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Abstract 16 

Background: Osteosarcoma, the most common primary malignant bone tumor in children 17 

and young adults, has a poor prognosis in metastatic or recurrent disease. Fucosyltransferase 18 

4 (FUT4) mediates fucosylation and has been implicated in several cancers, but its role in 19 

osteosarcoma remains unclear. 20 

Methods: Using two public Gene Expression Omnibus microarray cohorts (GSE36001, 21 

GSE16088), we assessed FUT4 expression and diagnostic performance by limma-based 22 

differential analysis and ROC curves with AUC estimation, and profiled function through 23 

GO, KEGG, GSEA and GSVA. We further constructed protein-protein interaction and 24 
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transcription factor/microRNA/drug regulatory networks, characterized immune-cell 25 

signatures by ssGSEA, and prioritized candidate binding compounds by DrugCLIP virtual 26 

screening followed by AutoDock Vina docking. 27 

Results: FUT4 transcripts were significantly down-regulated in osteosarcoma in both cohorts 28 

(GSE36001, p < 0.05; GSE16088, p < 0.01), with moderate-to-high discriminatory capacity, 29 

although the high AUC in GSE16088 may be confounded by non-osseous control tissues. 30 

FUT4-associated genes were enriched in ossification, osteoblast differentiation and 31 

extracellular matrix-related terms. GSEA linked high FUT4 to epithelial-mesenchymal 32 

transition and inflammatory-response signatures, and exploratory GSVA suggested 33 

differences in cytoskeletal, apoptotic and Wnt/beta-catenin signalling between FUT4-low and 34 

FUT4-high subgroups, which also showed distinct immune-cell correlation patterns. 35 

Structure-based screening prioritized ST50926609 as the lead candidate FUT4-binding 36 

compound (Vina score = −7.35 kcal/mol). 37 

Conclusions: Collectively, these computational findings support FUT4 as a candidate 38 

diagnostic biomarker and potential therapeutic target in osteosarcoma, but they remain 39 

hypothesis-generating and require validation in clinical cohorts, cell and animal models. 40 

Keywords: osteosarcoma; FUT4; fucosylation; bioinformatics; diagnostic biomarker; 41 

immune infiltration; virtual screening 42 

Introduction 43 

Osteosarcoma is a malignant mesenchymal tumor and the most common primary malignant 44 

bone tumor, arising predominantly in the metaphyses of long bones in children and 45 

adolescents, with a peak incidence between 10 and 20 years of age [1,2]. It is characterized 46 

by aggressive local invasion and a high propensity for early distant dissemination. At initial 47 

diagnosis, approximately 15–20 % of patients already present with metastatic lesions, most 48 
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frequently in the lungs. Although the combination of neoadjuvant chemotherapy and 49 

limb-salvage surgery has improved the 5-year survival of patients with localized disease to 50 

approximately 60–70 %, the prognosis of patients with metastatic or recurrent osteosarcoma 51 

remains extremely poor, with a 5-year survival rate below 20 % [1,2]. The clinical 52 

management of osteosarcoma is further hampered by the dose-limiting toxicity and acquired 53 

resistance of conventional chemotherapy, as well as by the scarcity of validated molecularly 54 

targeted therapies [1,3]. Moreover, the key molecular events underlying the initiation and 55 

progression of osteosarcoma have not yet been fully elucidated. In particular, the 56 

contributions of glycosylation-related genes to osteosarcoma biology remain incompletely 57 

characterized, leaving their diagnostic and therapeutic relevance insufficiently defined. 58 

Elucidating the molecular mechanisms underlying osteosarcoma pathogenesis and identifying 59 

reliable diagnostic biomarkers and therapeutic targets therefore remain important research 60 

priorities [2,3]. Altered protein glycosylation is increasingly recognized as an important 61 

feature of cancer. Among its branches, fucosylation—the transfer of fucose residues onto 62 

glycoproteins and glycolipids—has attracted particular attention because of its reported 63 

involvement in tumor proliferation, metastasis, and immune evasion [4]. Fucosyltransferase 4 64 

(FUT4; α-1,3-fucosyltransferase IV) is a member of the α-1,3-fucosyltransferase family and 65 

transfers fucose moieties from GDP-fucose to N-acetylglucosamine residues located in the 66 

core regions of glycoproteins and glycolipids. 67 

Through this enzymatic activity, FUT4 catalyzes the synthesis of Lewis X (LeX), 68 

sialyl-Lewis X (sLeX), and Lewis Y (LeY) antigens and contributes to cell adhesion, 69 

migration, and immune recognition [5]. In gastric cancer, cholangiocarcinoma, glioblastoma, 70 

and chordoma, FUT4 has been implicated in malignant phenotypes such as proliferation, 71 

EMT, invasion, and tumor progression [5–8]. For example, FUT4 cooperates with the 72 

Lewis Y antigen to sustain Helicobacter pylori-driven gastric carcinogenesis [5], enhances 73 
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EMT and aggressive phenotypes in chordoma cells [6], and sustains glioblastoma progression 74 

through a circPARP4/miR-125a-5p/FUT4 axis [7]. A similar EMT-promoting role has been 75 

documented in cholangiocarcinoma [8], and fucosylation as a whole has been linked to 76 

metastatic spread and to the efficacy of immune checkpoint blockade in several tumors 77 

[9,10]. 78 

In osteosarcoma, FUT4 has only recently received attention, and its biological and clinical 79 

relevance remains incompletely characterized. Three experimental studies have shown that 80 

FUT4 knockdown suppresses osteosarcoma cell growth via FOXO1 activation [11], that miR-81 

371b-5p dampens migration and proliferation by targeting FUT4 [12], and that the long non-82 

coding RNA MRUL promotes osteosarcoma progression through the miR-125a-5p/FUT4 axis 83 

[13]. Notably, although these cell-level knockdown experiments indicate a pro-tumorigenic 84 

role for FUT4 in osteosarcoma, the tissue-level expression pattern of FUT4 in 85 

osteosarcoma—whether it is up- or down-regulated relative to normal bone—remains 86 

unknown, creating a potential contradiction between cell-line functional observations and 87 

primary-tissue transcriptomic profiles. These prior reports focused primarily on cell-level 88 

functional assays, leaving the broader transcriptomic associations, regulatory context, 89 

immune features, and druggable potential of FUT4 in osteosarcoma incompletely 90 

characterized. Accordingly, it remains unclear whether FUT4 dysregulation is reproducible 91 

across independent osteosarcoma datasets and how FUT4 expression relates to disease-92 

associated pathways, regulatory networks, immune-cell features, and candidate small-93 

molecule binding. To address these questions, we integrated two independent osteosarcoma 94 

transcriptomic cohorts and (i) profiled FUT4 expression and discriminatory performance, (ii) 95 

characterized FUT4-associated biological pathways, (iii) constructed protein–protein and 96 

TF/miRNA/drug regulatory networks around FUT4, (iv) examined FUT4-associated 97 

immune-cell signature patterns, and (v) screened candidate FUT4-binding small molecules. 98 
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This framework provides a basis for subsequent experimental evaluation of FUT4 as a 99 

candidate biomarker and potential therapeutic target in osteosarcoma. 100 

Methods 101 

Data acquisition and preprocessing 102 

Two publicly available osteosarcoma transcriptomic datasets, GSE36001 and GSE16088, 103 

were retrieved from the Gene Expression Omnibus (GEO, 104 

https://www.ncbi.nlm.nih.gov/geo/) using the GEOquery R package (version 2.70.0) [14]. All 105 

samples retained for downstream analyses were derived from Homo sapiens. GSE36001 106 

