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Abstract
Background  Macrophage migration inhibitory factor (MIF) promotes inflammation, regulates immune responses and che-
motherapy resistance in the tumor microenvironment. However, its mechanism of action in colorectal cancer (CRC) meta-
bolic reprogramming and targeted therapeutic potential remain unclear. This study aims to investigate the function, mecha-
nism, and targeted therapeutic potential of MIF in CRC.
Methods  Data were integrated from TCGA, GTEx, CPTAC, and HPA databases with clinical sample validation. Single-cell 
sequencing analysis (datasets GSE166555 and GSE144735) was performed, alongside functional assays and mechanistic 
studies. A novel high-potency MIF inhibitor was identified through virtual screening and validated in vitro and in vivo.
Results  MIF expression was found to be significantly elevated in CRC tissues and cell lines, correlating with poor over-
all survival (OS) and disease-specific survival (DSS). Single-cell sequencing confirmed malignant epithelial cells as the 
primary MIF source. Functional assays demonstrated that MIF knockout suppressed CRC cell proliferation, migration, 
and tumor growth in vivo, while MIF overexpression promoted these effects. Mechanistically, MIF binds CD74 to upregu-
late glycolytic enzymes (HK2, PKM2, LDHA), enhancing glucose uptake and lactate/pyruvate production, thereby driving 
the Warburg effect and CRC progression. Virtual screening identified a novel high-potency MIF inhibitor, F3277-0933 
(IC50 = 8.284 μM). In vitro and in vivo, F3277-0933 surpassed the classical inhibitor ISO-1 in suppressing MIF-driven gly-
colytic reprogramming and proliferation.
Conclusion  This study elucidates a novel mechanism by which the MIF-CD74 axis drives CRC progression through glyco-
lytic reprogramming and provides robust preclinical evidence for developing MIF-targeted therapies.
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1  Introduction

The global epidemiological burden of colorectal cancer 
(CRC) remains severe. By 2025, it is projected to rank third 
in new cancer cases and fourth in mortality, with an increas-
ing incidence among younger populations. Regions such as 
China exhibit a significant acceleration in incidence rates 

[1]. Conventional treatment centers on surgical resection, 
supplemented with fluorouracil/oxaliplatin-based chemo-
therapy, targeted therapy (e.g., anti-EGFR monoclonal anti-
bodies for RAS wild-type patients), and immunotherapy 
(for microsatellite instability-high patients) [2]. However, 
current therapeutic regimens face significant limitations: 
over 50% of metastatic CRC patients experience treatment 

Graphical Abstract
The MIF-CD74 axis drives colorectal cancer progression via glycolytic reprogramming. Extracellular MIF binds to the 
CD74/CD44 receptor complex on the surface of colorectal cancer cells, initiating downstream signaling cascades. This 
signal transduction leads to the transcriptional upregulation of key glycolytic enzymes (HK2, PKM2, and LDHA), driving a 
metabolic switch towards the Warburg effect—characterized by enhanced glucose uptake, increased lactate production (High 
ECAR), and suppressed mitochondrial oxidative phosphorylation (Low OCR). This metabolic reprogramming fuels malig-
nant progression. The novel small-molecule inhibitor, F3277-0933, identified via structure-based virtual screening, specifi-
cally targets the MIF tautomerase active site. By blocking this oncogenic signaling axis, F3277-0933 effectively reverses the 
glycolytic phenotype and suppresses tumor growth.

Keywords  Macrophage migration inhibitory factor (MIF) · Colorectal cancer · Glycolytic reprogramming · CD74 
receptor · Small-molecule inhibitor · F3277-0933

1 3

   81   Page 2 of 25



The MIF-CD74 axis drives colorectal cancer via glycolytic reprogramming and is targeted by a novel…

failure due to primary or acquired resistance. Furthermore, 
patients with advanced disease exhibit poor response rates 
to interventions targeting liver or lung metastases, resulting 
in a 5-year survival rate below 15%. Consequently, urgent 
priorities include identifying novel therapeutic targets, 
developing specific inhibitors, and establishing a multi-
omics-based classification system to guide precision treat-
ment [3, 4].

Macrophage migration inhibitory factor (MIF) is a 
pleiotropic cytokine that exerts central regulatory effects 
on inflammation and tumorigenesis through its unique 
tautomerase enzymatic activity and interaction with the 
CD74 receptor [5–7]. Structurally, given that CD74 lacks 
an intracellular signaling domain, it recruits CD44 as an 
obligate co-receptor upon MIF binding. The assembly of 
this MIF-CD74–CD44 complex initiates downstream sig-
naling cascades, particularly ERK1/2 and AKT phosphory-
lation, which synergistically drive tumor proliferation and 
metabolic reprogramming [8, 9]. In the tumor microenvi-
ronment, MIF promotes disease progression through mul-
tiple mechanisms: On one hand, it activates the CXCR4/
CXCR7–CD74 signaling axis, drives JNK and MAPK/
ERK pathway activation [10], induces the formation of an 
immunosuppressive microenvironment—such as inhibiting 
anti-tumor T-cell infiltration, promoting regulatory T-cell 
expansion and PD-L1 expression—thereby mediating 
immune evasion and immunotherapy resistance in tumors 
like melanoma and head and neck squamous cell carcinoma 
[11]; On the other hand, MIF enhances colorectal cancer 
chemotherapy resistance by upregulating CXCR7 [12], and 
promotes tumor metastasis by stabilizing β-catenin signal-
ing. Notably, MIF secreted by breast cancer stem cells can 
reprogram tumor metabolism (e.g., lactate accumulation), 
directly suppressing immune cell function [13], while the 
MIF-ACKR3 pathway inhibits PPARγ-mediated lipogen-
esis, leading to irreversible fat depletion associated with 
cancer cachexia [14]. In the field of inflammation, MIF not 
only drives inflammatory responses in sepsis [15], but also 
participates in the pathological processes of allergic dis-
eases (e.g., asthma) by regulating eosinophil chemotaxis 
and activation [16]. Based on the above mechanisms, tar-
geting MIF has become an important therapeutic strategy 
[17, 18]: The small-molecule inhibitor ISO-1, as a targeted 
drug, significantly improves sepsis survival by blocking tau-
tomerase activity [19, 20]; Antagonists targeting MIF-CD74 
interactions and covalent enzyme activity inhibitors (e.g., 
isothiocyanate derivatives) show potential to overcome 
tumor resistance in preclinical models [21]. These studies 
highlight the therapeutic value of MIF as a regulatory node.

The Warburg effect describes the phenomenon where 
cancer cells preferentially produce ATP through gly-
colysis rather than oxidative phosphorylation even under 

aerobic conditions. A century after Otto Warburg’s pio-
neering observation, it remains a cornerstone of cancer 
metabolism research [22]. Current research has elucidated 
the complex molecular mechanisms driving this metabolic 
reprogramming, identifying key pathways such as the 
PI3K/Akt axis as core regulators in promoting glycolytic 
flux and establishing environments supporting cancer cell 
proliferation and survival [23]. This metabolic shift confers 
significant selective advantages to cancer cells; It is now 
recognized that the Warburg effect supports aggressive phe-
notypes, induces therapy resistance, and drives tumor pro-
gression and metastasis by enhancing antioxidant defenses, 
nucleotide synthesis, and biomass accumulation [24]. Such 
metabolic patterns are particularly prominent in highly 
aggressive malignancies like triple-negative breast cancer 
[25]. Furthermore, contemporary studies reveal its profound 
immunological impact: The Warburg effect actively remod-
els the tumor microenvironment by depleting nutrients, 
generating lactate, and altering pH, thereby suppressing anti-
tumor immune responses and promoting immune escape, 
marking it as a key regulator of tumor immunology [26]. In 
summary, despite a century having passed since Warburg’s 
foundational discovery of cancer metabolic abnormalities, 
its far-reaching influence continues to shape modern oncol-
ogy research and provides critical guidance for therapeutic 
strategies targeting metabolic vulnerabilities [27].

This study aims to investigate the function, mechanism, 
and targeted therapeutic potential of macrophage migration 
inhibitory factor (MIF) in colorectal cancer (CRC). Through 
integrated multi-database analysis and clinical sample vali-
dation, clarify the expression characteristics and prognostic 
value of MIF in CRC; Based on scRNA-seq, analyze the 
source and expression profile characteristics of MIF; Using 
functional experiments and mechanistic studies, reveal the 
molecular mechanism by which MIF regulates key glyco-
lytic enzymes through the CD74 receptor to drive the War-
burg effect; And identify novel high-activity MIF inhibitors 
through virtual screening, providing new mechanisms and 
candidate drugs for precision CRC therapy.

