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Supplementary Figure S1 | CAF-derived EVs promote aggressive phenotypes in HCC cells
(A) Immunofluorescence staining of α-SMA and FAP in primary CAFs and NFs (Scale bar, 100 μm). α-SMA, green; FAP, red; nuclei (DAPI), blue. (B) Western blot analysis of E-cadherin, N-cadherin and vimentin in MHCC-97H and Huh-7 cells after 24 h treatment with control medium, NF-CM, or CAF-CM. (C) Nanoparticle tracking analysis (NTA) of NF-EVs and CAF-EVs. (D) Representative transmission electron microscopy images showing the characteristic morphology of EVs (Scale bar, 100 nm). (E) Expression of the EV markers CD9, CD81 and TSG101 in NF-EVs and CAF-EVs. (F) Confocal images showing PKH67-labeled EVs (green) in MHCC-97H and Huh-7 cells; F-actin is shown in red and nuclei in blue. (Scale bar, 10 μm). (G) Western blot analysis of E-cadherin, N-cadherin and vimentin in MHCC-97H and Huh-7 cells after 24 h treatment with control, NF-EVs, or CAF-EVs.
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Supplementary Figure S2 | CAF-derived conditioned medium enhances aggressive phenotypes in HCC cells
(A–D) Effects of NC, NF-CM and CAF-CM on MHCC-97H and Huh-7 cells. Representative images and quantification of Transwell migration and invasion assays (A), wound-healing assay (B), colony formation assay (C) and cell viability measured by CCK-8 assay (D) are shown. Scale bars: 50 μm for Huh-7 images in (A) and 20 μm for the remaining microscopy images. Data are presented as mean ± SD and were analyzed using Student’s t-test for two-group comparisons or one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons as appropriate. *P < 0.05, **P < 0.01, ***P < 0.001.
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Supplementary Figure S3 | CAF-derived EVs enhance malignant phenotypes in HCC cells
(A–D) Corresponding analyses after treatment with NC, NF-EVs or CAF-EVs, including Transwell migration and invasion assays (A), wound-healing assay (B), colony formation assay (C) and cell viability measured by CCK-8 assay (D). Scale bars: 50 μm for Huh-7 images in (A) and 20 μm for the remaining microscopy images. Data are presented as mean ± SD and were analyzed using Student’s t-test for two-group comparisons or one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons as appropriate. *P < 0.05, **P < 0.01, ***P < 0.001.
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Supplementary Figure S4 | CAF-derived EVs preserve HCC viability and motility during RSL3 challenge
(A) Relative viability of MHCC-97H and Huh-7 cells treated with RSL3 in the presence or absence of NF-EVs or CAF-EVs. (B) RSL3 dose–response curves and estimated IC₅₀ values in MHCC-97H and Huh-7 cells treated with NF-EVs or CAF-EVs. (C, D) Representative images and quantification of Transwell migration and invasion assays (C) and wound-healing assay (D) under RSL3 challenge with or without CAF-EVs. Scale bars of Huh-7 cells in (C) are 50 μm. Others are 20 μm. Data are presented as mean ± SD and were analyzed using Student’s t-test for two-group comparisons or one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons as appropriate. *P < 0.05, ** P < 0.01, *** P < 0.001.

[image: ]Supplementary Figure S5 | SLC7A11 contributes to CAF-EV-mediated preservation of aggressive phenotypes during RSL3 treatment
(A) Representative images and quantification of Transwell migration and invasion assays. (B) Representative images and quantification of wound-healing assay. (C) Relative cell viability under the indicated conditions. Scale bars of Huh-7 cells in (A) are 50 μm. Others are 20 μm. Data are presented as mean ± SD and were analyzed using Student’s t-test for two-group comparisons or one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons as appropriate. *P < 0.05, ** P < 0.01, *** P < 0.001.

