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Abstract 1 

Colorectal cancer (CRC) is a common malignant tumor with poor prognosis, urgently 2 

requiring new biomarkers and therapeutic targets. This study investigated the role of 3 

BMI1 in the progression of colorectal cancer and its regulatory mechanisms, as well as 4 

evaluated whether targeting BMI1 can enhance the efficacy of first-line drugs. BMI1 is 5 

highly expressed in colorectal cancer and promotes malignant progression by inhibiting 6 

cell adhesion. Knockdown of BMI1 suppresses its malignant behavior in both in vitro 7 

and in vivo experiments. MiR-218-5p targets the 3' UTR region of BMI1 and is 8 

downregulated in CRC; overexpression of miR-218-5p can reverse BMI1-mediated 9 

CRC progression. Furthermore, resveratrol targets and inhibits BMI1, thereby 10 

sensitizing CRC cells to the first-line EGFR-targeted drug cetuximab. The combination 11 

of resveratrol and cetuximab exhibits synergistic antitumor effects both in cultured cells 12 

and in vivo. In summary, this study elucidates the intervention role of miR-218-5p as an 13 

upstream regulator of BMI1 and confirms that resveratrol’s targeted inhibition of BMI1 14 

can enhance the therapeutic effect of cetuximab, providing new experimental evidence 15 

and strategies for molecular targeted combination therapy in colorectal cancer. 16 

 17 

Keywords: Colorectal cancer, BMI1, Cell adhesion, MiR-218-5p, Resveratrol, 18 

Cetuximab. 19 



 

 

Introduction 20 

CRC is the third most common malignant tumor worldwide, with an increasing 21 

incidence among younger populations. It is estimated that the incidence will rise by 22 

63% by 2040[1, 2] Surgery combined with radiotherapy and chemotherapy is the 23 

main treatment approach, but drug resistance is a significant issue, and the five-year 24 

survival rate for patients with metastasis is extremely low[3, 4]. Colonoscopy 25 

screening is limited by cost and patient compliance, resulting in limited effectiveness 26 

in prevention and control[5, 6]. Therefore, analyzing the abnormal expression and 27 

functional mechanisms of key genes is of great importance for identifying early 28 

biomarkers, elucidating the pathogenesis, and developing targeted therapies. 29 

 30 

B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1) gene was 31 

first discovered in lymphoma cells in 1991[7]. It is a core member of the Polycomb 32 

gene family and acts as an oncogene that can synergize with the proto-oncogene 33 

c-myc to drive cell transformation and tumor formation[8-10]. As a component of the 34 

Polycomb repressive complex 1 (PRC1), BMI1 is involved in chromatin epigenetic 35 

modification and the maintenance of stem cell homeostasis, functioning through the 36 

regulation of gene expression related to cell proliferation, apoptosis, DNA repair, and 37 

other processes[11, 12]. In malignant tumors such as breast cancer, oral squamous 38 

carcinoma, and gastric cancer, BMI1 can induce tumor cell migration and 39 

invasion[13-15]. Therefore, BMI1 is a potential target for CRC. 40 

 41 

MiRNAs can act as oncogenic or tumor-suppressive factors in tumors such as gastric 42 

cancer, liver cancer, lung cancer, and breast cancer, regulating cell proliferation, 43 

apoptosis, angiogenesis, and metastasis[16-19]. Dysfunction may arise from genomic 44 

deletions, mutations, epigenetic modifications, or processing abnormalities, leading to 45 

dysregulation of target mRNA and protein expression[20]. Notably, tumor tissues 46 

often exhibit reduced expression of mature miRNAs[21]. As a tumor suppressor, 47 



 

 

miR-218-5p targets CDK6 in gastric cancer to block the cell cycle and inhibit 48 

metastasis[22], in glioma, miR-218-5p targets CMTM3 to suppress cell proliferation 49 

and invasion[23], in breast cancer, it inhibits PINK1/Parkin-mediated mitophagy, 50 

enhancing sensitivity to doxorubicin[24]. Therefore, downregulation of miR-218-5p is 51 

a candidate driver gene in the development of multiple cancers. 52 

 53 

This study focuses on the expression, function, mechanism, and clinical significance 54 

of BMI1 in CRC. We confirmed that BMI1 knockdown suppresses CRC cell 55 

proliferation, migration, and invasion by promoting cell adhesion; that miR-218-5p 56 

negatively regulates BMI1, and that resveratrol targets and inhibits BMI1 and can 57 

sensitize cells to cetuximab, thereby blocking the malignant progression of CRC. 58 

 59 

Results 60 

Elevated expression of BMI1 in CRC 61 

To investigate the expression level of BMI1 in CRC, we examined BMI1 expression 62 

in CRC using the UALCAN and TCGA databases. The results showed that compared 63 

to adjacent normal tissues, BMI1 expression was elevated in CRC tumor tissues 64 

(Figures S1A-B). Further analysis using the UALCAN database revealed that BMI1 65 

expression was associated with lymph node metastasis status and tumor staging in 66 

CRC patients (Figures S1C-D). To further analyze BMI1 expression in CRC, we 67 

collected tissue samples from 20 CRC patients. IHC staining analysis of BMI1 protein 68 

expression showed a significant increase in BMI1 levels in CRC tissues compared to 69 

adjacent normal tissues (Figure 1A). Subsequently, WB and RT-qPCR were used to 70 

detect BMI1 protein and mRNA expression levels in CRC tissues and their 71 

corresponding adjacent normal tissues. The results demonstrated that both protein and 72 

mRNA levels of BMI1 were elevated in CRC tissues compared to adjacent normal 73 

tissues (Figures 1B-1C). Similarly, compared to normal human colon epithelial cells 74 

