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Hypoxia Tumor-associated Macrophages Facilitate Hepatocellular Carcinoma Metastasis via uPA-uPAR Pathway
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Methods 
scRNA-Seq Data Acquisition and Analytical Pipeline​
Three scRNA-Seq datasets (GSE149614, GSE202642, and GSE242889) were retrieved from the Gene Expression Omnibus (GEO) database and subjected to integrated analysis in this study. Collectively, these datasets encompassed 245,145 individual cells isolated from 42 treatment-naive hepatocellular carcinoma (HCC) samples.​ Raw scRNA-Seq data preprocessing was implemented using the Seurat R package, and potential doublets were identified and excluded via the DoubletFinder tool to eliminate technical artifacts. To ensure data quality, stringent filtering criteria were applied: cells with fewer than 500 detected genes, mitochondrial gene content exceeding 30%, or high rates of gene dropout were removed prior to downstream analyses. Normalization and scaling of the scRNA-Seq dataset were conducted using the SCTransform method. Dimensionality reduction was achieved through principal component analysis (PCA) with the top 30 principal components retained. Prior to cluster identification, dataset-level batch effects were mitigated using the Harmony algorithm to ensure cross-dataset comparability. Harmony-corrected embeddings were used for dimensionality reduction, clustering, and visualization, whereas gene-expression matrices were retained for downstream hypoxia scoring and classifier construction. Distinct cell clusters were defined via the Seurat-implemented FindNeighbors and FindClusters functions, followed by visualization through t-distributed stochastic neighbor embedding (t-SNE).​
Cell-type annotation was initially performed using established lineage-specific markers reported in published literature: T cells (CD2, CD3D, CD3E, TRBC1, CD8A, CD8B), natural killer (NK) cells (PRF1, KLRF1, KLRD1, NKG7), B cells (CD19, CD79A, CD79B, MS4A1), plasma cells (TNFRSF17, MZB1, IGHG1, IGHA1), myeloid cells (CD14, CD68, CD163, LYZ, S100A8, FCGR3A), mast cells (TPSAB1, TPSB2, MS4A2), fibroblasts (COL1A1, COL1A2, COL3A1, DCN, MYH11, ACTA2), epithelial cells (EPCAM, KRT18, KRT8, ALB), and endothelial cells (VWF, PECAM1, CDH5, ENG, CLDN5, ACKR1).​

scGPT-Based Hypoxic Cell Classification Protocol​
To accurately identify hypoxic cells within HCC single-cell datasets, a customized analytical workflow was established as outlined below:​ (1) Hypoxia-Associated Pathway Annotation​: Seven hypoxia-related gene sets previously curated by Zhang et al. were adopted to characterize hypoxia-associated biological pathways in the dataset.​ The seven hypoxia-related gene sets and the genes they contain are provided in Supplementary Table S1. (2) Classification of High-Confidence Hypoxic/Normoxic Cells​: Single-sample gene set enrichment analysis (ssGSEA) was utilized to quantify the activity score of each cell across the seven hypoxia-related gene sets. A Gaussian mixture model (GMM) was applied to stratify cells into high-score and low-score subgroups for each individual gene set. Cells consistently assigned to the high-score subgroup across all seven gene sets were defined as high-confidence hypoxic cells; conversely, cells uniformly categorized into the low-score subgroup across all gene sets were designated as high-confidence normoxic cells. All remaining cells were classified as low-confidence cells.​ (3) Hypoxic Status Determination for Low-Confidence Cells​: Based on the high-confidence cell populations, Wilcoxon rank-sum tests were performed to screen for differentially expressed genes (DEGs) between hypoxic and normoxic cells, with thresholds set at P <0.05 and absolute log2 fold change (|logFC|) > 0.25. Only protein-coding genes were retained for subsequent analysis, and scGPT was leveraged to accomplish efficient imputation of missing transcriptomic data.​ (4) Classifier Construction and Performance Validation​: A panel of 10 machine learning algorithms was selected for classifier development, including Logistic Regression, eXtreme Gradient Boosting (XGBoost), Support Vector Machine (SVM), Random Forest, Light Gradient Boosting Machine (LightGBM), Naive Bayes, Decision Tree, Categorical Boosting (CatBoost), Multilayer Perceptron (MLP) neural network, and Gradient Boosting Machine (GBM). Training and test subsets were partitioned from the high-confidence single-cell cohort using dataset-stratified sampling to preserve the representation of each scRNA-seq cohort. Four independent real-world validation cohorts of hypoxic cell lines were further used to assess model generalizability. Model performance was evaluated using accuracy, and area under the receiver operating characteristic curve (AUROC). CatBoost was identified as the optimal classifier based on overall performance, and this top-performing model was subsequently applied to determine the hypoxic status of low-confidence cells.​

