNA into cDNA. The following 
thermocycling conditions were employed for qPCR: 40 cycles of 95 ◦C 
for 15 ss and 60 ◦C for 30 ss, followed by a 30 second hold at 95 ◦C. U6 
and β-actin were employed as internal controls for miRNA and mRNA, 
respectively. The 2−ΔΔCt method was employed to quantify the relative 
RNA expression levels.26 Table 1 contains the primer sequences that 
were employed.

Western blot analysis

An extraction reagent (Nanjing KeyGen Biotech Co., Ltd.) was 
employed to extract total cellular proteins. Subsequently, approximately 
30 μg of protein extracts were separated using SDS-PAGE and subse-
quently transferred to PVDF membranes. Following this, the membranes 
were initially incubated with primary antibodies against PFKFB3 
(1:1000; 13,763–1-AP, ProteinTech) and β-actin (1:1000; GB15003, 
Wuhan Servicebio) at 4 ◦C overnight. The membranes were subse-
quently washed with 0.1 % TBS-Tween-20 three times. The membranes 
were subsequently incubated with the corresponding secondary anti-
body, Goat Anti-Rabbit IgG (1:1,0000; 111–035–003, Jackson Immuno 
Research Laboratories, Inc.), diluted in PBS, for 2 h. Chemiluminescence 
was employed to observe the protein bands.

Lactate production assay

The cells were cultured in 6-well plates for 24 h. The lactate content 
in cells was determined using the corresponding lactate reagent (Gen-
eral Biologicals Corporation), ,27 and the supernatant was extracted the 
following day.

Luciferase reporter assay

For 24 h, CRC cells were co-transfected with the PFKFB3-Wild Type 
(WT) or PFKFB3-Mutant (MUT) luciferase reporter plasmids and miR- 
519d-3p mimics or control mimics. A luciferase activity assay reagent 
(General Biologicals Corporation) was employed to measure the lucif-
erase activity.

Tumor xenograft model

For the establishment of a tumor xenograft mouse model, 4-week-old 
male BALB/c nude mice were injected with 5 × 106 DLD-1 cells in 0.1 
mL PBS subcutaneously in the flank. The experiment ended without 
anyone dying. All nude mice in the experiment were euthanized with 
CO2. The mice were monitored daily for condition, diet, and behavior. 
Tumor size was measured every two days, starting from day-7 following 
subcutaneous tumor implantation. Furthermore, mice were intraperi-
toneally injected with 20 mg/kg 5-FU (every 2-days) and 25 mg/kg 
PFK15 (every 3-days). Prior to injection, cells were transfected with 10g 
miR-519d-3p mimics. Following 14 days, mice were euthanized by 100 
% carbon dioxide at a flow rate of 30 % volume displacement per 
minute, according to the 2020 American Veterinary Medical Association 
guidelines. Tumor weight should not exceed 10 % of body weight, while 
the average tumor diameter should not exceed 15 mm. Tumor tissues 
were extracted promptly, measured and images were captured under a 
microscope. Volume (V) = tumor length (L) × tumor short length (W2)/ 
2. Histological analysis of paraffin-embedded tissues was performed 
with Hematoxylin and Eosin (H&E). Research conducted on animals was 
approved by Nanjing Medical University’s Animal Experiment Center 
(approval n◦ 2,203,044). This study follows ARRIVE guidelines.

EdU incorporation assay

An EdU kit was purchased from Meilunbio. In summary, cells were 
dispersed into 96-well plates and cultured overnight. Following the 
corresponding treatment, the cell suspension was supplemented with 1 
× EdU solution for 2 h followed by cell fixation for 15 min. After 
washing, the reaction solution was configured and incubated for 30 min. 
Following washing, the EdU positive cells (red) were observed under a 
fluorescence microscope.28

Gene expression profiling interactive analysis (GEPIA)

GEPIA (http://gepia.cancer-pku.cn/) database was employed to 
analyze the differential expression of PFKFB3 between CRC tissue and 
normal tissue, and the correction between the differential expression of 
PFKFB3 and the prognosis of CRC patient prognosis.

Table 1 
Primer sequences for reverse transcription-quantitative PCR.

