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Metformin, widely used for the treatment of type 2 diabetes, has recently gained attention for its 
potential anticancer properties. Several studies have shown that metformin treatment inhibits cell 
viability in colon adenocarcinoma (COAD); however, the research related to the tumor-node-metastasis 
(TNM) stage is limited. As COAD is frequently diagnosed at an advanced stage, understanding 
the genetic factors that regulate the pathogenesis of COAD at each TNM stage and the effects of 
metformin for potential treatment. Therefore, we identified differentially expressed factors at the TNM 
stage in metformin-treated COAD cells and investigated their regulatory mechanisms using microRNAs 
(miRNAs). Through bioinformatics analyses, four-jointed box kinase 1 (FJX1) and hsa-miR-1306-3p 
were identified as differentially expressed in COAD upon metformin treatment. Metformin treatment 
significantly reduced cell viability, with an observed decrease of approximately 50%. Analysis using 
quantitative real-time PCR showed an increase in hsa-miR-1306-3p and a decrease in FJX1 expression 
upon metformin treatment compared to untreated cells. Luciferase assay confirmed the sequence-
specific binding of hsa-miR-1306-3p to FJX1. These findings highlight the potential of metformin as 
a therapeutic agent for COAD by modulating FJX1 expression via upregulation of hsa-miR-1306-3p, 
revealing novel avenues for COAD treatment.
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EPHB3	� Ephrin type-B receptor 3
INHBA	� Inhibin subunit beta A
SHH	� Sonic hedgehog
RGS16	� Regulator of G-protein signaling 16
BiBiServ	� The Bielefeld bioinformatics server
MFE	� Minimum free energy
qPCR	� Quantitative real-time polymerase chain reaction
N.C.	� Negative control
PI3K/AKT/mTOR	� Phosphatidylinositol-4,5-biphosphate 3-kinase/AKT/mechanistic target of rapamycin
DEG	� Differential expression gene
NCBI	� National center for biotechnology information
RPMI	� Rosewell Park Memorial Institute
Anti-Anti	� Antibiotic-antimycotic
FBS	� Fetal bovine serum
GAPDH	� Glyceraldehyde-3-phosphate dehydrogenase
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Metformin is a biguanide used as a first-line treatment for type 2 diabetes and has a hypoglycemic effect by 
activating 5′-adenosine monophosphate-activated protein kinase (AMPK)1–3. Additionally, it inhibits cell 
viability, and recent studies have explored its therapeutic potential in various cancers including liver, colon, 
pancreatic, lung, breast, and prostate cancers4. Notably, metformin reduces the development and metastasis 
of colon adenocarcinoma (COAD), the second leading cause of cancer-related deaths worldwide5. One study 
found that COAD patients who take metformin had a higher survival rate compared to those who do not6. 
This was further supported by in vitro studies demonstrating that metformin modulates the AMPK-mTOR 
signaling pathway, significantly reducing the viability, migration, and invasion of COAD cell lines7. Additionally, 
studies suggested that metformin may improve the longevity of diabetic patients while reducing the incidence 
of COAD8. However, COAD is typically characterized by an absence of early symptoms and limited treatment 
options9,10. Therefore, understanding the molecular mechanisms of therapeutic agents at different stages of 
COAD is crucial11,12. However, no studies have investigated the effects of metformin across stages of COAD8,13,14.

The Dukes’ staging system is a highly effective method for classifying COAD15. However, it does not consider 
lymph node involvement, tumor grade, and other pathological characteristics, leading to variability in the 
assessments by different clinicians16. Consequently, the Dukes’ staging system is seldom used, and current 
cancer research predominantly employs the tumor-node-metastasis (TNM) staging system17–20. T stands for 
tumor and ranges from T1 to T4, reflecting the size of the primary tumor and its invasion into nearby tissues. 
‘Node’ is represented by N and subdivided into N1, N2, and N3, based on the number, size, and location of the 
involved lymph nodes. ‘Metastasis’ is denoted by M and indicates whether the cancer has spread to other parts of 
the body, classified as M0 or M1, depending on the presence of distant metastasis21,22. This study used the TNM 
staging system to classify COAD cell lines, whereby Dukes’ A and B were categorized as T stage, Dukes’ C as N 
stage, and Dukes’ D as M stage23.

