Table S1 Gene signatures and computational parameters used for bioinformatic analyses
	Signature / parameter
	Category
	Gene list / value
	Source / method
	Used in figure / analysis

	Proliferation
	Malignant feature
	MKI67, PCNA, CCNB1, CCND1, CDK2, CDK4, AURKA, PLK1, TOP2A, CENPA
	AddModuleScore (Seurat v4.1.1)
	Fig. 1F, Fig. S1E

	Apoptosis resistance
	Malignant feature
	BCL2, BCL2L1, MCL1, BIRC5, XIAP, BIRC2, BIRC3, CFLAR, BCL2A1
	AddModuleScore (Seurat v4.1.1)
	Fig. 1F, Fig. S1E

	Invasion
	Malignant feature
	MMP2, MMP9, MMP14, TIMP1, SNAI1, SNAI2, TWIST1, ZEB1, CDH2, FN1
	AddModuleScore (Seurat v4.1.1)
	Fig. 1F, Fig. S1E

	Metastasis
	Malignant feature
	CXCR4, CXCL12, MMP7, MMP13, POSTN, SPP1, TGFB1, FN1, VIM, CD44
	AddModuleScore (Seurat v4.1.1)
	Fig. 1F, Fig. S1E

	Epithelial-mesenchymal transition (EMT)
	Malignant feature
	CDH2, VIM, FN1, SNAI1, SNAI2, TWIST1, ZEB1, ZEB2, MMP9, IL6
	AddModuleScore (Seurat v4.1.1)
	Fig. 2E

	Epithelialness
	Malignant feature
	CDH1, EPCAM, KRT8, KRT18, KRT19, CLDN1, OCLN, CDH3, MUC1, TJP1
	AddModuleScore (Seurat v4.1.1)
	Bioinformatic feature scoring

	Stemness
	Malignant feature
	SOX2, POU5F1 (OCT4), NANOG, ALDH1A1, PROM1 (CD133), KLF4, MYC, LIN28A, CD44, ITGA6
	AddModuleScore (Seurat v4.1.1)
	Bioinformatic feature scoring

	Metabolic reprogramming
	Malignant feature
	SLC2A1 (GLUT1), HK2, PKM2, LDHA, GLUL, GLUD1, HIF1A, SLC1A5, GLS1, FASN
	AddModuleScore (Seurat v4.1.1)
	Bioinformatic feature scoring

	Angiogenesis, Immune evasion, Chemoresistance, Radioresistance, Cell cycle progression, DNA damage response
	Malignant feature
	9. Angiogenesis: VEGFA, VEGFB, PGF, ANGPT1, ANGPT2, PDGFB; 10. Immune evasion: CD274 (PD-L1), CTLA4, LAG3, TIGIT, IDO1, IL10, TGFB1; 11. Chemoresistance: ABCB1, ABCC1, ABCG2, MGMT, ERCC1; 12. Radioresistance: ATM, ATR, CHK1, CHK2, RAD51; 13. Cell cycle progression: CCND1, CCNE1, CDK4, CDK6, CDKN1A (p21), CDKN1B (p27); 14. DNA damage response: BRCA1, BRCA2, TP53, ATM, ATR
	AddModuleScore (Seurat v4.1.1)
	Fig. 1F, Fan cohort validation

	hdWGCNA soft threshold
	Network parameter
	9
	hdWGCNA R package (v1.0.0)
	Fig. 2A, Fig. S2A

	Number of hdWGCNA modules
	Network parameter
	12
	hdWGCNA R package (v1.0.0)
	Fig. 2A

	RNA metabolic processes
	Functional signature
	GO:0016070 core genes: RBM8A, SF3B1, U2AF1, SRSF1, SRSF2, HNRNPA1, HNRNPA2B1, POLR2A, POLR2B
	GO term enrichment, module-based analysis
	Fig. 2C–E

	Histone modification
	Functional signature
	GO:0016570 core genes: HDAC9, HDAC1, HDAC2, HDAC3, SIRT1, SIRT3, KAT2A, KAT2B, EZH2, SUV39H1, DNMT1, DNMT3A
	GO term enrichment, module-based analysis
	Fig. 2D, Fig. 4A–B