Gene 5′‒3′ 3′‒5′

miR-519d-3p ACACTCCAGCTGGGCAAAGTGCCTCCCTTT AATCTCACGAGTTGACTTAACGGCTGAGGTGCTGTGGTCAACTC
PFKFB3 TGCCTGCTTGCCTACTTCCTG TTTCTTCCCTGGATTGGGCGA
U6 CTCGCTTCGGCAGCACA TGCGTTTAAGCACTTCGCAA
β-actin CACCCAGCACAATGAAGATCAAGAT CGAACTGAGTCCTAAATTTTTGACC
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MiRNAs data analysis

MiRNAs analysis was performed by Next Generation Sequencing. 
Differentially Expressed (DE) miRNAs in the sequences were screened 
using the R package limma; p < 0.05 were considered the cutoffs for DE 
miRNAs.29,30

Statistical analysis

Graphpad Prism 8 (GraphPad Software, Inc.) and SPSS version 24.0 
(IBM Corp.) have been used to conduct all statistical analyses. Contin-
uous variable data in a normal distribution were compared using the t- 
test (two groups) or the ANOVA test (three or more groups). Measure-
ments are presented as mean Standard deviation (S). The data were 
analyzed using Tukey’s multiple comparison test for multi-group com-
parisons. The threshold for statistical significance was set at p < 0.05.

Results

Construction of 5-FU resistance model and miR-519d-3p differential 
expression analysis

In order to investigate the variations in miR-519d-3p levels through 
sequencing, the authors initially established 5-FU-resistant strains and 
non-resistant strains as the 5-FU RS group and NRS group. The results of 
CCK-8 demonstrated that the IC50 of DLD-1 and HT-29 non-resistant 
strains was 63.18±8.11 μg/mL and 73.44±8.55 μg/mL, respectively. In 
contrast, the IC50 of DLD-1 and HT-29 resistant strains was 320.90 
±35.12 μg/mL and 374.35±40.32 μg/mL, respectively. These results 
suggest that 5-FU drug-resistant cells were successfully constructed, and 
the resistance of DLD-1 and HT-29 resistant strains was 5.079 and 5.093 
times that of non-resistant strains, respectively (Fig. 1A). The 
sequencing analysis table indicated that there were substantial distinc-
tions between miR-519d-3p drug-resistant strains and non-drug- 

resistant strains (Table 2). In contrast, the content of miR-519d-3p in 
drug-resistant strains was lower than that in non-drug-resistant strains 
as detected by RT-qPCR (Fig. 1B). A series of bioinformatics databases 
were analyzed, and it was discovered that miR-519d-3p were implicated 
in numerous biological pathways (Fig. 1C). miR-519d-3p regulated 
numerous target genes in this pathway (Table 3). These data indicated 
the significant functions of mir-519d-3p in CRC and CRC chemo- 
resistance.

The impact of miR-519d-3p on the 5-FU chemotherapeutic response of crc 
cells

Compared with NCM460, miR-519d-3p was expressed at lower levels 
in the CRC cell lines DLD-1, HT-29 and HCT116 (Fig. 2A). To examine 
the regulatory effect of miR-519d-3p overexpression on CRC, cells were 
transfected with miR-519d-3p mimics. qPCR validated the elevation of 
miR-519d-3p level (Fig. 2B). However, miR-519d-3p was down-
regulated after miR-519d-3p inhibitor transfection (Fig. 2C). For CRC 
cells overexpressing miR-519d-3p, chemosensitivity was enhanced 
(Fig. 2D). CRC cell lines were significantly less sensitive to 5-FU 
chemotherapy after silencing of miR-519d-3p (Fig. 2D and E).

Impact of miR-519d-3p on the antitumor effect of 5-FU on crc cells

The effect of miR-519d-3p on 5-FU tolerance in CRC cells was further 
investigated by inducing or knocking down miR-519d-3p in HT-29 and 
DLD-1 cells. Further investigation of miR-519d-3p’s effect on CRC cells’ 

resistance to 5-FU was conducted by inducing or knocking down miR- 
519d-3p in HT-29 and DLD-1 cells. Therefore, following cell treatment 
with 5-FU, cell proliferation was reduced in miR-519d-3p- 
overexpressing CRC cells. However, cell transfection with miR-519d- 
3p inhibitor exhibited the opposite effect. Furthermore, the antitumor 
response of CRC cells to 5-FU was verified by colony formation, CCK-8 
assay and EdU assays (Fig. 3A‒C). Flow cytometry assay confirmed 

Fig. 1. Construction of 5-FU resistance model and miR-519d-3p differential expression analysis. (A) CCK8 essay was performed to examine the IC50 value for 
DLD-1, HT-29, DLD-1/5FU and HT-29/5-Fu cells after 5-fu treatment. (B) The expression levels of miR-519d-3p in the HT-29, and HT-29/5-Fu cells by RT-qPCR. (C) 
Statistically significant correlations were revealed between miR-519d-3p and their mediated pathways by p-value (log scaled) in a heatmap. Red represents high 
significance. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 2 
Data of the microarray between HT-29 and HT-29/5-FU tumor cells.