MicroRNAs (miRNAs) are small non-coding RNA, typically comprising 22 nucleotides24. They regulate 
gene expression by binding complementarily to the 3′ untranslated region (UTR) of target messenger RNAs 
(mRNAs)25. This regulation of miRNAs plays a central role in the pathophysiology of several diseases, including 
cancer26. In COAD, specific miRNAs such as miR-17-5p, miR-1224-5p, and miR-214-3p have been shown to 
suppress metastasis by targeting pathways involved in epithelial-mesenchymal transition (EMT) and other 
cancer-promoting mechanisms27–29. In addition to their role in cancer progression, miRNAs mediate the 
therapeutic effects of metformin on COAD30. Metformin has been demonstrated to modulate miRNAs, such as 
miR-342-3p and miR-361-5p, thereby enhancing the suppression of COAD31,32. MiR-342-3p has been shown to 
promote CD133 expression, increasing apoptosis and reducing cell viability31. In addition, metformin-regulated 
miR-361-5p has been observed to inhibit the SHH signaling pathway, a process that contributes to overcoming 
chemoresistance32. These findings highlight the potential of metformin as a therapeutic strategy through miRNA 
modulation in COAD.

Therefore, this study aimed to investigate the anticancer effects of metformin according to TNM staging in 
COAD. TNM-staged COAD cell lines were treated with metformin to identify changes in the expression levels 
of miRNAs and target genes, and to observe alterations in tumor characteristics. Thus, this study elucidated the 
mechanisms of action of metformin in COAD across TNM stages, with interactions between four-jointed box 
kinase 1 (FJX1) and hsa-miR-1306-3p.

Results
Inhibiting cell viability using metformin
WST assay assessed changes in COAD cell viability after metformin (10 mM) treatment using EZ-Cytox. This 
was accomplished by quantifying the absorbance at 450 nm, which is the wavelength used to detect live cell 
activity. The viability of SW480, SW620, and HCT116 cells, representing the T, N, and M stages, respectively, 
was significantly reduced by approximately 50% in metformin-treated cells compared to untreated cells (Fig. 1).

Bioinformatic analyses of FJX1
Genes that exhibited increased expression in cancer tissues relative to normal tissues were identified in The 
Cancer Genome Atlas (TCGA). Conversely, genes that demonstrated decreased expression in metformin-
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treated cancer cells compared with untreated cells were selected from the Gene Expression Omnibus (GEO) 
database. A group of RNAs with a log2 fold change (log2FC) > 2 and p-value < 0.05 was established by comparing 
tumor tissues with normal tissues using RNA-sequencing (RNA-seq) data from TCGA (Fig. 2A). Additionally, 
the GSE67342 dataset was analyzed to detect RNAs with a log2FC < − 2 and p-value < 0.05, compared between 
metformin-treated and untreated cancer cells (Fig. 2B).

Six candidate genes were identified through the intersection of the differentially expressed genes (DEGs) from 
TCGA RNA-seq and GSE67342, including HILPDA, EPHB3, INHBA, SHH, FJX1, and RGS16. FJX1 was selected 
for further investigation owing to its consistently high |log2FC| values. It was ranked as the second most DEG 
in both TCGA and GEO datasets (Fig. 2C). Gene Ontology (GO) analysis indicated that FJX1 is involved in the 
development of tissue and cell signaling pathways (Fig. 2D). To assess the correlation between FJX1 expression 
and survival in patients with COAD, FJX1 expression groups were categorized into high (33%) and low (33%) 
and analyzed overall survival (OS) using the OncoLnc tool. High FJX1 expression was significantly associated 
with worse OS (p-value = 0.01), indicating a strong link between elevated FJX1 levels and poor prognosis in 
COAD (Fig. 2E). TIMER2.0 analysis revealed that FJX1 expression is elevated in most cancer types, including 
COAD (Fig. 2F).