[image: ]Supplementary Figure S6 | COMP expression is associated with CAF abundance and stromal markers in HCC
(A) Candidate expression plasmids were transfected into HEK293T cells, and overexpression efficiency was assessed by qRT-PCR. (B, C) GSEA showing enrichment of angiogenesis (B) and EMT (C) signatures in COMP-high tumors. (D–F) Correlations between COMP expression and EPIC-inferred CAF abundance (D), ACTA2 expression (E), and FAP expression (F) in TCGA-LIHC tumors. Spearman correlation coefficients and P values are shown. Data are presented as mean ± SD and were analyzed using Student’s t-test for two-group comparisons. * P < 0.05, *** P < 0.001.
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Supplementary Figure S7 | HIF-1α knockdown attenuates oeCOMP-EV-induced migration, invasion, and EMT-associated changes
MHCC-97H and Huh-7 cells expressing control shRNA (shNC) or HIF-1α-targeting shRNA (shHIF-1α) were treated with oeCOMP-EVs or oeCtrl-EVs. (A) Representative images and quantification of Transwell migration and invasion assays. (B) Representative wound-healing assay images and quantification. (C) Western blot analysis of E-cadherin, N-cadherin, and vimentin under indicated treatments. Scale bars of Huh-7 cells in (A) are 50 μm. Others are 20 μm. Data are presented as mean ± SD and were analyzed using Student’s t-test for two-group comparisons or one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons as appropriate. *P < 0.05, **P < 0.01, ***P < 0.001.
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Supplementary Figure S8 | RSL3 or LW6 attenuates oeCOMP-EV-induced migration, invasion, and EMT-associated changes
(A, B) Representative images and quantification of Transwell migration and invasion assays (A) and wound-closure assays (B) in MHCC-97H and Huh-7 cells treated with oeCOMP-EVs alone or together with LW6 or RSL3. (C) Western blot analysis of E-cadherin, N-cadherin, vimentin, and SLC7A11 after oeCOMP-EV treatment with or without LW6. (D) Western blot analysis of E-cadherin, N-cadherin, vimentin, and SLC7A11 after oeCOMP-EV treatment with or without RSL3. Scale bars of Huh-7 cells in (A) are 50 μm. Others are 20 μm. Data are presented as mean ± SD and were analyzed using Student’s t-test for two-group comparisons or one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons as appropriate. *P < 0.05, **P < 0.01, ***P < 0.001.
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Supplementary Figure S9 | Clinical relevance of COMP and SLC7A11 expression in HCC.
(A, B) Paired comparison of COMP (A) and SLC7A11 (B) expression in tumor and matched non-tumorous tissues from GSE54236. (C) Kaplan–Meier analyses of OS in the TCGA-LIHC and GSE14520 cohorts and RFS in GSE14520 according to COMP expression. (D) Kaplan–Meier analyses of OS in the TCGA-LIHC and GSE14520 cohorts and RFS in GSE14520 according to SLC7A11 expression. P values were calculated using the log-rank test.
[image: ]
Supplementary Figure S10 | Prognostic significance of compartment-specific α-SMA⁺, COMP⁺, SLC7A11⁺, α-SMA⁺COMP⁺, and SLC7A11⁺PanCK⁺ cell densities in HCC.
(A, B) Kaplan–Meier analyses of DFS (A) and OS (B) according to stromal and tumor α-SMA⁺, COMP⁺, and SLC7A11⁺ cell densities. (C) Kaplan–Meier analyses of DFS and OS according to stromal or tumor α-SMA⁺COMP⁺ and SLC7A11⁺PanCK⁺ cell densities. P values were calculated using the log-rank test. 
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Supplementary Figure S11 | Multivariable Cox regression analyses of α-SMA⁺COMP⁺ CAFs and SLC7A11⁺PanCK⁺ tumor cells in patients with HCC.
(A, B) Forest plots depicting multivariable Cox proportional hazards regression models integrating tumor α-SMA⁺COMP⁺ CAF and SLC7A11⁺PanCK⁺ tumor cell densities for DFS and OS. (C, D) Forest plots depicting multivariable Cox proportional hazards regression models integrating the combined tumor α-SMA⁺COMP⁺ CAF/SLC7A11⁺PanCK⁺ tumor cell subgroups for DFS and OS.