(NCM460), BMI1 protein and mRNA expression levels were increased in CRC cell 75 



 

 

lines SW480 and Caco-2 (Figures 1D-1E). The above results indicate that the 76 

expression level of BMI1 is upregulated in CRC and is associated with CRC 77 

progression. 78 

 79 

Elevated BMI1 expression is associated with CRC cell proliferation migration 80 

and invasion 81 

To investigate the functional role of BMI1 in the progression of CRC, we established 82 

stable BMI1 knockdown CRC cell lines. Among them, sh-BMI1-1 exhibited the 83 

highest knockdown efficiency and was used for subsequent functional validation 84 

(Figures 2A-D). CCK-8 assay results showed that knocking down BMI1 significantly 85 

reduced the viability of CRC cells (Figure S2A). EdU and colony formation assays 86 

further demonstrated that BMI1 knockdown inhibited the proliferative capacity of 87 

CRC cells (Figures S2B-2C). Additionally, wound healing and Transwell assays were 88 

performed to assess the effects of BMI1 on CRC cell migration and invasion. The 89 

wound healing assay indicated that BMI1 knockdown weakened the migratory ability 90 

of CRC cells (Figure 2E). The Transwell assay showed that BMI1 knockdown 91 

reduced the invasive capacity of CRC cells (Figure 2F). These results collectively 92 

suggest that BMI1 knockdown can inhibit the proliferation, migration, and invasion of 93 

CRC cells. 94 

 95 

BMI1 promotes CRC progression by inhibiting cell adhesion 96 

To elucidate the molecular mechanism by which BMI1 promotes CRC progression, 97 

we performed RNA-seq on SW480 cells from the sh-Control group and the sh-BMI1 98 

group. The sequencing data were processed using the R package DESeq2, and the 99 

resulting differentially expressed genes were displayed in a volcano plot and heatmap. 100 

We found that 385 genes were upregulated and 468 genes were downregulated 101 

(Figures S3A-B). Next, we conducted biological process enrichment analysis on the 102 

differentially expressed genes, which showed that cell adhesion was significantly 103 



 

 

enriched (Figure S3C). Tumor cells can enhance their proliferation, migration, and 104 

invasion abilities by inhibiting cell adhesion[25, 26]. The GO enrichment analysis 105 

also confirmed that BMI1 is associated with the cell adhesion process (Figures 106 

S3D-F). To validate our sequencing results, we performed Western blot experiments 107 

to detect the expression of cell adhesion-related proteins in CRC cells after BMI1 108 

knockdown. The results showed that CDH1 expression was significantly increased, 109 

while EPCAM protein expression was significantly decreased after BMI1 knockdown 110 

(Figure 3A). Additionally, cell adhesion assays further confirmed that cell adhesion 111 

ability was enhanced following BMI1 knockdown (Figure 3B). These results indicate 112 

that BMI1 promotes CRC progression by inhibiting cell adhesion. 113 

 114 

Knockdown of BMI1 inhibits malignant progression of CRC cells in vivo 115 

Next, we investigated the effect of BMI1 on CRC in vivo using a nude mouse 116 

subcutaneous xenograft model. Caco-2 cells from the sh-BMI1 group and the 117 

sh-Control group were injected into the right axilla of 4-week-old male nude mice, 118 

with 6 replicates per group. The volume of the subcutaneous xenografts was measured 119 

every 7 days, and the mice were sacrificed after 28 days to collect the xenograft 120 

tumors. The results showed that, compared to the sh-Control group, the subcutaneous 121 

xenografts in the sh-BMI1 group grew more slowly and had relatively smaller 122 

volumes (Figures 4A-4B). Additionally, we weighed the subcutaneous xenograft 123 

tissues, and the results indicated that knockdown of BMI1 led to smaller tumor 124 

weights formed by the cells in the nude mice (Figure 4C). This suggests that 125 

knockdown of BMI1 can inhibit the tumorigenic ability of CRC cells in vivo. 126 

Furthermore, IHC staining analysis of the xenograft tissues revealed decreased 127 

expression levels of BMI1, Ki-67, EPCAM, and CDH2 in the sh-BMI1 group (Figure 128 

4D). This further confirms that knockdown of BMI1 suppresses cell proliferation, 129 

migration, and invasion in vivo. 130 

 131 



 

 

MiR-218-5p suppresses BMI1 expression by targeting its 3'UTR 132 

To further identify miRNAs that can target BMI1, we predicted and intersected 133 

potential candidates using the miRDB, TarBase, and TargetScan databases, screening 134 

five potential miRNAs targeting the 3'UTR of BMI1 (miR-218-5p, miR-128-3p, 135 

miR-27a-3p, miR-27b-3p, and miR-203a-3p) (Figure 5A). Next, we examined the 136 

expression levels of these five miRNAs in normal human colon epithelial cells and 137 