A, Up-regulated miRs
MiR name p-value Fold change
hsa-miR-1269a 0.00000 7.83231
hsa-miR-1269b 0.00000 5.75393
hsa-miR-181a-2–3p 0.00000 3.21837
hsa-miR-30e-3p 0.00000 2.1588
hsa-miR-30a-3p 0.00000 2.12918
hsa-miR-548az-5p 0.00000 4.29139
hsa-miR-629–5p 0.00000 1.45936
hsa-miR-30c-2–3p 0.00000 3.16602
hsa-miR-22–3p 0.00000 1.58723
hsa-miR-99b-3p 0.00000 1.26611
hsa-miR-1262 0.00000 2.17112
hsa-miR-182–5p 0.00000 1.15835
hsa-miR-1286 0.00000 1.88006
hsa-miR-21–3p 0.00000 1.19472
hsa-miR-183–5p 0.00000 1.11234
hsa-miR-28–3p 0.00000 1.11292
hsa-miR-3187–3p 0.00000 3.01561
hsa-miR-1275 0.00000 1.7711
hsa-miR-151a-3p 0.00000 1.06485
hsa-miR-10,395–3p 0.00000 1.16417
hsa-miR-99b-5p 0.00000 1.0291
hsa-miR-30b-5p 0.00000 1.03523
hsa-miR-30c-1–3p 0.00000 1.97104
hsa-miR-584–5p 0.00000 1.04564
hsa-miR-378c 0.00000 1.04705
hsa-miR-185–3p 0.00000 1.10073
hsa-miR-203b-3p 0.00001 1.00832
hsa-miR-143–3p 0.00002 1.89288
hsa-miR-4791 0.00003 1.32104
hsa-miR-548bc 0.00008 1.35452
hsa-miR-183–3p 0.00008 2.41157
hsa-miR-106b-3p 0.00009 0.80889
hsa-miR-151a-5p 0.00013 0.85355
hsa-miR-135b-3p 0.00015 1.45467
hsa-miR-552–3p 0.00015 0.82327
hsa-miR-215–5p 0.00016 0.78515
hsa-miR-3605–3p 0.00035 6.68044
hsa-miR-378d 0.00037 1.19805
hsa-miR-941 0.00102 0.69559
hsa-miR-1266–5p 0.00107 0.86453
hsa-miR-181b-5p 0.0012 0.70647
hsa-miR-548aq-3p 0.00125 2.24974
hsa-miR-4660 0.00127 6.4898
hsa-miR-579–5p 0.00127 6.4898
hsa-miR-330–3p 0.00143 0.96721
hsa-miR-320c 0.00149 2.76064
hsa-miR-4664–3p 0.00171 0.79659
hsa-miR-3128 0.00187 1.18254
hsa-miR-320b 0.00192 1.62844
hsa-miR-3177–3p 0.00217 1.63646
hsa-let-7e-5p 0.00305 0.61223
hsa-miR-1–3p 0.00361 1.69638
hsa-miR-1307–5p 0.00488 0.79573
hsa-miR-573 0.00548 1.18665
hsa-miR-30e-5p 0.0056 0.59253
hsa-miR-197–3p 0.00638 0.59837
hsa-miR-629–3p 0.00779 1.71855
hsa-miR-151b 0.00961 3.11799
hsa-miR-1843 0.01371 0.79412
Novel_21_1,079,249 0.01393 1.40986
hsa-miR-141–3p 0.01511 0.55952
hsa-miR-181a-5p 0.01618 0.51732
hsa-miR-584–3p 0.0173 5.86127
hsa-miR-4652–5p 0.01971 1.19148
hsa-miR-652–3p 0.02018 0.59675
hsa-miR-3679–5p 0.02222 1.25932
hsa-miR-140–3p 0.02303 0.47177
hsa-miR-532–5p 0.02387 0.47317
hsa-miR-149–5p 0.02854 0.65427
hsa-miR-4802–3p 0.02943 1.18746
hsa-miR-769–5p 0.02995 0.45191
hsa-miR-26a-5p 0.03323 0.43931
hsa-miR-145–5p 0.03362 5.50577

