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Abstract 

Background  Although the representative treatment for colorectal cancer (CRC) is radiotherapy, cancer cells survive 
due to inherent radioresistance or resistance acquired after radiation treatment, accelerating tumor malignancy 
and causing local recurrence and metastasis. However, the detailed mechanisms of malignancy induced after radio-
therapy are not well understood. To develop more effective and improved radiotherapy and diagnostic methods, it 
is necessary to clearly identify the mechanisms of radioresistance and discover related biomarkers.

Methods  To analyze the expression pattern of miRNAs in radioresistant CRC, sequence analysis was performed 
in radioresistant HCT116 cells using Gene Expression Omnibus, and then miR-1226-5p, which had the highest expres-
sion in resistant cells compared to parental cells, was selected. To confirm the effect of miR-1226-5 on tumorigenicity, 
Western blot, qRT-PCR, transwell migration, and invasion assays were performed to confirm the expression of EMT fac-
tors, cell mobility and invasiveness. Additionally, the tumorigenic ability of miR-1226-5p was confirmed in organoids 
derived from colorectal cancer patients. In CRC cells, IRF1, a target gene of miR-1226-5p, and circSLC43A1, which 
acts as a sponge for miR-1226-5p, were discovered and the mechanism was analyzed by confirming the tumorigenic 
phenotype. To analyze the effect of tumor-derived miR-1226-5p on macrophages, the expression of M2 marker in co-
cultured cells and CRC patient tissues were confirmed by qRT-PCR and immunohistochemical (IHC) staining analyses.

Results  This study found that overexpressed miR-1226-5p in radioresistant CRC dramatically promoted epithelial-
mesenchymal transition (EMT), migration, invasion, and tumor growth by suppressing the expression of its target 
gene, IRF1. Additionally, we discovered circSLC43A1, a factor that acts as a sponge for miR-1226-5p and suppresses its 
expression, and verified that EMT, migration, invasion, and tumor growth are suppressed by circSLC43A1 in radioresist-
ant CRC cells. Resistant CRC cells-derived miR-1226-5p was transferred to macrophages and contributed to tumori-
genicity by inducing M2 polarization and secretion of TGF-β.

Conclusions  This study showed that the circSLC43A1/miR-1226-5p/IRF1 axis is involved in radioresistance and can-
cer aggressiveness in CRC. It was suggested that the discovered signaling factors could be used as potential biomark-
ers for diagnosis and treatment of radioresistant CRC.
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Background
Colorectal cancer (CRC) is a malignant tumor that occurs 
in the colon and rectum and is the third most common 
type of cancer [1]. Treatment approaches for colorec-
tal cancer typically include a combination of surgery, 
radiotherapy, chemotherapy, and targeted therapy [2, 3]. 
Intrinsic resistance of cancer cells or resistance acquired 
after radiotherapy can lead to survival of cancer cells, 
accelerate malignant progression, and potentially lead 
to local recurrence and metastasis [4, 5]. Recent techno-
logical advances in radiotherapy (RT) have enabled more 
accurate irradiation and reduced side effects on normal 
tissues [6], but acquisition of radioresistance and tumor 
recurrence still remain major challenges. Recent research 
trends on the acquisition mechanism of resistance focus 
on the relationship between tumors and the microenvi-
ronment, especially immune cells.

Solid tumors are influenced by the tumor micro-
environment, including infiltration of immune cells, 
angiogenesis, and fibroblast proliferation [7–9]. After 
radiotherapy, continuous interaction between tumor 
cells and the microenvironment induces an inflamma-
tory response that promotes the progression of tumor 
malignancy and resistance [7, 8, 10]. Macrophages are 
one of the most important immune cells within the 
tumor microenvironment and are characterized by high 
plasticity [11]. Macrophages have the ability to differenti-
ate into two types: pro-inflammatory (M1) macrophages 
and anti-inflammatory (M2) macrophages, which per-
form distinct functions in cancer progression [12]. M1 
macrophages mediate pathogen resistance and release 
inflammatory cytokines [13]. M2 macrophages dis-
play a pro- tumor phenotype and are involved in EMT, 
angiogenesis and metastasis [14]. Vascular endothelial 
growth factor (VEGF) and platelet-derived growth factor 
(PDGF) are secreted from M2 macrophages to promote 
the creation of an environment for tumor development, 
and CCL22 is secreted to induce the infiltration of regu-
latory T cells and suppress anti-tumor immunity. These 
processes ultimately increase tumor malignancy and 
radioresistance [7, 15]. Previous studies have reported 
that macrophages interact with tumor cells and other 
immune factors to influence CRC progression [11]. How-
ever, research on the mechanism of tumor malignancy 
according to M2 polarization of macrophages in radiore-
sistant CRC is not fully understood. Therefore, the dis-
covery of related signaling factors by analyzing the tumor 
malignancy mechanism of radioresistant CRC and mac-
rophages will be useful as a target for diagnosis and treat-
ment to overcome radioresistance.

MicroRNAs (miRNAs) are non-coding RNAs that 
are 23 nucleotides in length and function to suppress 
post-transcriptional gene expression by binding to the 

RNA 3’UTR of target factors [16]. In CRC, miRNAs 
are known to be involved in the regulation of prolifera-
tion, metastasis, angiogenesis, autophagy, apoptosis, and 
radioresistance by regulating the expression of various 
targets [16]. Oncogenic miRNAs are involved in regu-
lating interactions between cancer cells and other cells, 
leading to immune evasion and therapeutic resistance 
[17]. Since miRNAs are easily transferred between can-
cer cells and surrounding cells, it has been reported that 
tumor-derived miRNAs translocate to macrophages 
and induces macrophage polarization, thereby induc-
ing tumor malignancy mechanisms [18, 19]. For exam-
ple, it has been reported that miR-143-3p derived from 
esophageal squamous cell carcinoma induces M2 polari-
zation of macrophages and induces radioresistance [20]. 
In addition, miR-106b-5p in colorectal cancer activates 
PI3K/Akt/mTOR signaling to induce M2 polarization, 
thereby increasing tumor cell radioresistance, migration, 
invasion, and metastasis [21]. These studies suggest that 
tumor-derived miRNAs may be involved in radioresist-
ance by altering macrophage polarization.

This study revealed that miR-1226-5p overexpressed 
in radioresistant CRC cells induces the mechanism of 
tumor malignancy by suppressing the expression of the 
target factor, IRF1, and promoting the activation of M2 
macrophages and the secretion of TGF-β, thereby induc-
ing radioresistance. These results improved our under-
standing of the mechanisms of radioresistance-induced 
cancer malignancy. In addition, the factors discovered 
through the mechanism analysis of miR-1226-5p in radi-
oresistant CRC were verified at the cellular level, animal 
models, patient-derived organoids, and specimens show-
ing their potential as biomarkers for the diagnosis and 
treatment of patients with radioresistant CRC.

Methods
Patient specimens
Tissue and plasma from patients with colorectal can-
cer were Institutional Review Board (IRB) approved in 
Korea Institute of Radiological and Medical Sciences 
(KIRAMS). The plasma specimens used for this study 
were distributed by the Korea Institute of Radiologi-
cal and Medical Sciences (KIRAMS) Radiation Biobank 
(KRB) in Republic of Korea (KRB-2021-I002, KRB-
2023-I001). The bio-specimens and data used in this 
study were provided by the Radiation Tissue Resources 
Bank of Korea Cancer Center Hospital (TB-2021-02-B/
P50, C/P50, L/P40). For human cancer tissues, sam-
ples were obtained from patients with colorectal cancer 
whose primary tumor site was the colon or rectum. In 
the miR-1226-5p expression analysis, no classification 
was made according to patient information, and experi-
ments were performed on adjacent normal and tumor 
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tissues. Human tissue specimens used for tissue stain-
ing were classified according to the patient’s radiotherapy 
status. Human plasma samples were classified according 
to the patient’s radiotherapy status and analyzed for miR-
1226-5p expression.