Cell–Cell Communication Analysis​
Cell-cell communication profiles across heterogeneous cell types were investigated using CellphoneDB and CellChat, two specialized tools for ligand-receptor interaction inference. Normalized gene expression matrices and cell-type metadata were input into both analytical platforms, with a significance threshold of P < 0.05 established to filter for statistically meaningful ligand-receptor interaction pairs.​

Spatial transcriptomic data acquisition and preprocessing
Publicly available spatial transcriptomic data of hepatocellular carcinoma (HCC) were obtained from the study by Liu et al [1]. Spatial transcriptomic profiles from representative HCC tumor sections were used for downstream analysis.
Raw spatial transcriptomic count matrices and corresponding spatial coordinate information were processed using standard spatial transcriptomic analysis workflows. Gene expression matrices were normalized and log transformed. Dimensionality reduction and clustering were performed to identify major spatially resolved cellular compartments within the tumor tissues.
To evaluate the spatial relationship between hypoxic macrophages and PLAUR-expressing tumor epithelial cells, neighborhood composition analysis was performed. For each Hypoxia_Macro or Normoxia_Macro spot, Euclidean distance was calculated based on the tissue coordinate matrix, and neighboring spots within a predefined spatial radius were identified. The proportions of different neighboring cell populations were then quantified, with particular focus on the proportion of PLAUR-positive epithelial cells, and neighborhood compositions centered on Hypoxia_Macro and Normoxia_Macro spots were compared.

Single-Cell Trajectory Analysis​
To delineate the differentiation trajectories of myeloid cells under varying hypoxic conditions, single-cell trajectory analysis was conducted using the Monocle R package. The pseudotime values generated by the Monocle algorithm were further utilized for downstream enrichment analyses and related computational assessments.​

Transcription Factor (TF) Identification​
To pinpoint core TFs in hypoxic TAMs (H-TAM), SCENIC analysis was executed following a three-step procedure: first, the GENIE3 algorithm was employed to infer gene regulatory networks (GRNs) from the input single-cell expression matrix; second, RcisTarget was used for DNA motif enrichment analysis to identify potential transcriptional regulators, with motif scoring performed on regions spanning 500 bp upstream and 10 kb flanking the transcription start sites (TSS) of target genes using the hg38 reference database; finally, AUCell was utilized to quantify the regulatory activity of candidate TFs, and cell-type specificity scores (RSS) for each TF were calculated to assess lineage-restricted regulatory functions.​

Biological Enrichment and Differential Expression Analyses​
For bulk transcriptome datasets, differential gene expression analysis was carried out using the limma R package, while the FindMarkers function in Seurat was applied for DEG detection in scRNA-seq data. Pathway enrichment analysis was subsequently performed using the clusterProfiler R package to annotate the functional relevance of differentially expressed or cell-type-specific gene sets.

Protein-Protein Docking
The binding modes of proteins were predicted using the AlphaFold Server. Protein sequence files were retrieved separately from the UniProt database. Subsequently, these sequences were submitted to the AlphaFold Server for fully automated prediction. Upon completion of prediction, PyMOL 2.5.3 was employed for visualization and analysis of the results.

Correlation analysis between PLAUR expression and drug response in hepatocellular carcinoma samples
The association between PLAUR expression and drug response in HCC samples was analyzed using the BEST tool[2], following the workflow below: (1) Data sources: Transcriptomic profiles and drug response data (IC₅₀ values) of cancer cell lines were retrieved from the GDSC_v2 and CTRP databases. Transcriptomic data (including PLAUR expression levels) of HCC bulk samples in this study were also incorporated. (2) Matching of gene co-expression patterns: Given the inherent differences between bulk samples and cell line cultures, a correlation of correlations framework was applied to filter genes with analogous co-expression patterns in HCC bulk samples and cancer cell lines, thereby improving the reliability of subsequent predictions. (3) Construction of drug response prediction model: A ridge regression algorithm was used to build a predictive model based on the transcriptomic profiles and drug response data of cancer cell lines. The model’s accuracy was validated via 10-fold cross-validation. Using this model, the response of HCC samples to each drug in the GDSC_v2 and CTRP databases was predicted only from the PLAUR expression data of the samples. (4) Analysis of PLAUR-drug associations: The correlation between PLAUR expression and predicted drug response was calculated in the HCC sample cohort. The robust rank aggregation (RRA) algorithm was applied to integrate and rank the correlation results from the GDSC_v2 and CTRP databases, to identify drugs significantly associated with PLAUR expression. The correlations between PLAUR and target drugs were visualized using heatmaps and scatter plots.

Protein-Small Molecule Docking
The crystal structures of target proteins were obtained from the UniProt database (https://www.uniprot.org/). To ensure the crystal structures met the requirements for molecular docking simulations, water molecules in the structural templates were first removed to restore the original conformations, and the processed structures were used as target proteins for subsequent molecular docking. For ligand preparation, the initial structures of ligands were constructed and structurally optimized using ChemDraw 19.0 software. AutoDock was utilized to predict the binding affinity between proteins and small molecules in molecular docking simulations. After docking, PyMOL was applied for 3D visualization of the docking results.