Target miRNA prediction and bioinformatic analyses of hsa-miR-1306-3p
The miRNAs from the TCGA small RNA-seq data were analyzed to identify tumor suppressive miRNAs with 
a log2FC < − 2 and a p-value < 0.05 (Fig. 3A). miRNAs that were predicted to bind FJX1 complementarily were 
selected using the miRNA target prediction tools TargetScanHuman and miRDB. A combination of TCGA small 
RNA-seq data and two miRNA target prediction sites identified eight potential miRNAs: hsa-miR-7110-3p, 
hsa-miR-6716-5p, hsa-miR-1226-3p, hsa-miR-6756-5p, hsa-miR-3614-3p, hsa-miR-1229-3p, hsa-miR-4685-
3p, and hsa-miR-1306-3p. Among these, hsa-miR-1306-3p was selected because of its markedly pronounced 
differential expression, exhibiting the lowest log2FC and p-value (Fig. 3B). Hsa-miR-1306-3p expression was 
screened across various cancer types using the dbDEMC database. Within the green squares, hsa-miR-1306-3p 
was significantly downregulated in breast cancer and COAD cells (Fig. 3C). The expression of hsa-miR-1306-3p 
was analyzed in normal colon and COAD tissues at different stages using the UALCAN database. The results 
indicated that hsa-miR-1306-3p levels were significantly decreased in COAD tissues across all stages compared 
to those in normal colon tissues (Fig. 3D). The relationship between hsa-miR-1306-3p and OS in patients with 
COAD was analyzed using the OncoLnc. Two groups of hsa-miR-1306-3p expression were categorized as high 
(33%) and low (33%). These results indicated that low hsa-miR-1306-3p expression was associated with lower 
OS rates (p-value = 0.01) (Fig. 3E).

Sequence alignment between hsa-miR-1306-3p and FJX1
The complementarity of the interactions between hsa-miR-1306-3p and FJX1 was validated through RNA 
hybridization analyses using BioEdit and Bielefeld University Bioinformatics Server (BiBiServ). The 3′ UTR 
of FJX1 and hsa-miR-1306-3p were aligned, and primers were designed to amplify the region containing the 
complementary sequence to the seed region of hsa-miR-1306-3p (5′-​C​G​U​U​G​G​C-3′) (Fig. 4A). The structure 
of the miRNA-mRNA hybrid was demonstrated using the BiBiServ RNA hybrid tool, and the minimum free 
energy (MFE) value was calculated to be − 25.3 kcal/mol, indicating a high degree of stability (Fig. 4B).

Relative expression of FJX1 and hsa-miR-1306-3p
Quantitative real-time PCR (qPCR) investigated the changes in the expression of FJX1 and hsa-miR-1306-3p 
induced by metformin. In cells treated with 10 mM metformin, the expression of FJX1 was significantly reduced 

Fig. 1.  Inhibiting the viability of COAD cells using metformin. To evaluate the effects of metformin on COAD 
cells depending on their tumor node metastasis (TNM) stage, cell viability was assessed in three cell lines 
treated with metformin (10 mM) and the control group (0 mM metformin). (A) SW480, T stage; (B) SW620, 
N stage; and (C) HCT 116, M stage, respectively. *p-value < 0.05; **p-value < 0.01.
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Fig. 2.  Bioinformatic analyses identified differentially expressed genes in COAD. Volcano plots were 
visualized to verify differentially expressed genes in (A) COAD tissues compared to normal tissues based on 
TCGA RNA-seq and (B) metformin-treated COAD cells in contrast to untreated COAD based on GSE67342 
(GEO database). (C) Venn diagram was used to identify significant target genes, and there were 6 common 
genes between TCGA RNA-seq data and GSE67342. Among them, FJX1, which plays an important role in 
COAD, was selected as the target gene and highlighted in red. (D) Biological process data from gene ontology 
analysis using ShinyGO demonstrated that FJX1 is involved in organ development and cell signaling. (E) The 
construction of survival curves was based on the trisection of FJX1 expression levels for patients with COAD, 
utilizing the OncoLnc. The patients with high expression levels of FJX1 were depicted in a red line and those 
with low expression levels in a black line. (F) Expression of FJX1 in several cancers from TCGA was analyzed 
using the TIMER2.0 database, which revealed that FJX1 was upregulated in most cancers.
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Fig. 3.  Differential expression and prognostic impact of hsa-miR-1306-3p in COAD using bioinformatic 
analyses. (A) A volcano plot represented an analysis of differentially expressed miRNAs in COAD tissues 
compared to normal tissues from patients with COAD based on TCGA small RNA-seq data. (B) Two miRNA 
prediction databases, TargetScanHuman and miRDB, and TCGA miR-seq data that demonstrated significantly 
reduced miRNA expression in COAD tissues were used to find common miRNAs targeting FJX1. The list 
indicated common miRNAs targeting FJX1 based on log2FC < − 2, p-value < 0.05, and the lowest expressed 
miRNA (hsa-miR-1306-3p) was selected. (C) The expression of hsa-miR-1306-3p in several cancers from 
TCGA was analyzed using the dbDEMC. (D) The relative expression of hsa-miR-1306-3p in COAD stages was 
compared to normal colon data. The results demonstrated a significant down-regulation of expression in all 
COAD stages compared to normal. (E) The survival plot of hsa-miR-1306-3p showed low expression of hsa-
miR-1306-3p resembling a low survival rate. **p-value < 0.01.
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across all cell lines (SW480, SW620, and HCT 116) compared to that in untreated cells (Fig. 5A). Conversely, 
the expression of hsa-miR-1306-3p was significantly increased in metformin-treated cell lines compared to that 
in untreated cells (Fig. 5B).