	C2 cluster signature
	Cluster signature
	Top 100 upregulated DEGs in C2 cluster (FDR < 0.01, log2FC > 1.5; including RBM8A, HDAC9)
	ssGSEA (GSVA R package, v1.48.0)
	TCGA-LIHC, GSE14520 survival analysis

	Drug resistance-associated processes
	Functional signature
	GO:0042493, GO:0006950 core genes: ABCB1, ABCC1, ABCG2, CYP3A4, CYP3A5, GSTP1, MGMT, ERCC1
	GO term enrichment
	Fig. 7A–B

	ABC transporter function
	Drug resistance signature
	ABCB1, ABCC1, ABCC2, ABCG2, ABCA1, ABCB4, ABCC3, ABCC4
	Spatial functional scoring
	Fig. 7B

	Drug metabolism
	Drug resistance signature
	CYP3A4, CYP3A5, CYP2D6, CYP2C9, GSTP1, UGT1A1, NAT2, FMO3, ADH1A, ALDH2
	Spatial functional scoring
	Fig. 7B


All bioinformatic analyses were performed in R (v4.1.1). Malignant feature scores were calculated using the AddModuleScore function in Seurat. Signature scores were computed via ssGSEA in the GSVA package. GO terms were obtained from the Gene Ontology database. Abbreviations: DEG, differentially expressed gene; FDR, false discovery rate; log2FC, log2 fold change; EMT, epithelial-mesenchymal transition; ssGSEA, single-sample gene set enrichment analysis.






Table S2 Public and in-house datasets/cohorts used in this study
	Cohort / dataset
	Data type
	Sample size
	Disease context
	Main use in this study

	In-house cohort
	scRNA-seq + spatial transcriptomics
	6 HCC, 1 cirrhotic liver, 1 normal liver
	Hepatocellular carcinoma (HCC)
	Discovery cohort for cell atlas and spatial validation

	In-house ER group
	Clinical subgroup
	n=2 (HCC#2, HCC#5)
	HCC with early recurrence (≤12 months post-resection)
	Identification of ER-enriched C2 cell cluster

	In-house NER group
	Clinical subgroup
	n=3 (HCC#1, HCC#3, HCC#4)
	HCC without early recurrence
	Control group for C2 cluster comparison

	Fan et al. cohort
	scRNA-seq (epithelial cells)
	2,730 epithelial cells
	HCC with recurrence
	Label transfer validation of C2-like cluster

	Kagohara cohort
	Spatial transcriptomics
	n=12 primary HCC
	Hepatocellular carcinoma (HCC)
	External spatial validation of C2 cluster enrichment

	PD-1 + TKI treatment cohort
	Spatial transcriptomics
	n=7
	HCC treated with PD-1 inhibitor plus TKI
	Comparison of C2 abundance in responders vs non-responders

	TCGA-LIHC
	Bulk RNA-seq
	n=374
	Hepatocellular carcinoma (HCC)
	C2 signature scoring; OS/RFS and ER/NER validation

	GSE14520
	Bulk RNA-seq
	n=221
	Hepatocellular carcinoma (HCC)
	C2 signature scoring and survival validation

	Andrews normal liver cohort
	scRNA-seq
	n=3 normal liver tissues
	Normal human liver
	Normal control for DEG analysis


In-house cohorts were approved by the Ethics Committee of the Affiliated Tumor Hospital of Guangxi Medical University. Public datasets were obtained from published studies or public databases and used under their respective data access policies. Abbreviations: ER, early recurrence; NER, non-early recurrence; OS, overall survival; RFS, recurrence-free survival; DEG, differentially expressed gene.
Table S3 Oligonucleotides, mutants, and reporter constructs used in this study
	Item
	Type
	Vector / backbone
	Insert / target region
	Sequence / mutation detail
	Purpose

	sh-RBM8A#1
	shRNA
	pLKO.1-puro
	RBM8A
	5'-CCGGGCAGAAGATGATGAAGATGATCTCGAGATCATCTTCATCATCTTCTGCTTTTTG-3'
	Stable knockdown of endogenous RBM8A