Cell culture
HCT116 (MSI, CIMP-positive), SW480 (MSS, CIMP-
negative), and THP-1 cells were purchased from Korean 
Cell Line Bank (KCLB, Korea). The identity of the cell 
lines was confirmed by short tandem repeat (STR) profil-
ing, and the analysis was provided by KCLB (Korea). In 
addition, the cells used in this study were confirmed to 
be free of mycoplasma contamination. HCT116, SW480, 
and THP-1 cells were cultured in RPMI 1640 media 
(Corning, NY, USA). RPMI 1640 media used for cell cul-
ture were supplemented with 10% Fetal Bovine Serum 
(FBS, Corning, NY, USA) and 1% penicillin streptomycin 
(Corning, NY, USA). Cells were cultured in an incuba-
tor at 37 °C and 5% CO2. miR-1226-5p mimic and miR-
1226-5p inhibitor were synthesized by Genolution Inc. 
(Korea). All siRNAs against TGF-β and STAT6 purchased 
from Santa Cruz Biotechnology (TX, USA). The IRF1 
gene was inserted into the pClneoFH vector. The circS-
LC43A1 was inserted into the pcDNA3.1( +) CircRNA 
Mini Vector. The primers used for cloning are listed in 
Table  1. Plasmid, miRNA, and siRNA were transfected 
into cells using Lipofectamine 2000 reagent (Invitrogen, 
MA, USA) following the manufacturer’s instructions.

Organoid culture
The patients had a clinical stage of T3N + prior to treat-
ment. These patients received neoadjuvant chemora-
diation (NCRT) and were evaluated using MRI and PET 
scans before and after treatment. The patients were clas-
sified into radiosensitive responses (referred to as RS) and 
radioresistant responses (referred to as RR) based on the 
tumor regression grade (TRG) after NCRT [22]. Meth-
ods for isolation and culture of patient-derived organoids 
were previously described [22]. The patient-derived orga-
noid was cultured in DMEM/F12 media contained B27 
(Gibco, NY, USA), N-acetyl cysteine (United States Phar-
macopeia, MD, USA), human epidermal growth factor 
(BioVision, MA, USA), human Noggin (Peprotech, NJ, 
USA), gastrin (Sigma-Aldrich, MO, USA), and A83-01 
(BioVision, MA, USA).

Colony formation assay
Cells were seeded into 60 mm dish at 100, 300, 1000, and 
5000 cells/dish. After 16 h, cells were exposed to 3, 5, and 
7 Gy radiation. It is stained with crystal violet 10–14 days 
after radiation exposure. Count the number of colonies 
and plot a survival curve.

Table 1  Primer sequences used in experiments

Primer for qRT-PCR Sequences (5’–3’)

miR-1226-5p GTG​AGG​GCA​TGC​AGG​CCT​G

miR-3529-3p AAC​AAC​AAA​ATC​ACT​AGT​CTT​CCA​

miR-522-3p AAA​ATG​GTT​CCC​TTT​AGA​GTGT​

miR-4706 GGA​GGA​AGT​GGG​CGC​TGC​TT

miR-3184-3p AAA​GTC​TCG​CTC​TCT​GCC​CCTCA​

miR-1237-3p TCC​TTC​TGC​TCC​GTC​CCC​

RASSF1 F: TGT​ACT​TGC​GGA​AGC​TGT​TG

R: CCT​TCA​GGA​CAA​AGC​TCA​GG

PTEN F: AGA​CCA​TAA​CCC​ACC​ACA​GC

R: TTC​GTC​CCT​TTC​CAG​CTT​TA

GADD45a F: GGA​GGA​AGT​GCT​CAG​CAA​AG

R: CAG​GCA​CAA​CAC​CAC​GTT​AT

IRF1 F: AGG​GGA​AAA​GGA​GCC​AGA​TC

R: CCT​CCT​CGA​TAT​CTG​GCA​GG

circSLC43A1 F: CCT​CAT​CAG​TGC​TGT​GTT​CG

R: AGG​TTG​AGC​ATC​TCG​TCC​TG

circPDK3 F: CAT​TAC​AAG​ACC​ACG​CCT​GA

R: GTG​TTA​GCC​AGC​CGC​ACA​G

circPPEF1 F: TGG​TCC​TCG​GCT​ACA​ATT​TC

R: ATT​TGG​CCT​TGT​TCA​TCA​GC

circPHF8 F: TGA​TGA​TGA​TGA​CCC​TGC​TT

R: TGC​TCC​AGC​ACT​CAA​AGA​GA

SLC43A1 F: ATC​AGT​GCC​TTC​ACC​CTG​AC

R: ACA​ATG​GTG​TGC​AGG​ACA​AA

CD163 F: CCA​GTC​CCA​AAC​ACT​GTC​CT

R: CAC​TCT​CTA​TGC​AGG​CCA​CA

CD206 F: ACG​GAC​TGG​GTT​GCT​ATC​AC

R: TGA​TCC​CCA​AAA​GTG​TGT​CA

CD11b F: ACG​TAA​ATG​GGG​ACA​AGC​TG

R: GAT​CCT​GAG​GTT​CCG​TGA​AA

ARG1 F: GGA​GAC​CAC​AGT​TTG​GCA​AT

R: CCA​CTT​GTG​GTT​GTC​AGT​GG

IL-8 F: TTC​TGC​AGC​TCT​GTG​TGA​AG

R: TTG​GGG​TGG​AAA​GGT​TTG​GA

IL-6 F: TAC​ATC​CTC​GAC​GGC​ATC​TC

R: AGT​GCC​TCT​TTG​CTG​CTT​TC

IL-1β F: GGA​CAA​GCT​GAG​ GAA​GAT​GC

R: TCG​TTA​TCC​CAT​GTG​TCG​AA

VEGF F: GAC​AGA​CAG​ACA​GAC​ACC​GCC​

R: GAA​CAG​CCC AGA​AGT​TGG​ACG​

CCL17 F: AGC​CAT​TCC​CCT​TAG​AAA​GC

R: CTG​CCC​TGC​ACA​GTT​ACA​AA

CCL22 F: CGC​GTG​GTG​AAA​CAC​TTC​TA

R: ATC​TTC​ACC​CAG​GGC​ACT​CT

CCL24 F: GCC​TTC​TGT​TCC​TTG​GTG​TC

R: GAC​CAC​TCG​GTT​CTC​AGG​AA

TGF-β F: GTG​GAA​ACC​CAC​AAC​GAA​AT

R: CGG​AGC​TCT​GAT​GTG​TTG​AA
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WST‑8 assay
The indicated cells were seeded into 96-well plates at 
4000 cells/well. Cells were exposed to γ-rays with 137Cs 
γ-rays source with a dose rate of 3.81  Gy/min. After 
irradiation, the WST-8 cell viability assay kit (Dyne, 
Korea) was used to measure cell viability according to 
the manufacturer’s instructions. Absorbance is meas-
ured at 450 nm using a microplate reader.

Transwell‑migration and invasion assays
For the transwell migration assay, the bottom of the 
transwell was coated with 0.2% gelatin. Cells were 
seeded on the transwell and filled the lower chamber 
with complete media. After 16  h, the transwell was 
fixed with methanol and stained with crystal violet. For 
the invasion assay, a transwell with 8 μm pores (Corn-
ing, NY, USA) was coated with matrigel (Corning, NY, 
USA). The cells were seeded on the matrigel-coated 
transwell and filled the lower chamber with complete 
media. After 16 h, the transwell was fixed with metha-
nol and stained with crystal violet.