Relationship between hsa-miR-1306-3p and FJX1
To verify the interaction between hsa-miR-1306-3p and FJX1, a dual-luciferase assay was conducted on SW480 
cells co-transfected with the plasmid vector and hsa-mir-1306 mimics, including inhibitors, mimics, or negative 
controls (N.C.). The plasmid vector, psi-CHECK2, was cloned using the 3′ UTR of FJX1, and cells transfected 
with the plasmid vector alone were used as controls in the experiment. Cells co-transfected with the plasmid 
vector and hsa-mir-1306 mimic showed a significant decrease in luciferase expression compared to the control 
and N.C., whereas co-transfection of the plasmid vector and hsa-miR-1306-3p inhibitor restored luciferase 
activity to control levels (Fig. 6).

Discussion
Metformin, a widely used antihyperglycemic agent for first-line treatment in type 2 diabetes, has garnered 
considerable attention in cancer research due to its anti-viability properties33. Many studies have explored 
its therapeutic potential, particularly in high-risk cancers such as COAD34. In COAD, metformin improves 
survival rates and reduces disease progression, potentially by modulating pathways involved in cell viability and 
metastasis13,35. In particular, miRNAs involved with metformin appear to play a crucial role in COAD36. miRNAs 
are small non-coding RNAs that regulate gene expression by binding to complementary sequences within the 3′ 
UTR of target mRNAs, leading to mRNA degradation or translational repression37. Through these mechanisms, 
miRNAs have emerged as key regulatory molecules in tumorigenesis, acting as both tumor suppressors and 
oncogenic drivers depending on their targets38. This role underscores the potential for metformin to influence 
specific miRNAs that could modulate COAD progression, a therapeutic avenue of great interest in current 
oncology research39,40. This study identified whether metformin could be a candidate treatment for COAD and 
which genes and miRNAs are involved in the regulation of cell viability (Fig. 7).

Consistent with previous studies, a reduction in cell viability was observed across various TNM stages of 
COAD after metformin treatment, as illustrated in Fig. 141,42. This finding demonstrated the efficacy of metformin 
in a wide range of TNM stages. However, the use of a more extensive range of COAD cell lines encompassing 
each TNM stage would enhance the reliability of our results.

The bioinformatics was analyzed using the TCGA and GEO databases to elucidate the molecular mechanisms 
underlying metformin’s effects on COAD (Fig. 2A and B). TCGA RNA-seq data revealed DEGs between COAD 

Fig. 4.  Sequence alignment of hsa-miR-1306-3p with FJX1 3′ UTR and localization of designed primers. (A) 
The sequence was aligned between hsa-miR-1306-3p and the 3′ UTR of FJX1 using the BioEdit program. The 
black arrows represent sense and antisense primers designed for PCR. The dotted boxes indicate the hsa-miR-
1306-3p seed region and complementary site within FJX1. (B) RNA hybrid was illustrated, and its minimum 
free energy value was also calculated using BiBiServ. Green and red exhibit hsa-miR-1306-3p and the 3′ UTR 
of FJX1, respectively.
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and normal tissues, while GEO dataset GSE67342 provided DEG data for metformin-treated and untreated cell 
lines. Although direct comparisons between these datasets were challenging, integrating them enhanced the 
biological insights of our study43. FJX1 was selected as the target gene in this study presented in Fig. 2C. FJX1 
influences cell adhesion structures and modulates the organization of microtubules and actin (Fig. 2D)44. FJX1 
was highly expressed in COAD and inversely correlated with patient survival (Fig. 2E), highlighting its potential 
role in prognosis. Additionally, FJX1 was associated with oncogenic behaviors such as viability, metastasis, and 
treatment resistance across various cancers (Fig. 2F)45–48. MiRNAs like miR-532-3p and miR-1249 were found 
to regulate FJX1, suppressing COAD cell viability, migration, and invasion49,50. Despite extensive research on the 
role of FJX1 in COAD, our understanding of the genetic mechanisms underlying its involvement in tumorigenesis 
remains limited. The specific contributions of FJX1 to cancer development are not clearly defined in the GO and 
Kyoto Encyclopedia of Genes and Genomes pathway data, indicating the need for further investigation of its 
oncogenic pathways and molecular interactions.