Table 2 (continued )
A, Up-regulated miRs
MiR name p-value Fold change
hsa-miR-3679–3p 0.03362 5.50577
hsa-miR-616–3p 0.03362 5.50577
hsa-miR-192–3p 0.03415 0.78324
hsa-miR-219b-5p 0.0347 1.93593
hsa-miR-338–3p 0.03848 1.04927
hsa-miR-3691–5p 0.03848 1.04927
hsa-miR-22–5p 0.04198 2.0882
hsa-miR-6505–5p 0.04198 2.0882
hsa-miR-3944–3p 0.04254 1.43987
hsa-miR-3145–3p 0.04431 2.82167
hsa-miR-320d 0.04431 2.82167
hsa-miR-653–5p 0.04431 2.82167
hsa-miR-4758–3p 0.04528 1.60157
hsa-miR-146b-5p 0.04556 0.51255
hsa-miR-2110 0.04617 0.68665
hsa-miR-192–5p 0.04656 0.40738
hsa-miR-27a-5p 0.04795 0.495
B, Down-regulated miRs
MiR name p-value Fold change
hsa-miR-7974 0.00000 −2.33261
hsa-miR-519d-3p 0.00000 −3.4503
hsa-miR-1248 0.00000 −3.06218
hsa-miR-4521 0.00000 −1.37589
hsa-let-7g-5p 0.00000 −1.10095
hsa-let-7i-5p 0.00000 −1.05525
hsa-miR-92a-3p 0.00000 −1.0563
hsa-miR-20a-5p 0.00000 −1.03944
hsa-miR-200b-3p 0.00001 −0.91032
hsa-miR-191–5p 0.00002 −0.89438
hsa-miR-1303 0.00002 −1.20937
hsa-miR-374b-3p 0.00003 −1.61678
hsa-miR-1307–3p 0.00008 −0.84483
hsa-miR-1287–5p 0.00041 −1.3789
hsa-miR-577 0.00049 −1.24214
hsa-miR-335–5p 0.00069 −1.04265
hsa-miR-622 0.0007 −2.62858
hsa-miR-7–5p 0.0007 −0.69613
hsa-miR-103a-3p 0.00125 −0.66489
hsa-miR-492 0.00127 −3.74218
hsa-miR-1255a 0.00131 −1.33212
hsa-miR-141–5p 0.00149 −1.25628
hsa-miR-30d-3p 0.00197 −1.00783
hsa-miR-874–3p 0.00197 −1.22053
hsa-miR-421 0.00261 −0.79412
hsa-miR-17–5p 0.0037 −0.60894
hsa-miR-552–5p 0.00392 −0.71208
hsa-miR-576–3p 0.0043 −0.83863
hsa-miR-642a-5p 0.00444 −2.99438
hsa-miR-224–5p 0.00526 −0.5782
hsa-miR-671–5p 0.00532 −0.79301
hsa-miR-107 0.00543 −0.63028
hsa-miR-660–5p 0.00549 −0.87963
hsa-let-7f-5p 0.00769 −0.54718
hsa-miR-196a-5p 0.00901 −0.58218
hsa-miR-4454 0.01079 −0.8646
hsa-miR-196b-5p 0.01102 −0.55476
hsa-miR-425–5p 0.01176 −0.54634
hsa-miR-574–3p 0.01356 −0.59245
hsa-miR-130b-5p 0.01445 −0.80836
hsa-miR-580–3p 0.01608 −2.44497
hsa-miR-148b-5p 0.01611 −0.6425
hsa-miR-3654 0.01619 −1.85687
hsa-miR-335–3p 0.01715 −0.49545
hsa-miR-3613–5p 0.01813 −1.07413
hsa-miR-18a-3p 0.01879 −0.89444
hsa-miR-455–5p 0.02036 −0.52509
hsa-miR-4485–3p 0.02114 −1.48935
hsa-miR-93–5p 0.02184 −0.47471
hsa-miR-185–5p 0.02313 −0.47694
hsa-miR-32–3p 0.02504 −1.74224
hsa-miR-212–3p 0.02678 −2.29443
hsa-miR-1296–5p 0.02735 −0.72607
hsa-miR-339–5p 0.02921 −0.58047
hsa-miR-19b-3p 0.03191 −0.58198

(continued on next page)
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that miR-519d-3p could induce cancer cell apoptosis to 5-FU, compared 
to the control (12.82 % and 11.62 % in CRC cells, respectively), and the 
cell apoptosis rate in the 5-FU group was 23.95 % and 23.05 %. More 
significantly, CRC cell apoptosis was notably enhanced in the miR- 
519–3p + 5-FU group (33.57 % and 42.20 % in CRC cells, respectively 
but the CRC cell apoptosis was repressed in the miR-519–3p inhibitor +
5-FU group (18.70 % and 16.77 % in CRC cells, respectively) as shown in 
(Fig. 3D). Overall, the foregoing data suggested that miR-519d-3p af-
fects the antitumor effect of 5-FU on CRC cells.