Cell culture 
Mice HCC cell lines Hepa1-6 were acquired from the Institute of Biochemistry and Cell Biology, Chinese Academy of Science, China. THP-1 and Human HCC cells PLC/PRF/5 were purchased from the American Type Culture Collection. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) or RPMI 1640 at 37°C in a 5% CO2 incubator. The medium was supplemented with 10% fetal bovine serum (FBS), 100μg/ml penicillin, and 100μg/ml streptomycin. These above cell lines were authenticated by short tandem repeats (STRs) DNA profiling. All cells were tested for mycoplasma contamination before use with the Universal Mycoplasma Detection Kit (ATCC 30-1012K) and were not contaminated by mycoplasma. 

Differentiation and treatment of BMDMs and THP-1 cells
  BMDMs were isolated from the femurs and tibias of 6–8-week-old C57BL/6J mice and plated in α-MEM supplemented with 10% FBS, 50 ng/mL M-CSF, and 1% penicillin/streptomycin for 5–7 days to induce differentiation into mature, unpolarized macrophages (M0). After differentiation, M0 macrophages were cultured under different oxygen conditions to generate TAM-like BMDMs: the normoxic group (N-BMDM) was maintained under 21% O2, while the hypoxic group (H-BMDM) was maintained under 1% O2. To mimic the tumor microenvironment, 50% tumor-conditioned medium collected from Hepa1-6 cells cultured for 48 hours was added to the medium for 24–48 hours to induce TAM-like phenotypes. The differentiation of TAMs-like BMDM was confirmed by assessing the expression of CD206 and Arg-1 via flow cytometry. Subsequently, TAMs-like BMDM generated under different oxygen conditions were used for co-culture with tumor cells in Transwell assays or for in vivo orthotopic injection experiments, as detailed in the corresponding sections.
For THP-1 cells, differentiation into macrophage-like cells was induced by treatment with 100 nM PMA for 24 h, followed by an additional 24 h incubation in fresh medium to allow recovery before downstream experimental procedures.

Macrophage population definitions and nomenclature
To avoid ambiguity, all macrophage populations in this study are defined according to their biological origin and experimental context. (1) TAMs, H-TAM and N-TAM: TAMs refer to the entire TAM pool identified in single-cell RNA-seq (scRNA-seq) datasets from human HCC tissues. Within this pool, we applied a machine learning-based hypoxia classifier to distinguish two transcriptional states, termed H-TAM and N-TAM. H-TAM and N-TAM are not discrete lineages but represent hypoxia-enriched and hypoxia-depleted TAM states within the TAM compartment. (2) BMDM, H-BMDM, N-BMDM: TAMs are terminally differentiated cells that rapidly lose their in vivo functional properties upon in vitro culture. Moreover, no stable cell line fully recapitulates the phenotypic and functional complexity of bona fide TAMs. Given these constraints, we used syngeneic mouse BMDM as a genetically tractable and reproducible surrogate model. In our experiments, BMDMs were subsequently cultured under normoxic or hypoxia to generate N‑BMDM and H‑BMDM, respectively. These subgroups share identical cellular origin and differ only in oxygen tension. (3) THP-1, H-THP-1, N-THP-1: THP-1 is a human monocytic cell line originally derived from the peripheral blood of a patient with acute monocytic leukemia. THP-1 monocytes were differentiated into macrophage-like cells using PMA. The resulting THP-1-derived macrophages represent a baseline, uncommitted state and serve as a widely used human in vitro model to recapitulate macrophage responses under conditions that mimic the hypoxic human tumor microenvironment. For experimental purposes, these cells were cultured under normoxic or hypoxia and are referred to as N-THP-1 and H-THP-1, respectively.

Orthotopic syngeneic transplantable mouse models
Male 6-week-old C57BL/6J mice were fed in standard conditions and cared for according to the institutional guidelines for animal care. Mice were randomly assigned into experimental or control groups. For in vivo metastasis assay, 2.0 × 106 BMDM and 2.0 × 106 Hepa1-6 cells labeled with fluorescein were resuspended in 50 μl phosphate-buffered saline and mixed with 50 μl Matrigel and then injected into the right lobe livers. There were ten mice in each group. The C57BL/6J mice sacrificed after 9 weeks. The lung and liver were collected for further study.