Table S4. Patient characteristics and relationships with α-SMA expression.
	Variables
	Group
	Overall
	α-SMA expression
	P value

	
	
	n=71
	High (n=35)
	Low (n=36)
	

	Age, median (range)
	
	52 (31–78)
	51 (31–76)
	52 (34–78)
	0.216

	Sex, n (%)
	Female
	8 (11.3)
	4 (11.4)
	4 (11.1)
	1.000

	
	Male
	63 (88.7)
	31 (88.6)
	32 (88.9)
	

	Pathological grade, n (%)
	Medium/high differentiation
	35 (49.3)
	15 (42.9)
	20 (55.6)
	0.285

	
	Low differentiation
	36 (50.7)
	20 (57.1)
	16 (44.4)
	

	Tumor size, n (%)
	≤5 cm
	47 (66.2)
	20 (57.1)
	27 (75.0)
	0.112

	
	>5 cm
	24 (33.8)
	15 (42.9)
	9 (25.0)
	

	Tumor capsule, n (%)
	Complete
	35 (49.3)
	14 (40.0)
	21 (58.3)
	0.122

	
	Incomplete
	36 (50.7)
	21 (60.0)
	15 (41.7)
	

	Vascular invasion, n (%)
	Absent
	50 (70.4)
	20 (57.1)
	30 (83.3)
	0.016

	
	Present
	21 (29.6)
	15 (42.9)
	6 (16.7)
	

	Cirrhosis, n (%)
	Negative
	7 (9.9)
	1 (2.9)
	6 (16.7)
	0.107

	
	Positive
	64 (90.1)
	34 (97.1)
	30 (83.3)
	

	HBsAg, n (%)
	Negative
	16 (22.5)
	9 (25.7)
	7 (19.4)
	0.527

	
	Positive
	55 (77.5)
	26 (74.3)
	29 (80.6)
	

	AFP, n (%)
	≤20 μg/L
	32 (45.1)
	18 (51.4)
	14 (38.9)
	0.288

	
	>20 μg/L
	39 (54.9)
	17 (48.6)
	22 (61.1)
	

	T stage, n (%)
	T1
	50 (70.4)
	20 (57.1)
	30 (83.3)
	0.024

	
	T2
	19 (26.8)
	14 (40.0)
	5 (13.9)
	

	
	T3
	2 (2.8)
	1 (2.9)
	1 (2.8)
	

	AJCC stage, n (%)
	I
	50 (70.4)
	20 (57.1)
	30 (83.3)
	0.012

	
	II
	20 (28.2)
	15 (42.9)
	5 (13.9)
	

	
	III
	1 (1.4)
	0 (0.0)
	1 (2.8)
	


Note. Statistical significance (P<0.05) is shown in bold. Chi-square test and Fisher’s exact test. 

Table S5. Patient characteristics and relationships with COMP expression.
	Variables
	Group
	Overall
	COMP expression
	P value

	
	
	n=71
	High (n=35)
	Low (n=36)
	

	Age, median (range)
	
	52 (31–78)
	56 (32–76)
	48 (31–78)
	0.018

	Sex, n (%)
	Female
	8 (11.3)
	6 (17.1)
	2 (5.6)
	0.151

	
	Male
	63 (88.7)
	29 (82.9)
	34 (94.4)
	

	Pathological grade, n (%)
	Medium/high differentiation
	35 (49.3)
	18 (51.4)
	17 (47.2)
	0.723

	
	Low differentiation
	36 (50.7)
	17 (48.6)
	19 (52.8)
	