CRC cells. The results showed that compared to normal human colon epithelial cells, 138 

the expression levels of miR-218-5p and miR-128-3p were significantly 139 

downregulated in CRC cells, whereas the expression levels of miR-27a-3p, 140 

miR-27b-3p, and miR-203a-3p were upregulated (Figure 5B). We then focused on the 141 

miR-218-5p and miR-128-3p, which were downregulated in CRC cells. Further 142 

dual-luciferase reporter assays demonstrated that miR-218-5p significantly inhibited 143 

the luciferase activity of the wild-type BMI1 3'UTR (WT-BMI1-3'UTR), but had no 144 

significant effect on the mutant BMI1 3'UTR (MUT-BMI1-3'UTR) (Figures 5C-D). 145 

Although miR-128-3p could suppress BMI1 transcriptional activity, its binding ability 146 

was relatively weak (Figures 5E-F). Therefore, in the subsequent experiments, we 147 

mainly focused on the regulatory effect of miR-218-5p on BMI1. Next, we further 148 

investigated whether miR-218-5p affects the protein expression level of BMI1. WB 149 

results showed that in SW480 and Caco-2 cells, overexpression of miR-218-5p 150 

significantly downregulated BMI1 protein levels, while inhibition of miR-218-5p 151 

significantly upregulated its expression (Figures S4A-4B). These results indicate that 152 

miR-218-5p can directly bind to the 3'UTR of BMI1, thereby suppressing its 153 

expression. 154 

 155 

MiR-218-5p inhibits CRC cell proliferation, migration, and invasion by targeting 156 

BMI1 157 

The expression levels of miR-218-5p in 20 pairs of CRC tissues and adjacent 158 

non-cancerous tissues were detected by RT-qPCR. The results showed that 159 



 

 

miR-218-5p was significantly downregulated in CRC tissues (Figure S5A). 160 

Additionally, the expression level of miR-218-5p in the serum of CRC patients was 161 

also significantly lower compared to healthy individuals (Figure S5B). This indicates 162 

that miR-218-5p is lowly expressed in CRC and may be associated with the 163 

occurrence of CRC. Furthermore, we overexpressed miR-218-5p in CRC cells with or 164 

without BMI1 overexpression. The results showed that overexpression of miR-218-5p 165 

in CRC cells could inhibit the expression of BMI1 protein, while simultaneous 166 

overexpression of miR-218-5p and BMI1 rescued the inhibitory effect of miR-218-5p 167 

on BMI1 (Figures S5C-D). Next, we verified whether overexpression of miR-218-5p 168 

could restore the reduced adhesion ability of CRC cells mediated by BMI1. WB 169 

results showed that overexpression of BMI1 inhibited the expression level of CDH1 170 

protein and increased the expression level of EPCAM protein, whereas simultaneous 171 

overexpression of BMI1 and miR-218-5p rescued the downregulation of CDH1 and 172 

upregulation of EPCAM protein expression caused by BMI1 overexpression (Figure 173 

6A). The cell adhesion assay also confirmed that miR-218-5p can enhance the 174 

adhesion ability of CRC cells by targeting and inhibiting BMI1 (Figure 6B). In 175 

addition, the results of the CCK-8 assay, EdU assay, and colony formation assay 176 

showed that miR-218-5p can enhance the proliferation ability of CRC cells by 177 

targeting and inhibiting BMI1 (Figures S6A-C). The wound healing assay and 178 

Transwell assay results demonstrated that miR-218-5p can enhance the migration and 179 

invasion abilities of CRC cells by targeting and inhibiting BMI1 (Figures S7A-B). 180 

Next, we confirmed in vivo using a nude mouse subcutaneous tumor transplantation 181 

model that overexpression of BMI1 promotes tumor growth, while simultaneous 182 

overexpression of miR-218-5p can inhibit the tumor growth-promoting effect of 183 

BMI1 (Figures S8A-C). Additionally, we performed IHC staining analysis on tumor 184 

tissues, and the results showed that compared to the NC group, the expression levels 185 

of BMI1, Ki-67, EPCAM, and CDH2 were increased in the tumors of the BMI1 186 

overexpression group. However, simultaneous overexpression of miR-218-5p 187 



 

 

inhibited the BMI1-mediated upregulation of BMI1, Ki-67, EPCAM, and CDH2 188 

expression (Figure S8D). This further demonstrates that miR-218-5p can enhance the 189 

adhesion ability of CRC cells by targeting and suppressing BMI1, thereby inhibiting 190 

the malignant progression of CRC. 191 

 192 

Resveratrol targetedly inhibits BMI1 to enhance adhesion of CRC cells 193 

Given the important role of BMI1 in the progression of CRC, conducting targeted 194 

drug research against BMI1 holds significant clinical value. We screened traditional 195 

Chinese medicine components that can target BMI1 through the HERB database, 196 

identifying diosgenin saponin and resveratrol. Among them, BMI1 shows a certain 197 

binding activity with resveratrol, whereas the binding activity between BMI1 and 198 

diosgenin saponin is very low (Figures 7A-B). Therefore, we selected resveratrol as 199 

the BMI1-targeting drug for subsequent studies. Next, we treated CRC cells with 200 

different concentrations of resveratrol to evaluate its inhibitory effect on cell viability. 201 