Patients and follow-up 
The study was approved by the Ethics Committee of Tongji Hospital of Tongji Medical College (Wuhan, China). All patients provided full consent for the study. Cohort I included 60 untreated HCC patients from Hepatic Surgery Center, Tongji Hospital (between 2006 and 2008). Cohort II included 260 untreated HCC patients from Hepatic Surgery Center, Tongji Hospital (between 2003 and 2005). A preoperative clinical diagnosis of HCC was based on the diagnostic criteria of the American Association for the Study of Liver Diseases. The inclusion criteria were as follows: (1) distinctive pathologic diagnosis; (2) no preoperative anticancer treatment or distant metastases; (3) curative liver resection; and (4) complete clinicopathologic and follow-up data. The differentiation statuses were graded in accordance with the method of Edmondson and Steine. The TNM classification for HCC was based on The American Joint Committee on Cancer/International Union Against Cancer staging system (6th edition, 2002). The patients were assessed every 2–3 months for the first 2 years and every 3–6 months afterward. All follow-up examinations were carried out by physicians blinded to the study. The diagnostic criteria for HCC recurrence were the same as the preoperative criteria. The time to recurrence and overall survival were the primary endpoints. The time to recurrence was calculated from the date of resection to the date of a diagnosis with tumor recurrence. The overall survival was calculated from the date of resection to the date of death or the last follow-up.

Western blotting analyses 
Briefly, proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane. 5% BSA was used to block the nonspecific binding site for two hours at room temperature. The membranes were incubated with primary antibodies overnight at 4°C. Western blotting of β-actin on the same membrane was used as a loading control. The membranes were washed with TBST three times for ten minutes each and then incubated with an HRP-conjugated secondary antibody. Proteins were visualized using an ImmobilonTM Western Chemiluminescent HRP substrate (Millipore, USA). The primary antibodies used in western blotting are listed as follow. HIF-1α (Abcam, ab179483), uPA (Cell signaling technology, #15800), β-actin (Protein tech,23660-1-AP), E-cadherin (Huabio, ER63312), N-cadherin (Huabio, ET1607-37), Vimentin (Cell signaling technology, #5741S), uPAR (Abcam, ab255815) Src (Huabio, # ET1702-03), p-Src (Huabio, #ET1609-15), Erk (Abclonal, #A4782), p-Erk (Abclonal, #AP0974), FAK(Cell signaling technology, #3285), p-FAK(Cell signaling technology, #3283), p65 (Cell signaling technology, #8242), p-p65 (Cell signaling technology, #3033, Ser536), p38 (Cell signaling technology, #8690), p-p38 (Cell signaling technology, #4511,Thr180/Tyr182), AKT (Cell signaling technology, #4691), p-AKT (Cell signaling technology, #4060, Ser473), JNK (Cell signaling technology, #9252), p-JNK (Cell signaling technology, #4668, Thr183/Tyr185).

.

Immunohistochemistry (IHC) and immunofluorescence (IF)
The following antibodies were used for IHC staining and IF: uPA (Cell signaling technology, #15800, IHC), uPA (Cell signaling technology, #12713, IF), HIF-1α (Abcam, #ab179483, IF), CD68 (Abcam, ab213363, IHC), pan-CK (Abcam, #ab7753, IHC), uPAR (Huabio, #ER1918-43, IHC). IHC was performed on 4-μm-thick, routinely processed paraffin-embedded sections. Briefly, the tissue sections were deparaffinized after baking at 60 °C for an hour. Endogenous peroxidase activity was blocked by 3% (vol/vol) hydrogen peroxide in methanol for 12 min and washed with phosphate-buffered saline (PBS). Then, the slides were immersed in 0.01 mol/L citrate buffer solution (pH 6.0) and placed in a microwave oven for 30 min. After washed with PBS, the sections were incubated with the primary antibody diluted in PBS containing 1% (wt/vol) bovine serum albumin at 4°C for overnight. Negative controls were performed by replacing the primary antibody with preimmune mouse serum. After washed with PBS, the sections were treated with a peroxidase-conjugated second antibody (Santa Cruz) for 30 min at room temperature and then washed with PBS. Reaction product was visualized with diaminobenzidine for 2 min. Images were obtained under a light microscope (Olympus, Japan) equipped with a DP70 digital camera. Analyses were performed by two independent observers who were blinded to the clinical outcome. The immunostaining intensity was scored on a scale of 0 to 3: 0 (negative), 1 (weak), 2 (medium) or 3 (strong). The percentage of positive cells was evaluated on a scale of 0 to 4: 0 (negative), 1 (1%-25%), 2 (26%-50%), 3 (51%-75%), or 4 (76%-100%). The final immuno-activity scores were calculated by multiplying the above two scores, resulting in an overall score that range from 0~12. Each case was ultimately considered “negative” if the final score ranges from 0~3, and “positive” if the final score ranges from 4~12 as described previously [3]. For IF staining, human tissue sections were deparaffinized and rehydrated through graded ethanol solutions. Antigen retrieval was performed according to standard protocols, followed by blocking with 10% goat or donkey serum to reduce nonspecific binding. The sections were then incubated with the indicated primary antibodies overnight at 4 °C. On the following day, appropriate fluorophore-conjugated secondary antibodies were applied. Nuclei were counterstained with DAPI, and images were captured using an Olympus fluorescence microscope.