Hsa-miR-1306-3p was selected for further analysis because of its significantly lower expression in COAD, as 
shown in Fig. 3B. Furthermore, its low expression correlated with poor clinical outcomes, indicating its potential 
role in the progression and aggressiveness of COAD across TNM stages as indicated in Fig. 3E. Hsa-miR-1306-
5p, which is derived from the same precursor as hsa-miR-1306-3p, investigated the role of miR-1306-5p in 
various cancers, including COAD51–53. Notably, hsa-miR-1306-5p is typically downregulated in COAD, and its 
overexpression suppresses oncogenic behavior by inhibiting the PI3K/AKT/mTOR signaling pathway54. While 
the role of hsa-miR-1306-5p in various cancers has been extensively studied in terms of oncogenic pathways, 
investigations on hsa-miR-1306-3p remain limited. As illustrated in Fig.  3C, hsa-miR-1306-3p exhibited a 
significantly reduced expression in COAD. However, no study has investigated its role in COAD. This study 
provides novel insights into the association between hsa-miR-1306-3p and COAD progression, highlighting its 
potential significance.

Figure 4 showed that the binding interaction between hsa-miR-1306-3p and FJX1 had a calculated MFE of 
below − 25 kcal/mol, indicating a stable and favorable interaction55. The high complementary conservation in 
the seed region of hsa-miR-1306-3p suggests a strong binding capability. This could enhance its regulatory effect 
on FJX1 expression, highlighting its potential as a therapeutic target in COAD treatment.

In vitro studies have shown that FJX1 expression negatively correlates with hsa-miR-1306-3p levels. FJX1 
levels were reduced in the metformin-treated samples, as shown in Fig. 5A. Conversely, the increase in hsa-miR-
1306-3p levels illustrated in Fig. 5B suggests that both factors are influenced by metformin treatment and are 
negatively correlated. The dual-luciferase assay confirmed that hsa-miR-1306-3p suppressed FJX1 expression, 
as presented in Fig.  6. Co-transfection of cells with the plasmid vector and hsa-mir-1306 mimic resulted in 
decreased luciferase activity compared to that in the control group. Conversely, when cells were co-transfected 
with the plasmid vector and the hsa-miR-1306-3p inhibitor, luciferase activity was restored to levels comparable 
to those of the control. Furthermore, metformin directly regulates miRNA expression and highlights its relevance 
to cancer pathogenesis, thereby supporting the implications of our study56–58.

The findings of this study provided a foundation for the development of a therapeutic strategy for COAD 
that utilizes the interaction between metformin and the hsa-miR-1306-3p/FJX1 axis. The results of the study 
demonstrated metformin’s anti-cancer efficacy across TNM stages and identified hsa-miR-1306-3p as a novel 
candidate involved in this process. To enhance the benefits of metformin, further research is needed to explore 
how its effects can be modified to different TNM stages, providing insights into stage-specific mechanisms. A 
detailed understanding of the signaling pathways involving hsa-miR-1306-3p and FJX1 is essential for developing 
targeted therapies for COAD. Additionally, repurposing drugs and supplementing with vitamins like vitamin D 

Fig. 5.  Relative expression analysis of FJX1 and hsa-miR-1306-3p. The expression patterns were examined in 
three cell lines, representing different TNM stages, treated with metformin (10 mM) and the control group 
(0 mM metformin) using qPCR. Experiments were performed in triplicate, and the results were presented 
as mean ± SD. (A) The expression of FJX1 was significantly decreased in all COAD cell lines treated with 
metformin, while (B) hsa-miR-1306-3p showed increased expression. SD, standard deviation; *p-value < 0.05; 
**p-value < 0.01.
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could offer a complementary strategy for COAD treatment59. This approach will improve therapeutic outcomes 
by integrating metformin with other interventions. Further studies should investigate the roles of hsa-miR-1306-
3p and FJX1 in vitro and in vivo, clarifying their contributions to tumor growth and metastasis. This will support 
the development of more effective treatment protocols, incorporating metformin in a stage-specific manner.