The results showed that resveratrol significantly inhibited the viability of CRC cells in 202 

a clear dose-dependent manner (Figure 7C). Further WB and RT-qPCR experiments 203 

demonstrated that resveratrol markedly suppressed both the protein and mRNA 204 

expression levels of BMI1 in CRC cells (Figures 7D-E). PTC-209 is a specific BMI1 205 

inhibitor. We next compared the cytotoxicity of the two drugs. The results showed that, 206 

compared to PTC-209, resveratrol exhibited lower toxicity to human normal colon 207 

epithelial (NCM-460 cells) (Figure 7F). These results indicate that resveratrol can 208 

inhibit the expression of BMI1 and, given its lower toxicity to normal cells, is more 209 

suitable as a potential targeted drug for BMI1. 210 

 211 

Resveratrol inhibits CRC progression by enhancing cell adhesion 212 

We further evaluated the effect of resveratrol on the adhesion ability of CRC cells. 213 

WB analysis showed that compared to the DMSO group, resveratrol treatment 214 

increased the expression level of CDH1 and decreased the expression level of 215 



 

 

EPCAM (Figure 8A). Cell adhesion assays also confirmed that resveratrol treatment 216 

enhanced cell adhesion ability (Figure 8B). Furthermore, CCK-8, EdU, and colony 217 

formation assays demonstrated that resveratrol treatment inhibited the proliferation of 218 

CRC cells (Figures S9A-B). Wound healing and transwell assays showed that 219 

resveratrol treatment suppressed the migration and invasion of CRC cells (Figures 220 

S9C-D). Subsequently, using a nude mouse subcutaneous xenograft model, we 221 

confirmed in vivo that resveratrol could inhibit tumor growth in mice (Figures 8C-E). 222 

Further IHC results indicated that the expression levels of BMI1, Ki-67, EPCAM, and 223 

CDH2 were relatively lower in tumor tissues from the resveratrol treatment group 224 

(Figure 8F). These results suggest that resveratrol can inhibit the malignant 225 

progression of CRC. 226 

 227 

Resveratrol synergizes with cetuximab to inhibit CRC progression 228 

Cetuximab is a first-line treatment for CRC with wild-type RAS/BRAF genes, but 229 

some patients develop resistance. Studies have shown that dysregulation of cell 230 

adhesion-related proteins leads to reduced efficacy of cetuximab in CRC[27]. 231 

Therefore, we investigated whether resveratrol could enhance the adhesion ability of 232 

cells treated with cetuximab. Caco-2 cells are a RAS/BRAF wild-type cell line, while 233 

SW480 cells are a RAS mutant cell line. The results showed that, compared to the 234 

single-drug groups, the adhesion ability of cells in the combination treatment group 235 

was significantly enhanced in both Caco-2 and SW480 cells (Figures 9A-B). 236 

Furthermore, compared to the single-drug groups, the combination treatment not only 237 

inhibited proliferation, migration, and invasion abilities of Caco-2 cells but also 238 

significantly suppressed proliferation, migration, and invasion of SW480 cells 239 

(Figures S10A-D). Additionally, using a nude mouse subcutaneous xenograft model, 240 

we confirmed in vivo that resveratrol and cetuximab synergistically inhibited tumor 241 

growth in mice (Figures 9C-E). IHC results showed that, compared to the single-drug 242 

groups, the expression levels of BMI1, Ki-67, EPCAM, and CDH2 in tumor tissues 243 



 

 

were significantly reduced in the combination treatment group (Figure 9F). These 244 

results indicate that resveratrol can synergize with cetuximab to inhibit malignant 245 

progression of CRC. 246 

 247 

Discussion 248 

BMI1 is highly expressed and plays an oncogenic role in various tumors, in breast 249 

cancer, it regulates the cell cycle, proliferation, and apoptosis processes to promote 250 

malignant progression[28], in neuroblastoma, the BMI1 inhibitor PTC-028 can 251 

activate the p53 pathway, downregulate anti-apoptotic proteins, and induce apoptosis 252 

and cell cycle arrest[29], in acute myeloid leukemia, high BMI1 expression is 253 

associated with poor prognosis, and its inhibitor PTC-209 can target leukemia stem 254 

cells and induce apoptosis[30]. This study confirmed that BMI1 is highly expressed in 255 

colorectal cancer tissues and CRC cell lines, and knocking down BMI1 significantly 256 

inhibited CRC progression. Further analysis revealed that BMI1 exerts its 257 

tumor-promoting effect by suppressing cell adhesion, while miR-218-5p can inhibit 258 

this effect by targeting the 3’UTR of BMI1 to suppress its expression. In addition, 259 

inhibition of BMI1 enhanced the sensitivity of CRC to cetuximab (Figures S11). 260 

 261 

MiR-218-5p acts as a suppressor in various tumors, and its downregulation is 262 

involved in tumor progression[24, 31]. This study confirmed that miR-218-5p is 263 

significantly underexpressed in CRC cells, tissues, and serum samples. Studies have 264 

demonstrated that miR-218-5p influences the progression of multiple tumors through 265 

various regulatory pathways. miR-218-5p can simultaneously inhibit SNAI2 and 266 

FTH1P3, forming a positive feedback loop among the three, thereby suppressing CRC 267 

metastasis[32]. The lncRNA TINCR can act as a competitive endogenous RNA 268 

(ceRNA) sponge to absorb miR-218-5p, thereby upregulating the expression of 269 

DDX5 and indirectly promoting the proliferation and migration of liver cancer cells, 270 

which indirectly confirms the inhibitory role of miR-218-5p[33]. In retinoblastoma, 271 



 