Reagents
PLAU/uPA Protein (HY-P71050) were purchased from MedChemExpress. Reagents were used according to the manufacturer’s instructions.


Construction of lentivirus and stable cell lines
Lentiviral vectors encoding shRNAs were generated using PLKO.1-TRC (Addgene) and designated LV-shPLAU, LV-shPLAUR and LV-shcontrol. For BMDM experiments, LV-shPLAU was driven by the EF1α promoter to ensure stable expression in primary macrophages, whereas LV-shPLAUR targeting PLAUR in tumor cell lines was driven by the CMV promoter. For BMDM, transduction was performed at the early differentiation stage, followed by culture in α-MEM supplemented with 10% FBS and 50 ng/mL M-CSF for 5–7 days. SMARTvector Lentiviral shPLAU were purchased from Dharmacon company (V3SVHS02_7450590).

Chromatin immunoprecipitation Assay (ChIP)
ChIP was performed follows the standard procedures outlined in our previous study [4].

Quantitative Real-time PCR (RT-qPCR)
The RNeasy Plus Mini Kit (50) kit (Qiagen, Hilden, Germany) was used to extract total RNA. The extracted RNA was then reverse transcribed using the Advantage RT-for-PCR Kit from Qiagen. The target sequence was amplified using real-time PCR with the SYBR Green PCR Kit from Qiagen. All experiments were conducted in duplicate to ensure accuracy and reproducibility. The primer sequences used for PCR amplification can be found in Supplementary Table 4.

Luciferase reporter assays 
Full-length, truncated, or mutant fragments of the PLAU promoter were cloned into the pGL3-basic luciferase reporter vector. THP-1 cellswere cultured in RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine, and 50 μM 2-mercaptoethanol at 37°C in a humidified 5% CO2 incubator. For the reporter assay, 4 × 10^4 THP-1 cells per well were seeded in 96-well plates and transiently transfected with PLAU promoter luciferase construct and Renilla pRL-TK plasmid (Promega, USA) using Lipofectamine 3000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. Luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega, USA) and quantified on a Modulus™ TD20/20 luminometer (Turner Biosystems, USA). The luciferase activity was normalized according to the Renilla activity to account for variations in transfection efficiency. 
The primer sequences can be found in Supplementary Table 4.

Statistical analysis 
All values were recorded as the mean ± standard deviation (s.d.). Experiments were repeated at least three times with independent biological replicates. Statistical significance between the means of the two groups was determined using Student’s t-tests (normal distribution) or Mann–Whitney U tests (abnormal distribution). For comparisons among multiple groups, one-way or two-way ANOVA was used. Cumulative recurrence and survival curves were plotted using the Kaplan–Meier method, and a log-rank test determined the statistical significance. Multivariate analysis was performed using Cox regression, and correlations were evaluated with the chi-squared test. Statistical analysis was applied appropriately across all figures (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, n.s. not significant). Calculations were done using SPSS 20.0 or GraphPad Prism 10.0 software.



Supplementary Figure S1
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Figure S1. High H‑TAM infiltration is associated with poor prognosis across multiple HCC cohorts. Kaplan–Meier survival curves from independent HCC transcriptomic datasets, demonstrating significantly poorer overall survival (A-B), disease−free survival (C), disease−specific survival (D), progress−free survival (E) and relapse−free survival (F-G) in patients with high H-TAM infiltration.
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Figure S2. H-TAM exhibit altered intercellular communication patterns in HCC. (A, B) Heatmaps of differentially enriched outgoing(A) and incoming(B) signaling pathways across major cell types by CellChat analysis. (C) Dot plot of the top differential activated ligand-receptor signaling pathways by CellChat analysis.
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[bookmark: _GoBack]Figure S3. Spatial co‑expression of uPA with HIF‑1α in macrophages and its association with poor prognosis in HCC. (A) Representative multiplex immunohistochemistry images of HCC tissues showing the co‑localization of CD68 (macrophage marker, red), uPA (green), and HIF‑1α (white). Bright yellow area indicates CD68+HIF‑1α+uPA+ TAMs, while red area indicates CD68+HIF‑1α+uPA- TAMs. (B) Kaplan-Meier curves comparing recurrence‑free survival (left) and overall survival (right) between patients with high and low infiltration of CD68+HIF‑1α+uPA+ TAMs in Tongji cohort I (n = 60). p-values were calculated by the log‑rank test.
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Figure S4. H‑TAM infiltration promotes EMT in HCC cells. (A) Hallmark pathway enrichment analysis comparing tumor cells from HCC tissues with high versus low H-TAM infiltration. The left panel shows enriched hallmark pathways, and the right panel shows the GSEA plot for the EMT pathway.
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Figure S5. High PLAUR expression is associated with poor prognosis and distinct drug sensitivity profiles in HCC. (A-B) Kaplan–Meier survival curves from independent HCC transcriptomic datasets, demonstrating significantly poorer relapse−free survival (A) and overall survival (B), (C-D) Heatmaps depicting the correlation between PLAUR expression and sensitivity to various anti‑cancer drugs. Analyses were performed using the GDSC_v2 (C) and CTRP (D) databases.