Conclusion
In summary, our findings demonstrated that metformin treatment increased hsa-miR-1306-3p expression in 
COAD cell lines, leading to the suppression of FJX1 and a subsequent reduction in cell viability. This suggests 
that metformin has potential as a therapeutic agent for COAD, and its efficacy is potentially influenced by the 
TNM stage. The interplay between hsa-miR-1306-3p and FJX1 has emerged as a crucial element in this process, 
warranting further research to clarify their roles as potential therapeutic targets.

Materials and methods
A summary of the materials and methods is presented as a flowchart in Fig. 8.

Fig. 6.  Revealing the interplay between the 3′ UTR of FJX1 and hsa-miR-1306-3p through dual luciferase 
activity assay. Luciferase activity was measured in SW480 cells co-transfected for 24 h with the Psi-CHECK2 
vector cloned with 3′ UTR of FJX1 (plasmid), N.C., hsa-mir-1306 mimic, or hsa-miR-1306-3p inhibitor. 
The luciferase activity significantly declined in cells co-transfected with plasmid and hsa-mir-1306 mimic. 
However, the luciferase activity of cells co-transfected with plasmid and hsa-miR-1306-3p inhibitor was 
enhanced to a similar level as control or N.C. The triplicate experiments were conducted and were represented 
as mean ± SD. SD, standard deviation; ns, not significant; *p-value < 0.05; **p-value < 0.01.
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Bioinformatic analyses
RNA-seq and small RNA-seq data were obtained from TCGA (https://portal.gdc.cancer.gov/). RNA-seq data 
from 41 patients with COAD and small RNA-seq data from eight patients with COAD were randomly selected. 
Data from both primary tumor and normal tissues were extracted for further analyses. DEGs were identified 
by comparing tumor tissues with normal tissues from patients with cancer using the DESeq2 package in R. 
The resulting data were visualized as a volcano plot, using the ggplot2 package in R. Genes and miRNAs were 
selected based on a log2FC of ≥ 2 or ≤ -2 and a p-value of < 0.05. The GSE67342 dataset was obtained from the 
GEO (https://www.ncbi.nlm.nih.gov/geo/). DEGs were identified by comparing cells treated with metformin 
to untreated cells, selecting those with a log2FC ≤ − 2 and a p-value < 0.05. To gain further insights into the role 
of FJX1 in cancer, its expression levels in various cancer types were examined using the online tool TIMER2.0 
(http://timer.cistrome.org/). Additionally, GO biological process analysis was performed on DEGs, including 
FJX1, using the online tool ShinyGO 0.80 (http://bioinformatics.sdstate.edu/go/). Lists of predicted target 
miRNAs were obtained from TargetScanHuman (https://www.targetscan.org/vert_80/) and miRDB ​(​​​h​t​t​p​
s​:​/​/​m​i​r​d​b​.​o​r​g​/​​​​​)​. The Venny tool (https://bioinfogp.cnb.csic.es/tools/venny/) was used to identify target genes 
and miRNAs in TCGA RNA-seq and small RNA-seq data by creating visualized Venn diagrams. Differential 
expression of hsa-miR-1306-3p across various cancer types was analyzed using the dbDEMC database ​(​​​h​t​t​p​s​:​/​/​
w​w​w​.​b​i​o​s​i​n​o​.​o​r​g​/​d​b​D​E​M​C​/​s​e​a​r​c​h​​​​​)​. Differences in expression according to the stage of COAD were evaluated 
using UALCAN (https://ualcan.path.uab.edu/index.html). Survival curves were generated using OncoLnc ​(​​​h​t​t​
p​:​/​/​w​w​w​.​o​n​c​o​l​n​c​.​o​r​g​/​​​​​)​. The expression levels of FJX1 and hsa-miR-1306-3p were classified into two categories: 
the top 33% and the bottom 33%.