(platform GPL6102) contains 25 samples: 19 osteosarcoma cell lines and 6 normal 107 

bone/osteoblast controls. GSE16088 (platform GPL96, Affymetrix Human Genome U133A) 108 

contains 23 samples, all annotated as Homo sapiens, of which 14 osteosarcoma and 6 non-109 

tumor controls (kidney, liver, and lymph node) entered the differential expression and ROC 110 

analyses. The remaining three samples (H1-012706, H2-012706, and H3-012706; 111 

GSM402684–GSM402686) were excluded because they are annotated in GEO as 112 

osteosarcoma cell lines and correspond to the U2OS, HOS and MG63 human osteosarcoma 113 

cell lines described in the source study (GEO; PMID 20028558), whereas the GSE16088 114 

analysis was restricted to primary osteosarcoma tissue versus non-tumor tissue. Probe-level 115 

annotation, log2 transformation, and quantile normalization were carried out with the limma 116 

package (version 3.58.1) [15]. In total, 19 osteosarcoma and 6 control samples from 117 

GSE36001, and 14 osteosarcoma and 6 control samples from GSE16088, were retained for 118 

the downstream analyses (Table 1). Because no batch-effect correction was applied, each 119 

dataset was analysed independently and comparisons between cohorts were restricted 120 

accordingly (see Limitations). 121 

https://www.ncbi.nlm.nih.gov/geo/
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Identification of differentially expressed genes 122 

Differential expression analysis between osteosarcoma and control groups was performed 123 

with limma [15]. For GSE36001, genes with |log2 fold change (logFC)| > 0.5 and p < 0.05 124 

were defined as differentially expressed genes (DEGs); this |logFC| > 0.5 threshold is a 125 

commonly applied cutoff in microarray-based osteosarcoma and cancer transcriptomic 126 

studies to filter out genes with negligible fold-change changes while retaining moderate-127 

effect DEGs; for GSE16088, DEGs were defined solely by significance (adjusted p < 0.05; 128 

Benjamini–Hochberg correction), with no fold-change cutoff applied; the resulting DEG 129 

count is therefore substantially larger than that of GSE36001, and the two counts are not 130 

directly comparable. Because the two datasets differed in platform, control composition, and 131 

sample size, dataset-specific screening thresholds were applied as described above; cross-132 

dataset interpretation therefore focused primarily on the consistent direction of FUT4 133 

dysregulation rather than on identical DEG counts. Volcano plots were generated with 134 

ggplot2 and heatmaps with pheatmap (version 1.0.12). 135 

Validation of FUT4 expression and ROC analysis 136 

The expression levels of FUT4 were compared between osteosarcoma and control samples 137 

using grouped comparison plots, and receiver operating characteristic (ROC) curves were 138 

generated with the R package pROC (version 1.18.5) [16] to evaluate the discriminatory 139 

performance of FUT4 using the area under the curve (AUC). The 95% confidence intervals 140 

(CIs) of AUC were calculated by bootstrap resampling. An AUC between 0.5 and 0.7 was 141 

considered low, 0.7–0.9 moderate, and > 0.9 high accuracy. Subsequently, the osteosarcoma 142 

samples from GSE36001 (n = 19) were dichotomized into FUT4-high (n = 10) and FUT4-143 

low (n = 9) subgroups using the median FUT4 expression value as the cutoff, and differential 144 

analysis between these groups was performed as described above. Of note, the FUT4-high (n 145 
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= 10) and FUT4-low (n = 9) subgroups are very small; all downstream subgroup-level 146 

analyses (GSEA, GSVA, and ssGSEA) should therefore be regarded as strictly exploratory, 147 

hypothesis-generating analyses rather than definitive statistical findings. The top 15 148 

significantly upregulated and top 15 significantly downregulated genes satisfying |logFC| > 149 

0.5 and p < 0.05 were selected as FUT4-associated differentially expressed genes. Together 150 

with FUT4 itself, a total of 31 genes were obtained. 151 

GO and KEGG enrichment analysis 152 

To further explore the relationships of biological process (BP), cellular component (CC), 153 

molecular function (MF) and KEGG pathways with osteosarcoma, Gene Ontology (GO) and 154 

KEGG enrichment analyses were conducted on the 30 FUT4-associated differentially 155 

expressed genes together with FUT4 (31 genes in total) using the R package clusterProfiler 156 

(version 4.10.0) [17]. The background gene list for GO/KEGG enrichment was restricted to 157 

all genes detectable on the corresponding microarray platform rather than the whole-genome 158 

annotation set. GO terms were considered significant at an adjusted p < 0.05, and KEGG 159 

pathways [18] at a false discovery rate (FDR) q < 0.25, both after Benjamini–Hochberg 160 

correction, and the results are presented in Table 2.  161 

GSEA and GSVA 162 

For pathway-level analysis, gene set enrichment analysis (GSEA) [19] was performed. For 163 

GSEA, genes from the GSE36001 osteosarcoma samples were ranked by logFC between the 164 

FUT4-high and FUT4-low groups and analyzed using clusterProfiler (version 4.10.0) [17] 165 

against the Molecular Signatures Database (MSigDB) c2.all.v2024.1.Hs.symbols.gmt 166 

collection, with a random seed of 2022, 1,000 permutations, and a gene-set size range of 10–167 

500. GSEA statistical inference was based on these permutations, and gene sets with adjusted 168 

p < 0.05 and FDR q < 0.25 after Benjamini–Hochberg correction were considered 169 
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significantly enriched. Sample-level pathway scores were computed using the GSVA 170 

package (version 1.50.0) [20] with the c2.cp.v2024.1.Hs.symbols.gmt gene-set collection, 171 

and the selected pathway patterns were visualized using a heatmap and grouped comparison 172 

plots. GSEA and GSVA used different MSigDB collections (c2.all and c2.cp, respectively) 173 

because GSEA requires the full C2 collection whereas GSVA was restricted to canonical 174 

pathways; the corresponding releases are stated above. 175 

Differential scores between FUT4-high and FUT4-low groups were tested with limma [15], 176 

producing the logFC, average expression (AveExpr), moderated t-statistic, raw p value, BH-177 

adjusted p value, and the log-odds of differential expression (B) reported in Table 4. Given 178 

the limited subgroup sample size, pathway selection was performed on nominal (uncorrected) 179 

p < 0.05 rather than BH-adjusted p-values (BH-adjusted values are provided in Table 4; see 180 

Statistical analysis). Pathways with nominal p < 0.05 were ranked by logFC, and the 10 most 181 

positively and 10 most negatively shifted pathways were carried forward. These results are 182 

strictly hypothesis-generating and should not be interpreted as statistically significant 183 

biological findings. The Mann–Whitney U test was used as a non-parametric check on the 184 

limma results. 185 

Protein–protein interaction and regulatory network construction 186 

To characterize the protein-interaction context of FUT4, a PPI network was retrieved from 187 

the STRING database [21] (https://string-db.org/), using a medium-confidence interaction 188 

score threshold of 0.40. Transcription factors (TFs) associated with FUT4 were obtained from 189 

ChIPBase v3.0 [22] (https://rnasysu.com/chipbase3/), miRNAs associated with FUT4 were 190 

obtained from ENCORI (formerly starBase) [23] (https://starbase.sysu.edu.cn/), and 191 

drug/compound associations were obtained from the Comparative Toxicogenomics Database 192 