Supplementary Table 1. The seven hypoxia-related gene sets.
	Gene sets
	Hallmark

	HYPOXIA
	ACKR3, ADM, ADORA2B, AK4, AKAP12, ALDOA, ALDOB, ALDOC, AMPD3, ANGPTL4, ANKZF1, ANXA2, ATF3, ATP7A, B3GALT6, B4GALNT2, BCAN, BCL2, BGN, BHLHE40, BNIP3L, BRS3, BTG1, CA12, CASP6, CAV1, CAVIN1, CAVIN3, CCN1, CCN2, CCN5, CCNG2, CDKN1A, CDKN1B, CDKN1C, CHST2, CHST3, CITED2, COL5A1, CP, CSRP2, CXCR4, DCN, DDIT3, DDIT4, DPYSL4, DTNA, DUSP1, EDN2, EFNA1, EFNA3, EGFR, ENO1, ENO2, ENO3, ERO1A, ERRFI1, ETS1, EXT1, F3, FAM162A, FBP1, FOS, FOSL2, FOXO3, GAA, GALK1, GAPDH, GAPDHS, GBE1, GCK, GCNT2, GLRX, GPC1, GPC3, GPC4, GPI, GRHPR, GYS1, HAS1, HDLBP, HEXA, HK1, HK2, HMOX1, HOXB9, HS3ST1, HSPA5, IDS, IER3, IGFBP1, IGFBP3, IL6, ILVBL, INHA, IRS2, ISG20, JMJD6, JUN, KDELR3, KDM3A, KIF5A, KLF6, KLF7, KLHL24, LALBA, LARGE1, LDHA, LDHC, LOX, LXN, MAFF, MAP3K1, MIF, MT1E, MT2A, MXI1, MYH9, NAGK, NCAN, NDRG1, NDST1, NDST2, NEDD4L, NFIL3, NOCT, NR3C1, P4HA1, P4HA2, PAM, PCK1, PDGFB, PDK1, PDK3, PFKFB3, PFKL, PFKP, PGAM2, PGF, PGK1, PGM1, PGM2, PHKG1, PIM1, PKLR, PKP1, PLAC8, PLAUR, PLIN2, PNRC1, PPARGC1A, PPFIA4, PPP1R15A, PPP1R3C, PRDX5, PRKCA, PYGM, RBPJ, RORA, RRAGD, S100A4, SAP30, SCARB1, SDC2, SDC3, SDC4, SELENBP1, SERPINE1, SIAH2, SLC25A1, SLC2A1, SLC2A3, SLC2A5, SLC37A4, SLC6A6, SRPX, STBD1, STC1, STC2, SULT2B1, TES, TGFB3, TGFBI, TGM2, TIPARP, TKTL1, TMEM45A, TNFAIP3, TPBG, TPD52, TPI1, TPST2, UGP2, VEGFA, VHL, VLDLR, WSB1, XPNPEP1, ZFP36, ZNF292

	ELVIDGE HYPOXIA UP
	ADGRE2, ADM, ADORA2B, AHNAK2, AK4, AKAP12, ALDOC, ANG, ANGPTL4, ANKZF1, RTN, ASPH, ATF3, ATG14, ATXN1, B3GNT4, BBX, BCOR, BHLHE40, BNIP3, BNIP3L, CA9, CADM1, CAV1, CAVIN1, CCN1, CCN5, CCNG2, CD59, CEMIP, CITED2, CSGALNACT1, CSRP2, CXCR4, CYB5A, CYP1B1, DAAM1, DDIT4, DDR1, DPYSL2, DPYSL4, DSC2, DST, DTNA, DUSP1, ECE1, EFNA3, EGFR, EGLN1, EGLN3, EGR1, ELF3, ENO2, ERO1A, FAM13A, FAM162A, FAM216A, FLNB, FOS, FYN, GADD45B, GBE1, GDF15, GJA1, GLRX, GPR87, GPRC5A, GYS1, HCFCR1, HEY1, HILPDA, HK2, HLADRB1, IGFBP3, IGFBP5, ILVBL, INHA, INSIG2, ISG20, ITPR1, JUN, KDM3A, KDM4B, KLF6, KLF7, KLHL24, KRT15, KRT7, LIMCH1, LOX, LOXL1, LOXL2, MAFF, MET, MTND5, MXI1, NAP1L1, NDRG1, NFIL3, NOL3, NR3C1, NREP, OBSL1, OLFML2A, OPN3, ORAI3, P4HA1, P4HA2, PAM, PDGFB, PDGFRL, PDK1, PFKFB3, PFKP, PGAP1, PGK1, PGM1, PIM1, PLAC8, PLAUR, PLIN2, PPFIA4, PRKCA, PXDN, QSOX1, RASA4, RBCK1, RBPJ, RLF, RNASE4, RRAGD, S100A2, S100A4, S100A6, SAMD4A, SAT1, SCARB1, SCNN1B, SERPINE1, SFXN3, SH3GL3, SLC2A1, SLCO4A1, SORL1, SOX9, SPAG4, SPOCK1, SPRY1, SRD5A3, SRPX, STBD1, STC1, STC2, TBC1D3F, TGFBI, TIPARP, TMEFF1, TMEM265, TMEM45A, TNFAIP8, TXNIP, UPK1A, VEGFA, VEGFC, VLDLR, WSB1, YEATS2, YPEL1, ZMYND8, ZNF292, ZNF395, ZNF654

