Tumor ferroptosis status demonstrated vulnerability to chemotherapy and reflected immune-activation in colorectal cancer
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Table S1: ferroptosis related gene according to publications
	Iron Metabolism
	NCOA41,2, ACO12, FTH13, STEAP34, FANCD24,5, NFS16,7, TFRC8,9, PHKG210, IREB211, HSBP112, HMOX113,14, CISD1/mitoNEET15, 

	Lipid Metabolism
	ACSF211, CS(citrate synthase )11, LPCAT316 , ACSL416,17, ACSL318, ACACA16, GPX419, AKR1C20, LOX10,21, PEBP122, ZEB123, SQS/FDFT124,25, SQLE25, HMGCR24, FADS226

	Energy Metabolism
	SLC1A58, GLS28, GOT18, G6PD2,11, PGD11

	Oxidant Metabolism
	NRF23,27, KEAP128, HMOX129, NQO13, SLC7A1111, GCLC19, CARS30, CBS30, NOX111, ABCC1/MRP12
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Table S2. Relationship between significant markers and clinical characteristics in CRC patients
	
	Ferroptosis markers

	
	GPX4
	NOX1
	FACL4

	Factors
	Low (%)
	High (%)
	P
	Low (%)
	High (%)
	P
	Low (%)
	High (%)
	P

	All patients
	463
	 448
	
	459
	452
	
	450
	461
	

	Age (years)
	
	
	0.088
	
	
	0.228
	
	
	0.358

	≤60
	187 (40.4)
	206 (46.0)
	
	189 (41.2)
	204 (45.1)
	
	201 (44.7)
	192 (41.6)
	

	>60
	276 (59.6)
	242 (54.0)
	
	270 (58.8)
	96 (54.9)
	
	249 (55.3)
	269 (58.4)
	

	Gender
	
	
	0.753
	
	
	0.500
	
	
	0.609

	Male
	266 (57.5)
	262 (58.5)
	
	261 (56.9)
	267 (59.1)
	
	257 (57.1)
	271 (58.8)
	

	Female
	197 (42.5)
	186 (41.5)
	
	198 (43.1)
	185 (40.9)
	
	193 (42.9)
	190 (41.2)
	

	CEA (ng/ml)
	
	
	0.423
	
	
	0.353
	
	
	0.142

	≤ 5
	252 (54.4)
	222 (49.6)
	
	232 (50.5)
	242
(53.5)
	
	220 (48.9)
	254 (55.1)
	

	> 5
	200 (43.2)
	215 (48.0)
	
	213 (46.4)
	202 (44.7)
	
	217 (48.2)
	198 (43.0)
	

	Unknown
	11 
(2.4)
	11 (2.5)
	
	14 (3.1)
	8 (1.8)
	
	13 (2.9)
	9 (2.0)
	

	Tumor location
	
	
	0.192
	
	
	0.393
	
	
	0.637

	Right-sided colon
	121 (26.1)
	133 (29.7)
	
	136 (29.6)
	118 (26.1)
	
	129 (28.7)
	125 (27.1)
	

	Left-sided colon
	112 (24.2)
	122 (27.2)
	
	120 (26.1)
	114 (25.2)
	
	117 (26.0)
	117 (25.4)
	

	Rectum
	230 (49.7)
	193 (43.1)
	
	203 (44.2)
	220 (48.7)
	
	204 (45.3)
	219 (47.5)
	

	Tumor size
	
	
	0.001
	
	
	0.001
	
	
	0.001

	≤4.0cm
	256 (55.3)
	129 (28.8)
	
	123 (26.8)
	262 (58.0)
	
	263 (59.4)
	122 (26.5)
	

	>4.0cm
	207 (44.7)
	319 (71.2)
	
	336 (73.2)
	190 (42.0)
	
	180 (40.6)
	339 (73.5)
	

	Primary histological type
	
	
	0.427
	
	
	0.468
	
	
	0.949

	  Non-mucinous
	387 (83.6)
	383 (85.5)
	
	384 (83.7)
	386 (85.4)
	
	380 (84.4)
	390 (84.6)
	

	Mucinous
	76 (16.4)
	65 (14.5)
	
	75 (16.3)
	66 (14.6)
	
	70 (15.6)
	71 (15.4)
	

	[bookmark: _Hlk500183620]Primary differentiation
	
	
	0.009
	
	
	0.425
	
	
	0.868

	Well/moderate
	349 (73.8)
	295 (65.8)
	
	330 (71.1)
	314 (68.7)
	
	317 (69.7)
	 327 (70.2)
	

	[bookmark: OLE_LINK30][bookmark: OLE_LINK31]Poor/anaplastic
	124 (26.2)
	153 (34.2)
	
	134 (28.9)
	143 (31.3)
	
	138 (30.3)
	139 (29.8)
	

	T stage
	
	
	0.960
	
	
	0.001
	
	
	0.565

	T1/T2
	224 (48.4)
	216 (48.2)
	