(CTD) [24] (https://ctdbase.org/). The mRNA–TF, mRNA–miRNA, and mRNA–drug 193 

networks were visualized using Cytoscape [25]. Of note, the TF, miRNA, and 194 
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drug/compound associations retrieved from ChIPBase, starBase, and CTD simultaneously 195 

include experimentally validated interactions and computationally predicted/interpolated 196 

associations; the present study did not apply an additional filtering step to separate validated 197 

from predicted interactions. The networks should therefore be interpreted as a candidate 198 

resource requiring subsequent experimental validation. 199 

Immune infiltration analysis 200 

Single-sample GSEA (ssGSEA) [20,26] quantifies the relative activity of immune cell 201 

signature gene sets within individual samples. Marker signatures for 28 human immune cell 202 

subtypes were defined according to the published immune-cell signature set [26], and 203 

ssGSEA was used to calculate an enrichment score for each immune cell type in each 204 

osteosarcoma sample. Spearman correlation analysis was then used to assess pairwise 205 

relationships among immune cell signatures within the FUT4-high and FUT4-low groups, 206 

and correlation heatmaps were visualized using pheatmap (version 1.0.12).  207 

These correlation analyses were not corrected for multiple testing, and no cross-validation 208 

with alternative deconvolution tools was performed (see Limitations). 209 

Virtual screening and molecular docking 210 

No experimentally resolved crystal structure of FUT4 exists in the Protein Data Bank, so the 211 

AlphaFold2-predicted model AF-P22083-F1 was downloaded from the AlphaFold Protein 212 

Structure Database [27]. The predicted local-distance difference test (pLDDT) is generally 213 

high (> 70) across the catalytic domain, where pocket C1 is located, whereas low-confidence 214 

terminal regions were excluded during pocket prediction. Of note, this AlphaFold-derived 215 

structure has not been experimentally validated; all docking outcomes should therefore be 216 

treated strictly as computational predictions. After standard preprocessing, binding pockets 217 

were predicted with the CB-Dock2 web server [28], and the largest pocket (C1) was used as 218 
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the docking site. DrugCLIP [29], a contrastive protein–molecule representation learning 219 

method for virtual screening, was then used to rank candidate molecules from the input 220 

compound library by predicted affinity. The top-100 ranked candidates were further re-scored 221 

using AutoDock Vina. The input molecular library for DrugCLIP virtual screening was a 222 

curated commercial compound collection aggregating multiple vendor catalogs (e.g., Vitas-M 223 

Laboratory, InterBioScreen, Pharmeks, TargetMol, and TimTec). According to the Vina 224 

scoring criteria, scores above −5 kcal/mol indicate weak or negligible binding, scores 225 

between −7 and −5 kcal/mol represent moderate binding affinity, and scores below −7 226 

kcal/mol denote strong binding. Of note, the AutoDock Vina score represents a heuristic 227 

empirical scoring metric rather than experimentally measured binding free energy. 228 

Statistical analysis 229 

Statistical analyses and R-based data processing were performed using R (version 4.3.3). The 230 

Mann–Whitney U test (Wilcoxon rank-sum test) was used as a non-parametric verification of 231 

selected GSVA pathway scores; differential expression of genes and GSVA pathway scores 232 

was assessed using the moderated t-test implemented in limma [15]; immune-cell 233 

relationships were assessed using Spearman rank correlation; and discriminatory performance 234 

was evaluated using ROC/AUC, with 95% CIs estimated by bootstrap resampling. Unless 235 

otherwise specified, all statistical tests were two-sided. In brief, BH-FDR multiple-testing 236 

correction was applied for the DEG, GO, KEGG, and GSEA analyses (adjusted p < 0.05); for 237 

GSVA, BH multiple-testing correction was computed but pathway selection relied on 238 

nominal p-values given the small subgroup sample size; BH-adjusted p-values are provided 239 

in Table 4 for reference. 240 

Use of artificial intelligence tools 241 

Generative AI tools were used only for language polishing and grammar revision, and were 242 

not involved in experimental design, data analysis or result interpretation. 243 
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Results 244 

The overall analytical workflow of this study is illustrated in Fig. 1. 245 

 246 

Fig. 1. Flow chart of the comprehensive bioinformatics analysis of FUT4 in osteosarcoma. 247 

OS, osteosarcoma; DEGs, differentially expressed genes; ROC, receiver operating 248 

characteristic; GSEA, gene set enrichment analysis; GSVA, gene set variation analysis; GO, 249 

Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein–protein 250 

interaction; TF, transcription factor; ssGSEA, single-sample gene set enrichment analysis. 251 

Differential expression and diagnostic value of FUT4 252 

After preprocessing and normalization, the expression distributions became more comparable 253 

across samples (Fig. 2), and differential expression analysis identified 2,159 DEGs in 254 

GSE36001 (1,023 upregulated and 1,136 downregulated) and 10,884 DEGs in GSE16088 255 
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(4,311 upregulated and 6,573 downregulated) (Fig. 3); the larger DEG count in GSE16088 256 

reflects the absence of a fold-change cutoff and the use of non-osseous control tissues in that 257 

dataset, and the two counts are therefore not directly comparable. FUT4 transcript levels were 258 

consistently lower in osteosarcoma than in control samples in both cohorts (GSE36001, p < 259 

0.05; GSE16088, p < 0.01) (Fig. 4A–B). ROC analysis showed an AUC of 0.789 (95% CI 260 

0.590–0.989) in GSE36001 and 0.905 (95% CI 0.765–1.000) in GSE16088, indicating 261 

moderate and high discriminatory performance, respectively (Fig. 4C–D). Note that the 262 

control samples in GSE16088 are non-osseous tissues; the high AUC from this dataset may 263 

be confounded by tissue-origin differences, and cross-dataset validation focuses on the 264 

consistent direction of FUT4 dysregulation. 265 

 266 

Fig. 2. Expression distributions of the two datasets before and after normalization. Panels 267 

show GSE36001 before (A) and after (B) normalization and GSE16088 before (C) and after 268 

(D) normalization. Pink bars correspond to osteosarcoma specimens, and blue bars indicate 269 

control samples. 270 
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 271 

Fig. 3. (A) Volcano plot of differentially expressed genes (DEGs) between osteosarcoma and 272 

control groups in GSE36001. (B) Heatmap of the top 10 upregulated and top 10 273 

downregulated DEGs in GSE36001. (C) Volcano plot of DEGs in GSE16088. (D) The 274 

corresponding heatmap for GSE16088. On heatmaps, blue stands for control samples and 275 

pink for osteosarcoma samples. 276 
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 277 

Fig. 4. (A, B) Group comparison plots of FUT4 expression in GSE36001 (A) and GSE16088 278 

(B). (C, D) ROC curves of FUT4 in GSE36001 (C) and GSE16088 (D). Group comparisons 279 

were performed using the Mann–Whitney U test. Statistical significance: * p < 0.05; ** p < 280 

0.01. ROC, receiver operating characteristic; AUC, area under the curve. 281 

Identification of FUT4-associated differentially expressed genes and functional 282 

enrichment 283 

GSE36001 osteosarcoma samples were split at the median FUT4 level into FUT4-high and 284 

FUT4-low groups, yielding 297 DEGs (147 up, 150 down) between them (Fig. 5; Table S1). 285 

Applying these criteria, the 15 most upregulated and 15 most downregulated DEGs (30 genes 286 

in total) were then designated FUT4-associated differentially expressed genes. The 30 FUT4-287 

associated differentially expressed genes together with FUT4 (31 genes in total) were 288 

subjected to GO and KEGG enrichment analysis to further explore their relationships with 289 

osteosarcoma. GO enrichment analysis showed significant enrichment of this gene set in 290 
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biological processes including ossification, osteoblast differentiation, biomineral tissue 291 

development, and neuron migration; cellular components including the collagen-containing 292 

extracellular matrix, endoplasmic reticulum lumen, and basement membrane; and the 293 

molecular function term extracellular matrix structural constituent (Table 2; Fig. 6A). KEGG 294 

analysis further showed enrichment of this gene set in extracellular matrix (ECM)–receptor 295 

interaction, focal adhesion, and phagocytosis pathways (Fig. 6A). The corresponding 296 

networks of the significantly enriched BP, CC, MF, and KEGG terms are shown in Fig. 6B–297 