Regulatory role of miR-519d-3p in suppressing PFKFB3 expression

PFKFB3 plays a critical role in glycolysis in CRC.11-14 The relation-
ship between the endocytosis interaction pathway and regulation of 
miR-519d-3p was analyzed by DIANA-miRPath data mining.31 A total of 
25 genes were regulated by miR-519d-3p in this pathway. Cytoscape, a 
graphical interaction molecule display software, was used to construct a 
network of interactions between miR-519d-3p and target genes in the 
Endocytosis interaction pathway. Meanwhile, Bioinformatics TargetS-
canHuman 8.0 analysis revealed that the PFKFB3–3′-UTR encompassed 
a binding site for miR-519d-3p (Fig. 4A). The luciferase activity in cells 
co-transfected with miR-519d-3p mimics and PFKFB3-WT was reduced 
compared to cells transfected with PFKFB3-MUT, as demonstrated by 
luciferase assays (Fig. 4B). In addition, miR-519d-3p overexpression or 
silencing reduced or increased PFKFB3 levels, respectively (Fig. 4C‒E). 
Furthermore, PFKFB3 silencing could reverse the miR-519d-3p knock-
down-mediated PFKFB3 upregulation (Fig. 4F). miR-519d-3p could 
regulate PFKFB3 and could have a significant effect on CRC.

Role of PFKFB3 in modulating chemotherapy response and metabolic 
pathways in crc cells

Bioinformatics analysis using the GEPIA database revealed that 
PFKFB3 was elevated in CRC tissues compared with normal tissues. In 
addition, the bioinformatics analysis also demonstrated that disease-free 
survival was significantly decreased (Fig. 5A and B). Furthermore, 
western blot analysis showed that PFKFB3 was upregulated in CRC cells 
versus NCM460 cells (Fig. 5C). Subsequently, PFKFB3 was further 
investigated in vitro for its effect on 5-FU sensitivity in CRC. DLD-1 cells 
were transfected with pcDNA-PFKFB3 or si-PFKFB3. RT-qPCR analysis 
showed that DLD-1 cell transfection with si-PFKFB3 showed effectively 
reduced the PFKFB3 expression (Fig. 5D). and pcDNA-PFKFB3 elevated 
PFKFB3 expression (Fig. 5E). PFKFB3 overexpression or silencing 
inhibited or promoted tumor cell proliferation, respectively, following 
cell treatment with 5-FU (Fig. 5F). These results were further verified by 
colony formation assays (Fig. 5G), and thus indicating that PFKFB3 
knockdown could promote CRC cell apoptosis (Fig. 5H). Additionally, 
the chemosensitivity of DLD-1 cells to 5-FU treatment at different con-
centrations was significantly improved in PFKFB3-depleted CRC cells 
compared with the 5-FU group (Fig. 5I). Furthermore, lactate produc-
tion was notably reduced in miR-519d-3p-overexpressing DLD-1 cells 
compared with the 5-FU group. However, lactate secretion was mark-
edly induced in miR-519d-3p-depleted DLD-1 cells (Fig. 5J). Results 
showed that PFKFB3 attenuated 5-FU sensitivity in CRC cells and 
enhanced glycolysis.

The interplay between PFKFB3 and miR-519d-3p in regulating 
proliferation, apoptosis, and invasion of 5-FU-treated crc cells

To validate the effect of miR-519d-3p-targeted regulation of the 
PFKFB3 axis on CRC cells, functional experiments were carried out. 
Following cell treatment with 5-FU, the viability and colony formation 
ability of DLD-1 cells in the miR-519d-3p mimics + pcDNA-PFKFB3 
group were enhanced but apoptosis was reduced versus the miR-519d- 
3p mimics group (Fig. 6A‒F). Furthermore, miR-519d-3p over-
expression or silencing significantly attenuated or enhanced, respec-
tively, the invasion ability of 5-FU treated cells, respectively (Fig. 6G). 
Overall, the aforementioned findings demonstrated that miR-519d-3p 
could affect CRC cell behavior after 5-FU treatment by directly target-
ing PFKFB3.

miR-519d-3p-mediated regulation of 5-FU resistance in vivo

By subcutaneously injecting 5 × 106 DLD-1 cells, a mouse model of 
CRC was created to determine whether miR-519d-3p could increase its 
chemosensitivity to 5-FU in vivo. Therefore, tumor development was 
suppressed in the miR-519d-3p mimics + 5-FU group compared with the 
5-FU group (Fig. 7A and C). The body weight of mice in the miR-519d-3p 
mimics + 5-FU group was not decreased versus the other groups 
(Fig. 7B). Each group was assessed using H&E staining (Fig. 7D).