 

miR-218-5p suppresses cell growth by targeting NACC1 and inhibiting the 272 

AKT/mTOR signaling pathway[34]. This study further found that miR-218-5p can 273 

directly target and negatively regulate BMI1, restoring miR-218-5p to target BMI1 274 

effectively inhibits CRC cell proliferation, migration, and invasion.  275 

 276 

Resveratrol is a natural polyphenolic compound with anti-inflammatory, antioxidant, 277 

and broad-spectrum antitumor activities. It can regulate multiple pathways to exert 278 

antitumor effects[35-38], reverse EMT, and sensitize chemoresistance[39, 40]. 279 

Compared to the BMI1 inhibitor PTC-209, it exhibits lower toxicity to normal colon 280 

cells and better safety. Previous studies have confirmed that resveratrol can inhibit 281 

colorectal cancer proliferation and metastasis through multiple signaling pathways. 282 

This study found that it can upregulate CDH1 and downregulate EPCAM, enhancing 283 

the adhesion ability of CRC cells, while inhibiting cell proliferation, migration, and 284 

invasion. At the same time, it clarified a new mechanism by which BMI1 inhibition 285 

can enhance cell adhesion. Cetuximab resistance greatly limits its application in 286 

RAS/BRAF wild-type metastatic CRC, and the combined use of natural active 287 

substances is an important strategy to reverse resistance. Previous studies have 288 

confirmed that platycodin D and honokiol can both enhance the sensitivity of CRC 289 

cells to cetuximab[41, 42]. This study found that cetuximab alone has a weak 290 

regulatory effect on CRC cell adhesion, but when combined with resveratrol, it can 291 

upregulate CDH1 and downregulate EPCAM, thereby enhancing cell adhesion and 292 

significantly improving the antitumor effect. Thus producing a synergistic antitumor 293 

effect with cetuximab. 294 

 295 

In summary, this study confirms that BMI1 is highly expressed in CRC and promotes 296 

tumor proliferation, migration, and invasion by inhibiting cell adhesion. MiR-218-5p 297 

is found at low levels in the tissues and serum of CRC patients and can negatively 298 

regulate BMI1 expression by targeting its 3'UTR. Furthermore, the natural compound 299 



 

 

resveratrol was found to directly target and inhibit BMI1, enhance cell adhesion 300 

ability, and significantly increase the sensitivity of CRC to cetuximab treatment. Our 301 

research reveals a new mechanism by which BMI1 promotes CRC progression 302 

through the inhibition of cell adhesion and provides insights for the clinical diagnosis 303 

and treatment of CRC. 304 

 305 

Materials and Methods 306 

Cell Lines 307 

NCM460, SW480, Caco-2, and HEK-293T cell lines were obtained from Procell. The 308 

three cell lines, SW480, Caco-2, and HEK-293T, were cultured in high-glucose DMEM 309 

complete medium, while the NCM460 cell line was cultured in RPMI 1640 complete 310 

medium. All media were supplemented with 10% fetal bovine serum and 1% 311 

penicillin-streptomycin (100×). All cells were incubated at 37 ℃ in an atmosphere 312 

containing 5% CO₂. 313 

 314 

Patients and Tissue Samples 315 

The CRC patient samples (including the patient's peritumoral tissue, tumor tissue, and 316 

serum) used in this study were all obtained from Tongji Hospital, Tongji Medical 317 

College, Huazhong University of Science and Technology, collected from December 318 

2022 to January 2025. All CRC patients met the diagnostic criteria for colorectal cancer. 319 

In addition, we also collected serum samples from 15 healthy volunteers. All 320 

experiments involving human specimens have been reviewed and approved by the 321 

Medical Ethics Committee of Huazhong University of Science and Technology, and 322 

strictly adhere to the ethical guidelines required and advocated by the Declaration of 323 

Helsinki. All patients participating in this study signed informed consent forms. 324 

 325 

CCK-8 Assay 326 

Seed cells into a 96-well plate at the preset cell density (three replicates per well, 327 



 

 

including blank controls and zeroing wells). After culturing in the incubator until the 328 

cells adhere, treat the cells with drugs according to the grouping. At the preset time 329 

point, directly add 10% CCK-8 reagent to each well, incubate at 37°C in the dark for 30 330 

minutes, then measure the absorbance at 450 nm using a microplate reader and 331 

calculate the relative cell viability. 332 

 333 

Colony Formation Assay 334 

In the colony formation analysis, cells were seeded at low density into 6-well plates and 335 

cultured for 14 days. During this period, the formation of cell colonies was regularly 336 

observed, and fresh culture medium was replaced. After colony formation, cells were 337 

fixed with methanol and stained with 0.1% crystal violet. The number of cell colonies 338 

was quantified using ImageJ software. 339 

 340 

Wound Healing Assay 341 

To evaluate cell migration, a confluent monolayer of cells in 6-well plates was 342 

scratched with the tip of a sterile pipette to create a wound. Detached cells were 343 

removed by washing with PBS. The process of cell migration into the wound area was 344 

monitored at 0 h and 36 h using a microscope. The scratch area was quantified using 345 

ImageJ software. 346 

 347 

Transwell Assay 348 

Cell migration was assessed using Transwell chambers (8.0 μm pore size). Cells were 349 

seeded into the upper chamber with serum-free medium, while the lower chamber 350 

contained medium supplemented with 20% FBS as a chemoattractant. After 48 h, cells 351 

that had migrated or invaded through the membrane were fixed with methanol and 352 

stained with 0.1% crystal violet. The number of cells was quantified under a 353 

microscope. 354 

 355 



 