2  Results

2.1  MIF is aberrantly overexpressed in CRC and 
Predicts poor prognosis

Integrated analysis of TCGA and GTEx databases dem-
onstrated significantly higher MIF mRNA expression in 
colorectal cancer (CRC) tissues compared to normal tissues 
(Fig. 1A–C). Survival analysis further revealed that patients 
with high MIF expression had significantly shorter overall 
survival (Stage I and II) (OS) and disease-specific survival 
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Fig. 1  MIF is Aberrantly Overexpressed in CRC and Predicts Poor 
Prognosis. (A) MIF expression levels in normal versus tumor tis-
sues and the receiver operating characteristic (ROC) curve based on 
the TCGA database. (B) Paired difference analysis of MIF expres-
sion between normal and tumor tissues in the TCGA database. (C) 
MIF expression levels in normal versus tumor tissues and the ROC 
curve based on the TCGA-GTEx Combined Database. (D-E) Kaplan-
Meier survival analysis showing the correlation between high/low 

MIF expression and overall survival (OS) or disease-specific survival 
(DSS) in patients with Stage I and II CRC. (F-I) Comparison of MIF 
expression across different pathological TNM stages. (J) Represen-
tative Western blot images and quantitative analysis of MIF protein 
expression in 21 paired CRC tumor tissues (T) and adjacent normal 
tissues (N). (K) Representative immunohistochemical (IHC) staining 
images validating the spatial expression and intensity of MIF in CRC 
clinical specimens (Scale bar = 200 μm)
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NCM460 normal intestinal epithelial cells. LOVO cells 
showed the highest expression level, while DLD1 exhib-
ited the lowest (Supplementary Figure 3A-B). Based on 
this expression profile, we successfully constructed stable 
MIF-knockout LOVO cells and MIF-overexpressing DLD1 
cells, with knockout/overexpression efficiency validated by 
Western blot (Fig. 3A–B). Among the three sgRNAs tested, 
sgRNA-2 showed the most potent knockout effect (Fig. 
3A) and was used for all subsequent experiments (hereafter 
referred to as sgMIF).

2.3  MIF promotes CRC cell proliferation and 
migration

To investigate MIF’s biological function in colorectal can-
cer (CRC), we conducted in vitro and in vivo experiments. 
Colony formation assays revealed that MIF knockout signif-
icantly suppressed colony formation capacity in CRC cells 
(Fig. 3C), whereas MIF overexpression markedly enhanced 
this capability (Supplementary Figure 4A). EdU prolifera-
tion assays further validated these results: MIF deficiency 
inhibited cell proliferation (Fig. 3D), while its overexpres-
sion promoted proliferation (Supplementary Figure 4B). 
Additionally, Transwell migration and invasion assays 
and wound healing assays consistently demonstrated that 
MIF knockout significantly reduced cell migratory capac-
ity (Fig. 3E–F), whereas MIF overexpression substantially 
increased migratory ability (Supplementary Figure 4C-D). 
These results confirm that in vitro experiments demonstrate 
MIF’s functional role in promoting CRC cell proliferation 
and migration.

Using these cell lines, we established subcutaneous xeno-
graft models in nude mice. Results showed significantly 
smaller tumor volumes and weights in the MIF-knockout 
group compared to controls (Fig. 3G–I), while the over-
expression group exhibited significant increases (Supple-
mentary Figure 4 E-G). Histological analysis revealed a 
significantly lower Ki-67-positive cell rate in MIF-knock-
out xenografts versus controls, with H&E staining indicat-
ing reduced tumor malignancy (Fig. 3J). Conversely, the 
overexpression group showed significantly elevated Ki-67 
positivity and malignancy (Supplementary Figure 4 H). Col-
lectively, these in vitro and in vivo findings indicate that 
MIF drives CRC progression by enhancing tumor cell pro-
liferation and motility.

2.4  MIF drives CRC progression by remodeling 
glycolytic metabolism

To elucidate the molecular mechanism by which MIF pro-
motes colorectal cancer (CRC) progression, we stratified 
TCGA database samples into high- and low-MIF expression 

(DSS), indicating MIF as a prognostic risk factor for CRC 
(Fig. 1D–E). Across CRC samples of different TNM stages, 
MIF expression consistently showed an upregulated trend 
compared to normal tissues (Fig. 1F–I). Notably, MIF 
expression peaked in early-stage (Stage I/II) samples, sug-
gesting its upregulation is an early, critical event in colorec-
tal carcinogenesis that drives the initial metabolic switch. 
Proteomic analysis from the CPTAC database also revealed 
significantly higher MIF expression levels in CRC tissues 
versus normal tissues (Supplementary Figure 1A). Immuno-
histochemistry (IHC) results from the HPA database further 
confirmed strong positive staining for MIF in CRC (Sup-
plementary Figure 1B-G). To strengthen clinical relevance, 
this study collected 21 paired tumor/adjacent tissue samples 
from CRC patients for validation. Western blot analysis 
demonstrated significantly upregulated MIF protein expres-
sion in tumor tissues compared to adjacent tissues (Fig. 1J). 
IHC results similarly showed specific high expression of 
MIF in tumor regions (Fig. 1K).

2.2  MIF primarily originates from malignant tumor 
cells

This study integrated two single-cell datasets (GSE166555 
and GSE144735), comprising 37 samples (19 tumor, 18 
normal tissues). After batch correction and quality control 
filtering, 82,865 cells were retained. Subsequent clustering 
analysis showed no significant batch effects across samples, 
stages, or groups in t-SNE plots (Fig. 2A). Based on cell 
surface-specific marker genes (Supplementary Figure 2), 
we identified seven major cell types (Fig. 2B).

To clarify MIF expression patterns, we performed clus-
tering analysis comparing tumor and non-tumor tissue sam-
ples. Results revealed significantly higher MIF expression 
in tumor tissues versus normal tissues (Fig. 2C–D). Given 
MIF’s particularly prominent expression in epithelial cells 
(Fig. 2E–F), we focused on epithelial cell populations, con-
ducting clustering analysis of epithelial cells derived from 
tumor and non-tumor tissues. Results showed significantly 
elevated MIF expression in tumor-derived epithelial cells 
(Fig. 2G–I). For precise localization of high MIF-express-
ing subpopulations, we distinguished malignant from non-
malignant epithelial cells within tumor-derived epithelial 
populations (Fig. 2J). Notably, MIF expression was signifi-
cantly upregulated in malignant epithelial cells compared 
to non-malignant counterparts (Fig. 2K–L). Therefore, MIF 
primarily originates from malignant tumor cells.

Using human normal intestinal epithelial cells (NCM460) 
and CRC cell lines (HCT-116, HCT-8, HCT-15, HT-29, 
LOVO, DLD1, SW620, SW480), we extracted proteins and 
RNA. RT-qPCR and Western blot analyses revealed signifi-
cantly upregulated MIF expression in CRC cell lines versus 
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increased maximal respiration (OCR) while decreasing 
glycolytic capacity (ECAR) (Fig. 5I–J). Conversely, MIF 
overexpression significantly suppressed OCR and elevated 
ECAR (Fig. 5K–L). Collectively, these findings indicate 
that MIF potently drives the Warburg effect in CRC cells 
by upregulating key glycolytic enzymes and concurrently 
inhibiting mitochondrial oxidative phosphorylation.

2.5  CD74 mediates MIF-Induced glycolytic 
metabolic reprogramming in CRC

To elucidate the molecular mechanism by which MIF reg-
ulates the Warburg effect, we analyzed intercellular com-
munication networks between MIF+ and MIF− malignant 
epithelial subpopulations. Results revealed that the MIF+ 
malignant cell subpopulation exhibited the strongest auto-
crine signaling (Fig. 6A–B). Similarly, when examining the 
MIF signaling pathway specifically, this subpopulation also 
displayed the most pronounced self-reinforcing signaling 
(Fig. 6C). Screening of differential ligand-receptor pairs 
identified MIF-CD74 as the sole autocrine pair in MIF+ 
malignant cells (Fig. 6D), indicating CD74 as a key down-
stream effector of MIF. Consistently, CD74 expression was 
significantly higher in MIF+ versus MIF− subpopulations 
(Fig. 6E).To clarify CD74‘s role in MIF-mediated glyco-
lytic reprogramming, we performed functional validation 
using the humanized anti-CD74 monoclonal antibody (Mil-
atuzumab) and recombinant human MIF (rhMIF). In CD74 
blockade experiments, Milatuzumab significantly downreg-
ulated key glycolytic proteins (HK2, PKM2, LDHA) while 
simultaneously reducing glucose uptake, lactate production, 
and pyruvate output. In rescue experiments, adding exog-
enous rhMIF failed to reverse the suppressed expression of 
glycolytic proteins or the decline in key metabolite levels 
even under Milatuzumab-mediated CD74 blockade (Fig. 
6F–I). These findings demonstrate that CD74 is an essential 
receptor for MIF-induced activation of the Warburg effect. 
Blocking CD74 effectively suppresses MIF’s ability to pro-
mote glycolysis.

2.6  Structure-based virtual screening of MIF-
Targeted small-molecule inhibitors and antitumor 
activity Validation

This study employed computer-aided drug design strategies 
to screen MIF-targeted small-molecule inhibitors (Fig. 7A). 
First, Schrödinger software performed SP-XP multistage 
virtual screening on the LF1000 library (using MIF protein 
as target), initially obtaining 3,271 binding conformations 
and retaining 2,331 optimal conformation molecules (Fig. 
7B). Key binding site analysis identified ILE64 as the core 
interaction site (1,595 molecules interacting) with PRO1 as 

groups, identifying differentially expressed genes (DEGs) 
for functional enrichment analysis (Fig. 4A). KEGG and GO 
analyses revealed significant enrichment of DEGs in glyco-
lytic, pyruvate metabolism, and related metabolic pathways 
(Fig. 4B–E). Gene Set Variation Analysis (GSVA) and Gene 
Set Enrichment Analysis (GSEA) further confirmed stron-
ger enrichment in glycolysis, mTORC1 signaling, and lipid 
metabolism pathways in high-MIF versus low-MIF groups 
(Fig. 4F–G). To clarify MIF’s association with tumor meta-
bolic reprogramming, we subdivided malignant epithelial 
cell subpopulations into MIF+ and MIF− clusters (Fig. 4H). 
Warburg effect scores demonstrated significantly higher 
scores in MIF+ versus MIF− malignant cells (Fig. 4I–J). 
Hallmark and KEGG gene set enrichment analyses both 
indicated specific activation of glycolytic pathways in MIF+ 
malignant cells (Fig. 4K–L).