Western blot analysis
Proteins were obtained from cells by using a lysis buffer 
(10  mM Tris–HCl with pH 7.4, 150  mM NaCl, 1% 
NP-40, 1 mM EDTA, 0.1% SDS) that included protease 
inhibitors and phosphatase inhibitors (Roche, Switzer-
land). Samples were separated by electrophoresis on 
SDS-PAGE gel and then transferred to PVDF mem-
branes. The membrane was incubated overnight at 4 °C 
using the following antibodies; E-cadherin (610182) 
was purchased from BD bioscience (NJ, USA). SNAIL 
(#3879), ZEB1 (#3396), p-STAT6 (#56554), and IRF1 
(#8478) were obtained from Cell signaling (MA, USA). 
TWIST (ab50887), N-cadherin (ab18203), and γ-H2AX 
(ab11174) were purchased from Abcam (UK). STAT6 
(sc-374021) and β-actin (sc-47778) were obtained 
from Santa Cruz Biotechnology (TX, USA). Horserad-
ish peroxidase (HRP) conjugated secondary antibodies 

(Bio-rad, CA, USA) were incubated for 1  h in room 
temperature.

Total RNA isolation and quantitative real‑time PCR
RNA was extracted from cells, tissue and plasma using 
Trizol reagent (Qiagen, Germany). Complementary 
DNA (cDNA) was synthesized according to the manufac-
turer’s instructions of the SensiFAST™ cDNA Synthesis 
Kit (Bioline, OH, USA) and Mir-X™ miRNA First-Strand 
Synthesis Kit (Takara, JAPAN). Real-time PCR was per-
formed with Power SYBR™ Green PCR Master Mix 
(Applied Biosystems, MA, USA). Primers used for real-
time PCR are listed in Table 1.

Luciferase reporter assay
The binding site of miR-1226-5p in IRF1 3’UTR or circ-
SLC43A1 was inserted into the vector, pmirGLO dual-
luciferase miRNA target expression vector (Promega, 
WI, USA). Luciferase vectors, miR-1226-5p mimics and 
renilla were co-transfected into HCT116 cells. After 24 h, 
luciferase activity was measured using the dual-luciferase 
reporter assay system (Promega, WI, USA).

AGO2‑RNA immunoprecipitation
This experiment was performed using RIP-assay kit for 
microRNA (MBL International Corporation, MA, USA) 
according to the manufacturer’s instructions. Cell lysates 
were obtained from HCT116 cells transfected with miR-
1226-5p. The cell lysate was mixed immobilized Agarose 
beads (Santa Cruz Biotechnology, TX, USA) with AGO2 
antibody (Sigma-Aldrich, MO, USA) for immunoprecipi-
tation. RNA is isolated from the formed AGO2 antibody-
agarose bead-ribonucleoprotein (RNP) complex, and 
RNA level of IRF1 was measured using real-time PCR.

In vivo assay
These studies were reviewed and approved by the Insti-
tutional Animal Care and Use Committee (IACUC) 
of Korea Institute of Radiological & Medical Science. 
HCT116 parental, and radioresistant cells  (HCT116-
RR) were subcutaneously injected into the right flank of 
6-week-old Balb/c nude female mice. Cells were injected 
at 1 × 107 cells per mice. Based on the day of irradia-
tion, they were sacrificed 2  weeks later. The tumor vol-
ume was measured width and length and calculated 
as (width × width × length)/2. HCT116 radioresistant 
cells (HCT116-RR) overexpressing NC and miR-1226-5p 
inhibitor (anti-miR-1226-5p) were injected into right 
flank of 6-week-old Balb/c nude female mice. Cells were 
injected at 1 × 107 cells per mice. When the tumor vol-
ume of the mouse was 150–200 mm3, 5 Gy was irradiated 
to the tumor using X-RAD 320 (PXi, CT, USA). Based on 
the day of irradiation, they were sacrificed 3 weeks later.

Table 1  (continued)

Primer for qRT-PCR Sequences (5’–3’)

GAPDH F: CAT​CTC​TGC​CCC​CTC​TGC​TGA​

R: GGA​TGA​CCT​TGC​CCA​CAG​CCT​

Primer for cloning Sequences (5’–3’)

IRF1 F: ATG​CCC​ATC​ACT​CGG​ATG​CG

R: CCT​GCT​ACG​GTG​CAC​AGG​GA

circSLC43A1 F: CTG​AGA​GCA​GCA​CCA​ACA​CC

R: CCA​GAA​GGG​CTC​TCC​TTT​CAGG​
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Immunohistochemistry (IHC) staining
Tumor tissue from patients with colorectal cancer is fixed 
in 4% formaldehyde was embedded in paraffin. Paraffin 
sections are deparaffinized and hydrated. For IHC, par-
affin sections were subjected to Target retrieval solu-
tion (Dako, CA, USA), and endogenous peroxidase was 
blocked using H2O2. Antibodies used in IHC were CD206 
(ab64693, Abcam, UK). After reacting with biotinylated 
secondary antibody, DAB staining was performed. The 
signal was detected using cellSens (Olympus, Japan).

Statistical analysis
GraphPad software was used for all data analysis. All data 
are expressed as mean ± SD. Statistical calculations were 
performed with Student’s t test or One-way ANOVA fol-
lowed by bonferroni comparison test.

Results
Characterization of established radioresistant CRC cells
To elucidate the main mechanism of colorectal cancer 
(CRC) patients’ resistance to radiotherapy, radioresist-
ant cell lines (HCT116-RR and SW480-RR) were estab-
lished by exposing CRC cells HCT116 and SW480 to 
5  Gy radiation 15 times (total 75  Gy). HCT116-RR and 
SW480-RR were irradiated with various radiation doses, 
respectively, and several radioresistance characteris-
tics were confirmed. As a result, cell viability of parental 
cells was reduced in a radiation dose-dependent man-
ner, whereas the viability of HCT116-RR and SW480-
RR cells that acquired radioresistance was dramatically 
increased compared to that in HCT116 and SW480 cells 
(Supplemental Fig. 1A). The colony formation assay also 

demonstrated that HCT116-RR and SW480-RR cells 
had higher survival rates when exposed to radiation than 
the HCT116 and SW480 cells (Supplemental Fig.  1B). 
In addition, the expression of γ-H2AX protein, a DNA 
damage marker, was significantly increased in HCT116 
and SW480 cells than in HCT116-RR and SW480-RR 
cells after irradiation (Supplementary Fig.  1C). Addi-
tionally, the tumorigenic ability of radioresistant cells 
was confirmed in vivo. When mice injected with paren-
tal HCT116 cells were irradiated, the tumorigenic ability 
was significantly reduced compared to the control group; 
however, in mice administered the resistant cell line 
HCT116-RR, there was little difference in tumor forma-
tion ability between the irradiated group and the control 
group (Supplemental Fig. 1D).

miR‑1226‑5p is involved in the EMT, mobility, invasiveness, 
and tumor growth capacity of radioresistant CRC cells
To discover miRNAs involved in the malignancy of radi-
oresistant CRC, six miRNAs (miR-3529-3p, miR-522-3p, 
miR-4706, miR-3184-3p, miR-1237, and miR-1226-5p) 
were first selected through the GEO (Gene Expression 
Omnibus) series GSE159528, which is miRNA sequenc-
ing data analyzed from parental and radioresistant 
HCT116. We then compared the expression patterns 
of six candidate miRNAs in parental and HCT116-RR 
cells, and selected miR-1226-5p as the most dramati-
cally higher expressed miRNA in radioresistant cells 
than in parental cells (Fig. 1A). We additionally measured 
the expression of six candidate miRNAs in SW480 and 
SW480-RR cells. As a result, among the candidates, the 
expression of miR-1226-5p was the highest in SW480-RR 