Discussion

Chemoresistance is a major factor affecting the treatment efficacy 
and clinical outcomes of CRC patients,32 and studies have shown that 
about half of stage II or III CRC patients develop resistance or relapse 
during chemotherapy and that the prognosis of CRC patients is closely 
related to drug resistance.33,34 Among them, 5-FU has been used for 
many years and is the first line of chemotherapy, so it is important to 
search for therapeutic targets to improve 5-FU chemoresistance and 
provide patients with new therapeutic approaches. The authors first 
constructed a 5-FU-resistant strain of CRC cells and found that the IC50 
of the resistant strain was significantly increased by detection, and the 
growth inhibition of the resistant strain was less restricted as the con-
centration of 5-FU increased, resulting in a successful resistance model.

Table 2 (continued )
A, Up-regulated miRs
MiR name p-value Fold change
hsa-miR-30d-5p 0.0322 −0.43898
hsa-miR-365a-3p 0.03249 −0.88748
hsa-miR-365b-3p 0.03249 −0.88748
hsa-miR-548n 0.03356 −0.90692
hsa-miR-10,394–5p 0.03362 −5.78323
hsa-miR-3916 0.03362 −5.78323
hsa-miR-4741 0.03362 −5.78323
hsa-miR-33a-3p 0.03484 −1.3839
hsa-miR-454–3p 0.03897 −0.47224
hsa-miR-500a-3p 0.04175 −0.54283
hsa-miR-152–3p 0.04845 −0.45099

Table 3 
Statistical significance in pathways mediated by miR-519d-3p.

KEGG pathway Genes p-value
Axon guidance 19 0.00236
Thyroid hormone signaling pathway 13 0.00358
Endocytosis 25 0.00423
Gap junction 10 0.00519
MAPK signaling pathway 29 0.01339
Glycosphingolipid biosynthesis - ganglio series 3 0.01909
Hepatitis B 14 0.01926
Endocrine and other factor-regulated calcium reabsorption 7 0.02229
mTOR signaling pathway 9 0.02351
TGF-beta signaling pathway 10 0.02490
Neurotrophin signaling pathway 17 0.09170
Estrogen signaling pathway 11 0.09568
Renal cell carcinoma 9 0.11081
Arachidonic acid metabolism 1 0.11865
Glioma 8 0.16769
Circadian rhythm 6 0.17347
Bladder cancer 7 0.18883
Retrograde endocannabinoid signaling 10 0.18883
Prolactin signaling pathway 9 0.19286
Dopaminergic synapse 15 0.00005
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The resistance mechanism of 5-FU is complex, ranging from influ-
encing 5-FU metabolizing enzymes, and cellular metabolic process 
proteins to drug transporter proteins, etc., several studies have shown 
that miRNA dysregulation and other factors are the current hotspots of 
5-FU drug resistance research.4,35,36 This study focuses on miR-519d-3p, 
which belongs to the isoform of miR-519d. Ren et al. observed that 
miR-519 can suppress the proliferation of breast cancer cells by target-
ing the down-regulation of the human antigen R, which has been sug-
gested in previous studies to be closely associated with a variety of 
malignancies.37 Zhou et al. indicated that miR-519d promotes cervical 
cancer progression and metastasis.38 In contrast, studies on the resis-
tance of miR-519d-3p, an isoform of miR-519d, to CRC chemotherapy 
are lacking. In this study, the authors found that miR-519d-3p expres-
sion was downregulated in 5-FU-resistent CRC cells by sequencing as 
well as RT-qPCR assay. Further functional assays carried out in the 
present study showed that overexpression of miR-519d-3p increased 
5-FU sensitivity, promoted apoptosis, and inhibited cell proliferation 
(clone formation assay, EDU assay, and Transwell assay); on the con-
trary, knockdown of miR-519d-3p resulted in decreased 5-FU sensitivity 
of CRC cells, promoted their proliferation, and decreased apoptosis, 
indicating further that miR-519d-3p may strengthen the sensitivity of 
CRC cells to 5-FU. Glucose metabolism is an important energy source 
process to support tumor cell metabolism, in which glycolysis plays a 

central role, and PFKFB3 is one of the key enzymes involved in glycolytic 
metabolism.39 In this study, according to the Targetscan website pre-
diction, wherePFKFB3 may be one of the main target genes downstream 
regulated by miR-519d-3p. By up-regulating and down-regulating 
miR-519d-3p, determining the mRNA and protein levels of PFKFB3, 
and constructing a luciferase gene reporter assay, miR-519d-3p was 
found to negatively phase-regulate the expression of PFKFB3, suggesting 
that miR-519d-3p can target and regulate PFKFB3. On this basis the 
authors added PFK-15, an inhibitor of PFKFB3, and the results showed 
that the negative regulation of PFKFB3 by miR519d-3p could be 
partially reversed with the use of an inhibitor of PFKFB3, which further 
demonstrated that miR519d-3p could target and regulate PFKFB3, and 
the authors then proposed the hypothesis that miR-519d-3p might 
promote CRC cells’ sensitivity to 5-FU by targeting and binding to 
PFKFB3 and suppressing its expression to promote sensitization of CRC 
cells to 5-FU. In order to continue to explore the effect of PFKFB3, the 
target gene of miR-519d-3p on 5-FU sensitivity in CRC cells, the authors 
performed cellular experiments and found that: 1) The expression of 
PFKFB3 in CRC cells was higher than that in normal colorectal mucosa; 
2) PFKFB3 could enhance the proliferation and reduce the apoptosis of 
CRC cells under the effect of 5-FU, and thus inhibit the sensitivity of CRC 
cells to 5-FU.