E.  298 

 299 

Fig. 5. Differential gene expression between FUT4-high and FUT4-low groups in GSE36001. 300 

(A) Volcano plot of differentially expressed genes (DEGs). (B) Heatmap of the 31 selected 301 

genes (15 up, 15 down, plus FUT4). 302 
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 303 

Fig. 6. GO and KEGG enrichment analysis of FUT4-associated genes. (A) Bubble plot of 304 

biological process (BP), cellular component (CC), molecular function (MF), and KEGG 305 

pathways. (B–E) Network diagrams of BP (B), CC (C), MF (D), and KEGG (E). Enrichment 306 

thresholds: adjusted p < 0.05 for GO terms (BP, CC, MF) and FDR (q value) < 0.25 for 307 

KEGG pathways, both after Benjamini–Hochberg correction. 308 

GSEA and GSVA reveal FUT4-associated pathways 309 

Given the very small FUT4-high (n = 10) and FUT4-low (n = 9) subgroups, both GSEA and 310 

GSVA results should be interpreted as exploratory, hypothesis-generating observations. Of 311 
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note, the two gene sets with the highest normalized enrichment scores in Table 3, 312 

FOROUTAN_PRODRANK_TGFB_EMT_UP (NES = 2.07) and 313 

PLASARI_TGFB1_TARGETS_10HR_UP (NES = 2.03), describe closely related TGF-314 

β/EMT transcriptional programs; the Foroutan Integrated TGFβ EMT Up, Sarrio Epithelial 315 

Mesenchymal Transition Up, and Zhou Inflammatory Response Live Up sets were selected 316 

as representative examples for visualization because, among the significantly enriched 317 

C2:CGP sets, many large immune- and metabolic-oriented collections are less directly 318 

relevant to osteosarcoma biology, whereas these three sets represent two complementary 319 

osteosarcoma-relevant programs (TGF-β/EMT transition and inflammatory activation). 320 

GSEA showed positive enrichment of Foroutan Integrated TGFβ EMT Up (NES = 2.01, 321 

adjusted p = 4.29 × 10⁻⁶), Sarrio Epithelial Mesenchymal Transition Up (NES = 1.93, 322 

adjusted p = 2.31 × 10⁻⁵), and Zhou Inflammatory Response Live Up (NES = 1.40, adjusted p 323 

= 0.0272) in the FUT4-high group, whereas Reactome Iron Uptake and Transport was 324 

negatively enriched (NES = −1.76, adjusted p = 0.0137) (Table 3; Fig. 7). GSVA prioritized 325 

20 pathways with nominally altered activity (nominal p < 0.05), including pathways related 326 

to actin-cytoskeleton regulation, apoptotic signaling, extracellular-matrix interactions, 327 

immune response, and Wnt/β-catenin-related transcriptional regulation (Table 4; Fig. 8). 328 

Although BH-adjusted p-values were calculated for all GSVA pathways, only one pathway 329 

remained statistically significant after multiple-testing correction; these outputs are therefore 330 

discussed as exploratory only. 331 
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 332 

Fig. 7. GSEA for FUT4 expression groups. (A) Overview ridge plot of the significantly 333 

enriched gene sets. (B–E) Gene set enrichment analysis (GSEA) enrichment plots of 334 

Foroutan Integrated TGFβ EMT Up (B), Sarrio Epithelial Mesenchymal Transition Up (C), 335 

Zhou Inflammatory Response Live Up (D), and Reactome Iron Uptake and Transport (E). 336 

Statistical significance thresholds are as defined in Methods. 337 
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 338 

Fig. 8. GSVA between FUT4-low and FUT4-high groups. (A) Heatmap of the top 20 339 

pathways with nominally altered activity. (B) Grouped comparison plot. ns: p ≥ 0.05 (non-340 

significant); * p < 0.05; ** p < 0.01; *** p < 0.001. Pathways shown in the heatmap comprise 341 

the 10 most positively and 10 most negatively logFC-shifted pathways among those with 342 

nominal p < 0.05; BH-adjusted p-values were also calculated and are reported in Table 4 for 343 

reference. GSVA, gene set variation analysis. 344 

PPI and regulatory networks of FUT4 345 

At the STRING medium-confidence interaction score threshold of 0.40, FUT4 had 187 direct 346 

interaction partners, and the 10 with the highest combined scores were retained: B3GNT2, 347 

B3GNT3, B4GALT1, B4GALT2, B4GALT4, FUT1, FUT2, GCNT2, ST3GAL6, and SELE. 348 

Together with FUT4, these 10 partners formed an 11-node PPI network (Fig. 9). Only direct 349 

interaction partners were included in this network, without secondary interactors. ChIPBase, 350 

ENCORI, and CTD identified 51 FUT4-associated transcription factors (Table S2), 57 351 
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miRNAs (Table S3), and 46 drug/compound associations (Table S4), respectively, which 352 

were summarized in the corresponding regulatory networks in Fig. 10. 353 

 354 

Fig. 9. STRING-derived protein–protein interaction (PPI) network of FUT4 (interaction score 355 

≥ 0.40). Nodes represent proteins and edges represent STRING-supported protein 356 

associations; the 10 top-scoring direct interaction partners are listed in the Results. 357 
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 358 

Fig. 10. FUT4-centered regulatory networks. (A) mRNA–TF network comprising FUT4 and 359 

51 transcription factors. (B) mRNA–miRNA network comprising FUT4 and 57 miRNAs. (C) 360 

mRNA–drug/compound network comprising FUT4 and 46 drug/compound associations. 361 

Orange denotes mRNA, pink denotes transcription factors, purple denotes miRNAs, and 362 

green denotes drugs/compounds. TF, transcription factor. 363 

Immune infiltration landscape of FUT4 expression groups 364 

ssGSEA was applied to score 28 immune cell subsets in each osteosarcoma sample (Fig. 11). 365 

Correlation heatmaps revealed distinct descriptive immune-cell signature association patterns 366 

in the two subgroups. In the FUT4-low group, natural killer T cells correlated most strongly 367 

with effector memory CD4 T cells (r = 0.967, p < 0.05); in the FUT4-high group, immature 368 
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dendritic cells and CD56bright natural killer cells exhibited the highest positive correlation (r 369 

= 0.903, p < 0.05). 370 

 371 

Fig. 11. Immune infiltration analysis by ssGSEA. (A) FUT4-low group; (B) FUT4-high 372 

group. Correlation strength criteria: |r| < 0.3, negligible; 0.3 ≤ |r| < 0.5, weak; 0.5 ≤ |r| < 373 

0.8, moderate; |r| ≥ 0.8, strong. ssGSEA, single-sample gene set enrichment analysis. These 374 

correlations were not corrected for multiple testing (see Methods and Limitations). 375 

Virtual screening and molecular docking of candidate small molecules against FUT4 376 

DrugCLIP ranked the top 100 compounds with the highest predicted FUT4 affinity (Table 377 

S5). The largest predicted binding pocket, C1, occupied a volume of 3,477 Å³ and was 378 

centered at (3, −12, −3) with dimensions of roughly 30 × 19 × 23 Å. ST50926609 ranked first 379 

by DrugCLIP predicted affinity among the screened candidates, with a Vina score of −7.35 380 

kcal/mol (Fig. 12). The predicted docking pose showed hydrogen-bond, hydrophobic, and 381 

halogen-bond interactions between FUT4 and ST50926609, supporting its prioritization as a 382 

candidate FUT4-binding compound (Fig. 12). 383 
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 384 

Fig. 12. Molecular docking of FUT4 with the candidate compound ST50926609. 385 

ST50926609 is a computationally predicted binder, not an experimentally validated inhibitor; 386 

docking used the AlphaFold2-predicted FUT4 model described in Methods. (A) Global 387 

docking map. (B) Interaction force map. Blue dashed lines indicate hydrogen bonds, gray 388 

dashed lines denote hydrophobic interactions, and cyan dashed lines indicate halogen bonds. 389 