To confirm the regulatory role of MIF in metabolic repro-
gramming, we performed a systematic metabolic phenotype 
analysis in established MIF-knockout (LOVO) and MIF-
overexpressing (DLD1) cell models. Western blot analysis 
revealed that MIF knockout significantly downregulated the 
protein expression of key glycolytic enzymes (HK2, PKM2, 
and LDHA), whereas MIF overexpression upregulated them 
(Fig. 5A–B). Metabolically, MIF knockout significantly 
reduced glucose uptake and decreased lactate and pyruvate 
production, while the overexpression group showed the 
opposite trend (Fig. 5C–H). To further dissect the real-time 
impact of MIF on mitochondrial respiration and glycolytic 
function, we conducted Seahorse metabolic flux analysis. 
The results demonstrated that MIF knockout significantly 

Fig. 2  Single-cell transcriptomic profiling identifies malignant epi-
thelial cells as the primary source of MIF. (A) t-SNE visualization 
colored by sample origin. The dataset includes 37 samples (Tumor: 
S1–S19; Normal: S20–S37). Batch effects were corrected using Har-
mony to ensure clustering by biological identity rather than patient 
origin. (B) t-SNE visualization of cell lineages. The plot displays the 
distribution of the seven major cell subpopulations identified across 
the integrated tumor and normal datasets. (C–D) Comparative analysis 
of MIF expression between tumor and normal tissues. The t-SNE fea-
ture plot (C) and quantitative violin plot (D) collectively illustrate that 
MIF expression is significantly upregulated in tumor samples com-
pared to normal controls. (E–F) Cell-type specific expression of MIF. 
The feature plot (E) displays the global distribution of MIF across all 
cell subpopulations, while the violin plot (F) quantifies expression 
levels across the seven major lineages. (G-I) Comparative analysis of 
MIF expression levels between normal intestinal epithelial cells and 
tumor-derived epithelial cells. (G) Sub-clustering visualization of 
isolated epithelial cells colored by sample origin. (H–I) Quantitative 
analysis demonstrating that MIF expression is significantly upregu-
lated in tumor-derived epithelial cells compared to normal controls. 
(J) Identification of malignant epithelial cells using the “copykat” R 
package based on aneuploidy inference. (K-L) Targeted analysis of 
MIF expression levels specifically within the malignant epithelial cell 
population compared to other clusters. Statistical significance for dif-
ferential expression was determined using the Wilcoxon rank-sum test. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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inhibition of cell proliferation within this concentration 
range (Fig. 7E, Supplementary Figure 5B). Molecular 
docking simulations further revealed that F3277-0933 and 
other candidates form stable hydrogen bonds and hydro-
phobic interactions with key residues (e.g., Pro1, Lys32, 
Ile64) within the MIF active pocket (Fig. 7F–H, Supple-
mentary Figure 5C). Notably, both F3371-0690 and F3277-
0933 demonstrated superior suppression of LOVO cell 
proliferation compared to the control compound ISO-1 
(IC50 = 38.89 μM). In summary, the small-molecule inhibi-
tor F3277-0933 demonstrated highly potent inhibitory 
activity against MIF tautomerase while also showing sig-
nificantly greater potential than other candidate molecules 
in anti-tumor activity screening in vitro. Therefore, we 
selected F3277-0933 for further in-depth in vitro and in vivo 
studies.

2.7  The novel MIF inhibitor F3277-0933 inhibits CRC 
cells proliferation and glycolytic metabolism

To systematically evaluate the anti-tumor effects of the 
novel MIF-targeting inhibitor F3277-0933, this study 
employed multi-level experimental models and compared 
it with the control inhibitor ISO-1. In in vitro models, treat-
ment of LOVO cells with F3277-0933 demonstrated signifi-
cantly superior inhibition of cell proliferation compared to 
ISO-1, as shown by both colony formation and EdU assays 
(Fig. 8A, B). Concurrently, F3277-0933 more significantly 
downregulated the expression of key glycolysis-related pro-
teins (HK2, PKM2, LDHA) than ISO-1, and more potently 
inhibited glucose uptake, as well as lactate and pyruvate 
production (Fig. 8C–F). To validate its real-time impact on 
metabolic flux, Seahorse analysis demonstrated that F3277-
0933 treatment significantly increased the oxygen consump-
tion rate (OCR) and decreased the extracellular acidification 
rate (ECAR) in CRC cells compared to ISO-1 (Supplemen-
tary Figure 6A).This indicates that F3277-0933 effectively 
reverses the Warburg effect by suppressing glycolysis and 
restoring mitochondrial oxidative phosphorylation. In a 
more clinically relevant context, we validated these find-
ings using two independent patient-derived organoid (PDO) 
lines. F3277-0933 treatment of CRC patient-derived organ-
oids for 6 days resulted in more significant volume reduc-
tion and a higher proportion of apoptotic cells as assessed 
by Calcein-AM/PI double staining

(Fig. 8G, Supplementary Figure 6B). In in vivo xenograft 
models, groups treated with F3277-0933 (100 mg/kg, three 
times weekly for four weeks) (Fig. 8H) showed significantly 
greater suppression of tumor volume and weight compared 
to those receiving ISO-1 (Fig. 8I–K). Histological analysis 
further revealed the lowest MIF and Ki-67 positive rate, 
with H&E staining indicating reduced tumor malignancy 

secondary (Fig. 7C). After excluding 172 non-interacting 
molecules, 2,159 high-potential candidates were obtained. 
Molecules with binding energies < −80 kcal/mol were fur-
ther screened via MM/GBSA calculation. Following pro-
tein-ligand interaction fingerprint (PLIF) filtering and MOE 
software clustering (70% structural similarity threshold), 
optimal representatives from 308 structurally diverse clus-
ters were retained.

Given MIF’s tautomerase activity mechanism, this study 
evaluated inhibitor efficacy against this enzymatic func-
tion using L-dopachrome methyl ester as the substrate. 
The top 30 compounds by molecular docking score were 
selected for tautomerase activity testing, with the prototype 
MIF inhibitor ISO-1 (IC50 = 14.14 μM) as positive con-
trol. Results revealed seven compounds with significantly 
stronger inhibitory activity (i.e., lower IC50 values) than 
ISO-1. Among these, the small-molecule inhibitor F2881-
0530 showed the highest potency (IC50 = 1.910 μM), while 
compound F1736-2062 exhibited the weakest activity 
(IC50 = 12.29 μM) (Fig. 7D).The inhibition curves for the 
remaining 23 compounds are included in the supplementary 
materials (Supplementary Figure 5A).

To evaluate the anti-tumor activity of inhibitors, we 
selected the seven compounds with superior tautomer-
ase inhibition over ISO-1 for functional validation. When 
applied to colorectal cancer (CRC) LOVO cells at gradient 
concentrations (0–100 μM), three compounds—F3371-0690 
(IC50 = 19.86 μM), F3277-0933 (IC50 = 8.284 μM), and 
F2881-0530 (IC50 = 66.96 μM)—exhibited dose-dependent 

Fig. 3  MIF promotes CRC cell proliferation, migration, and invasive 
capacity. (A–B) Validation of knockout/overexpression efficiency via 
Western blot analysis. (A) Confirmation of MIF knockout efficacy in 
LOVO cells (sg_MIF vs. sg_NC). (B) Confirmation of MIF overex-
pression efficacy in DLD1 cells (OE_MIF vs. OE_NC). (C) Repre-
sentative images and statistical analysis of colony formation assays 
assessing the long-term proliferative capacity of MIF-knockout 
cells. (D) EdU incorporation assays evaluating DNA synthesis activ-
ity. Red fluorescence indicates EdU-positive proliferating cells; blue 
fluorescence indicates nuclei stained with Hoechst 33,342 (Scale 
bar = 50 μm). (E–F) Assessment of cell motility. Transwell migration 
and invasion assays (E, Scale bar = 10 μm) and wound healing assays 
(F, Scale bar = 100 μm) demonstrate significant impairment of migra-
tory and invasive capabilities in MIF-knockout cells. (G–I) Evaluation 
of tumorigenesis in a nude mouse xenograft model (n = 5 per group). 
Representative images of excised tumors (G), tumor weight statistics 
(H), and tumor volume growth curves (I). (J) Representative H&E 
staining and immunohistochemical (IHC) analysis of Ki67 and MIF 
expression in xenograft tissues (Scale bar = 50 μm). For all box plots, 
the center line represents the median, the bounds of the box represent 
the 25th and 75th percentiles, and the whiskers represent the minimum 
and maximum values. Data are presented as mean ± SD (n = 3 indepen-
dent experiments). Statistical significance was determined using the 
Log-rank test (D-E), paired Student’s t-test (B, J; n = 21 paired samples 
for J), one-way ANOVA followed by Tukey’s post-hoc test (F-I), and 
unpaired Student’s t-test or Wilcoxon rank-sum test (A, C). Exact 
p-values are detailed in Supplementary Table S1. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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esophageal cancers), closely linked to chemo- and targeted 
therapy resistance [32]. Elevated glycolytic flux in resistant 
tumors increases lactate accumulation, which lactylates 
DNA repair protein NBS1 and impairs chemotherapeutic 
efficacy (e.g., cisplatin) [33]. TP53 mutation activates deu-
biquitinase UCHL3 via JAK2–STAT3 signaling, stabiliz-
ing glycolytic enzyme ENO1 to promote 5-FU resistance 
in CRC [34]. Extracellular vesicles (EVs) from resistant 
cells carry metabolic proteins (e.g., GSTP1) and ncRNAs 
(e.g., miR-21-5p, circZNF91), reprogramming glycolysis 
and lipid metabolism in recipient cells to transmit resistance 
[35]. Our study identifies specific glycolytic pathway acti-
vation in MIF-high CRC patients with poorer prognosis, 
suggesting that targeting the MIF-CD74-glycolysis axis 
may reverse therapy resistance in this subset.