	FARDIN HYPOXIA 11
	AK4, ALDOC, ANGPTL4, ANKRD37, BHLHE40, BNIP3, BNIP3L, BTG1, DDIT4, EGLN1, EGLN3, FAM162A, FUT11, IGF1R, IGFBP3, KDM3A, MAPT, MTFP1, MXI1, NDRG1, P4HA2, PDK1, PFKFB4, PGK1, PGM1, PLOD1, SLC2A3, TNIP1, TPI1, TXNIP, VEGFA, ZNF395

	HARRIS HYPOXIA
	ADM, AK3, ALDOA, ANGPT2, APEX1, BHLHE40, BIK, BNIP3, BNIP3L, CA12, CA9, CCL2, CCNG2, CD99, CDKN1A, CDKN1B, COL5A1, CP, CXCL8, DDIT3, EDN1, EDN2, ENO1, ENPEP, EPAS1, EPO, F3, FGF3, FLT1, FOS, FTL, GAPDH, HDAC9, HGF, HIF1A, HK1, HK2, HMOX1, IGF2, IGFBP1, IGFBP2, IGFBP3, IL6, JUN, L1CAM, LDHA, LRP8, MIF, MMP13, NFKB1, P4HA1, PDGFB, PFKL, PFKP, PGF, PGK1, PKM, PLAUR, PRPS1, PTGS2, RP1, SAT1, SLC2A1, SLC2A3, SPP1, STC1, TAGLN, TEK, TF, TFF3, TFRC, TGFA, TGFB1, TGFB3, TGM2, TH, TXN, VEGFA, VIM, XRCC5, XRCC6

	KIM HYPOXIA
	ALDOA, ALDOC, AMPD3, ANGPTL4, BACH1, BNIP3L, ENO2, F3, GYS1, IGFBP3, JUN, LDHA, NKX3-2, PDLIM4, PFKP, PLIN2, SLC2A1, TPI1, VEGFA

	LEONARD HYPOXIA

	ADORA2B, AK4, ALDOA, BHLHE40, BNIP3, CCNG2, CDKN1B, CDKN1C, DDIT3, DDIT4, DEPP1, DUSP1, EFNA1, F3, FOSL2, HNRNPA1, HOXA4, HOXA5, JMJD6, JUNB, KDM3A, MUC1, NFIL3, P4HA1, P4HA2, PDGFB, PFKFB4, PFKP, PGK1, PHC2, PLIN2, PPP1R3C, RASGRP1, SAP30, SERPINE1, SIK1, SLC16A3, SLC2A1, SLC2A3, SLC7A5, STC2, TGFA, VEGFA

	MENSE HYPOXIA UP
	ABCB6, ADM, ALDOC, ANG, ANGPTL4, ANKRD37, ASPH, ATF3, BHLHE40, BHLHE41, BNIP3, BNIP3L, C4orf3, CDK19, CEBPB, CEBPD, CLK3, CLPB, CTTN, DIDO1, DPCD, EEF1AKMT3, EGLN1, ELL2, ENO2, ERICH1, ERO1A, FAM110C, FAM13A, FAM162A, FOXD1, FUT11, GADD45A, GBE1, GNA13, GOSR2, GPI, GPRIN3, HCFC1R1, HILPDA, HK2, INSIG1, INSIG2, JMJD6, KDM3A, KDM4B, KDM4C, KIAA2013, KLF4, KLF7, KLHL24, LARP6, LCORL, LOX, MAFF, MED6, MIR210, MXI1, NADSYN1, NAMPT, NDRG1, NFIL3, NOL3, OSMR, P4HA1, P4HA2, PDK1, PEX13, PFKFB3, PFKFB4, PGK1, PLIN2, PLOD2, PPFIA4, PPP1R15A, PPP1R3C, PRPSAP1, RBPJ, RIOK3, RNASE4, RORA, SCD, SERGEF, SLC2A3, SOD2, SPAG4, STARD4, STC2, STK4, TC2N, THAP8, TIPARP, TMEM65, TSLP, VEGFA, WDR54, ZBTB25




Supplementary Table 2. Correlation between uPAR expression and clinicopathological characteristics of HCC patients.
	　
	　
	Cohort II
	　
	　