(See figure on next page.)
Fig. 1  miR-1226-5p promotes tumor progression by upregulating ZEB1 in radioresistant CRC cells HCT116 and SW480. A Six miRNAs 
(miR-3529-3p, miR-522-3p, miR-4706, miR-3184-3p, miR-1237, and miR-1226-5p) were selected based on miRNA sequencing data from the GEO 
series GSE159528. The expression of six miRNAs was measured by qRT-PCR in HCT116 and HCT116-RR cells. B The levels of miR-1226-5p were 
determined in radioresistant or radiosensitive patient-derived organoids. (RS; radiosensitivity; RR; radioresistance). C Levels of miR-1226-5p were 
measured in plasma of CRC patients with or without radiotherapy (CRC/RT-, n = 37; CRC/RT + , n = 37). qRT-PCR was normalized to U6. D The 
levels of miR-1226-5p were measured in adjacent normal and tumor tissues of CRC patients (adjacent normal, n = 39; tumor, n = 40). E Kaplan–
Meier overall survival curve of stage II rectal adenocarcinoma patients according to the expression level of miR-1226-5p. F, G Radiosensitive CRC 
patient-derived organoids were transfected with negative control (NC) or miR-1226-5p. F Cell viability was measured overexpression of miR-1226-5p 
in radiosensitive organoids derived from CRC patients by MTT assay. G TWIST, SNAIL, CDH2, and ZEB1 mRNA expression levels were measured 
by qRT-PCR. qRT-PCR was normalized to GAPDH. H-J HCT116 and SW480 cells were transfected with negative control (NC) or miR-1226-5p mimic. H 
Expression of TWIST, SNAIL, N-cadherin, ZEB1, and E-cadherin in the indicated cells was confirmed through Western blot analysis. β-Actin was used 
for normalization in Western blot analysis. Transwell migration (I), and matrigel coated invasion assays (J) were subjected on the designated cells. 
K-N HCT116 RR cells overexpressing the negative control (NC) or the miR-1226-5p inhibitor (anti-miR-1226-5p) were subcutaneously injected 
into the flank of Balb/c nude mice (n = 4; 1 × 107 cells/mouse). Whole tumor images (K) and tumor size (L) of negative control (NC) and miR-1226-5p 
inhibitor (anti-miR-1226-5p) overexpressed mice are shown. Scale bar is 1 cm. The expression of miR-1226-5p in tumor tissue (M) and plasma 
(N) of mice was analyzed by qRT-PCR. qRT-PCR was normalized to U6. O–Q To elucidate the tumorigenicity mechanism of miR-1226-5p, HCT116 
and SW480 cells were transfected with siRNA against ZEB1 or miR-1226-5p alone or together. O Expression of TWIST, SNAIL, N-cadherin, ZEB1, 
and E-cadherin was confirmed by Western blot analysis in the indicated cells. β-Actin was used for normalization in Western blot analysis. Transwell 
migration (P) and matrigel-coated invasion assays (Q) were applied to HCT116 and SW480 cells. Scale bar 200um. The experiment was repeated 
with triplicates and representative Western blotting images are shown. The data are presented as the mean ± S.D. after triplicate. *P < 0.05; **P < 0.01; 
***P < 0.001. Student’s t test, and One-way ANOVA followed by bonferroni comparison test
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Fig. 1  (See legend on previous page.)
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cells compared to parental cells, showing a pattern simi-
lar to that of HCT116-RR cells (Supplemental Fig.  2). 
Organoids derived from radiosensitive (RS) and radi-
oresistant (RR) CRC patients classified by radiotherapy 
efficacy were utilized to clinically validate the selected 
miR-1226-5p [22]. As a result, the expression of miR-
1226-5p was higher in RR organoids than in RS orga-
noids (Fig. 1B). The selected miR-1226-5p was expressed 
more highly in the plasma of CRC patients who received 
radiotherapy than those of non-radiotherapy patients 
(Fig.  1C). The expression of miR-1226-5p in radiore-
sistant HCT116 and SW480 cells increased in a radia-
tion dose-dependent manner compared to the parental 
cells (Supplemental Fig.  3). These results not only sup-
port the selection of miR-1226-5p as a target for CRC 
radioresistance research, but also suggest the possibility 
that miR-1226-5p may be involved in cancer malignancy 
and radioresistance. The expression of miR-1226-5p in 
CRC patient tissues was also higher than that in adja-
cent normal tissues (Fig. 1D). As a result of analysis using 
Kaplan–Meier plot, high expression of miR-1226-5p 
lowered the overall survival rate (Fig.  1E). These results 
suggest that miR-1226-5p is closely related to the radi-
oresistance mechanism in CRC.

The tumorigenic properties of miR-1226-5p were 
analyzed in CRC patient-derived organoids, HCT116, 
and SW480 cells. First, overexpression of miR-1226-5p 
promoted cell proliferation in organoids and increased 
mRNA expression of EMT factors TWIST, SNAI1 (encod-
ing SNAIL), CDH2 (encoding N-cadherin), and ZEB1 
(Fig. 1F, G). In addition, overexpression of miR-1226-5p 
in HCT116 and SW480 increased the expression of mes-
enchymal marker proteins (TWIST, SNAIL, N-cadherin, 
and ZEB1), but decreased the expression of E-cadherin, 
an epithelial cell marker (Fig.  1H). And, miR-1226-5p 
also enhanced cell migratory ability and invasive-
ness (Fig. 1I, J). To confirm the efficacy of miR-1226-5p 

in  vivo, HCT116-RR cells, whose expression was sup-
pressed with miR-1226-5p inhibitor (anti-miR-1226-5p), 
were injected into mice, and tumor growth ability was 
confirmed. Compared with the control group, the tumor 
size was reduced in the miR-1226-5p inhibitor, and the 
expression of miR-1226-5p in the tissues and plasma of 
mice was reduced (Fig. 1K–N). These results suggest that 
miR-1226-5p promotes EMT, migration, invasiveness, 
and tumorigenic capacity in CRC.

For an in-depth understanding of the signaling mecha-
nisms of EMT, migration, and invasion induced by miR-
1226-5p, we focused on the relationship between the 
key factor ZEB1, and miR-1226-5p. It has been reported 
that ZEB1, a representative EMT factor, promotes CRC 
invasion and metastasis [23] and is upregulated by miR-
1226-5p. HCT116 and SW480 cells were transfected with 
miR-1226-5p and siRNA for ZEB1. miR-1226-5p-induced 
the mesenchymal markers (TWIST, SNAIL, and N-cad-
herin) were reduced by ZEB1 siRNA, but miR-1226-5p-
reduced the expression of E-cadherin was increased by 
ZEB1 siRNA (Fig.  1O). In addition, cell migratory and 
invasive abilities induced by miR-1226-5p were reduced 
upon ZEB1 inhibition (Fig. 1P, Q, Supplementary Fig. 4A, 
B). These results suggest that the oncogenic effects of 
miR-1226-5p are induced through the ZEB1 signaling 
pathway.

miR‑1226‑5p increases tumorigenicity by suppressing 
the expression of IRF1 in CRC cells
Using TargetScan, a microRNA target prediction tool, 
candidate genes regulated by miR-1226-5p were discov-
ered. Among the four candidate factors, RASSF1, PTEN, 
GADD45a, and IRF1 (interferon regulatory factor 1), 
the IRF1 mRNA was most dramatically repressed upon 
overexpression of miR-1226-5p (Fig.  2A). Additionally, 
it was confirmed that protein expression of IRF1 was 
suppressed in HCT116 and SW480 cells overexpressing 