	sh-RBM8A#2
	shRNA
	pLKO.1-puro
	RBM8A
	5'-CCGGGCAAGATGATGAAGATGATGGCTCGAGCCATCATCTTCATCATCTTGCTTTTTG-3'
	Stable RBM8A knockdown (off-target control)

	sh-NC
	shRNA control
	pLKO.1-puro
	Non-targeting
	5'-CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTTG-3'
	Negative control for shRNA

	si-RBM8A
	siRNA
	Synthetic oligonucleotide
	RBM8A
	Sense: 5'-GCAGAAGATGATGAAGATGAT-3'; Antisense: 5'-ATCATCTTCATCATCTTCTGC-3'
	Transient RBM8A knockdown for RNA stability assay

	si-NC
	siRNA control
	Synthetic oligonucleotide
	Non-targeting
	Sense: 5'-UUCUCCGAACGUGUCACGU-3'; Antisense: 5'-ACGUGACACGUUCGGAGAA-3'
	Negative control for siRNA

	si-HDAC9
	siRNA
	Synthetic oligonucleotide
	HDAC9
	Validated human HDAC9 targeting sequence
	Transient HDAC9 knockdown for functional assays

	RBM8A-OE
	Expression construct
	pCDH-CMV-MCS-EF1α-GreenPuro
	Full-length human RBM8A cDNA (NM_005175.3)
	Cloned from human cDNA; Sanger sequenced
	Stable overexpression of RBM8A

	Empty vector
	Vector control
	pCDH-CMV-MCS-EF1α-GreenPuro
	None
	—
	Negative control for overexpression

	RBM8A-W73V
	Dominant-negative mutant
	pCDH-CMV-MCS-EF1α-GreenPuro
	RBM8A
	Trp73Val (W73V); Sanger sequenced
	Functional validation of RBM8A dominant-negative activity

	HDAC9-OE
	Expression construct
	pCDH-CMV-MCS-EF1α-GreenPuro
	Full-length human HDAC9 cDNA (NM_058176.2)
	Cloned from human cDNA; Sanger sequenced
	Stable overexpression of HDAC9

	p16-OE (CDKN2A)
	Expression construct
	pCDH-CMV-MCS-EF1α-GreenPuro
	Full-length human CDKN2A (p16) cDNA
	Cloned from human cDNA; Sanger sequenced
	Rescue assay for p16 restoration

	HDAC9-5'UTR reporter
	Luciferase reporter
	pGL3-Promoter
	HDAC9 5'-UTR (hg38 chr12:48678901–48679400)
	Amplified from human genomic DNA; Sanger sequenced
	Mapping RBM8A-responsive region in HDAC9 5'-UTR

	HDAC9-CDS reporter
	Luciferase reporter
	pGL3-Promoter
	HDAC9 CDS (NM_058176.2, 1787–1862 bp)
	Amplified from human HDAC9 cDNA; Sanger sequenced
	Mapping RBM8A-binding region in HDAC9 CDS

	HDAC9-3'UTR1 reporter
	Luciferase reporter
	pGL3-Promoter
	HDAC9 3'-UTR1 (hg38 chr12:48712301–48712800)
	Amplified from human genomic DNA; Sanger sequenced
	Mapping RBM8A-responsive region in HDAC9 3'-UTR1

	HDAC9-3'UTR2 reporter
	Luciferase reporter
	pGL3-Promoter
	HDAC9 3'-UTR2 (hg38 chr12:48712801–48713300)
	Amplified from human genomic DNA; Sanger sequenced
	Mapping RBM8A-responsive region in HDAC9 3'-UTR2

	HDAC9-CDS-mut1
	Mutant luciferase reporter
	pGL3-Promoter
	HDAC9 CDS (NM_058176.2, 1787–1862 bp)
	Site-directed mutation at 1787 bp (RBM8A core binding site); Sanger sequenced
	Verify RBM8A binding site in HDAC9 CDS


All constructs were generated for human genes, verified by Sanger sequencing, and used in the indicated functional assays. shRNAs and siRNAs were designed to target human RBM8A, HDAC9 or non-targeting control. Luciferase reporters were used to map regulatory regions and binding sites.