Our study highlights the critical role of MIF in regulating 
metabolic plasticity in colorectal cancer. A critical aspect 
of tumor survival is metabolic plasticity—the capacity of 
tumor cells to dynamically switch between glycolysis and 
oxidative phosphorylation (OXPHOS) to adapt to metabolic 
stress. Specifically, our Seahorse metabolic flux analysis 
revealed that while MIF-overexpressing cells are locked in 
a hyper-glycolytic state (high ECAR), MIF-silenced cells 
exhibit a compensatory shift towards mitochondrial respi-
ration. This identifies MIF as a pivotal ‘metabolic switch’ 
that forces cancer cells into the Warburg phenotype. Con-
sequently, targeting MIF with F3277-0933 not only sup-
presses glycolysis but also disrupts this metabolic flexibility, 
effectively destabilizing the energetic adaptability required 
for aggressive growth and invasion. Furthermore, our sin-
gle-cell RNA sequencing analysis provides a granular view 
of the metabolic heterogeneity within CRC tumors. We 
observed that not all malignant cells uniformly express high 
levels of MIF; rather, a distinct MIF-high subpopulation 
co-exists alongside MIF-low clusters. This observation sup-
ports the concept of ‘metabolic mosaicism,’ where different 
tumor cell populations adapt to specific microenvironmen-
tal niches. We propose that MIF-high cells likely function 
as the ‘glycolytic engines’ of the tumor, driving rapid pro-
liferation and invasion via the Warburg effect, potentially 
residing in hypoxic regions. Conversely, co-existing MIF-
low populations may rely on alternative metabolic pathways 
(such as oxidative phosphorylation) or remain in a quiescent 
state to survive nutrient deprivation. This metabolic hetero-
geneity represents a critical survival strategy, allowing the 
tumor ecosystem to thrive under fluctuating environmental 
conditions and highlighting the importance of targeting the 
dominant glycolytic subpopulation via the MIF-CD74 axis.

A key breakthrough is establishing CD74 as the indispens-
able receptor for MIF-induced glycolytic reprogramming. 
Blocking CD74 with the specific antibody Milatuzumab 
inhibited MIF-driven upregulation of glycolytic enzymes 

(Fig. 8L). Collectively, F3277-0933, inhibiting tumor pro-
liferation and the glycolytic metabolism, demonstrated 
comprehensively superior anti-CRC activity over ISO-1 in 
preclinical models.

3  Discussion

This study systematically elucidates the oncogenic role of 
MIF in colorectal cancer (CRC) and its molecular mecha-
nisms, while exploring MIF-targeted therapeutic strategies. 
We confirmed MIF overexpression in CRC and its role as a 
poor prognostic factor. More importantly, through in-depth 
functional and mechanistic investigations, we reveal for 
the first time that MIF specifically activates the Warburg 
effect (glycolytic metabolic reprogramming) in cancer cells 
via its receptor CD74-mediated signaling, thereby driving 
CRC proliferation and migration. This discovery extends 
the known pro-inflammatory and immunomodulatory func-
tions of MIF in the tumor microenvironment (TME) [28] 
to tumor cell-autonomous metabolic regulation, providing 
a novel metabolic dimension for understanding MIF-driven 
tumor progression [29].

Metabolic reprogramming enables tumor cells to reshape 
energy and biosynthetic pathways to support proliferation. 
By altering key metabolic processes (e.g., glucose, lipid, and 
glutamine metabolism), it drives cellular state transitions, 
gene expression reprogramming, and microenvironment 
remodeling, ultimately promoting tumor progression and 
therapy resistance [30]. Dysregulated glucose metabolism 
is central to this process: tumor cells preferentially utilize 
aerobic glycolysis over mitochondrial oxidative phosphory-
lation (the Warburg effect), generating lactate and biosyn-
thetic precursors to fuel rapid proliferation. This hallmark 
metabolic feature is recognized as one of cancer’s ten defin-
ing characteristics [31]. Our study demonstrates that MIF 
directly upregulates key glycolytic enzymes (HK2, PKM2, 
LDHA) through the CD74 receptor-mediated autocrine axis, 
driving the Warburg effect to accelerate CRC progression.

Existing studies report HK2, LDHA, and PKM2 over-
expression in therapy-resistant tumors (e.g., liver, breast, 

Fig. 4  MIF Drives CRC Progression by Remodeling Glycolytic Metab-
olism. (A) Differential gene screening between MIF-high and MIF-
low expression groups in TCGA cohort. (B-E) KEGG pathway enrich-
ment profiles and GO functional annotation of MIF-related differential 
genes. (F-G) Gene Set Variation Analysis (GSVA enrichment scores) 
and Gene Set Enrichment Analysis (GSEA) in MIF-high/low expres-
sion groups. (H) UMAP visualization of malignant epithelial cells iso-
lated via a sequential strategy (Epithelial → Malignant [CopyKAT] → 
MIF+/MIF−) (I-J) Quantitative comparison of Warburg effect scores 
in MIF+/MIF− malignant epithelial cell subpopulations. (K-L) GSEA 
enrichment profiles of hallmark/KEGG gene sets for MIF+ malignant 
cell signature genes. Data are presented as mean ± SD. Statistical sig-
nificance was determined using the Wilcoxon test. ****p < 0.0001
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immunodeficient mouse xenografts, which may not fully 
recapitulate the complexity of human tumor-microenviron-
ment interactions, particularly immune cell-mediated meta-
bolic crosstalk. Second, while virtual screening identified 
F3277-0933 as a potent inhibitor, its pharmacokinetic prop-
erties (e.g., bioavailability, metabolic stability) and potential 
off-target effects warrant further characterization. Third, the 
mechanistic link between MIF-CD74 signaling and glyco-
lytic enzyme upregulation (e.g., direct transcriptional regu-
lation vs. post-translational modifications) requires further 
elucidation. Lastly, clinical correlations were derived from 
retrospective databases; prospective validation in larger 
cohorts is needed to confirm MIF’s utility as a biomarker 
for metabolic subtyping.

4  Conclusion

In summary, this study establishes that the MIF-CD74 axis 
drives colorectal cancer (CRC) progression via glycolytic 
metabolic reprogramming (the Warburg effect). We iden-
tified a highly potent MIF inhibitor, F3277-0933, through 
structure-based virtual screening, which demonstrated 
exceptional antitumor activity in preclinical models. These 
findings deepen our understanding of metabolic heterogene-
ity in CRC and the multifunctional role of MIF, providing 
a solid experimental foundation for the clinical translation 
of MIF-targeted precision therapy. Future research should 
prioritize validating MIF as a biomarker for metabolic sub-
typing in larger cohorts and evaluating the synergistic effi-
cacy of F3277-0933 in combination with standard therapies 
(chemotherapy or immunotherapy), offering new avenues to 
improve outcomes for patients with refractory or metastatic 
CRC.

5  Materials and methods

5.1  Data collection and processing

This study integrated multi-center colorectal cancer (CRC) 
cohort data from published literature, The Cancer Genome 
Atlas (TCGA), and Gene Expression Omnibus (GEO) 
database. Single-cell transcriptomic data were sourced 
from GEO database, including GSE144735 [37] (PMID: 
32451460) and GSE166555 [38] (PMID: 34409732). 
Single-cell transcriptomic data processing was based on 
Seurat R package. Quality control conditions: Cells retain-
ing 200–5,000 detected genes with mitochondrial gene pro-
portion < 20% were retained; For single-cell transcriptomic 
data, gene expression matrices were normalized using the 
SCTransform method in Seurat to regress out variation 

and metabolites (glucose uptake, lactate, pyruvate), which 
exogenous recombinant human MIF (rhMIF) failed to 
rescue. This confirms the centrality of the MIF-CD74 
ligand-receptor pair in autocrine signaling within malig-
nant epithelial cells (especially MIF-high subpopulations), 
providing direct mechanistic support for its therapeutic tar-
geting. Single-cell data further reinforce the critical role of 
MIF+ malignant subpopulations in glycolytic activation and 
poor patient outcomes.

Virtual screening—a cornerstone of modern drug discov-
ery—leverages core advantages (high throughput, low cost, 
expansive search capabilities) to play pivotal roles [36]. 
Structure-based virtual screening (SBVS) has proven to be 
a powerful strategy for accelerating drug discovery by effi-
ciently narrowing down candidate compounds. In this study, 
the successful identification of F3277-0933 validates the 
reliability of our multistage screening workflow (combining 
SP/XP docking and MM/GBSA calculations) in targeting 
the MIF tautomerase active site. This approach allowed us 
to identify high-potency inhibitors with reduced time and 
cost compared to traditional high-throughput screening.Val-
idated by structure-based screening and functional assays, 
F3277-0933 potently inhibited CRC cell proliferation in 
vitro and suppressed xenograft growth in vivo, outperform-
ing the reference inhibitor ISO-1. Crucially, it reversed 
MIF-driven glycolytic reprogramming by downregulating 
key enzymes and reducing metabolite production. Signifi-
cant anti-tumor activity was also observed in clinically rel-
evant CRC patient-derived organoid (PDO) models. These 
results strongly support targeting MIF tautomerase activity 
as a novel strategy to overcome therapy resistance in CRC, 
particularly in subtypes reliant on the MIF-CD74-glycolysis 
axis.