	Tumor size, n (%)
	≤5 cm
	47 (66.2)
	24 (68.6)
	23 (63.9)
	0.677

	
	>5 cm
	24 (33.8)
	11 (31.4)
	13 (36.1)
	

	Tumor capsule, n (%)
	Complete
	35 (49.3)
	16 (45.7)
	19 (52.8)
	0.552

	
	Incomplete
	36 (50.7)
	19 (54.3)
	17 (47.2)
	

	Vascular invasion, n (%)
	Absent
	50 (70.4)
	24 (68.6)
	26 (72.2)
	0.736

	
	Present
	21 (29.6)
	11 (31.4)
	10 (27.8)
	

	Cirrhosis, n (%)
	Negative
	7 (9.9)
	2 (5.7)
	5 (13.9)
	0.429

	
	Positive
	64 (90.1)
	33 (94.3)
	31 (86.1)
	

	HBsAg, n (%)
	Negative
	16 (22.5)
	11 (31.4)
	5 (13.9)
	0.077

	
	Positive
	55 (77.5)
	24 (68.6)
	31 (86.1)
	

	AFP, n (%)
	≤20 μg/L
	32 (45.1)
	18 (51.4)
	14 (38.9)
	0.288

	
	>20 μg/L
	39 (54.9)
	17 (48.6)
	22 (61.1)
	

	T stage, n (%)
	T1
	50 (70.4)
	24 (68.6)
	26 (72.2)
	0.894

	
	T2
	19 (26.8)
	10 (28.6)
	9 (25.0)
	

	
	T3
	2 (2.8)
	1 (2.9)
	1 (2.8)
	

	AJCC stage, n (%)
	I
	50 (70.4)
	24 (68.6)
	26 (72.2)
	0.697

	
	II
	20 (28.2)
	11 (31.4)
	9 (25.0)
	

	
	III
	1 (1.4)
	0 (0.0)
	1 (2.8)
	


Note. Statistical significance (P<0.05) is shown in bold. Chi-square test and Fisher’s exact test. 

Table S6. Patient characteristics and relationships with spatial α-SMA⁺COMP⁺ cell density.
	Variables
	Group
	Overall
	Tumor α-SMA⁺COMP⁺ density
	P value

	
	
	n=71
	High(n=35)
	Low(n=36)
	

	Age, median (range)
	
	52 (31–78)
	57 (32–77)
	48 (31–78)
	0.004

	Sex, n (%)
	Female
	8 (11.3)
	5 (14.3)
	3 (8.3)
	0.478

	
	Male
	63 (88.7)
	30 (85.7)
	33 (91.7)
	

	Pathological grade, n (%)
	Medium/high differentiation
	35 (49.3)
	14 (40.0)
	21 (58.3)
	0.122

	
	Low differentiation
	36 (50.7)
	21 (60.0)
	15 (41.7)
	

	Tumor size, n (%)
	≤5 cm
	47 (66.2)
	22 (62.9)
	25 (69.4)
	0.557

	
	>5 cm
	24 (33.8)
	13 (37.1)
	11 (30.6)
	

	Tumor capsule, n (%)
	Complete
	35 (49.3)
	12 (34.3)
	23 (63.9)
	0.013

	
	Incomplete
	36 (50.7)
	23 (65.7)
	13 (36.1)
	

	Vascular invasion, n (%)
	Absent
	50 (70.4)
	23 (65.7)
	27 (75.0)
	0.391

	
	Present
	21 (29.6)
	12 (34.3)
	9 (25.0)
	

	Cirrhosis, n (%)
	Negative
	7 (9.9)
	2 (5.7)
	5 (13.9)
	0.429

	
	Positive
	64 (90.1)
	33 (94.3)
	31 (86.1)
	

	HBsAg, n (%)
	Negative
	16 (22.5)
	10 (28.6)
	6 (16.7)
	0.230

	
	Positive
	55 (77.5)
	25 (71.4)
	30 (83.3)
	