Discussion 390 

Osteosarcoma, the most common primary malignant bone tumor, predominantly affects 391 

children and adolescents and remains challenging to treat. Current therapeutic options are 392 

limited, highlighting an unmet clinical need for reliable biomarkers and actionable 393 

therapeutic targets. In this work, we evaluated the biological and clinical relevance of 394 

fucosyltransferase 4 (FUT4) in osteosarcoma through an integrative bioinformatics 395 

framework that combined cross-dataset validation across two independent GEO datasets 396 

(GSE36001 and GSE16088), multidimensional functional enrichment, multilayer regulatory 397 

network analysis, immune infiltration assessment, and in-silico virtual screening of 398 

small-molecule candidates. A key strength of the present study lies in cross-validation using 399 

two independent transcriptomic datasets and a multi-layer analytical workflow covering 400 

gene-level expression signatures, putative regulatory mechanisms, and potential drug-target 401 

discovery.  402 
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Several observations from our computational analyses merit further discussion, namely the 403 

direction of FUT4 dysregulation relative to its reported cell-level functions, the biological 404 

processes associated with FUT4 expression status, the regulatory and immune-cell features 405 

recovered from the network analyses, and the candidate FUT4-binding compound identified 406 

by structure-based screening. Each is considered below.  407 

The first point concerns the direction of FUT4 dysregulation. Although elevated FUT4 408 

expression has been reported in gastric and biliary tract cancers, glioblastoma, and chordoma 409 

[5–8], our transcriptomic analysis showed significantly lower FUT4 expression in 410 

osteosarcoma than in the included control samples in both datasets (GSE36001, p < 0.05; 411 

GSE16088, p < 0.01). ROC analyses showed that FUT4 could distinguish osteosarcoma 412 

specimens from control specimens within the included datasets, with AUCs of 0.789 in 413 

GSE36001 and 0.905 in GSE16088 (95% CIs in Fig. 4C–D). The consistent direction of 414 

change across two independent microarray platforms argues against a purely technical 415 

artefact. However, this direction differs from that expected from the reported pro-tumorigenic 416 

role of FUT4: FUT4 knockdown has been shown to suppress osteosarcoma cell growth via 417 

FOXO1 activation, and miR-371b-5p exerts suppressive effects by targeting FUT4 in 418 

osteosarcoma [11–13]. Several non-exclusive explanations may reconcile these observations: 419 

(i) the GSE36001 osteosarcoma group consists of cell lines, whose FUT4 levels may not 420 

reflect those of primary tumors; (ii) the GSE16088 controls are non-osseous tissues, so 421 

between-group differences may in part reflect tissue of origin; and (iii) within osteosarcoma, 422 

the FUT4-high subgroup nonetheless showed enrichment of EMT- and inflammation-related 423 

programmes, which is consistent with a pro-tumorigenic role for FUT4 in an expression-424 

range-dependent manner. These discrepancies underscore that the direction of FUT4 425 

dysregulation in osteosarcoma requires validation in matched primary tumor and normal-426 

bone specimens. 427 



FUT4 as an Osteosarcoma Biomarker and Target 

 25 

Nevertheless, important caveats must be considered when interpreting the ROC results. The 428 

two datasets employ dissimilar control tissues: GSE36001 uses normal bone and osteoblast 429 

controls, whereas GSE16088 uses kidney, liver, and lymph-node tissues as non-tumor 430 

controls. Accordingly, the high AUC observed in GSE16088 may partly reflect inter-tissue 431 

transcriptomic differences, and the clinical discriminatory performance of FUT4 requires 432 

validation in cohorts with appropriately matched normal-bone controls. Our regulatory-433 

network analysis suggests that transcriptional regulation may represent one potential 434 

contributor to FUT4 dysregulation; however, other possible mechanisms, including copy-435 

number and epigenetic alterations, were not evaluated in the present study. Our 436 

regulatory-network analysis predicted 51 transcription factors potentially binding to the 437 

FUT4 locus, including well-known oncogenic regulators such as MYC, STAT3 and HIF1A; 438 

however, these are purely computational predictions and require epigenetic and 439 

chromatin-based experimental validation. 440 

Furthermore, owing to incomplete clinical metadata in the public GEO datasets, we could not 441 

assess correlations between FUT4 expression and clinicopathological parameters such as 442 

tumor grade, clinical stage, or metastatic status. The transcriptomic analyses were based on 443 

publicly available expression datasets and provide no evidence that FUT4 can serve as a 444 

circulating serum-based biomarker. Future investigations should benchmark FUT4 against 445 

established osteosarcoma biomarkers and validate its sensitivity, specificity, and prognostic 446 

value using well-annotated clinical patient cohorts. 447 

Functional enrichment of genes differentially expressed between the FUT4-high and FUT4-448 

low groups highlighted biological processes including ossification, osteoblast differentiation, 449 

biomineral tissue development, and neuron migration. The most prominent 450 

cellular-component terms pointed toward collagen-containing extracellular matrix, 451 

endoplasmic reticulum lumen and basement membrane, while “extracellular matrix structural 452 
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constituent” represented the top molecular-function term. KEGG results indicated enrichment 453 

of ECM-receptor interaction, focal adhesion and phagocytosis. In addition, GSEA revealed 454 

that FUT4-high samples displayed enriched gene sets for TGF-β-driven EMT and 455 

inflammatory-response signatures. 456 

Osteosarcoma originates from osteoblast-lineage progenitor cells. These enrichment results 457 

raise the hypothesis that FUT4 dysregulation, if accompanied by altered fucosylation activity, 458 

may be linked to osteogenic differentiation and ECM–receptor signaling during osteosarcoma 459 

progression. Aberrant fucosylation may also be associated with EMT- and inflammation-460 

related processes, providing a potential link between FUT4 dysregulation and malignant 461 

osteosarcoma phenotypes. These interpretations remain speculative, and wet-laboratory 462 

experiments are essential to clarify how FUT4-dependent fucosylation modulates osteoblast 463 

maturation, matrix mineralization, EMT-associated transcription programs, and inflammatory 464 

signaling within the osteosarcoma cellular ecosystem. 465 

GSVA prioritized 20 pathways exhibiting nominally altered activity between FUT4-high and 466 

FUT4-low subgroups (nominal p < 0.05, Table 4), encompassing actin-cytoskeleton signaling, 467 

apoptotic cascades, and the Wnt/β-catenin axis. Although Benjamini–Hochberg multiple-468 

testing correction was computed for all GSVA outputs, only one pathway remained 469 

statistically significant after adjustment, an expected consequence of the substantial statistical 470 

noise inherent in high-dimensional GSVA scores estimated from such small subgroups. 471 

Therefore, these GSVA outputs should be interpreted strictly as hypothesis-generating 472 

observations rather than definitive biological findings. This exploratory multi-pathway 473 

pattern suggests that FUT4 expression may be associated with several biological modules 474 

related to cytoskeletal regulation, apoptosis, and Wnt/β-catenin signaling, providing 475 

candidate pathways for further experimental investigation. Mechanistically, fucosylation 476 

modifications mediated by FUT4 could alter actin polymerization and cytoskeletal dynamics, 477 
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thereby influencing tumor-cell motility. FUT4-associated glycosylation may also be linked to 478 

apoptotic signaling and tumor-cell survival, although this possibility requires direct 479 

functional validation. Moreover, crosstalk between aberrant fucosylation and canonical 480 