The sequence of the 3′ UTR of the selected target gene FJX1 was obtained from the National Center for 
Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov/), and the sequence of hsa-miR-1306-3p was 
retrieved from the miRbase (https://www.mirbase.org/). The nucleotide sequences of hsa-miR-1306-3p and 
FJX1 were aligned using the BioEdit tool, revealing a binding region of hsa-miR-1306-3p within the 3′ UTR 
of FJX1. The binding interaction and MFE between hsa-miR-1306-3p and the 3′ UTR of FJX1 were confirmed 
using the RNA hybrid tool from BiBiServ (​h​t​t​p​s​:​​/​/​b​i​b​i​​s​e​r​v​.​c​​e​b​i​t​e​c​​.​u​n​i​-​​b​i​e​l​e​f​​e​l​d​.​d​e​​/​r​n​a​h​y​​b​r​i​d).

Cell culture and treatment
The COAD cell lines SW480, SW620, and HCT 116, representing the T, N, and M stages, respectively, were 
obtained from the Korean Cell Line Bank (Korea). All cell lines were grown in RPMI 1640 (Hyclone, USA) 
medium containing 10% inactivated fetal bovine serum (FBS; Gibco, USA) and 1% antibiotic–antimycotic 
(Anti-Anti; Gibco, USA) in a humidified atmosphere of 5% CO2 incubator at 37 °C. Metformin, obtained from 
Professor Ho Jeong Kwon at Yonsei University, was diluted in RPMI 1640 medium containing 10% FBS to a final 
concentration of 10 mM.

Viability test
All cell lines were seeded at a density of 2 × 103 cells/well in 96-well plates and incubated for 24 h to allow cell 
adhesion. Subsequently, cells were treated with either 10 mM metformin or FBS-only medium. Following an 
additional 24 h, 10 µL of EZ-Cytox (DoGenBio, Korea) was added to each well, and the cells were incubated at 

Fig. 7.  Schematic illustration of the proposed mechanism for modulation of hsa-miR-1306-3p and FJX1 using 
metformin. In COAD, the upregulation of FJX1 has been demonstrated to promote cell viability. Metformin 
treatment has been shown to increase the expression of tumor suppressor miRNAs, hsa-miR-1306-3p, which 
bind to FJX1 mRNA, leading to the inhibition of cell viability.
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Fig. 8.  Process overview of the study’s methodology. Workflow for investigating the impact of metformin 
on COAD. Data collection was conducted using the GEO and TCGA databases. Differentially expressed 
genes and microRNAs were revealed using the DESeq2 package in R. The prediction of target microRNAs 
was performed with TargetScanHuman 8.0 and miRDB, and the identification of common genes and 
microRNAs was conducted using the Venny program. Bioinformatic analyses of the final target gene and 
miRNA were conducted using ShinyGO, TIMER2.0, OncoLnc, dbDEMC, UALCAN, and RNAfold. Sequence 
alignment of the target gene and miRNA was conducted using the RNA hybrid tool (BiBiServ and BioEdit). 
The experimental validation included cell viability assays, qPCR, and dual-luciferase assays with metformin 
treatment.
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37 °C with 5% CO₂ for a further 24 h. Absorbance was measured using a spectrophotometer, and cell viability 
was calculated according to the manufacturer’s protocol.

	
Viability (% ) = Exp. − Blank

Control − Blank
∗ 100

RNA extraction and complementary DNA (cDNA) synthesis
Hybrid-R™ (GeneAll, Korea) was used to extract total RNA from cell lines in accordance with the manufacturer’s 
instructions. An ND-1000 UV–Vis spectrophotometer (NanoDrop Technologies, Wilmington, NC, USA) was 
used to measure the RNA quantity and quality. The RNA samples were quantified to 500 ng and used for target 
mRNA and miRNA cDNA synthesis using the PrimeScript™ RT reagent kit with gDNA Eraser (TaKaRa, Japan) 
and HB miR Multi Assay Kit™ (SYSTEM I; HeimBiotek, Seoul, Republic of Korea), respectively. For reverse 
transcription of the target mRNA and miRNA, the following PCR settings were used: PrimeScript™ RT Reagent 
Kit with gDNA Eraser (TaKaRa, Japan) was used at 37 °C for 15 min and 85 °C for 5 s. The HB miR Multi Assay 
Kit™ (HeimBiotek, Korea) was used at 37 °C for 60 min and 95 °C for 5 min.