Despite these advances, several limitations warrant con-
sideration. First, the functional validation of MIF-CD74 
axis dependency relied primarily on in vitro models and 

Fig. 5  Metabolic Phenotype Detection in MIF-Knockout (LOVO) and 
MIF-Overexpressing (DLD1) Cell Models (A-B) Regulatory effect of 
MIF knockout/overexpression on Warburg effect key proteins (HK2, 
LDHA, PKM2) expression (Western blot analysis). (C-D) Effect of 
MIF knockout/overexpression on glucose uptake capacity in CRC 
cells (Glucose uptake assay; Scale bar = 50 μm). (E-F) Effect of MIF 
knockout/overexpression on lactate production in CRC cells (Lactate 
content detection). (G-H) Effect of MIF knockout/overexpression on 
pyruvate production in CRC cells (Pyruvate content detection). (I) 
Impact of MIF knockout (sg_MIF) on cell OCR and statistical analy-
sis of maximal respiration. (J) Impact of MIF knockout (sg_MIF) on 
cell ECAR and statistical analysis of glycolytic capacity. (K)Impact of 
MIF overexpression (OE_MIF) on cell OCR and statistical analysis 
of maximal respiration. (L) Impact of MIF overexpression (OE_MIF) 
on cell ECAR and statistical analysis of glycolytic capacity. Data are 
presented as mean ± SD (n = 3 independent experiments). Statistical 
significance was determined using the unpaired Student’s t-test. Exact 
p-values are detailed in Supplementary Table S1. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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Fig. 6  CD74 Mediates MIF-Induced Glycolytic Metabolic Repro-
gramming in CRC. (A–C) CellChat visualization of intercellular com-
munication. Circle plots display inferred interactions (lines) between 
cell clusters (nodes), with edge thickness proportional to interaction 
number (A) or strength (B–C). Specifically, (A–B) illustrate the 
aggregated interaction frequency and strength involving MIF+/MIF− 
malignant epithelial cells, while (C) details communication mediated 
specifically by the MIF signaling pathway. (D) Key ligand-receptor 
pairs mediating autocrine communication in MIF+ malignant epithe-
lial cells. (E) Differential CD74 mRNA expression levels in MIF-
positive (MIF+) versus MIF-negative (MIF−) malignant epithelial cell 

subpopulations identified via single-cell RNA sequencing. (F) Regu-
latory effect of rhMIF/Milatuzumab treatment on key Warburg effect 
proteins (HK2, LDHA, PKM2) in LOVO cells (Western blotting). (G-
I) Effects of rhMIF/Milatuzumab treatment on glucose uptake, lactic 
acid production, and pyruvic acid production in LOVO cells (G, Scale 
bar = 50 μm). Data are presented as mean ± SD (n = 3 independent bio-
logical replicates). Statistical comparisons between multiple groups 
were performed using one-way ANOVA followed by Tukey’s post-hoc 
test. Exact p-values are detailed in Supplementary Table S1. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001
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cells (marker genes CPA3, TPSAB1), and epithelial cells 
(marker genes KRT19, KRT8). Malignant epithelial cells 
were identified using “copykat” R package.

9  Cell interaction analysis

“CellChat” R package [43] (PMID: 33597522) was applied 
for cell-cell communication analysis: CellChat objects were 
constructed via createCellChat function. Interaction net-
works were parsed based on communication modes includ-
ing “secreted signaling,” “extracellular matrix receptor,” 
and “direct cell contact.” Cell interaction probabilities were 
calculated using computeCommunProb function.

10  Warburg effect scores

Based on single-cell expression matrices, Warburg effect 
scores were calculated using ssGSEA function in Gene Set 
Variation Analysis (GSVA) package. Warburg effect gene 
set included SLC2A1, SLC2A3, HK2, PFKP, PFKFB3, 
ALDOA, GPI, TPI1, GAPDH, PGK1, PGAM1, ENO1, 
PKM, LDHA, SLC16A1, SLC16A3, PDK1 [44].

11  Tissue sample collection

Approved by Nanjing Hospital Ethics Committee affiliated 
to Nanjing Medical University, 21 pairs of tumor tissues and 
matched adjacent tissues from CRC patients were collected 
for subsequent MIF protein expression level detection. All 
patients signed written informed consent.

12  Cell culture

Human colorectal cancer (CRC) cell lines (HCT116, 
SW480, SW620, HT29, HCT15, LOVO, HCT8, and DLD1) 
and the normal intestinal epithelial cell line NCM460 were 
purchased from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). Cells were cultured in specific 
ready-to-use commercial media (all obtained from Key-
GEN BioTECH, Nanjing, China) supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin-streptomycin. 
Specifically, NCM460 and HCT116 cells were cultured in 
DMEM; SW480 cells were cultured in Leibovitz’s L-15 
medium; and SW620, HCT15, HT29, LOVO, HCT8, and 
DLD1 cells were cultured in RPMI-1640 medium. Cells 
were maintained in a humidified incubator at 37 °C with 
5% CO2. Upon reaching approximately 80% confluence, 
cells were passaged every 2–3 days using TrypPlus cell 

due to sequencing depth, followed by batch effect elimina-
tion using the ‘Harmony’ package [39] (PMID:31740819) 
to ensure cells clustered by biological identity rather than 
patient origin. Bulk transcriptomic data came from TCGA, 
Genotype-Tissue Expression Project (GTEx), and GEO 
(accession: GSE17538 [40] (PMID:30606770)), where 
TCGA-CRC was integrated from TCGA-COAD and 
TCGA-READ. TCGA-CRC and GTEx expression matri-
ces were log2(FPKM+1) transformed and integrated, with 
batch effects removed using ComBat function in “sva” R 
package. MIF protein expression validation in normal colon 
and CRC tissues used The Human Protein Atlas (HPA) data-
base (https://www.proteinatlas.org/); Normal/CRC tissue 
protein expression differential analysis was based on Clini-
cal Proteomic Tumor Analysis Consortium (CPTAC) data 
via The University of Alabama at Birmingham Cancer data 
analysis Portal (UALCAN) (​h​t​t​p​​s​:​/​​/​u​a​l​​c​a​​n​.​p​​a​t​h​.​​u​a​b​​.​e​d​​u​/​i​n​d​
e​x​.​h​t​m​l).

6  Enrichment analysis

Gene Set Variation Analysis (GSVA) was implemented 
using ssGSEA algorithm in “GSVA” R package. Gene Set 
Enrichment Analysis (GSEA) was executed via “clusterPro-
filer” R package. KEGG and HALLMARK gene sets origi-
nated from Molecular Signatures Database (MSigDB) (​h​t​
t​p​​s​:​/​​/​w​w​w​​.​g​​s​e​a​​-​m​s​i​​g​d​b​​.​o​r​​g​/​g​s​e​a​/​m​s​i​g​d​b). GO/KEGG used 
enrichGO() and enrichKEGG() from clusterProfiler for 
functional annotation of gene sets; Species was set to “hsa,” 
pAdjustMethod = “BH,” significance threshold FDR < 0.05.

7  Survival analysis

Overall survival (OS) curves and disease-specific survival 
(DSS) curves were plotted using “survival” and “survminer” 
R packages, with univariate Cox analysis performed.

8  Cell population annotation

Researchers used “FindAllMarkers” function in “Seurat” R 
package for cell population annotation, with cell type iden-
tification completed via “SingleR” R package [41] (PMID: 
30643263) and CellMarker2.0 database [42] (PMID: 
36300619). Mainly identified cell populations included: 
B cells (marker genes MS4A1, CD79A), T/NK cells 
(marker genes CD3D, CD3E, GNLY, GZMB), plasma cells 
(marker genes MZB1, DERL3), endothelial cells (marker 
genes PLVAP, VWF), fibroblasts (marker genes COL1A1, 
COL1A2), myeloid cells (marker genes LYZ, AIF1), mast 
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bands determined by ImageJ software was normalized to 
the intensity of their corresponding internal loading controls 
(GAPDH or β-actin) within the same sample.

14  Tissue protein extraction

Fresh tissue samples were repeatedly washed with PBS to 
remove impurities. Approximately 1 g tissue was weighed, 
minced, and placed in grinding tubes. 800 μL tissue lysis 
buffer (containing RIPA lysis buffer, PMSF, and phos-
phatase inhibitors (Beyotime)) and 3 grinding beads were 
added. Tissues were fully homogenized using a tissue 
homogenizer, centrifuged at 12,000×g for 5 minutes, and 
supernatants were collected as total tissue protein.

15  RNA extraction and RT-qPCR

Total RNA was extracted using FreeZol Reagent (Vazyme 
#R711). cDNA was synthesized with ABScript III RT Mas-
ter Mix (ABclonal RK20428) under conditions: 55 °C for 
15 minutes → 85 °C for 5 minutes. qPCR was performed 
using 2X Universal SYBR Green Fast qPCR Mix (ABclonal 
RK21203). Reaction system contained 10 μL master mix, 
0.4 μL primers (10 μM), and 1–2 μL cDNA. Amplifica-
tion program: 95 °C pre-denaturation for 3 minutes; 40–45 
cycles (95 °C for 5 sec → 60 °C for 30 sec); melt curve anal-
ysis. Primers for human GAPDH were purchased from San-
gon Biotech (Shanghai, China; Catalog No. B661104). MIF 
primer sequences: Forward 5’-​T​C​T​G​C​C​A​T​C​A​T​G​C​C​G​A​T​
G​T​T-3’, Reverse 5’-​T​T​G​C​T​G​T​A​G​G​A​G​C​G​G​T​T​C​T​G-3’. 
The relative mRNA expression levels of target genes were 
normalized to the endogenous reference gene (GAPDH) to 
correct for variations in RNA input and reverse transcription 
efficiency, and calculated using the 2-ΔΔCt method with 
triplicate repeats.