	AFP, n (%)
	≤20 μg/L
	32 (45.1)
	14 (40.0)
	18 (50.0)
	0.397

	
	>20 μg/L
	39 (54.9)
	21 (60.0)
	18 (50.0)
	

	T stage, n (%)
	T1
	50 (70.4)
	23 (65.7)
	27 (75.0)
	0.710

	
	T2
	19 (26.8)
	11 (31.4)
	8 (22.2)
	

	
	T3
	2 (2.8)
	1 (2.9)
	1 (2.8)
	

	AJCC stage, n (%)
	I
	50 (70.4)
	23 (65.7)
	27 (75.0)
	0.361

	
	II
	20 (28.2)
	12 (34.3)
	8 (22.2)
	

	
	III
	1 (1.4)
	0 (0.0)
	1 (2.8)
	


Note. Statistical significance (P<0.05) is shown in bold. Chi-square test and Fisher’s exact test. 

Table S7. Patient characteristics and relationships with spatial SLC7A11⁺PanCK⁺ cell density.
	Variables
	Group
	Overall
	Tumor SLC7A11⁺PanCK⁺ density
	P value

	
	
	n=71
	High(n=35)
	Low(n=36)
	

	Age, median (range)
	
	52 (31–78)
	52 (32–76)
	50.5 (31–78)
	0.629

	Sex, n (%)
	Female
	8 (11.3)
	4 (11.4)
	4 (11.1)
	1.000

	
	Male
	63 (88.7)
	31 (88.6)
	32 (88.9)
	

	Pathological grade, n (%)
	Medium/high differentiation
	35 (49.3)
	15 (42.9)
	20 (55.6)
	0.285

	
	Low differentiation
	36 (50.7)
	20 (57.1)
	16 (44.4)
	

	Tumor size, n (%)
	≤5 cm
	47 (66.2)
	21 (60.0)
	26 (72.2)
	0.276

	
	>5 cm
	24 (33.8)
	14 (40.0)
	10 (27.8)
	

	Tumor capsule, n (%)
	Complete
	35 (49.3)
	15 (42.9)
	20 (55.6)
	0.285

	
	Incomplete
	36 (50.7)
	20 (57.1)
	16 (44.4)
	

	Vascular invasion, n (%)
	Absent
	50 (70.4)
	25 (71.4)
	25 (69.4)
	0.855

	
	Present
	21 (29.6)
	10 (28.6)
	11 (30.6)
	

	Cirrhosis, n (%)
	Negative
	7 (9.9)
	2 (5.7)
	5 (13.9)
	0.429

	
	Positive
	64 (90.1)
	33 (94.3)
	31 (86.1)
	

	HBsAg, n (%)
	Negative
	16 (22.5)
	7 (20.0)
	9 (25.0)
	0.614

	
	Positive
	55 (77.5)
	28 (80.0)
	27 (75.0)
	

	AFP, n (%)
	≤20 μg/L
	32 (45.1)
	14 (40.0)
	18 (50.0)
	0.397

	
	>20 μg/L
	39 (54.9)
	21 (60.0)
	18 (50.0)
	

	T stage, n (%)
	T1
	50 (70.4)
	25 (71.4)
	25 (69.4)
	1.000

	
	T2
	19 (26.8)
	9 (25.7)
	10 (27.8)
	

	
	T3
	2 (2.8)
	1 (2.9)
	1 (2.8)
	

	AJCC stage, n (%)
	I
	50 (70.4)
	25 (71.4)
	25 (69.4)
	1.000

	
	II
	20 (28.2)
	10 (28.6)
	10 (27.8)
	

	
	III
	1 (1.4)
	0 (0.0)
	1 (2.8)
	


Note. Statistical significance (P<0.05) is shown in bold. Chi-square test and Fisher’s exact test. 