Gene cloning
Using synthesized cDNA from SW480 whole extracted RNA and the primers (sense primer: 5′-​G​C​T​G​G​G​G​
T​A​T​G​G​A​T​G​A​T​G​G​G-3′, antisense primer: 5′-​T​G​A​A​A​G​A​A​A​G​G​G​G​C​A​G​G​T​G​G-3′), the 3′ UTR of FJX1 was 
amplified using a PCR. The PCR was performed under the following conditions: an initial step of 5 min at 94 °C, 
followed by 45 cycles of 40 s at 94 °C for denaturation, 40 s at 59 °C for annealing, and 90 s at 72 °C for extension. 
The amplified DNA fragments were separated on a 1.5% agarose gel and purified using the Expin™ PCR SV kit 
(GeneAll, Korea) according to the manufacturer’s instructions. The purified PCR products were cloned into the 
dual-luciferase vector psi-CHECK2. The cloned plasmid was then extracted using the Exprep™ Plasmid SV, mini 
(GeneAll, Korea) according to the manufacturer’s instructions.

Co-transfection and luciferase assay
SW480 cells were seeded into 24-well plates at a density of 4 × 104 cells/well. Following 24 h of seeding, cells were 
co-transfected with the psi-CHECK2 vector containing the 3′ UTR of FJX1, an N.C., hsa-mir-1306 mimic, and 
hsa-miR-1306-3p inhibitor using jetPRIME® (Polyplus, France) as per the manufacturer’s instructions. The hsa-
miR-1306-3p inhibitor is a chemically produced single-stranded RNA molecule that inhibits mature miRNA 
activity, whereas the hsa-mir-1306 mimic is an artificially created double-stranded RNA molecule that mimics 
mature miRNA duplexes. The experiment was designed using four-lane 24 well plates. Following a 24-h co-
transfection period, 1 × passive buffer (Promega, USA) was used to lyse the cells following the manufacturer’s 
guidelines. Firefly and Renilla luciferase activities were measured after 24 h of cell lysis using a Dual Luciferase 
Assay Kit (Promega, USA) according to the manufacturer’s instructions.

qPCR amplification
Using the final cDNA products, qPCR was performed to examine the expression of hsa-miR-1306-3p. The 
following circumstances were met to analyze miRNA expression using the HB_I Real-Time PCR Master Mix Kit 
(HeimBiotek, Korea) under the manufacturer’s instructions (45 cycles of 95 °C for 10 s and 60 °C for 40 s; standard 
melting conditions at 55 °C for 90 s, then increasing by intervals of 5 s at 1 °C for each step up to 99 °C). The 
initialization phase lasted for 15 min. U6 was used as the reference gene for small nuclear RNA to standardize hsa-
miR-1306-3p expression.

Target mRNA expression analysis was conducted using SYBR Green Q-PCR Master Mix with Low Rox 
(SmartGene, Korea) in accordance with the manufacturer’s instructions (hold at 95 °C for 2 min for initialization; 
40 cycles of 95 °C for 2 s, 60 °C for 25 s, and 72 °C for 15 s; standard melting conditions are held at 55 °C for 
90 s, and 5 s increase of 1 °C for each step up to 99 °C. GAPDH (sense primer: 5′-​G​A​A​A​T​C​C​C​A​T​C​A​C​C​A​T​C​T​
T​C​C​A​G​G-3′, antisense primer: 5′-​G​A​G​C​C​C​C​A​G​C​C​T​T​C​T​C​C​A​T​G-3′) was used as the reference gene for the 
target mRNA. The 2−ΔΔCt method was used to examine the data, with each sample being processed in triplicate.

Statistical analyses
All experiments were conducted in triplicate and error bars in the graphs represent the mean ± standard deviation 
(SD) of the data. Student’s t-tests were also performed for statistical analyses. P-values were used to indicate the 
statistical significance of the results, with a threshold of p-value < 0.05.

Data availability
Sequence data supporting the findings of this study have been deposited in GEO (URL: ​h​t​t​p​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​
h​.​g​o​v​/​g​e​o​/​​​​​) and TCGA (URL: https://portal.gdc.cancer.gov/) databases. The datasets used in this study are avail-
able under the accession IDs: GSE67342 (​h​t​t​p​s​:​​​/​​/​w​w​​w​.​n​c​b​​i​.​n​​l​m​.​n​​​i​h​.​​g​o​​v​/​​g​e​o​​/​q​​u​e​r​y​​​/​a​c​​c​​.​c​g​​i​?​a​c​c​=​G​S​E​6​7​3​4​2).
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