16  Generation of stable knockout cell lines

CRISPR-Cas9 gene editing technology was used to estab-
lish stable MIF knockout (KO) cell lines. Specific sgRNA 
sequences targeting MIF were designed based on sgRNA 
prediction website (​h​t​t​p​​s​:​/​​/​p​o​r​​t​a​​l​s​.​​b​r​o​a​​d​i​n​​s​t​i​​t​u​t​​e​.​o​​r​g​/​g​​p​p​​x​
/​g​​p​p​x​/​​c​r​i​​s​p​i​​c​k​/​p​u​b​l​i​c). Designed sgRNA sequences were 
as follows: (5’–3’) sgRNA-1-F: ​C​A​C​C​G​C​A​C​A​G​C​A​T​C​G​
G​C​A​A​G​A​T​C​G​G, sgRNA-1-R: ​A​A​A​C​C​C​G​A​T​C​T​T​G​C​C​
G​A​T​G​C​T​G​T​G​C; sgRNA-2-F: ​C​A​C​C​G​T​G​C​A​G​G​C​T​G​C​A​
G​A​G​C​G​C​G​C​A, sgRNA-2-R: ​A​A​A​C​T​G​C​G​C​G​C​T​C​T​G​C​
A​G​C​C​T​G​C​A​C; sgRNA-3-F: ​C​A​C​C​G​G​A​C​C​A​G​C​T​C​A​T​
G​G​C​C​T​T​C​G​G, sgRNA-3-R: ​A​A​A​C​C​C​G​A​A​G​G​C​C​A​T​G​

dissociation solution (containing EDTA and phenol red; 
KeyGEN BioTECH, KGL2109-100). All cell lines were 
authenticated via Short Tandem Repeat (STR) profiling and 
were confirmed to be negative for Mycoplasma contamina-
tion before being used in the experiments.

13  Protein extraction and immunoblotting

Cells were harvested using a cell scraper and lysed in RIPA 
lysis buffer (Beyotime, China) supplemented with prote-
ase and phosphatase inhibitor cocktails. The lysates were 
clarified by centrifugation at 12,000 × g for 15 minutes at 4 
°C, and the supernatants were collected. Protein concentra-
tion was quantified by a BCA protein assay kit (KeyGEN, 
China). Equal amounts of protein samples were mixed with 
loading buffer and denatured by boiling at 95 °C for 8 min-
utes. The proteins were then separated on 12% SDS-PAGE 
gels (electrophoresis conditions: 80 V for the stacking gel 
and 120 V for the resolving gel until the bromophenol blue 
dye reached the bottom) and transferred to PVDF mem-
branes (Millipore) at a constant current of 300 mA for 
60 minutes on ice. Membranes were blocked with 5% BSA 
for 1 hour at room temperature and sequentially incubated 
with primary antibodies at 4 °C overnight. The specific pri-
mary antibodies used in this study were: Rabbit anti-MIF 
(1:1000; ABclonal, Cat# A19639), Rabbit anti-Hexokinase 
II (1:1000; ABclonal, Cat# A19028), Rabbit anti-LDHA 
(1:1000; ABclonal, Cat# A19059), and Rabbit anti-PKM2 
(1:1000; ABclonal, Cat# A19074). For loading controls, 
Mouse anti-GAPDH (1:10000; ABclonal, Cat# AC033) and 
Mouse anti-β-actin (1:10000; ABclonal, Cat# AC026) were 
utilized. Following primary incubation, membranes were 
washed and incubated with HRP-conjugated Goat anti-Rab-
bit or Goat anti-Mouse secondary antibodies (Biosharp) at 
room temperature for 2 hours. Signals were developed using 
Feckete ultrasensitive ECL solution (Meilunbio), captured 
by a Bio-Rad imaging system, and band gray values were 
analyzed using ImageJ software. For quantitative analy-
sis, the optical density (gray values) of the target protein 

Fig. 7  Structure-Based Virtual Screening of MIF-Targeted Small-
Molecule Inhibitors and Antitumor Activity Validation. (A) Sche-
matic workflow of virtual screening for MIF-targeted small-molecule 
inhibitors. (B) Correlation analysis between binding free energy (MM/
GBSA scores) and molecular weight of MIF candidate compounds. 
(C) Protein-ligand interaction fingerprint (PLIF) analysis for MIF. (D) 
Inhibitory effect of candidate compounds on MIF tautomerase activ-
ity (L-dopachrome methyl ester substrate-based detection). (E) IC50 
value detection of candidate compounds inhibiting cell proliferation 
activity in LOVO cell lines. (F-G) Predicted binding modes between 
candidate compounds and MIF protein based on molecular docking 
(F3277-0933, F3371-0690). Data are presented as mean ± SD (n = 3 
independent experiments for in vitro viability assays). IC50 values 
were calculated using non-linear regression analysis
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17  Generation of stable overexpression cell 
lines

To generate the stable MIF-overexpressing DLD1 cell line, 
the full-length human MIF cDNA sequence was cloned 
into the lentiviral expression vector (GeneChem, Shanghai, 
China). Lentiviral particles were produced by co-transfect-
ing 293T cells with the recombinant expression plasmid and 
the packaging plasmids (pMD2.G, pRSV-Rev, and pMDLg/
pRRE) using ExFect™ transfection reagent (Vazyme) as 
described above. For transduction, DLD1 cells were seeded 
in 6-well plates at a density of 2 × 105 cells/well and incu-
bated with viral supernatants at a multiplicity of infec-
tion (MOI) of 20 in the presence of 5 μg/mL polybrene 
(GeneChem) to enhance infection efficiency. After 48 hours 
of incubation, the culture medium was replaced with fresh 
medium containing(5 μg/mL) puromycin for 7 days to select 
for stably transduced cells.

18  Colony formation assay

Cells (1,500/well) were seeded in 6-well plates and cultured 
for 10 days. After PBS washing, cells were fixed with 4% 
paraformaldehyde for 15 minutes, stained with crystal violet 
for 15 minutes, dried, photographed, and colonies counted.

19  Transwell migration and invasion assays

Migration and invasion assays used Transwell chambers 
(LABSELECT 14,341). For migration assay, cells (2 × 104/
well) were resuspended in 200 μL serum-free medium and 
added to upper chambers, while lower chambers contained 
400 μL medium with 10% FBS. After 24 hours, cells were 
fixed with 4% paraformaldehyde for 15 minutes, stained 
with crystal violet for 15 minutes, non-migrated cells in 
upper chamber removed with cotton swabs, dried, photo-
graphed under microscope, and migrated cells quantified 
by counting. For invasion assay, upper chambers were pre-
coated with Matrigel (Corning, USA); other steps identical 
to migration assay.

20  Wound healing assay

Cell suspensions were prepared, and density adjusted. 
5 × 105 cells were seeded per well in 6-well plates. The next 
day, scratches were made perpendicularly using 200 μL 
pipette tip. PBS washed twice to remove detached cells. 
Initial observation and imaging under microscope, fol-
lowed by incubation at 37 °C with 5% CO₂. After 24 hours, 

A​G​C​T​G​G​T​C​C. Oligo DNA was synthesized and ligated 
into LenticrispRV2 vector. Constructed plasmids under-
went Sanger sequencing to verify successful construction. 
Lentiviral packaging was performed in 293T cells using 
ExFect™ transfection reagent (Vazyme, T101). 293T cells 
in logarithmic growth phase were seeded in 6-well plates 
at 30%–40% density. When cell confluence reached 60%–
80%, transfection was performed. According to optimized 
reagent instructions, 7 μL ExFect reagent was mixed with 
400 μL serum-free medium (Solution A); 2.57 μL packaging 
plasmids (pMD2.G, pRSV-Rev, and pMDLg/pRRE (add-
gene, USA) mixed at 1:1:2 ratio) and 1.43 μg target plasmid 
were mixed with 400 μL serum-free medium (Solution B). 
Solution A was slowly added to Solution B, gently mixed 
and incubated at room temperature for 15 min to form trans-
fection complexes. 800 μL complexes were added dropwise 
to cells, supplemented with 1.2 mL DMEM containing 10% 
FBS. Viral supernatants were collected after 48 hours and 
filtered through 0.22 μm filters. Cell infection: Cells were 
seeded in T25 flasks. After 24 hours of culture, 2 mL viral 
supernatant and 5 μg/mL polybrene (C0351, Beyotime) 
were added, with medium supplemented to 5 mL final vol-
ume. After 24 hours infection, complete medium containing 
2 μg/mL puromycin was replaced. Continuous screening for 
2 weeks yielded stable lines.