Wnt/β-catenin signaling merits dedicated experimental exploration. Collectively, the 481 

transcriptomic analyses link FUT4 expression to EMT, inflammatory, apoptosis-related, and 482 

cytoskeletal pathway signatures in osteosarcoma, although the functional relationships among 483 

these processes remain to be established. Again, these mechanistic models require direct 484 

experimental validation. 485 

STRING-based PPI analysis identified ten FUT4-associated proteins, most of which belong 486 

to glycosyltransferase or glycan-binding protein families.These STRING associations place 487 

FUT4 within a broader network containing several glycosylation-related proteins, although 488 

the functional relationships among these proteins in osteosarcoma remain to be validated 489 

experimentally. The oncogenic roles of these cooperating glycosylation-related partners also 490 

deserve further experimental characterization.  491 

Beyond the PPI network, the in-silico analyses identified 51 FUT4-associated transcription 492 

factors, 57 miRNAs, and 46 drug/compound associations, forming complementary regulatory 493 

and compound-interaction networks. Among the predicted miRNA associations, miR-371b-494 

5p and miR-125a-5p have been functionally linked to FUT4 in osteosarcoma [12,13], and 495 

miR-125a-5p to FUT4 in glioblastoma [7], providing independent literature support for part 496 

of the miRNA–FUT4 network identified here. These regulatory networks provide a rich 497 

resource for future mechanistic research investigating transcriptional/post-transcriptional 498 

control of FUT4 and prospective drug repurposing opportunities. 499 

ssGSEA analysis of bulk transcriptomes revealed different correlation patterns among 28 500 

immune-cell signature scores in the FUT4-low and FUT4-high groups. Within the FUT4-low 501 

subgroup the strongest positive correlation involved natural killer T cells and effector 502 
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memory CD4+ T cells, whereas in the FUT4-high subgroup it involved immature dendritic 503 

cells and CD56bright natural-killer cells (Fig. 11A–B).These findings extend the 504 

transcriptomic characterization of FUT4 in osteosarcoma by identifying FUT4 expression-505 

associated immune-cell signature correlation patterns. These correlations are purely 506 

descriptive and hypothesis-generating and do not imply a causal role for FUT4 in immune 507 

regulation. 508 

In other tumor systems, dysregulated fucosylation (e.g., elevated sialyl-Lewis X) impairs 509 

immune recognition and fosters immune evasion, and modulates responses to 510 

immune-checkpoint-blockade therapy [9,26]. Given the reported links between fucosylation 511 

and tumor immunity in other cancers [9,26], the relationship between FUT4 dysregulation, 512 

immune-cell states, and immunotherapy response in osteosarcoma warrants investigation in 513 

appropriately designed experimental and clinical cohorts. Immunotherapy is still an emerging 514 

therapeutic modality for osteosarcoma. If experimentally validated, FUT4 may in the future 515 

assist patient stratification or inform combination-regimen design. Nevertheless, all 516 

above-mentioned immune-related hypotheses require rigorous in-vitro, in-vivo and 517 

clinical-cohort validation before any translational consideration. 518 

Combining DrugCLIP virtual screening and AutoDock-Vina re-scoring, ST50926609 was 519 

selected as the lead candidate compound targeting the largest predicted binding pocket C1 520 

(volume = 3,477 Å³) of the AlphaFold-predicted FUT4 structure. It achieved a Vina score of 521 

−7.35 kcal/mol, and the predicted docking pose contained hydrogen-bond, hydrophobic, and 522 

halogen-bond interactions with FUT4. This molecule offers a valuable chemical scaffold for 523 

future rational design of FUT4-targeted small-molecule agents. ST50926609 therefore 524 

represents a prioritized computational candidate for subsequent biochemical binding, activity, 525 

and cellular validation. 526 
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Limitations 527 

Several caveats of this bioinformatics-based study should be acknowledged. 528 

• The principal biological findings are computational and have not been validated 529 

experimentally; the functional and clinical relevance of FUT4 in osteosarcoma requires 530 

further evaluation in cell models, animal models, and patient-derived specimens. 531 

• The sample sizes of the analyzed datasets are relatively small, and clinical follow-up and 532 

prognostic metadata are largely absent, prohibiting survival-related analyses. In 533 

particular, although BH-adjusted p-values were calculated for all GSVA outputs, 534 

pathway prioritization was based on nominal p < 0.05 because of the limited subgroup 535 

sample size, and most selected pathways did not remain significant after multiple-testing 536 

correction. 537 

• Despite expression preprocessing and normalization, inter-dataset heterogeneity related to 538 

different microarray platforms and sample sources may still influence the analytical 539 

results. 540 

• GO, KEGG and GSEA depend on existing public annotation databases and may miss 541 

unannotated genes or poorly characterized biological pathways. 542 

• ssGSEA-derived immune-cell signature enrichment scores are computational proxies rather 543 

than direct measurements of cell abundance and cannot fully recapitulate findings from 544 

immunohistochemistry, flow cytometry, or single-cell sequencing. 545 

• Virtual screening and molecular-docking outputs constitute purely in-silico predictions; 546 

only one candidate compound was subjected to detailed docking analysis, and 547 

biochemical validation is absent. 548 

• The GSE36001 osteosarcoma samples consist of cell-line specimens rather than primary 549 

patient tumors, whereas only primary osteosarcoma specimens were retained from 550 

GSE16088, and the control samples in GSE16088 are derived from non-osseous tissues; 551 
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because the two datasets differ in tumor as well as control specimen type, cross-dataset 552 

comparison was restricted to the direction of FUT4 dysregulation, and no between-553 

dataset effect sizes or DEG counts were compared. These sample-source differences also 554 

limit direct extrapolation to primary osteosarcoma biology and clinical diagnostic 555 

performance. 556 

• Each FUT4 expression subgroup comprised only 10 and 9 samples, so the 28 × 27/2 = 378 557 

pairwise immune-signature correlations are statistically unstable and should be regarded 558 

as exploratory observations rather than robust estimates. 559 

• In addition, no cross‑dataset batch‑effect correction was applied; datasets were analyzed 560 

independently, and cross‑dataset comparisons were restricted only to the direction of 561 

FUT4 expression alteration. Pair‑wise Spearman correlation analyses of immune‑cell 562 

signatures were performed without multiple‑testing correction owing to limited sample 563 

size; these correlation patterns remain exploratory. We also did not conduct 564 

cross‑validation of immune cell estimates using alternative deconvolution tools such as 565 

CIBERSORT or xCell. Functional enrichment was performed against a platform-566 

restricted background, which may omit genes absent from the array annotation. 567 

• The TF, miRNA, and drug/compound regulatory networks retrieved from ChIPBase, 568 

ENCORI, and CTD combine experimentally validated interactions with computationally 569 

predicted associations without additional filtering to distinguish between the two 570 

categories; thus, only a subset of these network edges (e.g., miR-371b-5p and miR-125a-571 

5p, supported by prior functional studies) has direct experimental support. 572 

• The 31-gene diagnostic panel was derived from a single database screen and has not been 573 

evaluated prospectively; its diagnostic performance therefore requires independent 574 

validation in external cohorts before any clinical use. 575 
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Future studies should therefore validate FUT4 in independent primary osteosarcoma cohorts 576 

with matched normal-bone controls, investigate its biological functions using cell and animal 577 

models, and experimentally evaluate the predicted immune associations and FUT4–578 

ST50926609 interaction. 579 

Conclusions 580 

Taken together, our multi-dataset bioinformatic analysis supports further evaluation of FUT4 581 

as a candidate osteosarcoma biomarker and a putative target for small-molecule intervention. 582 