Previous studies have found that inhibition of miR-330–3p 

Fig. 2. miR-519d-3p regulates the chemosensitivity of CRC cells to 5-FU. (A) The expression levels of miR-519d-3p in the CRC cell lines HT-29, DLD-1 and 
HCT116, and normal human colon mucosal epithelial NCM460 cell line were detected by RT-qPCR. (B and C) The expression levels of miR-519d-3p in DLD-1 and HT- 
29 cells transfected with miR-519d-3p mimics or inhibitor were detected using RT-qPCR. (D and E) CRC cells transfected with miR-519d-3p mimics or inhibitor were 
treated with different 5-FU doses. The inhibition rate of CRC cells was measured using a Cell Counting Kit 8 assay. * p < 0.05, ** p < 0.01, *** p < 0.001. Experiments 
were repeated at least three times. miR-519d-3p, microRNA-519d-3p; CRC, Colorectal Cancer; 5-FU, 5-fluorouracil; RT-qPCR, Reverse Transcription- 
Quantitative PCR.
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expression promotes glycolytic capacity and promotes CRC resistance to 
5-FU.40 Deng et al. noted that MiR-488 targeted inhibition of PFKFB3 
reduces lactate release and helps to improve the sensitivity of 5-FU and 
oxaliplatin to CRC cells.17 The above studies suggest that the authors the 
authors can regulate cellular glycolytic metabolism through miRNAs to 
affect CRC chemosensitivity. Thus, on the basis of the previous experi-
ments, first the authors determined the lactate content in CRC cells 
under the effect of 5-FU, and found that the lactate content decreased 
after the intervention, and further decreased after further over-
expression of miR-519d-3p. On the basis of the previous experiments, we 
proceeded to transfect CRC cells with miR-519d-3p mimics to inhibit its 
downstream target gene PFKFB3, while the transfected miR-519d-3p 
inhibitor produced the opposite effect, suggesting that 
miRNA-519d-3p binds PFKFB3 and regulates its expression; 

subsequently, the authors co-transfected PFKFB3 with miR-519d- 3p 
cotransfected into CRC cells, and the data showed that the upregulation 
of PFKFB3 partially reversed the effects of miR-519d-3p on proliferation, 
apoptosis, and invasion produced in CRC cells under the action of 5-FU. 
The present findings suggest that microRNA-519d-3p may regulate the 
biological functions of CRC cells and affect 5-FU sensitivity by targeting 
the inhibition of PFKFB3.

For the purpose to determine whether miR-519d-3p has similar re-
sults in vivo experiments, the authors conducted in-depth nude mouse 
tumor formation experiments. The authors constructed a nude mouse 
tumor model, subcutaneously inoculated with CRC cells, and after the 
tumors grew to a certain extent, they were grouped and treated ac-
cording to the experimental purpose, and the results showed that the 
growth of nude mouse tumors was significantly inhibited by the use of 5- 

Fig. 3. miR-519d-3p enhances the antitumor activity of 5-FU against CRC cell proliferation, invasion and apoptosis. (A) The proliferation ability of miR- 
519d-3p-overexpressing or -silencing 5-FU-treated CRC cells was assessed by colony formation and (B) EdU assays (magnification, × 200). (C) Colorectal cancer 
cells transfected with miR-519d-3p mimics or inhibitors were treated with different doses of 5-FU. The proliferation of CRC cells was measured using a cell counting 
kit 8. (D) Flow cytometric analysis was carried out to determine the proportion of apoptotic miR-519d-3p-overexpressing CRC cells treated with 5-FU. * p < 0.05, ** p 
< 0.01, *** p < 0.001. miR-519d-3p, microRNA-519d-3p; 5-FU, 5-Fluorouracil; CRC, Colorectal Cancer.
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Fig. 4. miR-519d-3p acts as a tumor suppressor to regulate PFKFB3 in human CRC cells. (A) TargetScan was used to predict the binding site of miR-519d-3p on 
PFKFB3 3′-UTR. (B) The luciferase activity was measured in DLD-1 cells co-transfected with miR-519–3p mimics and WT or mutant PFKFB3 3′-UTR. (C and D) 
Reverse transcription-quantitative PCR and (E) western blot analysis were performed to evaluate the effect of miR-519–3p overexpression or knockdown on the 
expression of PFKFB3. (F) The protein expression levels of PFKFB3 were determined in miR-519–3p-depleted PFK15-treated CRC cells using western blot analysis. * p 
< 0.05, ** p < 0.01, *** p < 0.001. miR-519d-3p, microRNA-519d-3p; PFKFB3, 6-Phosphofructokinase-2/Frucose-2, 6-Biphosphatase-3; WT, Wild-Type; 3′-UTR, 3′ 