Fig. 8  The novel MIF inhibitor F3277-0933 inhibits CRC proliferation 
and glycolytic metabolism. (A) Effect of the F3277-0933 small mole-
cule inhibitor on CRC cell colony formation ability (colony formation 
assay). (B) Effect of the F3277-0933 small molecule inhibitor on CRC 
cell proliferation ability (EdU assay; Scale bar = 50 μm). (C) Regula-
tory effect of the F3277-0933 small molecule inhibitor on the expres-
sion of key Warburg effect proteins (HK2, LDHA, PKM2) (Western 
blot analysis). (D) Effect of the F3277-0933 small molecule inhibi-
tor on CRC cell glucose uptake ability (glucose uptake assay; Scale 
bar = 50 μm). (E, F) Effect of the F3277-0933 small molecule inhibitor 
on lactate and pyruvate production in CRC cells (lactate content assay/
pyruvate content assay). (G) Effect of the F3277-0933 small molecule 
inhibitor on CRC organoids, observed microscopically after live/dead 
staining to assess organoid size and apoptosis (green: live cells; red: 
dead cells; Scale bar = 50 μm). (H) Schematic of the F3277-0933 small 
molecule inhibitor treatment experiment in tumor-bearing mice. (I-K) 
Effect of the F3277-0933 small molecule inhibitor on the in vivo tumor 
formation ability of CRC cells (subcutaneously-implanted xenograft 
model in nude mice). (L) Representative hematoxylin and eosin 
(H&E) staining and KI67/MIF immunohistochemical (IHC) analysis 
of xenograft tumor tissues (Scale bar = 50 μm). Data are presented as 
mean ± SD (n = 3 independent experiments for in vitro and organoid 
assays; n = 5 mice per group for in vivo xenografts). Statistical com-
parisons were performed using one-way ANOVA followed by Tukey’s 
post-hoc test. Exact p-values are detailed in Supplementary Table S1. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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buffer (pH 6.0) under high temperature and pressure. Endog-
enous peroxidase activity blocked with H₂O₂, non-specific 
binding blocked with 5% BSA. Sections incubated with pri-
mary antibody MIF at 4 °C overnight. Next day, after PBS 
washing, HRP-conjugated secondary antibody (Biosharp) 
applied, followed by DAB staining. Hematoxylin counter-
staining performed, sections dehydrated and mounted. H&E 
staining: Tissue sections deparaffinized with xylene, dehy-
drated through graded ethanol, stained with hematoxylin for 
10 minutes. After staining, rinsed under running water for 
~10 minutes to promote blueing. Subsequently, stained with 
eosin, samples treated with staining solution for 2 minutes. 
After staining, sections dehydrated and mounted.

24  Pyruvate (PA) content detection

Pyruvate content measured using kit from Solarbio 
(BC2200) per manufacturer’s instructions. Following 
48 hours of inhibitor treatment (F3277-0933 or ISO-1) or 
24 hours of Milatuzumab/rhMIF treatment, Cells cultured 
in T25 flasks to ~80% confluency, collected into centrifuge 
tubes. Resuspended in 1 mL extraction buffer, sonicated (ice 
bath, 200W power, 3 sec sonication/10 sec interval, repeated 
30 times), incubated for 30 min, centrifuged at 8,000 g at 
room temperature for 10 min. Supernatant (300 μL) mixed 
with Reagent 1 (100 μL), fully mixed, stood at room temper-
ature for 2 min. Then 500 μL Reagent 2 added, fully mixed. 
Absorbance measured at 520 nm wavelength.

25  Lactate (L-LA) content detection

Lactate content measured using kit from Solarbio (BC2230) 
per manufacturer’s instructions. Following 48 hours of 
inhibitor treatment (F3277-0933 or ISO-1) or 24 hours 
of Milatuzumab/rhMIF treatment, Cells cultured in T25 
flasks to ~80% confluency, collected into centrifuge tubes. 
Resuspended in 1 mL Extraction Buffer I, sonicated (ice 
bath, 300W power, 3 sec sonication/7 sec interval, repeated 
18 times), centrifuged at 12,000 g at room temperature 
for 10 min. 0.8 mL supernatant collected, slowly mixed 
with 0.15 mL Extraction Buffer II, gently pipetted until no 
bubbles. Centrifuged at 12,000 g at room temperature for 
10 min, supernatant collected for testing. 30 μL supernatant 
mixed thoroughly with 150 μL Reagent II working solution 
and 240 μL Reagent IV working solution, reacted strictly 
protected from light at 37 °C for 10 min. 600 μL Reagent V 
added, fully mixed. Absorbance measured at 570 nm.

images were captured at previously recorded identical posi-
tions, comparing distances between cells under different 
conditions.

21  EDU assay

Cells in logarithmic growth phase were seeded in 96-well 
plates at 2 × 104/well density. After routine culture and 
treatments, 100 μL 50 μM EdU medium (Reagent A diluted 
1:1000 in complete medium (RIBOBIO)) was added per 
well and incubated at 37 °C for 2 hours. Liquid was dis-
carded, washed twice with PBS (5 min each). Fixed with 
4% paraformaldehyde at room temperature for 30 minutes. 
Aldehyde groups blocked with glycine solution (2 mg/mL) 
for 5 minutes. After PBS washing, permeabilized with 0.5% 
Triton X-100 for 10 minutes. 100 μL 1×Apollo staining reac-
tion solution was added in dark, incubated at room tempera-
ture with shaking for 30 minutes. Washed twice with PBS 
(10 min each). Nuclei stained with Hoechst 33,342 work-
ing solution (Reagent F diluted 1:100 in deionized water) in 
dark for 30 minutes. Washed three times with PBS, retaining 
100 μL PBS per well for detection.

22  BALB/c nude mouse xenograft tumor 
model

Xenograft tumor model evaluated MIF’s role in CRC cell 
proliferation and tumor formation. Female BALB/c nude 
mice (6 weeks old, SPF grade) were used. All procedures 
followed institutional animal ethics guidelines. MIF-over-
expressing cell line (DLD1) and MIF-knockout cell line 
(LOVO) were suspended in PBS (2 × 106 cells/100 μL) and 
subcutaneously injected into right armpit of nude mice (5 
mice per group). Tumor dimensions were measured every 
7 days using a digital caliper for approximately 5 weeks. 
Tumor volume (V) was calculated using the formula: 
V = 0.5 × L × W2, where L represents the longest diameter 
(length) and W represents the shortest diameter (width) 
perpendicular to the length. Experiment terminated when 
tumor volume reached ~1000 mm3 or mice showed distress 
signs. Mice were euthanized, tumors completely dissected, 
weighed, measured, and photographed.

23  Immunohistochemistry (IHC) and H&E 
staining

Detected MIF expression in CRC tissues. Tissue sections 
were deparaffinized with xylene and dehydrated through 
graded ethanol. Antigen retrieval performed with citrate 
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28  Cell treatments

For in vitro functional blockade and rescue experiments, 
colorectal cancer cells were seeded in appropriate multi-
well plates and allowed to adhere overnight. To block the 
CD74 signaling pathway, cells were pre-treated with the 
anti-CD74 neutralizing antibody Milatuzumab (MedChem-
Express, Cat# HY-P99731) at a concentration of 5 μg/mL for 
24 hours. For rescue experiments, cells were stimulated with 
recombinant human MIF (rhMIF; Abclonal, Cat# RP02895) 
at a concentration of 100 ng/mL for 24 hours prior to subse-
quent analysis. For inhibitor efficacy evaluation, cells were 
treated with F3277-0933 or ISO-1 at their respective desig-
nated concentrations for 48 hours before harvesting for pro-
tein extraction or metabolite quantification.

29  Virtual screening of small-molecule 
inhibitors targeting MIF protein

Target protein preprocessing: Based on MIF crystal struc-
ture (PDB ID: 7XTX), structure optimization performed 
using Protein Preparation Wizard module in Schrödinger 
software, including bond order correction, hydrogen atom 
addition, disulfide bond assignment. Protonation at pH 7.0 
using PROPKA method, constrained energy optimization 
via OPLS4 force field (heavy atom RMSD convergence at 
0.3 Å). Compound library preparation: LF1000 database 
processed by LigPrep module, protonated/deprotonated at 
pH 7.0 ± 2.0 using Epik method, desalted, original chirality 
retained, generating up to 32 conformations per molecule. 
Hierarchical virtual screening: First, standard precision 
(SP) docking retained top 20% scoring molecules; Then, 
extra precision (XP) docking performed secondary screen-
ing retaining top 20%; Finally, binding free energy calcu-
lated via MMGBSA for affinity assessment. Result filtering 
and verification: Molecules forming no protein interactions 
excluded (172), retaining 2159 candidate molecules. Mol-
ecules filtered based on MMGBSA energy (<−80 kcal/mol), 
clustered by 70% structural similarity using MOE software, 
yielding 308 representative compound classes. Binding 
modes verified via PLIF interaction fingerprint analysis 
(key residues ILE64/PRO1) and visualization [45, 46].

30  Small-molecule inhibitor IC50 detection

Well-grown CRC cells digested with trypsin, uniformly 
seeded in 48-well plates (cultured at 37 °C, 5% CO₂ for 
24 hours). Eight drug concentration gradients set (0, 1, 5, 
10, 20, 40, 80, 100 μM), with three replicate wells per con-
centration. Next day, medium replaced with corresponding 

26  Glucose uptake detection

Glucose uptake detected using Glucose Uptake Fluorescent 
Detection Kit (2-NBDG) (Beyotime, SO561S). Cells cul-
tured in 6-well plates to ~80% confluency, then switched 
to glucose-free medium. After 6-hour glucose starvation, 
culture medium aspirated. 1 mL 2-NBDG working solu-
tion added, incubated at 37 °C in cell culture incubator for 
45 min. Supernatant aspirated, washed twice with PBS. 
Nuclei stained with Hoechst33342 (Beyotime), incu-
bated at room temperature protected from light for 10 min. 
Hoechst33342 solution aspirated, washed twice with PBS. 
2 mL PBS added, observed under fluorescence microscope.