FUT4 showed consistently lower expression in osteosarcoma than in control samples and 583 

showed moderate-to-high discriminatory performance across the two datasets, although the 584 

estimate in GSE16088 is influenced by the use of non-osseous control tissues. FUT4-585 

associated transcriptomic patterns involve bone-related development and ECM-related 586 

processes, together with EMT, inflammatory, cytoskeletal, apoptosis-related, and Wnt/β-587 

catenin pathway signatures. PPI and multilayer regulatory analyses identified multiple FUT4-588 

associated molecular networks, while ssGSEA revealed distinct immune-cell signature 589 

correlation patterns between FUT4 expression groups rather than direct changes in absolute 590 

immune-cell abundance. Structure-based virtual screening prioritized ST50926609 as the lead 591 

candidate FUT4-binding compound. These computational findings support further 592 

investigation of FUT4 in osteosarcoma, while experimental studies in cell and animal models 593 

and validation in well-characterized clinical cohorts are required before diagnostic or 594 

therapeutic translation. 595 
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Tables 726 

Table 1. GEO microarray chip information 727 

 GSE36001 GSE16088 

Platform GPL6102 GPL96 

Species Homo sapiens 
Homo sapiens 

Tissue 
Normal bone, Normal osteoblast, 

Osteosarcoma cell line 

Kidney, Liver, Lymph, Human 
Osteosarcoma 

Samples in OS group 19 
14 

Samples in Control group 6 
6 

Reference PMID: 23144859 
PMID: 20028558 

GEO, Gene Expression Omnibus; OS, osteosarcoma. 728 

Table 2. GO and KEGG enrichment analysis of the 30 FUT4-associated DEGs together 729 

with FUT4 730 

ONTOL
OGY 

ID Description 
GeneRa

tio 

BgRati
o 

pvalue p.adjust 
qvalue 

BP 
GO:000

1503 
ossification 8/31 

444/18
870 

4.33E-07 3.45E-04 2.74E-04 

BP 
GO:000

1649 
osteoblast differentiation 6/31 

257/18
870 

3.33E-06 1.33E-03 1.05E-03 

BP 
GO:003

1214 

biomineral tissue 
development 4/31 

175/18
870 

1.85E-04 3.85E-02 3.05E-02 

BP 
GO:000

1764 
neuron migration 4/31 

177/18
870 

1.93E-04 3.85E-02 3.05E-02 

CC GO:006 collagen-containing 7/31 429/19 3.48E-06 2.57E-04 2.09E-04 
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2023 extracellular matrix 886 

CC 
GO:000

5788 

endoplasmic reticulum 
lumen 

5/31 
313/19

886 
1.14E-04 4.20E-03 3.41E-03 

CC 
GO:000

5604 
basement membrane 3/31 

90/198
86 

3.68E-04 9.07E-03 7.35E-03 

MF 
GO:000

5201 

extracellular matrix 
structural constituent 5/29 

166/18
496 

5.47E-06 6.02E-04 4.37E-04 

KEGG 
hsa0451

2 
ECM-receptor interaction 4/20 

89/942
3 

3.21E-05 1.77E-03 1.55E-03 

KEGG 
hsa0451

0 
Focal adhesion 4/20 

203/94
23 

7.73E-04 2.83E-02 2.49E-02 

KEGG 
hsa0414

5 
Phagocytosis 4/20 

260/94
23 

1.94E-03 4.26E-02 3.75E-02 

GeneRatio denominators reflect the number of input genes with valid annotations in each 731 

ontology (31 for BP and CC, 29 for MF, and 20 for KEGG). GO, Gene Ontology; BP, 732 

Biological Process; CC, Cellular Component; MF, Molecular Function; KEGG, Kyoto 733 

Encyclopedia of Genes and Genomes. P values are shown in scientific notation. 734 

Table 3. GSEA results for FUT4 expression groups 735 

ID 

Set 

Siz

e 

Enrich

ment 

Score 

NES 
pva

lue 

p.ad

just 

qva

lue 

FOROUTAN_PRODRANK_TGFB_EMT_UP 183 
6.68E-

01 

2.07

E+0

0 

1.0

0E-

10 

6.8

0E-

08 

5.8

6E-

08 

PLASARI_TGFB1_TARGETS_10HR_UP 187 
6.50E-

01 

2.03

E+0

0 

1.0

0E-

10 

6.8

0E-

08 

5.8

6E-

08 

FOROUTAN_INTEGRATED_TGFB_EMT_UP 120 
6.83E-

01 

2.01

E+0

0 

1.2

6E-

08 

4.2

9E-

06 

3.7

0E-

06 

FOROUTAN_TGFB_EMT_UP 190 
6.44E-

01 

2.01

E+0

0 

3.7

7E-

10 

2.1

0E-

07 

1.8

1E-

07 

GROSS_HYPOXIA_VIA_HIF1A_DN 108 
6.66E-

01 

1.94

E+0

0 

1.0

6E-

06 

1.4

7E-

04 

1.2

7E-

04 

SARRIO_EPITHELIAL_MESENCHYMAL_TRANSITION_UP 158 
6.34E-

01 

1.93

E+0

0 

8.2

3E-

08 

2.3

1E-

05 

1.9

9E-

05 

GROSS_HYPOXIA_VIA_ELK3_DN 149 
6.23E-

01 

1.88

E+0

0 

3.4

4E-

07 

6.5

8E-

05 

5.6

7E-

05 

MURATA_VIRULENCE_OF_H_PILORI 22 
8.16E-

01 

1.85

E+0

0 

3.6

5E-

04 

1.2

1E-

02 

1.0

5E-

02 

BIOCARTA_IL1R_PATHWAY 30 
7.71E-

01 

1.84

E+0

0 

2.4

2E-

04 

9.0

3E-

03 

7.7

8E-

03 

GROSS_HYPOXIA_VIA_ELK3_AND_HIF1A_UP 138 
6.12E-

01 

1.84

E+0

0 

5.7

9E-

06 

5.9

1E-

04 

5.0

9E-

04 
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ALTEMEIER_RESPONSE_TO_LPS_WITH_MECHANICAL_

VENTILATION 
119 

5.24E-

01 

1.54

E+0

0 

3.0

1E-

03 

4.7

9E-

02 

4.1

3E-

02 

MARZEC_IL2_SIGNALING_UP 114 
5.25E-

01 

1.53

E+0

0 

3.1

0E-

03 

4.8

9E-

02 

4.2

2E-

02 

BLANCO_MELO_BRONCHIAL_EPITHELIAL_CELLS_INFL

UENZA_A_DEL_NS1_INFECTION_DN 
173 

4.86E-

01 

1.50

E+0

0 

3.1

3E-

03 

4.9

3E-

02 

4.2

5E-

02 

ZHOU_INFLAMMATORY_RESPONSE_LIVE_UP 408 
4.16E-

01 

1.40

E+0

0 

1.2

4E-

03 

2.7

2E-

02 

2.3

4E-

02 

GENTILE_UV_HIGH_DOSE_DN 281 
4.26E-

01 

1.39

E+0

0 

2.9

0E-

03 

4.6

8E-

02 

4.0

3E-

02 

FULCHER_INFLAMMATORY_RESPONSE_LECTIN_VS_LP

S_DN 
432 

-3.95E-

01 

-

1.37

E+0

0 

1.5

6E-

03 

3.0

9E-

02 

2.6

6E-

02 

REACTOME_IRON_UPTAKE_AND_TRANSPORT 57 
-6.53E-

01 

-

1.76

E+0

0 

4.3

0E-

04 

1.3

7E-

02 

1.1

8E-

02 

WP_CHOLESTEROL_METABOLISM 71 
-6.27E-

01 

-

1.77

E+0

0 

2.4

0E-

04 

9.0

0E-

03 

7.7

6E-

03 

REACTOME_REGULATION_OF_MITF_M_DEPENDENT_G

ENES_INVOLVED_IN_LYSOSOME_BIOGENESIS_AND_AU

TOPHAGY 

17 
-8.31E-

01 

-

1.79

E+0

0 

3.3

5E-

04 

1.1

4E-

02 

9.8

3E-

03 

WP_ENTEROCYTE_CHOLESTEROL_METABOLISM 36 
-7.31E-

01 

-

1.82

E+0

0 

1.6

9E-

04 

7.1

7E-

03 

6.1

8E-

03 

GSEA, Gene Set Enrichment Analysis; NES, normalized enrichment score. P values are 736 