Table S4 Primer sequences used for qRT-PCR, RIP-qPCR, and ChIP-qPCR
	Target gene / region
	Application
	Forward primer (5′–3′)
	Reverse primer (5′–3′)
	Product size (bp)

	RBM8A
	qRT-PCR
	GAGATGGCTGACAAGATGGA
	TCCTCCATCTGTTTGCTGGT
	142

	HDAC9
	qRT-PCR / RNA stability assay
	GCCAAGATCAAGCCCTACAA
	GCTGCTGTAGGTGATGGTGA
	168

	CDKN2A (p16)
	qRT-PCR
	GCCCAACGCACCGAATAGTT
	GCTGCCCATCATCATGACCT
	135

	CDK4
	qRT-PCR
	ATGGCTACCTCTCGATATGAGC
	CATTGGGGACTCTCACACTCT
	156

	CDK6
	qRT-PCR
	TCACAGTTCGTGAGGTGGAC
	GCTTGGAGACCTCGATGACA
	147

	RB1
	qRT-PCR
	TGTGAACATCTGGAGTGCCA
	GCTGCTTCCGAGTATTCGG
	162

	E2F1
	qRT-PCR
	ATGTTTTCCTGTGCCCTGAG
	AGATCAGCCGGATCTGGTAG
	153

	HLA-DPA1
	qRT-PCR
	GAGTGGACATGGCGATGAAG
	GTCCACATCCACAGCAAGGT
	144

	ACTB (β-actin)
	qRT-PCR (internal control)
	CATGTACGTTGCTATCCAGGC
	CTCCTTAATGTCACGCACGAT
	250

	HDAC9 CDS Site 1 (1750–1780 bp)
	RIP-qPCR
	GACATCAAGCCCTACAAGCA
	GGTGATGGTGATGTCCTCGT
	118

	HDAC9 CDS Site 2 (1787 bp)
	RIP-qPCR
	CCAAGATCAAGCCCTACAAG
	GTCCTCGTAGATCTCGATGG
	106

	HDAC9 CDS Site 3 (1789 bp)
	RIP-qPCR
	AAGCCCTACAAGCAAATGGA
	GATGTCCTCGTAGATCTCGATG
	98

	HDAC9 CDS Site 4 (1800 bp)
	RIP-qPCR
	CAAGCAAATGGACGAGTACGA
	CGTAGATCTCGATGGAGTCCA
	112

	CDKN2A (p16) promoter
	ChIP-qPCR
	GAAGAAAGAGGAGGGGCTGA
	GCGCTACCTGATTCCAATTC
	160


All primers were designed for human transcripts and validated for specificity. qRT-PCR primers span exon–exon junctions to avoid genomic DNA amplification. RIP-qPCR primers target the RBM8A-binding sites within HDAC9 CDS. ChIP-qPCR primers amplify the core promoter region of CDKN2A (p16).


Table S5 Antibodies and probes used in this study
	Reagent type
	Target
	Host/type
	Supplier
	Catalog number
	Application
	Dilution/condition

	Primary antibody
	RBM8A
	Rabbit Polyclonal Antibody
	Proteintech
	16531-1-AP
	IF, IF-FISH, IHC
	1:200

	Primary antibody
	HDAC9
	Rabbit Monoclonal Antibody (clone E8Z4V)
	Cell Signaling Technology
	26036S
	IF, IHC
	1:200

	Primary antibody
	Ki-67
	Rabbit Monoclonal Antibody
	Cell Signaling Technology
	12202S
	IHC, WB
	1:1000

	Primary antibody
	ABCG2
	Rabbit Monoclonal Antibody
	Cell Signaling Technology
	44778S
	WB
	1:1000

	Primary antibody
	P-GP (ABCB1)
	Rabbit Monoclonal Antibody
	Cell Signaling Technology
	13342S
	WB
	1:1000

	Primary antibody
	CDKN2A (p16)
	Rabbit Monoclonal Antibody
	Cell Signaling Technology
	80625S
	WB
	1:1000

	Primary antibody
	CDK4
	Rabbit Monoclonal Antibody
	Cell Signaling Technology
	12790S
	WB
	1:1000