Table S8. Patient characteristics according to intratumoral α-SMA⁺COMP⁺ cell and SLC7A11⁺PanCK⁺ cell densities.
	Variables
	Group
	Tumor α-SMA⁺COMP⁺ / tumor SLC7A11⁺PanCK⁺ subgroups
	P value

	
	
	Overall (n=71)
	High/High (n=24)
	High/Low (n=11)
	Low/High (n=11)
	Low/Low (n=25)
	

	Age, median (range)
	
	52 (31–78)
	56.5 (41–76)
	57 (32–77)
	48 (32–60)
	48 (31–78)
	0.031

	Sex, n (%)
	Female
	8 (11.3)
	3 (12.5)
	2 (18.2)
	1 (9.1)
	2 (8.0)
	0.799

	
	Male
	63 (88.7)
	21 (87.5)
	9 (81.8)
	10 (90.9)
	23 (92.0)
	

	Pathological grade, n (%)
	Medium/high differentiation
	35 (49.3)
	9 (37.5)
	5 (45.5)
	6 (54.5)
	15 (60.0)
	0.446

	
	Low differentiation
	36 (50.7)
	15 (62.5)
	6 (54.5)
	5 (45.5)
	10 (40.0)
	

	Tumor size, n (%)
	≤5 cm
	47 (66.2)
	14 (58.3)
	8 (72.7)
	7 (63.6)
	18 (72.0)
	0.751

	
	>5 cm
	24 (33.8)
	10 (41.7)
	3 (27.3)
	4 (36.4)
	7 (28.0)
	

	Tumor capsule, n (%)
	Complete
	35 (49.3)
	8 (33.3)
	4 (36.4)
	7 (63.6)
	16 (64.0)
	0.100

	
	Incomplete
	36 (50.7)
	16 (66.7)
	7 (63.6)
	4 (36.4)
	9 (36.0)
	

	Vascular invasion, n (%)
	Absent
	50 (70.4)
	15 (62.5)
	8 (72.7)
	10 (90.9)
	17 (68.0)
	0.404

	
	Present
	21 (29.6)
	9 (37.5)
	3 (27.3)
	1 (9.1)
	8 (32.0)
	

	Cirrhosis, n (%)
	Negative
	7 (9.9)
	2 (8.3)
	0 (0.0)
	0 (0.0)
	5 (20.0)
	0.279

	
	Positive
	64 (90.1)
	22 (91.7)
	11 (100.0)
	11 (100.0)
	20 (80.0)
	

	HBsAg, n (%)
	Negative
	16 (22.5)
	5 (20.8)
	5 (45.5)
	2 (18.2)
	4 (16.0)
	0.291

	
	Positive
	55 (77.5)
	19 (79.2)
	6 (54.5)
	9 (81.8)
	21 (84.0)
	

	AFP, n (%)
	≤20 μg/L
	32 (45.1)
	9 (37.5)
	5 (45.5)
	5 (45.5)
	13 (52.0)
	0.795

	
	>20 μg/L
	39 (54.9)
	15 (62.5)
	6 (54.5)
	6 (54.5)
	12 (48.0)
	

	T stage, n (%)
	T1
	50 (70.4)
	15 (62.5)
	8 (72.7)
	10 (90.9)
	17 (68.0)
	0.766

	
	T2
	19 (26.8)
	8 (33.3)
	3 (27.3)
	1 (9.1)
	7 (28.0)
	

	
	T3
	2 (2.8)
	1 (4.2)
	0 (0.0)
	0 (0.0)
	1 (4.0)
	

	AJCC stage, n (%)
	I
	50 (70.4)
	15 (62.5)
	8 (72.7)
	10 (90.9)
	17 (68.0)
	0.524

	
	II
	20 (28.2)
	9 (37.5)
	3 (27.3)
	1 (9.1)
	7 (28.0)
	

	
	III
	1 (1.4)
	0 (0.0)
	0 (0.0)
	0 (0.0)
	1 (4.0)
	


Note. Statistical significance (P<0.05) is shown in bold. Chi-square test and Fisher’s exact test. 
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