shown in scientific notation. 737 

Table 4. GSVA results for FUT4 expression groups 738 

Pathway 
logF

C 

Ave
Expr t P.Va

lue 

adj.
P.Va

l 

B 

KEGG_MEDICUS_REFERENCE_ANXA2_S100A10_REGU
LATED_ACTIN_CYTOSKELETON 

6.44
E-01 

-

5.65
E-02 

3.59
E+00 

1.00
E-03 

4.28
E-

01 

-

1.12
E+0

0 

KEGG_LIMONENE_AND_PINENE_DEGRADATION 
6.38
E-01 

3.74
E-02 

4.43
E+00 

8.99
E-05 

1.52
E-

01 

5.41
E-01 

KEGG_MEDICUS_REFERENCE_FASLG_RIPK1_3_SIGNA
LING_PATHWAY 

5.89
E-01 

7.48
E-03 

3.22
E+00 

2.76
E-03 

6.35
E-

01 

-

1.82
E+0

0 

KEGG_MEDICUS_REFERENCE_TNFSF10_RIPK1_3_SIGN
ALING_PATHWAY 

5.76
E-01 

2.98
E-02 

3.14
E+00 

3.42
E-03 

7.04
E-

-

1.97
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01 E+0
0 

REACTOME_FASL_CD95L_SIGNALING 
5.38
E-01 

1.96
E-02 

2.72
E+00 

1.02
E-02 

9.99
E-

01 

-

2.73
E+0

0 

REACTOME_ABACAVIR_TRANSMEMBRANE_TRANSPO
RT 

5.32
E-01 

2.56
E-02 

3.08
E+00 

3.98
E-03 

7.09
E-

01 

-

2.08
E+0

0 

KEGG_MEDICUS_REFERENCE_NUCLEAR_INITIATED_P
ROGESTERONE_SIGNALING_PATHWAY 

5.30
E-01 

9.31
E-02 

2.97
E+00 

5.36
E-03 

7.50
E-

01 

-

2.28
E+0

0 

REACTOME_DOPAMINE_RECEPTORS 
5.28
E-01 

2.87
E-02 

3.11
E+00 

3.68
E-03 

7.09
E-

01 

-

2.02
E+0

0 

REACTOME_REGULATION_BY_C_FLIP 
5.10
E-01 

7.82
E-03 

3.09
E+00 

3.90
E-03 

7.09
E-

01 

-

2.06
E+0

0 

REACTOME_CELL_EXTRACELLULAR_MATRIX_INTER
ACTIONS 

5.08
E-01 

1.23
E-02 

3.42
E+00 

1.60
E-03 

4.82
E-

01 

-

1.44
E+0

0 

BIOCARTA_FOSB_PATHWAY 

-

5.37
E-01 

-

5.59
E-03 

-

3.03
E+00 

4.63
E-03 

7.09
E-

01 

-

2.18
E+0

0 

REACTOME_SMAC_XIAP_REGULATED_APOPTOTIC_RE
SPONSE 

-

5.48
E-01 

-

2.05
E-02 

-

4.01
E+00 

3.02
E-04 

2.96
E-

01 

-

2.89
E-01 

REACTOME_BINDING_OF_TCF_LEF_CTNNB1_TO_TARG
ET_GENE_PROMOTERS 

-

5.50
E-01 

-

4.00
E-02 

-

3.56
E+00 

1.09
E-03 

4.28
E-

01 

-

1.18
E+0

0 

KEGG_MEDICUS_PATHOGEN_SALMONELLA_AVRA_TO
_BETA_CATENIN_SIGNALING_PATHWAY 

-

5.70
E-01 

-

4.34
E-02 

-

3.43
E+00 

1.57
E-03 

4.82
E-

01 

-

1.43
E+0

0 

REACTOME_RUNX3_REGULATES_IMMUNE_RESPONSE
_AND_CELL_MIGRATION 

-

5.71
E-01 

-

4.89
E-03 

-

3.73
E+00 

6.71
E-04 

4.28
E-

01 

-

8.41
E-01 

KEGG_MEDICUS_PATHOGEN_SARS_COV_2_S_N_TO_LE
CTIN_PATHWAY_OF_COAGULATION_CASCADE 

-

5.77
E-01 

-

4.17
E-02 

-

3.43
E+00 

1.57
E-03 

4.82
E-

01 

-

1.43
E+0

0 

REACTOME_ACTIVATION_OF_RAC1_DOWNSTREAM_O
F_NMDARS 

-

5.77
E-01 

-

5.75
E-02 

-

3.56
E+00 

1.09
E-03 

4.28
E-

01 

-

1.18
E+0

0 

REACTOME_IONOTROPIC_ACTIVITY_OF_KAINATE_RE
CEPTORS 

-

5.97
E-01 

-

3.68
E-02 

-

4.34
E+00 

1.17
E-04 

1.52
E-

01 

3.63
E-01 

WP_CATALYTIC_CYCLE_OF_MAMMALIAN_FLAVINCO
NTAINING_MONOOXYGENASES_FMOS 

-

6.27
E-01 

2.12
E-02 

-

3.89
E+00 

4.26
E-04 

3.34
E-

01 

-

5.26
E-01 

REACTOME_ACTIVATED_NTRK2_SIGNALS_THROUGH_
CDK5 

-

8.12
2.63
E-02 

-

6.22
4.02
E-07 

1.57
E-

4.09
E+0
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E-01 E+00 03 0 

GSVA, Gene Set Variation Analysis. B, log-odds that the pathway is differentially expressed 739 

(limma). Nominal p-values (P) were used for pathway filtering; BH-adjusted p-values (adj.P) 740 

are provided for reference only. No multiple-testing correction was applied for pathway 741 

selection owing to the limited subgroup sample size. P values are shown in scientific 742 

notation. 743 

Supplementary Table S1. Differential expression analysis between FUT4-high and 744 

FUT4-low osteosarcoma groups in GSE36001 (limma) 745 

Complete limma output for all genes, including logFC, average expression (AveExpr), 746 

moderated t statistic, nominal P value (P.Value), Benjamini–Hochberg adjusted P value 747 

(adj.P.Val), and B statistic. Genes were classified as Up (n = 147), Down (n = 150), or Not 748 

significant using the thresholds |logFC| ≥ 0.5 and P < 0.05, corresponding to the 297 FUT4-749 

associated DEGs reported in the Results. 750 

Supplementary Table S2. Transcription factors associated with FUT4 identified from 751 

ChIPBase v3.0 (mRNA–TF pairs) 752 

The retrieved associations include both experimentally validated and computationally 753 

predicted interactions, consistent with the Methods section. 754 

Supplementary Table S3. MicroRNAs associated with FUT4 identified from ENCORI 755 

(formerly starBase) (mRNA–miRNA pairs) 756 

The retrieved associations include both experimentally validated and computationally 757 

predicted interactions, consistent with the Methods section. 758 

Supplementary Table S4. Drugs and compounds associated with FUT4 retrieved from 759 

the Comparative Toxicogenomics Database (CTD) (mRNA–drug pairs) 760 

The retrieved associations include both experimentally validated and computationally 761 

inferred links, consistent with the Methods section. 762 
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Supplementary Table S5. Top 100 candidate small-molecule ligands targeting FUT4 763 

ranked by DrugCLIP virtual screening 764 

For each ligand, the DrugCLIP affinity prediction score (drugclip_score) and the AutoDock 765 

Vina docking score (vina_docking_score) are provided; lower Vina scores indicate more 766 

favorable predicted binding. 767 
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