Untranslated Region.
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FU, and at the same time, the tumor growth was further inhibited by the 
intra-tumoral injection of miR-519d-3p mimics. This suggests that miR- 
519d-3p can also inhibit tumor growth in vivo, corroborating with the 
results of the cell section.

Conclusion and limitation

Overall, the miR-519d-3p/PFKFB3 axis could be a potential target of 
a personalized treatment approach for promoting 5-FU sensitivity of 
CRC. In the future, the authors will add more studies related to 5-FU- 
resistant cell lines and collect clinical samples at a later stage to 
continue the research.

Availability of data and materials

For experiment data acquired please contact corresponding authors.

Ethics approval

The animal experiment was supported by the Institutional Animal 
Committee of Nanjing Medical University (Ethical protocol number: 
2,203,044 and date: 2022–03–21).

Fig. 5. PFKFB3 attenuates 5-FU chemosensitivity and enhances lactate production in CRC cells. (A) The differential expression of PFKFB3 between CRC and 
normal tissues was analyzed by GEPIA database. (B) Bioinformatics analysis in the GEPIA database revealed that high PFKFB3 expression was associated with lesser 
disease-free survival. (C) The protein expression levels of FPKFB3 were detected using western blot analysis. (D) The mRNA expression levels of PFKFB3 were 
measured using reverse transcription-quantitative PCR. (E) For the determination of pcDNA-PFKFB3 transfected overexpression protein. (F) Cell viability and (G) 
colony formation assays were carried out to assess the proliferation ability of PFKFB3-overexpressing or -silencing CRC cells treated with 5-FU. (H) Flow cytometry 
was used to calculate the apoptosis rate of PFKFB3-depleted DLD-1 cells treated with 5-FU. (I) Cell inhibition rate was determined in CRC cells treated with or without 
PFK15 (10 μM) and exposed to different concentrations of 5-FU for 24h. (J) Lactate production was determined in miR-519d-3p-overexpressed or -depleted CRC cell 
lines treated with 5-FU. * p < 0.05, ** p < 0.01, *** p < 0.001. PFKFB3, 6-Phosphofructokinase-2/Frucose-2, 6-Biphosphatase 3; 5-FU, 5-Fluorouracil; CRC, 
Colorectal Cancer; GEPIA, Gene Expression Profiling Interactive Analysis.
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Fig. 6. PFKFB3 inhibits the effect of miR-519d-3p on the chemosensitivity of CRC cells. (A and B) Cell viability was assessed in CRC cells treated with 5-FU. (C 
and D) DLD-1 cell viability was significantly higher in the miR-519d-3p mimics + pcDNA-PFKFB3 group compared with the miR-519d-3p mimics group. However, 
DLD-1 cell viability was reduced in the miR-519d-3p knockdown + PFKFB3 silencing group compared with the miR-519d-3p inhibitor group. (E) 5-FU-treated DLD-1 
cell proliferation was assessed using colony formation assays. (F) Flow cytometry was used to determine the apoptosis rate of DLD-1 cells treated with different 
compounds. (G) The invasion ability (magnification, × 200) of 5-FU-treated DLD-1 cells was enhanced in the PFKFB3 overexpression + miR-519d-3p mimics group 
compared with the miR-519d-3p mimics group. * p < 0.05, ** p < 0.01, *** p < 0.001. PFKFB3, 6-Phosphofructokin-ase-2/Frucose-2, 6-Biphosphatase 3; miR-519d- 
3p, miR-519d-3p; CRC, Colorectal Cancer; 5-FU, 5-Fluorouracil.
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Fig. 7. miR-519d-3p overexpression enhances the chemotherapeutic effect of 5-fluorouracil on colorectal cancer in vivo. (A) Tumors were excised from mice 
(n = 4) after day 21. (B and C) Body weight and tumor volume were measured every other day. (D) Hematoxylin and eosin staining in xenograft tumor tissues is 
shown (magnification, × 200). * p < 0.05, ** p < 0.01. Images were captured at three independent microscopic fields.
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