	Primary antibody
	Phospho-Rb (Ser807/811)
	Rabbit Monoclonal Antibody
	Cell Signaling Technology
	8516S
	WB
	1:1000

	Secondary antibody
	Goat anti-Rabbit IgG, Alexa Fluor 488
	Goat Polyclonal Antibody
	Abcam
	ab150077
	IF, IF-FISH
	1:500

	Secondary antibody
	Goat anti-Rabbit IgG, Cy3
	Goat Polyclonal Antibody
	Jackson ImmunoResearch
	111-165-003
	IF
	1:500

	Secondary antibody
	HRP-conjugated Goat anti-Rabbit IgG
	Goat Polyclonal Antibody
	Proteintech
	SA00001-2
	WB, IHC
	1:5000

	Primary antibody
	H3K18ac
	Rabbit Monoclonal Antibody (clone D9Z4V)
	Cell Signaling Technology
	9402
	ChIP-qPCR
	1:50; per manufacturer's instructions

	Control antibody
	Normal Rabbit IgG
	Rabbit Polyclonal Antibody
	Cell Signaling Technology
	2729
	ChIP-qPCR
	1:50; per manufacturer's instructions

	Primary antibody
	Puromycin
	Mouse Monoclonal Antibody (clone 12D10)
	Sigma-Aldrich
	MABE343
	SunSET, WB
	1:2000

	RNAscope probe
	HDAC9 mRNA (Human)
	Probe
	Advanced Cell Diagnostics
	423161
	RNA FISH
	Per manufacturer's instructions

	RNAscope probe
	18S rRNA (Human, positive control)
	Probe
	Advanced Cell Diagnostics
	320871
	RNA FISH positive control
	Per manufacturer's instructions

	RNAscope probe
	U6 snRNA (Human, internal control)
	Probe
	Advanced Cell Diagnostics
	317071
	RNA FISH internal control
	Per manufacturer's instructions


All antibodies were validated for specificity by the manufacturer and in preliminary experiments. Primary antibodies were diluted in blocking solution; secondary antibodies were diluted in TBST. RNAscope probes were used according to the manufacturer’s standard protocols.

Table S6 Clinicopathological characteristics of 6 HCC patients and 1 normal liver control for single-cell and spatial RNA sequencing

	Patient ID
	HCC1
	HCC2
	HCC3
	HCC4
	HCC5
	HCC6
	Control

	Recurrence group
	NER
	ER
	NER
	NER
	ER
	NER
	NC

	Gender
	Male
	Male
	Male
	Male
	Male
	Female
	Female

	Age (years)
	63
	50
	67
	64
	56
	48
	42

	BMI (kg/m²)
	18.2
	24.4
	19.8
	22.2
	25.7
	21.42
	20.1

	Hepatitis status
	HBV
	HBV
	None
	HBV
	HBV
	HBV
	HBV

	Serum AFP (ng/mL)
	2.35
	35469
	3.31
	9.22
	131.6
	3.29
	1.66

	BCLC stage
	C
	C
	A
	B
	A
	A
	/

	Portal vein tumor thrombus (PVTT)
	Right posterior superior branch
	Right posterior inferior branch
	/
	/
	/
	/
	/

	Tumor size (cm)
	4.8 × 3.3
	11.8 × 7.5
	6.2 × 5.5
	3.5 × 2.7
	15.5 × 12.4
	3.1*1.8
	/

	Edmondson-Steiner (ES) grade
	II
	III-IV
	II
	II
	II-III
	II
	/

	Microvascular density (MVD, HFP)
	>50
	<50
	>200
	>50
	>50
	<50
	/

	Single cell count
	9854
	10452
	10840
	11217
	8534
	9370
	11899

	Spatial transcriptome spots
	3320
	2811
	/
	2461
	4046
	2408
	/


Abbreviations: HCC, hepatocellular carcinoma; ER, early recurrence (recurrence within 12 months); NER, non-early recurrence; M, male; F, female; MVI, microvascular invasion; BCLC, Barcelona Clinic Liver Cancer; WD, well-differentiated; MD, moderately differentiated; PD, poorly differentiated.
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