Fig. 2  miR-1226-5p increases the tumorigenic phenotype by directly suppressing IRF1 expression. A The mRNA levels of candidates selected 
from TargetScan, a target prediction site for miRNAs, were measured in HCT116 and SW480, respectively. B Protein expression of IRF1 was confirmed 
in both CRC cells overexpressing miR-1226-5p. C HCT116 cells were co-transfected with wild-type (WT) or mutant (Mut) vectors of IRF1 3’UTR 
in the presence or absence of miR-1226-5p mimic, and then luciferase activity was examined. D IRF1 enrichment level was confirmed using 
AGO2-RNA-immunoprecipitation (AGO2-IP) and qRT-PCR analysis in SW480 cells overexpressing NC or miR-1226-5p. E Basal levels of IRF1 were 
identified in RS and RR CRC patient-derived organoids. F The mRNA level of IRF1 was measured by qRT-PCR when miR-1226-5p was overexpressed 
in RS organoids. G HCT116-RR cells overexpressing the negative control (NC) or the miR-1226-5p inhibitor (anti-miR-1226-5p) were injected 
subcutaneously into the flanks of Balb/c nude mice (n = 4; 1 × 107 cells/mouse). The mRNA expression of IRF1 in formed tumor tissues 
was performed by qRT-PCR. H Expression levels of IRF1 in normal patients (n = 41) and colon cancer patients (n = 469) of TCGA colon cancer 
(COAD) in Genomic Data Common (GDC) are shown as box and whisker plots. I Kaplan–Meier overall survival curves of colon adenocarcinoma 
patients according to the expression level of IRF1 were shown. J–L HCT116 and SW480 cells were co-transfected with miR-1226-5p mimic and IRF1 
overexpression vector. J Expression of TWIST, SNAIL, N-cadherin, and ZEB1 was confirmed by Western blot analysis in the indicated cells. Transwell 
migration (K) and matrigel-coated invasion assays (L) were subjected on indicated cells. qRT-PCR was normalized to GAPDH. β-Actin was used 
for normalization in Western blot analysis. The experiment was repeated three times and representative Western blot images are shown. The data 
are presented as the mean ± S.D. *P < 0.05; **P < 0.01; ***P < 0.001. Student’s t test and One-way ANOVA followed by bonferroni comparison test

(See figure on next page.)
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miR-1226-5p (Fig.  2B). To determine whether miR-
1226-5p downregulates IRF1 expression by directly 
binding to the 3’UTR, wild- or mutant-type 3’UTR con-
structs of IRF1 were generated and luciferase activity 
was evaluated. As a result, luciferase activity decreased 
in the IRF1 wild-type group, while there was no signifi-
cant difference in the mutant group (Fig. 2C). The com-
plex of miRNA and AGO2 protein binds to target gene 
mRNA and induces translational repression or mRNA 
degradation [24]. Therefore, AGO2-RNA immunopre-
cipitation analysis was performed to confirm direct bind-
ing between miR-1226-5p and the target factor, IRF1. It 
was confirmed that the mRNA of IRF1 bound to AGO2 
protein was enriched when overexpressing miR-1226-5p 
(Fig. 2D). These results support that the complex of miR-
1226-5p and AGO2 protein binds to the binding site of 
IRF1 3’UTR and directly reduces its expression.

Additionally, a comparison of the mRNA expres-
sion pattern of IRF1 in radioresponsive CRC-derived 
organoids showed that its expression was lower in RR 
organoids compared to RS organoids (Fig.  2E). It was 
confirmed again that the mRNA expression of IRF1 
decreased when miR-1226-5p was overexpressed in RS 
organoids (Fig. 2F). For in vivo validation, negative con-
trol and miR-1226-5p inhibitor (anti-miR-1226-5p) were 
transfected into HCT116-RR cells and then injected 
into mice, respectively. As a result, IRF1 expression 
was increased in tumor tissues of mice overexpressing 
miR-1226-5p inhibitor compared to the control group 
(Fig. 2G). These results suggest that miR-1226-5p down-
regulates the expression of IRF1 at the cellular and in vivo 
levels.

Using the public dataset Cancer Genome Atlas 
(TCGA) database, IRF1 expression was lower in 
colon cancer (COAD) compared to the normal group 
(Fig.  2H). Kaplan–Meier plot analysis showed that low 
IRF1 expression was associated with poor prognosis in 

patients with colon adenocarcinoma (Fig. 2I). Addition-
ally, we verified the relationship between the two factors 
by the effect on tumorigenic phenotype depending on the 
expression of IRF1 and miR-1226-5p. The expression of 
TWIST, SNAIL, N-cadherin, and ZEB1 (Fig. 2J), cancer 
cell migration ability (Fig. 2K), and invasiveness (Fig. 2L) 
induced by miR-1226-5p were reduced by IRF1 overex-
pression. Overall, these results suggest that miR-1226-5p 
directly binds to its target IRF1 to regulate its expression, 
rather than through the influence of ZEB1, a downstream 
signaling pathway of miR-1226-5p.

circSLC43A1 suppresses tumorigenicity by suppressing 
the expression of miR‑1226‑5p
Circular RNAs (circRNAs) are known to act as 
sponges that regulate the expression of miRNAs [25]. 
Therefore, we sought to determine whether inhibition 
of miR-1226-5p, which is highly expressed in radiore-
sistant CRC cells, is possible as a therapeutic target for 
CRC. Using circBank, a circRNA prediction site [26], 
we selected four candidate circRNAs (circSLC43A1, 
circPDK3, circPPEF1, and circPHF8) that suppress 
the expression of miR-1226-5p (Fig.  3A). As a result 
of confirming the expression of selected candidate 
factors in parental, HCT116-RR and SW480-RR cells, 
circSLC43A1 (hsa_circ_0022141), which showed the 
lowest expression level in radioresistant CRC cells, was 
selected (Fig. 3B). According to circBank, circSLC43A1 
is derived from exons 3–14 of SLC43A1 and is located 
at chr11: 57254567–5726880 (http://​www.​circb​ank.​
cn/). To determine the characteristics of circSLC43A1, 
circSLC43A1 was amplified using divergent primers 
derived from complementary DNA (cDNA) rather than 
genomic DNA (gDNA) obtained from SW480 cells 
(Fig. 3C). Additional validation experiments using rib-
onuclease R (RNase R) showed that SLC43A1 mRNA 
was degraded by RNase R, whereas circSLC43A1 was 