 

5-Ethynyl-2′-deoxyuridine （EdU） cell proliferation assay 356 

Log-phase cells at 2×10⁵ cells per well were seeded into 12-well plates. After 24 h of 357 

culture, 10 μM EdU working solution was added, and the cells were incubated at 37 ℃ 358 

in the dark for 2 h. Cells were fixed with 4% paraformaldehyde at room temperature for 359 

30 min, permeabilized with 0.1% Triton X-100 at room temperature for 10 min, then 360 

incubated with Click reaction solution in the dark for 30 min. Cell nuclei were 361 

counterstained with DAPI. After washing with PBS, cells were observed and 362 

photographed under an inverted fluorescence microscope, and the proportion of 363 

EdU-positive cells was calculated. 364 

 365 

Cell Adhesion 366 

A 96-well plate was coated with fibronectin at 10 μg/mL at room temperature for 24 h, 367 

then washed with serum-free medium. Log-phase cells were seeded at 5×10³ cells per 368 

well onto the coated plate and incubated at 37 °C for 6 h, followed by gentle washing 369 

with PBS. The cells were then fixed, stained, and observed under an inverted 370 

microscope for photography and counting of adherent cells. 371 

 372 

Immunohistochemical Staining  373 

Paraffin sections were dewaxed and rehydrated through a graded ethanol series, 374 

antigen retrieval was performed using sodium citrate. Incubation with 3% H₂O₂ was 375 

carried out in the dark for 15 min, blocking was done with 3% BSA for 30 min. 376 

Primary antibody incubation was performed overnight at 4 °C, followed by secondary 377 

antibody incubation at room temperature for 1 h. DAB was used for color 378 

development, followed by hematoxylin counterstaining, differentiation, and bluing, 379 

dehydration, clearing, and mounting were then performed. Microscopic observation 380 

and semi-quantitative analysis using the H-score method were conducted. 381 

 382 

 383 



 

 

Western Blot (WB) 384 

Prepare the electrophoresis gel using the gel preparation kit. Load equal amounts of 385 

protein samples and run the electrophoresis until the bromophenol blue dye reaches 386 

the bottom of the gel. Perform wet transfer. Block the PVDF membrane with 5% skim 387 

milk at room temperature for 2 h, then incubate overnight at 4 °C with primary 388 

antibodies (anti-BMI1, anti-CDH1, anti-EPCAM) diluted in 3% BSA. Wash the 389 

membrane with TBST, incubate with HRP-conjugated secondary antibody at room 390 

temperature for 1 h, and wash again with TBST. Develop the membrane using ECL 391 

chemiluminescent substrate and perform quantitative analysis of the grayscale values. 392 

The following antibodies were used: anti-BMI1 (1:1000, 66161-1-Ig, proteintech, 393 

Wuhan, China), anti-CDH1 (1:1000, A20798, ABclone, Wuhan, China), anti-EPCAM 394 

(1:1000, 21050-1-AP, proteintech, Wuhan, China), β-actin (1:5000, AC028, ABclone, 395 

Wuhan, China). 396 

 397 

RT-qPCR Analysis 398 

Total RNA was extracted using an ultrapure RNA kit according to the manufacturer's 399 

instructions. Subsequently, the total RNA was reverse transcribed into complementary 400 

DNA (cDNA) using the ABScript II cDNA First Strand Synthesis Kit. Primer 401 

sequences are listed in Supplemental Table 1. β-actin was selected as the 402 

housekeeping gene to normalize the data for each target gene. 403 

 404 

Construction of Mouse Tumor Model 405 

This experiment was approved by the Animal Ethics Committee of Wuhan University 406 

of Science and Technology. Four-week-old male BALB/c nude mice (purchased from 407 

Wuhan Shubeili Biotechnology Co., Ltd., with similar body weights) were 408 

subcutaneously inoculated with 1×10⁷ cells per mouse. Starting from day 7 after 409 

inoculation, tumor volume was measured daily. When the tumor volume reached 410 

100-150 mm³, treatment began: resveratrol (50 mg/kg, intraperitoneal injection, every 411 



 

 

other day), cetuximab (1 mg per mouse, intraperitoneal injection, twice weekly), and a 412 

combination group receiving both drugs. The control group was given an equal 413 

volume of DMSO. Tumor growth curves were plotted using the formula V = length × 414 

width² × 1/2. On day 28, mice were euthanized by gradual CO₂ inhalation (30%-70% 415 

chamber volume per minute) combined with cervical dislocation. Tumors were 416 

excised and weighed; some were fixed in 4% paraformaldehyde, while others were 417 

snap-frozen in liquid nitrogen and stored at -80 °C. 418 

 419 

Transcriptome Sequencing 420 

Total RNA was extracted from each group of tumor cells for transcriptome 421 

sequencing. Gene ontology enrichment analysis and pathway enrichment analysis 422 

were performed on the sequencing data using R packages. Genes with an adjusted p< 423 

0.05 were identified as significantly differentially expressed between groups and were 424 

selected for subsequent functional validation according to experimental requirements. 425 