27  Measurement of cellular glycolysis and 
mitochondrial respiration

Oxygen consumption rate (OCR) and extracellular acidi-
fication rate (ECAR) were measured using the Seahorse 
XF96 Extracellular Flux Analyzer (Agilent Technologies, 
USA) to evaluate mitochondrial oxidative phosphorylation 
(OXPHOS) and glycolytic function, respectively. For the 
mitochondrial respiration assay, cells were seeded in Sea-
horse XF96 cell culture microplates at a density of 1.5 × 104 
cells/well and cultured overnight. Cells were then treated 
with F3277-0933 or ISO-1 for 48 hours, or with Milatu-
zumab/rhMIF for 24 hours. On the day of the assay, the cul-
ture medium was replaced with Seahorse XF base medium 
supplemented with 10 mM glucose, 1 mM pyruvate, and 
2 mM glutamine (pH 7.4). Cells were equilibrated in a non-
CO₂ incubator at 37 °C for 1 hour prior to the assay. During 
the measurement, modulators from the Mitochondrial Stress 
Test Kit were injected sequentially to reach the following 
final concentrations: Oligomycin (1.0 μM), FCCP (1.0 μM), 
and Rotenone/Antimycin A (0.5 μM). For the glycoly-
sis assay, the culture medium was replaced with glucose-
free Seahorse XF base medium supplemented with 2 mM 
glutamine (pH 7.4). Cells were equilibrated in a non-CO₂ 
incubator at 37 °C for 1 hour. Reagents from the Glycolysis 
Stress Test Kit were injected sequentially to reach the fol-
lowing final concentrations: Glucose (10 mM), Oligomycin 
(1.0 μM), and 2-Deoxy-D-glucose (2-DG, 50 mM). OCR 
and ECAR values were recorded using Wave software (Agi-
lent Technologies) and normalized to total cellular protein 
content determined by the BCA assay immediately post-
assay. Each biological sample was measured in technical 
triplicates.
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33  Organoid live/dead staining

Detected using Calcein-AM/PI Live/Dead Double Stain Kit 
(Solarbio, CA1630). First, well-grown CRC organoids gen-
tly mixed in Matrigel containing 10 μM inhibitor (or equal 
volume DMSO), inoculated in culture plates, placed at 37 
°C, 5% CO₂ incubator for 20 minutes for Matrigel solidifi-
cation. 500 μL human intestinal organoid medium contain-
ing same concentration inhibitor (or equal volume DMSO) 
added per well. Medium containing inhibitor (or DMSO) 
changed every three days with morphological changes 
observed. Before staining, 10× Assay Buffer equilibrated 
to room temperature and diluted 1:9 with ddH₂O to 1× 
Assay Buffer. Staining started: Medium discarded, DPBS 
added and stood for 3 minutes. Gently pipetted, centrifuged 
at 300 g for 5 minutes to collect organoids in 1.5 mL cen-
trifuge tubes. Washed once with DPBS (300 g centrifuga-
tion 5 minutes) to remove Matrigel. Organoids resuspended 
in 1× Assay Buffer, 2 μL Calcein-AM stock solution added 
per mL suspension, gently flick-mixed. Incubated at 37 °C 
protected from light for 20 minutes. 5 μL PI stock solution 
added, stained at room temperature protected from light for 
5 minutes. Centrifuged at 450 g for 5 minutes, supernatant 
discarded. Washed with 1 mL PBS (450 g centrifugation 
5 minutes). Finally, organoid pellet mixed with appropri-
ate amount of antifade mounting medium, gently flick-
mixed. 3 μL suspension dropped on slide, observed under 
490 ± 10 nm excitation light: Yellow-green fluorescence 
(Calcein) indicates live cells; red fluorescence (PI) indicates 
dead cells.

34  Enzyme activity detection method

MIF tautomerase activity assay used L-dopachrome methyl 
ester substrate-based method, quantifying enzyme activity 
inhibition by real-time monitoring absorbance changes of 
oxidized products. First, 6 mM L-3,4-dihydroxyphenylala-
nine methyl ester hydrochloride (Sigma) and 12 mM sodium 
metaperiodate (Sigma) mixed in equal volumes to prepare 
fresh L-dopachrome methyl ester substrate. Subsequently, 
test compounds and rhMIF (Abclonal, RP01829) were pre-
incubated for 30 minutes at room temperature in 10 mM 
potassium phosphate buffer (pH 6.2) containing 0.5 mM 
EDTA buffer system. 120 μL pre-incubation mixture and 
30 μL substrate added to 96-well plate, immediately moni-
toring absorbance changes at 475 nm wavelength (15 sec 
intervals, lasting 5 minutes). Enzyme activity calculated 
with IC50 values relative to untreated control group (DMSO 
group) as 100% benchmark [28, 46].

drug-containing medium, refreshed every 2 days to main-
tain drug concentration. After 7 days culture, experiment 
terminated. Fixed with 4% paraformaldehyde at room tem-
perature for 15 min, washed 3 times with PBS (5 min each). 
Stained with crystal violet solution at room temperature for 
10 min, washed 3 times with PBS, photographed. 200 μL 
2% SDS added per well to dissolve dye, incubated on shaker 
for 30 min. Transferred to 96-well plate, 60 μL per well from 
three replicate wells. Absorbance detected at 570 nm wave-
length using multifunctional microplate reader.

31  Tissue sample collection and organoid 
establishment

Tumor specimens were obtained from two consenting 
patients with colorectal cancer (CRC) to establish patient-
derived organoids (PDOs). Patient 1 was a 65-year-old 
female diagnosed with adenocarcinoma of the ascending 
colon. Postoperative pathological staging confirmed a stage 
of pT3N1b. Patient 2 was a 72-year-old male also diagnosed 
with adenocarcinoma of the ascending colon, presenting 
with lymph node metastasis. His postoperative pathological 
staging was confirmed as pT3N2a. The histological diag-
nosis and staging were validated by pathologists in accor-
dance with the AJCC Cancer Staging Manual (8th Edition). 
All procedures were approved by the Ethics Committee of 
Nanjing First Hospital, and written informed consent was 
obtained from each patient.

32  Organoid culture

Sample processing: Fresh tumor tissue placed in ice-cold 
DMEM/F12 with 1% penicillin-streptomycin-gentamicin. 
After transfer, impurities removed, cut into 3–5 mm3 frag-
ments. Washed 10 times with ice-cold DPBS (with antibiot-
ics), further dissociated into 1 mm3 fragments. Digestion and 
filtration: 5–10 mL tumor digestion solution added, shaken 
at 37 °C, 120 rpm for 20 min. Digestion terminated when 
single cells/cell clusters observed microscopically. Filtered 
through 70 μm strainer, centrifuged at 300×g 4 °C for 5 min. 
Washed twice with DMEM/F12. Inoculation culture: Pre-
cipitate mixed with Matrigel at 1:5 volume ratio, vertically 
inoculated (30 μl/well), gelled at 37 °C for 20 min. Human 
intestinal organoid medium added (500 μl/well), cultured at 
37 °C, 5% CO₂, medium changed every 3 days. The patient-
derived organoids (PDOs) were cultured using a defined, 
serum-free bioGenous™ Colorectal Cancer Organoid Kit 
(Catalog: K2103-CR, bioGenous TECHNOLOGIES). The 
complete organoid medium was prepared precisely accord-
ing to the manufacturer’s instructions.
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relevant statistical comparisons is provided in Supplemen-
tary Table S1.
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35  BALB/c nude mouse tumor-bearing 
model construction and drug treatment

For the in vivo efficacy evaluation, 2 × 106 LOVO cells were 
subcutaneously injected into the right axilla of 6-week-old 
male BALB/c nude mice. After 7 days, when the average 
tumor volume reached approximately 0.1 cm3, the mice 
were randomly assigned to different treatment groups. The 
small-molecule inhibitors (F3277-0933 and ISO-1) were 
formulated in a vehicle consisting of 10% DMSO and 
90% physiological saline. Mice in the treatment groups 
were administered the compounds intraperitoneally (i.p.) at 
a dose of 100 mg/kg body weight, three times a week for 
4 weeks. To rigorously control for solvent effects, mice in 
the vehicle control group (DMSO group) received an equal 
volume of the exact same solvent mixture (10% DMSO 
and 90% physiological saline) via the same injection route. 
Tumor volumes and body weights were recorded prior to 
each administration.

36  Statistical analysis

All statistical analyses were performed using GraphPad 
Prism version 9.0 (GraphPad Software, La Jolla, CA, 
USA) and R software version 4.3.1. Data are presented as 
mean ± standard deviation (SD) from a minimum of three 
independent biological replicates. To properly assign sta-
tistical tests to their corresponding analyses, the following 
approaches were utilized: For continuous variables with 
normal distribution, comparisons between two indepen-
dent groups were analyzed using the unpaired Student’s 
t-test (e.g., in vitro functional assays and xenograft tumor 
weights), while comparisons between matched clinical 
tumor/adjacent tissues were performed using the paired 
Student’s t-test. For non-parametric data, such as single-cell 
RNA sequencing differential expression, the Wilcoxon rank-
sum test (Mann-Whitney U test) was applied. For compari-
sons among three or more groups (e.g., rescue experiments 
and multiple inhibitor treatments), a one-way analysis of 
variance (ANOVA) followed by Tukey’s post-hoc test was 
performed. Patient survival outcomes were evaluated using 
the Kaplan-Meier method, and statistical significance was 
determined by the Log-rank test. IC50 values for small-mol-
ecule inhibitors were calculated utilizing non-linear regres-
sion analysis. The statistical significance level was set at 
p < 0.05. Significance thresholds were defined as: *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. Exact p-values 
are provided in the text and figure legends where applicable, 
except for values less than 0.0001, which are reported as 
p < 0.0001. A comprehensive list of exact p-values for all 
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