(See figure on next page.)
Fig. 3  circSLC43A1 reduces EMT, cell migratory ability, invasiveness, and tumor growth by directly downregulating miR-1226-5p expression. 
A Schematic diagram of the selection of candidate circRNAs that directly inhibit the expression of miR-1226-5p. B The expression levels 
of four candidate circRNAs, selected using the circbank database, were compared in radiosensitive or resistant HCT116 and SW480 cells. C 
circSLC43A1 was quantified by amplification of cDNA of circSLC43A1 in SW480 cells using divergent and convergent primers. D After RNase R 
treatment in HCT116, the mRNA levels of circSLC43A1 and SLC43A1 were determined using qRT-PCR. E The expression level of miR-1226-6p 
was measured when circSLC43A1 was overexpressed in HCT116 RR cells. F After co-transfecting cells with miR-1226-5p mimic and the wild-type 
(WT) or mutant-type (Mut) vector of circSLC43A1, the binding of the two factors was confirmed in HCT116 cells using dual luciferase assay. 
G-I circSLC43A1 was overexpressed alone or together with miR-1226-5p in HCT116 and SW480 cells, respectively. G TWIST, SNAIL, N-cadherin, 
and ZEB1 protein expression was detected by Western blot analysis. Transwell migration (H) and matrigel-coated invasion assays (I) were applied 
to the indicated cells. J HCT116 RR overexpressing miR-1226-5p alone or together with circSLC43A1 were injected subcutaneously into the right 
flank of Balb/c nude mice (n = 4; 1 × 107 cells/mouse). At 2 weeks after injection, tumor tissues were harvested from sacrificed mice. A whole 
image of the tumor (left) and the volume of the tumor (right) were quantified and displayed in a graph. Scale bar 1 cm. qRT-PCR were normalized 
to GAPDH and U6. β-Actin was used for normalization in Western blot analysis. The experiment was repeated with triplicates and representative 
Western blotting images are shown. The data are presented as the mean ± S.D. *P < 0.05; **P < 0.01; ***P < 0.001. Student’s t test, and One-way 
ANOVA followed by bonferroni comparison test

http://www.circbank.cn/
http://www.circbank.cn/
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not affected (Fig.  3D). This was supported by reports 
that circRNA has stable cytoplasmic expression against 
degradation by RNase compared to linear RNA [27]. 
Upon circSLC43A1 overexpression in HCT116-RR, 
the expression of miR-1226-5p was decreased, demon-
strating the potential of circSLC43A1 as a sponge for 
miR-1226-5p (Fig.  3E). To determine whether circS-
LC43A1 directly binds to and regulates the expression 
of miR-1226-5p, we performed a luciferase assay. As a 
result, binding of the wild-type (WT) vector of circ-
SLC43A1 and miR-1226-5p reduced luciferase activity 
compared to the control group. Meanwhile, in the case 
of the mutant-type (Mut) vector of circSLC43A1, there 
was no change in its activity compared to the control 
group. These results showed that circSLC43A1 inhib-
ited the expression of miR-1226-5p by directly binding 
to it (Fig. 3F).

Overexpression of circSLC43A1 in HCT116-RR 
and SW480-RR cells significantly reduced the pro-
tein expression of TWIST, SNAIL, N-cadherin, and 
ZEB1 (Supplemental Fig.  5A), as well as cell motility 
and invasion (Supplemental Fig.  5B, C). The effect of 
downregulation of miR-1226-5p expression by circS-
LC43A1 on the mechanism of tumorigenicity in CRC 
cells was confirmed. Next, we investigated the effects 
on the cancer process depending on the expression of 
the circSLC43A1 and miR-1226-5p. The expression 
of IRF1, which was decreased by miR-1226-5p, was 
restored by circSLC43A1 (Fig.  3G). As confirmed at 
the cellular level and in  vivo, the expression of EMT 
markers (TWIST, SNAIL, N-cadherin, and ZEB1), 
cell motility, invasion, and tumor growth induced by 
miR-1226-5p were reduced by overexpression of circS-
LC43A1 (Fig. 3G–J). Taken together, these results sug-
gest that overexpression of circSLC43A1 may reduce 
tumor malignancy induced by miR-1226-5p/ZEB1 in 
radioresistant CRC.

Radioresistant CRC cell‑derived miR‑1226‑5p promotes 
polarization of M2 macrophages
The tumor microenvironment (TME) and related sign-
aling pathways have a significant impact on the devel-
opment and progression of CRC [28]. In particular, 
macrophages play a significant role in the changes of 
the tumor microenvironment by regulating various 
immune responses and increasing angiogenesis and 
tumor cell invasion, and migration [29]. Among the two 
types of macrophages, M1 macrophages induce apop-
tosis of tumor cells, whereas M2 macrophages contrib-
ute to angiogenesis and EMT of tumor cells and induce 
an immunosuppressive microenvironment [11, 13]. To 
determine whether CRC cells-derived miR-1226-5p pro-
motes M2 polarization in macrophages, THP-1-derived 
macrophages were treated with conditioned media from 
HCT116 and SW480 cells overexpressing miR-1226-5p 
(Fig.  4A). When THP-1-derived macrophages were 
treated with conditioned media derived from CRC cells 
overexpressing miR-1226-5p, the expression of miR-
1226-5p was confirmed to increase compared to the con-
trol group (Fig. 4B). When THP-1 derived macrophages 
were treated with conditioned media derived from CRC 
cells overexpressing miR-1226-5p, the expression of M2 
macrophage markers CD163, CD206, and CD11b was 
increased. Meanwhile, the expression of M2 macrophage 
markers was reduced upon treatment with conditioned 
media from HCT116 and SW480 cells that simultane-
ously overexpressed miR-1226-5p and circSLC43A1 
(Fig.  4C). Additionally, the same results as above were 
seen when THP-1-derived macrophages were directly 
transfected with the miR-1226-5p mimic (Fig. 4D). These 
results suggest that tumor-derived miR-1226-5p plays 
an important role in inducing M2 polarization and that 
inhibition of miR-1226-5p secretion by circSLC43A1 can 
inhibit M2 polarization of macrophages. CRC patients 
were classified into two groups according to the presence 
or absence of radiation treatment, and the expression 

Fig. 4  miR-1226-5p induces M2 polarization via IRF1 inhibition in THP-1-derived macrophages. A–D Human monocytes, THP-1, were differentiated 
into macrophages by treating them with PMA (100 ng/ml) for 24 h. A Conditioned media harvested from HCT116 and SW480 overexpressing 
either miR-1226-5p and circSLC43A1 were treated with THP-1-derived macrophages. B The level of miR-1226-5p in the indicated THP-1-derived 
macrophages was confirmed by qRT-PCR. C The mRNA levels of CD163, CD206, and CD11b were measured in the indicated THP-1-derived 
macrophages. D After overexpression of the miR-1226-5p mimic in THP-1-derived macrophages, the expression of CD163, CD206, and CD11b 
was confirmed by qRT-PCR. E The expression of CD206 in tissues of CRC patients with and without radiotherapy was compared by IHC. Scale 
bar 100 um. F After co-transfection of siRNA against STAT6 and miR-1226-5p in THP-1-derived macrophages, protein expression of p-STAT6, 
and STAT6 was compared through Western blot analysis (left). The mRNA levels of CD163, CD206, and ARG1 were measured in the indicated 
cells (right). G The mRNA expression of IRF1 upon overexpression of miR-1226-5p in THP-1-derived macrophages was analyzed by qRT-PCR. 
H After co-transfecting THP-1-derived macrophages with miR-1226-5p and IRF1 overexpression vector, the protein expression of IRF1 
was compared through Western blot analysis (left). The mRNA levels of CD163, CD206, and CD11b were measured in the indicated cells (right). 
qRT-PCR was normalized to GAPDH and U6. β-Actin was used for normalization in Western blot analysis. The experiment was repeated three 
times and representative Western blot images are shown. The data are presented as the mean ± S.D. *P < 0.05; **P < 0.01; ***P < 0.001. Student’s t 
test, and One-way ANOVA followed by bonferroni comparison test

(See figure on next page.)
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of CD206, an M2 macrophage marker, was confirmed. 
As a result, the expression was increased in the radia-
tion treatment group (Fig. 4E). These results suggest that 
increased miR-1226-5p in CRC cells by radiation induces 
M2 polarization of macrophages. To analyze the potential 
mechanism promoting M2 polarization of macrophages, 

we confirmed the expression of STAT6, a known M2 
polarization-involved factor [30]. As a result, the expres-
sion of p-STAT6 was increased by overexpression of 
miR-1226-5p in macrophages (Fig.  4F). We investi-
gated whether the induction of M2 polarization by miR-
1226-5p was mediated through the STAT6 pathway. The 

Fig. 4  (See legend on previous page.)
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miR-1226-5p-induced upregulation of CD163, CD206, 
and ARG1 mRNA expression was reduced by STAT6 
inhibition (Fig.  4F). In macrophages, STAT6 reduces 
IRF1 expression, thereby potentiating M2 polarization.