	Clinicopathological variables
	Tumor uPAR expression
	P Value
	

	
	Negative (n=151)
	Positive (n=109)
	
	　

	Age
	52.04(11.558)
	51.86(10.964)
	0.900

	Sex
	female
	30
	19
	0.748

	
	male
	121
	90
	

	Serum AFP
	≤20ng/ml
	43
	24
	0.254

	
	>20ng/ml
	108
	85
	

	Virus infection
	HBV
	117
	75
	0.237

	
	HCV
	14
	11
	

	
	HBV+HCV
	4
	8
	

	
	none
	16
	15
	

	Cirrrhosis
	absent
	41
	31
	0.888

	
	present
	110
	78
	

	Child-pugh score
	Class A
	114
	82
	1.000

	
	Class B
	37
	27
	

	Tumor number
	single
	101
	53
	0.003

	
	multiple
	50
	56
	

	Maximal tumor size
	≤5cm
	67
	41
	0.308

	
	>5cm
	84
	68
	

	Tumor encapsulation
	present
	107
	38
	<0.001

	
	absent
	44
	71
	

	Microvascular invasion
	absent
	103
	39
	<0.001

	
	present
	48
	70
	
	

	Tumor differentiation
	I-II
	135
	71
	<0.001
	

	
	III-Ⅳ
	16
	38
	
	

	TNM stage
	I-II
	136
	62
	<0.001
	

	　
	III-Ⅳ
	15　
	47　
	　
	　




[bookmark: OLE_LINK84]Supplementary Table 3. Univariate and multivariate analysis of factors associated with survival and recurrence in an independent cohorts of human HCC.
	Clinical Variables
	Time To Recurrence
	
	Overall Survival

	
	HR (95% CI)
	P value
	
	HR (95% CI)
	P value

	uPAR expression (negative versus positive)
	0.366(0.269-0.497)
	<0.001
	
	0.358(0.262-0.489)
	<0.001

	Multivariate analysis
	
	
	
	
	

	Tumor number (multiple versus single)
	1.476(0.940-2.317)
	0.091
	
	1.600(1.007-2.543)
	0.047

	Maximal tumor size (>5cm versus ≤5)
	1.412(0.959-2.080)
	0.081
	
	1.463(0 .980-2.185)
	0.063

	Tumor encapsulation (absent versus present)
	1.172(0.738-1.863)
	0.501
	
	1.104 (0.688-1.772)
	0.682

	Microvascular invasion (present versus absent)
	1.725(1.123-2.649)
	0.013
	
	1.914(1.239-2.956)
	0.003

	Tumor differentiation (III-Ⅳ versus I-II)
	1.484(1.011-2.178)
	0.044
	
	1.574(1.071-2.311)
	0.021

	TNM stage (III versus I-II)
	2.996(1.816-4.944)
	<0.001
	
	2.962(1.774-4.945)
	<0.001

	uPAR expression (negative versus positive)
	0.546(0.393-0.761)
	<0.001
	
	0.543(0.387-0.761)
	<0.001




Supplementary Table 4. Primer sequences used in the study.
	Primer name
	Primer sequences
	Enzyme

	Primers for PLAU promoter construct

	-1333/+114 sense
	5’-ATATGGTACCCAGCCTGGACAACATGGT-3’
	KpnI

	-462/+114 sense
	5’-ATATGGTACCGAACAAGGATCAGAAGAC-3’
	KpnI

	-196/+114 sense
	5’-ATATGGTACCTCACAAGGTCAGGAGATC-3’
	KpnI

	-39/+114 sense
	5’-ATATGGTACCCTTGCAGTGAGCCGAGAT-3’
	KpnI

	Antisense:
	5’-ATATACGCGTAGGTGGGAGGACCCCTTG-3’
	MluI

	Primers for PLAU promoter site-directed mutagenesis

	binding site 3 mutation sense
	5’-GAGCGAGACTCactaTCAAAAAAAAA-3’

	binding site 3 mutation antisense
	5’-TTTTTTTTTGAtagtGAGTCTCGTC-3’

	binding site 2 mutation sense
	5’- CACGGTGGCTCgataCTGTAATCCCA-3’

	binding site 2 mutation antisense
	5’-TGGGATTACAGtatcGAGCCACCGTG-3’

	binding site 1 mutation sense
	5’-GCAGGAGAATGtatcGAACCCGGGAGG -3’

	binding site 1 mutation antisense
	5’-CCTCCCGGGTTCgataCATTCTCCTGC -3’

	Primers for real-time PCR

	Mice PLAU sense
	5’-GCGCCTTGGTGGTGAAAAAC-3’

	Mice PLAU antisense
	5’-TTGTAGGACACGCATACACCT-3’

	β-actin sense
	5’-CATGTACGTTGCTATCCAGGC-3’

	β-actin antisense
	5’-CTCCTTAATGTCACGCACGAT-3’
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