 426 

Bioinformatics Analysis 427 

The expression and clinical relevance of BMI1 in colorectal cancer were analyzed 428 

using the UALCAN (http://ualcan.path.uab.edu) and TCGA 429 

(https://portal.gdc.cancer.gov/) databases. MiRNAs targeting the 3'UTR of BMI1 430 

were predicted using miRDB (https://mirdb.org/), TargetScan 431 

(http://www.targetscan.org/vert_72/), and TarBase (https://dianalab.e-ce.uth.gr). 432 

Molecular docking was employed to investigate drug-target interactions, 433 

BMI1-targeting compounds were screened from the HERB database, and the 434 

three-dimensional structures of BMI1 and small molecules were obtained. 435 

Semi-flexible docking was performed using AutoDockTools-1.5.7 to calculate binding 436 

energies, and docking results were visualized with PyMOL 2.6.0. 437 

 438 

 439 



 

 

Statistical Analysis  440 

In this chapter, GraphPad Prism software was used for statistical analysis of the 441 

experimental results. The experimental results are derived from three independent 442 

experiments. Data in this chapter are presented as Mean ± SD. The significance 443 

between two groups of experimental data was analyzed using the Student's t-test. For 444 

comparisons among multiple groups, one-way ANOVA was used when there was only 445 

one grouping variable, two-way ANOVA was used when there were two grouping 446 

variables. In the figures, * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 447 

0.001, and NS indicates no statistical significance. 448 
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Figure legends 621 

Figure. 1 BMI1 expression is elevated in CRC. 622 

A. Representative images and scoring statistics of BMI1 IHC in CRC tumor tissues 623 

and their paired adjacent non-cancerous tissues. Scale bar:50 μm. B. Representative 624 

WB bands showing BMI1 expression in paired tissues from 8 CRC patients and the 625 

corresponding band intensity quantification results. C. Relative mRNA expression 626 

levels of BMI1 in 20 CRC tissue samples detected by RT-qPCR. D. WB detection of 627 

BMI1 expression in CRC cell lines and normal colonic epithelial cells NCM460, 628 

along with quantitative statistical charts. E. RT-qPCR detection of differences in 629 

BMI1 gene expression in SW480, Caco-2, and NCM460 cells. * represents p< 0.05, 630 

** represents p< 0.01, *** represents p< 0.001. 631 

 632 

Figure. 2 Elevated BMI1 expression is associated with CRC cell proliferation 633 

migration and invasion. 634 

A. WB assay was used to detect the protein expression levels of BMI1 in SW480 cells 635 

in the sh-Control, sh-BMI1-1, sh-BMI1-2, and sh-BMI1-3 groups. The WB signal was 636 

quantified and normalized to β-actin, and the results were presented as a histogram. B. 637 

RT-qPCR detection of BMI1 mRNA expression levels in various treatment groups of 638 

SW480 cells. C. WB assay was used to detect the protein expression levels of BMI1 639 

in Caco-2 cells in the sh-Control, sh-BMI1-1, sh-BMI1-2, and sh-BMI1-3 groups. The 640 

WB signal was quantified and normalized to β-actin, and the results were presented as 641 

a histogram. D. RT-qPCR detection of BMI1 mRNA expression levels in various 642 

treatment groups of Caco-2 cells. E. Cell wound healing assay to detect the effect of 643 

BMI1 knockdown on the migration ability of CRC cells and quantitative analysis of 644 

the wound healing rate. Scale bar: 100 μm. F. Transwell assay to evaluate the effect of 645 

BMI1 knockdown on the invasive ability of CRC cells and quantitative analysis 646 

results. Scale bar: 100 μm. * represents p< 0.05, ** represents p< 0.01, *** represents 647 

p< 0.001. 648 



 

 

 649 

Figure. 3 BMI1 promotes CRC progression by inhibiting cell adhesion. 650 

A. WB assay was used to detect the expression levels of cell adhesion-related proteins 651 

in CRC cells of the sh-Control and sh-BMI1 groups. The WB signal was quantified 652 

and normalized to β-actin, and the results were presented as a histogram. B. Cell 653 

adhesion assay was used to evaluate the effect of BMI-1 knockdown on the adhesion 654 

ability of CRC cells, and the results of the cell adhesion assay were quantitatively 655 

analysed. Scale bar: 100 μm. * represents p< 0.05, ** represents p< 0.01, *** 656 

represents p< 0.001. 657 

 658 

Figure. 4 Knockdown of BMI1 inhibits the malignant progression of CRC cells in 659 

vivo. 660 

A. Typical images of nude mouse subcutaneous xenografts. B. Tumor growth curves 661 

of nude mice in each group. C. Tumor weight statistics of nude mice in each group. D. 662 

IHC analysis of the expression levels of BMI1, Ki-67, EPCAM, and CDH2 in nude 663 

mouse subcutaneous xenograft tissues. Scale bar: 100 μm. ** represents p < 0.01. 664 

 665 

Figure. 5 MiR-218-5p inhibits the expression of BMI1 by targeting its 3'UTR. 666 

A. Prediction of miRNAs that could bind to the 3'UTR of BMI1 using miRDB, 667 

TargetScan, and TarBase databases, followed by intersection analysis presented in a 668 