There is a report that inhibition of IRF1 induces M2 
polarization of macrophages [31]. Therefore, we ana-
lyzed the effects of miR-1226-5p and its target IRF1 on 
M2 macrophage polarization. When overexpressing miR-
1226-5p in THP-1-derived macrophages, the mRNA and 
protein expressions of IRF1 were decreased (Fig.  4G, 
H). At this time, miR-1226-5p-induced expression of 
M2 markers, including CD163, CD206, and CD11b, was 
downregulated by the overexpression of IRF1 (Fig.  4H). 
Taken together, in THP-1-derived macrophages, miR-
1226-5p suppressed the expression of IRF1 and stimu-
lated the activation of STAT6, thereby enhancing M2 
polarization.

TGF‑β induced by miR‑1226‑5p in M2 macrophages 
increases tumorigenic ability in CRC cells
M2 macrophages secrete various growth factors, matrix 
metalloproteinases (MMPs), and other cytokines that not 
only enhance EMT and metastasis of CRC but also atten-
uate immune responses [11]. Among various candidate 
cytokines and growth factors, the mRNA expression of 
TGF-β was highest in THP-1-derived macrophages over-
expressing miR-1226-5p (Fig. 5A). To investigate the rela-
tionship between selected TGF-β and the circSLC43A1/
miR-1226-5p axis, conditioned media from HCT116 
and SW480 cells overexpressing circSLC43A1 and miR-
1226-5p was obtained and treated with THP-1-derived 
macrophages. TGF-β expression, which was increased 
by the conditioned media for miR-1226-5p overexpres-
sion, was reduced when treated with the conditioned 
media for circSLC43A1 overexpression (Supplemental 
Fig. 6A, B). These results suggested that THP-1-derived 
macrophages secreted TGF-β expression was regulated 
by the circSLC43A1/miR-1226-5p axis in CRC cells. In 
addition, it was confirmed that the expression of TGF-β 
was regulated through STAT6, a major pathway of miR-
1226-5p-induced M2 polarization (Supplemental Fig. 7). 
To confirm that TGF-β secreted from M2 macrophages 

induced by miR-1226-5p is a factor influencing cancer 
malignancy, THP-1-derived macrophages co-transfected 
with miR-1226-5p and siRNA against TGF-β. Condi-
tioned media was obtained from THP-1-derived mac-
rophages (Fig. 5B). In HCT116 and SW480 cells treated 
with conditioned media from macrophages overex-
pressing miR-1226-5p, increased expression of TWIST, 
SNAIL, N-cadherin, and ZEB1 (Fig.  5C), cell motility 
(Fig. 5D), and invasiveness (Fig. 5E) were decreased due 
to TGF-β inhibition. These findings suggest that miR-
1226-5p, which is highly expressed in radioresistant CRC 
cells, promotes tumorigenic ability by suppressing IRF1 
expression. In addition, tumor-derived miR-1226-5p is 
delivered to macrophages within the tumor microen-
vironment and increases STAT6, thereby inducing M2 
polarization and increasing TGF-β production, ulti-
mately contributing to improving cancer aggressiveness 
(Fig. 5F).

Discussion
This study analyzed the tumor malignancy mechanism 
of miR-1226-5p derived from radioresistant CRC cells 
on tumors and microenvironment, especially mac-
rophages. As a result, it was revealed that miR-1226-5p 
not only increases the expression of ZEB1 and suppresses 
the expression of IRF1 to induce tumorigenicity, but 
also induces M2 polarization and secretion of TGF-β by 
being transferred to macrophages, ultimately increasing 
tumor malignancy. miR-1226-5p, which is upregulated in 
radioresistant CRC cells and patient-derived organoids, 
promoted the expression of EMT markers (TWIST, 
SNAIL, and N-cadherin), cell mobility, and invasive-
ness by increasing ZEB1, and enhanced tumor growth 
in animal models (Fig.  1). ZEB1, which is upregulated 
by miR-1226-5p in this signaling mechanism, is known 
as an oncogenic transcription factor that plays a criti-
cal role in all stages of tumor progression [32, 33]. It has 
been reported that increased ZEB1 expression in prostate 
or pancreatic cancer leads to treatment resistance [34]. 
ATM stabilizes CHK1 through ZEB1 to promote DNA 
repair and radioresistance [35]. ATM induces radiore-
sistance in lung adenocarcinoma through miR-183 [36]. 

(See figure on next page.)
Fig. 5  miR-1226-5p-mediated TGF-β secretion in M2 macrophages enhances the EMT, migratory and invasive capacity of CRC cells. A After 
overexpressing miR-1226-5p in THP-1-derived macrophages, the mRNA expression levels of cytokines and growth factors were screened 
by qRT-PCR. B THP-1-derived macrophages were overexpressed with miR-1226-5p and siRNA targeting TGF-β, and the mRNA expression of TGF-β 
was measured. C-E Conditioned media harvested from THP-1-derived macrophages overexpressing miR-1226-5p and siRNA targeting TGF-β were 
treated with HCT-116 and SW480 cells, respectively. C Expression of TWIST, SNAIL, N-cadherin, and ZEB1 was confirmed by Western blot analysis. 
Transwell migration (D) and matrigel-coated invasion assays (E) were applied to the indicated cells. Scale bar 200um. F Schematic diagram showing 
the mechanism by which radioresistant CRC cell-derived miR-1226-5p induces cancer malignancy by enhancing M2 polarization of macrophages. 
The experiment was repeated three times and representative Western blot images are shown. The data are presented as the mean ± S.D. *P < 0.05; 
**P < 0.01; ***P < 0.001. One-way ANOVA followed by bonferroni comparison test
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These reports accumulate the possibility that ZEB1 is a 
major factor contributing to radioresistance.

Since miRNAs function by suppressing target genes 
expression [37], the tumor suppressor IRF1 was selected 
as the target gene of miR-1226-5p. It was verified that 
miR-1226-5p induces cancer malignancy by directly 
reducing the expression of IRF1 in CRC cells and orga-
noids (Fig.  2A, B, F). Additionally, IRF1 showed higher 
expression in radiosensitive than radioresistant CRC 
organoids and lower expression in CRC patients than 
normal (Fig. 2E, F). According to previous reports, IRF1 
is known to induce apoptosis and inhibit cell prolifera-
tion by regulating the expression of cell cycle regulatory 
genes in various cancers (e.g., colon [38], breast [39], and 
gastric [40]). These reports support our findings that 
IRF1 functions as a tumor suppressor. In addition, the 
expression of IRF1, a target factor of miR-1226-5p, was 
low in radioresistant head and neck squamous cell carci-
noma cells [41]. It has been reported that overexpression 
of IRF1 in colon cancer inhibits proliferation and tumor 
growth and increases radiosensitivity [42]. IRF1 has been 
proposed as an important radiospecific biomarker for 
malignant tumors based on microarray and bioinformat-
ics analysis [43]. In summary, these reports suggest that 
IRF1 is negatively correlated with radioresistance. Mean-
while, the transcription of IRF1 is promoted by STAT1, 
which is activated by the IFN-γ-mediated receptor on 
macrophages [44]. IRF1 plays an important role in M1 
polarization by inducing the production of iNOS, IL-6, 
IL-12, and TNF-α [45, 46]. However, when the expression 
of IRF1 is suppressed by miR-1226-5p, leading to the M2 
polarization of macrophages (Fig. 4).