Venn diagram. B. RT-qPCR detection of the expression levels of miR-218-5p, 669 

miR-128-3p, miR-27a-3p, miR-27b-3p, and miR-203a-3p in human normal colonic 670 

epithelial cells and CRC cells. C. Schematic diagram of the luciferase reporter 671 

plasmid containing the binding site and mutant site of miR-218-5p with the 3'UTR 672 

sequence of BMI1. D. Dual-luciferase reporter assay validating the binding of 673 

miR-218-5p to the BMI1 3'UTR. E. Schematic diagram of the luciferase reporter 674 

plasmid containing the binding site and mutant site of miR-128-3p with the 3'UTR 675 

sequence of BMI1. F. Dual-luciferase reporter assay validating the binding of 676 



 

 

miR-216a-5p to the BMI1 3'UTR. * represents p< 0.05, ** represents p< 0.01, *** 677 

represents p< 0.001, NS represents no statistical significance. 678 

 679 

Figure. 6 MiR-218-5p inhibits the proliferation, migration, and invasion of CRC 680 

cells by targeting BMI1. 681 

A. Overexpress miR-218-5p in SW480 cells with or without BMI1 overexpression, 682 

and detect the expression levels of cell adhesion-related proteins in the cells by WB, 683 

quantify the WB signals normalized to β-actin, and present the results as histograms. 684 

B. Overexpressing miR-218-5p in CRC cells with or without BMI1 overexpression, 685 

cell adhesion assays were used to evaluate the adhesion ability of SW480 cells, and 686 

the results of the cell adhesion assays were quantitatively analysed.** represents p< 687 

0.01, *** represents p< 0.001. 688 

 689 

Figure. 7 Resveratrol targets and inhibits BMI1 to enhance adhesion of CRC 690 

cells. 691 

A. Drugs targeting BMI1 based on analysis from various databases, as well as the 692 

biological binding sites and binding energies of each drug with BMI1. B. Molecular 693 

docking of diosgenin saponins, resveratrol, and BMI1. C. Determination of the 694 

proliferation activity of CRC cells treated with gradient concentrations of resveratrol 695 

using the CCK-8 assay method. D. Treat CRC cells with resveratrol (60 μM) for 48 h, 696 

then use WB to detect the protein expression level of BMI1 in the cells, quantify the 697 

WB signals normalized to β-actin and present the results as a histogram. E. CRC cells 698 

were treated with resveratrol (60 μM) for 48 h, and the mRNA expression levels of 699 

BMI1 were detected by RT-qPCR. F. Human normal colonic epithelial cells were 700 

treated with resveratrol (60 μM) or PTC-209 (10 μM) for 48 h, and cell viability was 701 

assessed by CCK-8 assay. ** represents p< 0.01, *** represents p< 0.001. 702 

 703 

 704 



 

 

Figure. 8 Resveratrol Inhibits CRC Progression by Enhancing Cell Adhesion. 705 

A. After treating CRC cells with Cetuximab alone (30 nM) or in combination with 706 

Resveratrol, WB analysis was performed to detect the expression levels of cell 707 

adhesion-related proteins. The WB signals were quantified, normalized to β-actin, and 708 

presented as a histogram. B. Cell adhesion assays were conducted to evaluate the 709 

effect of Cetuximab alone or in combination with Resveratrol on the adhesion ability 710 

of CRC cells. The results of the cell adhesion experiments were quantitatively 711 

analyzed. Scale bar: 100 μm. C. Typical picture of subcutaneous graftoma in nude 712 

mice. D. Tumor growth curves in each group of nude mice. E. Tumor weight statistics 713 

in each group of nude mice. F. IHC analysis of expression levels of BMI1, Ki-67, 714 

EPCAM, and CDH2 in subcutaneous graftoma tissues in nude mice. Scale bar: 100 715 

μm. *** represents p< 0.001. 716 

 717 

Figure. 9 Resveratrol Synergizes with Cetuximab to Inhibit CRC Progression. 718 

A. After treating CRC cells with Cetuximab alone (30 nM) or in combination with 719 

Resveratrol, WB analysis was performed to detect the expression levels of cell 720 

adhesion-related proteins. The WB signals were quantified, normalized to β-actin, and 721 

presented as a histogram. B. Cell adhesion assays were conducted to evaluate the 722 

effect of Cetuximab alone or in combination with Resveratrol on the adhesion ability 723 

of CRC cells. The results of the cell adhesion experiments were quantitatively 724 

analyzed. Scale bar: 100 μm. C. Representative images of subcutaneous xenograft 725 

tumors in nude mice. D. Growth curves of subcutaneous xenograft tumor volumes in 726 

nude mice. E. Statistical analysis of subcutaneous xenograft tumor weights. F. IHC 727 

analysis of the expression levels of related proteins in subcutaneous xenograft tumor 728 

tissues of nude mice from each group. ** represents p< 0.01, *** represents p< 0.001. 729 





















Supplementary Table1 

Table 1. Primer information required for RT-qPCR process.2 

Primer name Primer sequence (5′–3′)

BMI1-Forward GCTGCCAATBMI1CTAATGAA

BMI1-Reverse TGCTGGGCATCGTAAGTATCTT

β-Actin-Forward CACCATTGGCAATGAGCGGTTC

β-Actin -Reverse AGGTCTTTGCGGATGTCCACGT

MiR-218-5p-Forward CGAGTGCATTTGTGCTTGATCTA

MiR-218-5p-Reverse TAATGGTCGAACGCCTAACGTC

U6-Forward CTCGCTTCGGCAGCACA

U6-Reverse AACGCTTCACGAATTTGCGT

3 
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