To analyze the regulatory mechanism of miR-1226-5p, 
which is upregulated in radioresistant CRC, circRNAs 
were selected using to circBank predicted site. circRNAs 
are a type of noncoding RNA characterized by a closed 
loop structure resulting from back-splicing and are dis-
tinguished from linear RNAs by the absence of a 5’ cap 
and a 3’ polyadenylated tail [27]. Recent reports have 
shown that dysregulation of circRNAs is associated with 
cancer development [47], and circRNAs have potential as 
valuable therapeutic targets due to their stable and char-
acteristic expression in various tissues and cell types [47, 
48]. In CRC cells, circLONP2 was reported to be upregu-
lated by directly interacting with DDX1, enhancing cell 
migration and invasion, and inhibition of circLONP2 by 
antisense oligonucleotides blocked CRC metastasis [49]. 
In our study, circSLC43A1 effectively suppressed the 
expression of miR-1226-5p, thereby inhibiting the EMT, 
cell migration, and invasiveness of radioresistant CRC 
cells and reducing the tumor size in vivo (Fig. 3). In addi-
tion, the suppression of miR-1226-5p expression by circ-
SLC43A1 decreased the M2 polarization of macrophages 

and the mRNA expression level of TGF-β (Fig. 4G, Sup-
plementary Fig. 5). These results suggest the potential of 
circSLC43A1 as an effective therapeutic target for radi-
oresistant CRC with high expression of miR-1226-5p.

Macrophages play an important role in mediating 
phagocytosis of cancer cells and cytotoxic tumor kill-
ing, and mediate processes such as angiogenesis, extra-
cellular matrix remodeling, cancer cell proliferation, 
metastasis, immunosuppression, and resistance to chem-
otherapy. It is an important component of the microen-
vironment [50]. Macrophages have phenotypic plasticity 
to polarize into M1 or M2 macrophages in response to 
a variety of stimuli, where miRNAs play an important 
role in controlling polarization and contributing to the 
immune response [19]. Studies of the tumor microen-
vironment and CRC based on these conflicting abilities 
of macrophages are needed. Many studies have shown 
that miR-9, miR-127, miR-155, and miR-125b induce 
M1 polarization of macrophages, while miR-34a, miR-
132, miR-146a, and miR-223 induce M2 polarization 
[51]. After confirming that miR-1226-5p, which was 
highly expressed in radioresistant CRC, was delivered 
to macrophages, it was revealed that M2 polarization of 
macrophages was induced by activation of STAT6 and 
inhibition of IRF1 induced by miR-1226-5p. This result 
verified that miR-1226-5p is a factor that plays an impor-
tant role in macrophage M2 polarization (Fig. 4).

Several previous studies have reported that M2 mac-
rophage polarization is associated with radioresistance. 
For example, CD163-positive M2 macrophages infiltrat-
ing the tissue of HPV-negative head and neck squamous 
cell carcinoma induce radioresistance by releasing HB-
EGF [52]. CCL2 secreted from irradiated CAFs polar-
izes M2 macrophages with CD163 and CD206-positive 
phenotypes and promotes radioresistance in cervical 
cancer [53]. In a mouse model of irradiated pancreatic 
cancer, a significant proportion of macrophages in pan-
creatic tumors had an M2-like phenotype, including the 
CD206 marker. In addition, radiation promotes MCSF 
production in Pancreatic ductal adenocarcinoma cells, 
ultimately inducing radioresistance [54]. These studies 
suggest that M2 macrophage polarization and radiore-
sistance are closely related. Therefore, in our study, we 
also showed that miR-1226-5p promoted M2 polariza-
tion by increasing the expression of M2 markers CD163, 
CD206, and CD11b. Figure 4E showed that the tissues of 
patients who received radiotherapy had higher expres-
sion of CD206 than those of patients who did not receive 
treatment, further supporting the positive correlation 
between radiation and M2 polarization.

miR-1226-5p induced polarization of M2 mac-
rophages and subsequent release of TGF-β, creating 
an immunosuppressive tumor microenvironment and 
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promoting tumor progression. In addition, inhibition 
of TGF-β secreted by M2 macrophages suppressed 
EMT and cell migratory and invasive abilities of CRC 
cells (Fig. 5, Supplemental Figs. 6, 7). TGF-β is a strong 
stimulator of EMT and a factor that increases the inva-
siveness, metastasis, and radioresistance of cancer cells 
[55, 56]. TGF-β signaling regulates the DNA damage 
response (DDR) pathway, affecting the repair mecha-
nism of radiation-induced DNA double-strand breaks 
and potentially contributing to radioresistance [57]. 
These results suggest that TGF-β may be an impor-
tant indicator of radiation-induced cytotoxicity and 
DNA damage [57]. According to these reports, it can 
be suggested that TGF-β secreted from miR-1226-5p-
induced M2 macrophages is positively correlated with 
radioresistance. In summary, our study suggested that 
tumor-derived miR-1226-5p was involved in radiore-
sistance by activating M2 polarization of macrophages 
and promoting the secretion of TGF-β. TGF-β plays an 
important role in immune evasion within the tumor 
microenvironment by suppressing the activity of cyto-
toxic T cells and natural killer cells [57–59]. Therefore, 
targeting TGF-β signaling has become an attractive 
cancer treatment strategy. Treatment combining TGF-β 
inhibitors with radiotherapy offers the potential to 
overcome radioresistance by inhibiting pro-tumori-
genic effects on cancer cells and the tumor microenvi-
ronment [60].

Recent studies have shown that miRNAs can be reli-
ably detected in plasma and serum. Therefore, the levels 
of specific miRNAs in body fluids are valuable as diag-
nostic and prognostic biomarkers of disease [61]. The 
discovery of biomarkers associated with radioresistance 
can help predict radiotherapy response, allowing for a 
personalized medical approach for each patient based 
on the unique characteristics and biological profile of the 
tumor [62, 63]. The development of biomarkers for radi-
oresistance can provide insight into the underlying resist-
ance mechanisms, guiding the development of strategies 
to overcome treatment resistance as well as reduce side 
effects, thereby improving patient outcomes [62, 63]. In 
this way, the potential of using miRNAs as biomarkers for 
radiation resistance in colorectal cancer (CRC) has been 
established [64]. For instance, increased levels of miR-100 
and miR-630 enhance radiosensitivity [65, 66], but, the 
upregulation of miR-622 and miR-106b leads to radiore-
sistance [67, 68] in CRC cells. Therefore, miR-1226-5p is 
highly expressed in radioresistant cells and is associated 
with tumor malignancy in CRC, suggesting its potential 
as a biomarker for diagnosing malignancy in CRC.

This study revealed the interaction and pathway of 
miR-1226-5p and TGF-β signaling between tumors and 
macrophages for improved treatment efficacy, ultimately 

suggesting the possibility of use as targets for diagnosis 
and treatment.

Conclusions
In summary, miR-1226-5p, whose expression is increased 
in radioresistant CRC, promotes tumorigenicity by sup-
pressing the expression of its target, IRF1, and activat-
ing ZEB1. Additionally, circSLC43A1 was identified as a 
sponge that suppresses the expression of miR-1226-5p, 
and it was found to suppress tumor aggressiveness in 
radioresistant CRC. Tumor-derived miR-1226-5p cre-
ated an immunosuppressive environment by promoting 
M2 polarization of macrophages and increasing STAT6 
activation and TGF-β secretion. Tumor treatment strat-
egies targeting radioresistance-inducing miR-1226-5p 
and related factors in CRC would be useful for improving 
treatment outcomes and the  prognosis of patients with 
radioresistant CRC. Additionally, the factors discovered 
in this study suggest potential as targets for diagnosing 
and treating radioresistant CRC.
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