	180 (39.2)
	260 (57.5)
	
	213 (47.3)
	227 (49.2)
	

	T3/T4
	239 (51.6)
	232 (51.8)
	
	279 (60.8)
	192 (41.8)
	
	237 (52.7)
	234 (50.8)
	

	N stage
	
	
	0.029
	
	
	0.937
	
	
	0.096

	N0
	269 (58.1)
	228 (50.9)
	
	251 (54.7)
	246 (54.4)
	
	233 (51.8)
	264 (57.3)
	

	N1/N2
	194 (41.9)
	220 (49.1)
	
	208 (45.3)
	206 (45.6)
	
	217 (48.2)
	197 (42.7)
	

	Vascular/nerve invasion
	
	 
	0.891
	
	
	0.001
	
	
	0.021

	No
	386 (83.4)
	375 (83.7)
	
	356 (77.6)
	405 (89.6)
	
	363 (80.7)
	398 (86.3)
	

	Yes
	77 (16.6)
	73 (16.3)
	
	103 (22.4)
	47 (10.4)
	
	87 (19.3)
	63 (13.7)
	

	M stage
	
	
	0.057
	
	
	0.136
	
	
	0.001

	  M0
	363 (78.4)
	327 (73.0)
	
	338 (73.6)
	352 (77.9)
	
	313 (69.9)
	377 (81.8)
	

	M1
	100 (21.6)
	121 (27.0)
	
	121 (26.4)
	100 (22.1)
	
	137 (30.4)
	84 (18.2)
	


Abbreviations: T, tumor invasion depth; N, lymph node involvement; M, metastasis.


	Characteristics
	Univariate analysis
	Multivariate analysis

	
	Pvalue
	HR
	95%CI
	Pvalue
	HR
	95%CI

	Gender
	0.078
	
	
	
	
	

	 Male
	
	1(Reference)
	1(Reference)
	
	
	

	 Female
	
	1.223
	0.843-1.526
	
	
	

	Age
	0.945
	
	
	
	
	

	 ≥60
	
	1(Reference)
	1(Reference)
	
	
	

	 <60
	
	1.008
	0.809-1.255
	
	
	

	Primary site
	0.085
	
	
	
	
	

	 Left sided colon
	
	1(Reference)
	1(Reference)
	
	
	

	 Right sided colon
	
	0.173
	0.024-1.246
	
	
	

	 Rectum
	
	0.122
	0.024-1.267
	
	
	

	Tumor size
	0.035
	
	
	0.163
	
	

	 ≤4.0cm
	
	1(Reference)
	1(Reference)
	
	1(Reference)
	1(Reference)

	 >4.0cm
	
	1.235
	1.012-1.561
	
	1.185
	0.934-1.505

	Differentiation
	0.001
	
	
	0.023
	
	

	Well/moderate
	
	1(Reference)
	1(Reference)
	
	1(Reference)
	1(Reference)

	Poor/anaplastic
	
	1.654
	1.321-2.069
	
	1.331
	1.040-1.703

	T stage
	0.001
	
	
	0.197
	
	

	 T1/T2
	
	1(Reference)
	1(Reference)
	
	1(Reference)
	1(Reference)

	 T3/T4
	
	2.813
	1.884-4.201
	
	1.341
	0.859-2.904

	N stage
	0.001
	
	
	0.001
	
	

	 N0
	
	1(Reference)
	1(Reference)
	
	1(Reference)
	1(Reference)

	 N1/N2
	
	2.886
	2.297-3.626
	
	1.724
	1.315-2.259

	M stage
	0.001
	
	
	0.001
	
	

	 M0
	
	1(Reference)
	1(Reference)
	
	1(Reference)
	1(Reference)

	 M1
	
	8.197
	6.579-10.309
	
	2.631
	2.315-2.994

	Vascular/nerve invasion
	0.078
	
	
	
	
	

	 No
	
	1(Reference)
	1(Reference)
	
	
	

	 Yes
	
	0.625
	0.446-1.372
	
	
	

	GPX4
	0.001
	
	
	0.014
	
	

	 High expression
	
	1(Reference)
	1(Reference)
	
	1(Reference)
	1(Reference)

	 Low expression
	
	0.678
	0.542-0.837
	
	0.740
	0.581-0.941

	NOX1
	0.001
	
	
	0.026
	
	

	 High expression
	
	1(Reference)
	1(Reference)
	
	1(Reference)
	1(Reference)

	 Low expression
	
	1.491
	1.203-1.845
	
	1.311
	1.033-1.665

	FACL4
	0.001
	
	
	0.015
	
	

	 High expression
	
	1(Reference)
	1(Reference)
	
	1(Reference)
	1(Reference)

	 Low expression
	
	1.47
	1.12-1.75
	
	1.336
	1.213-1.656


Table S3: Univariate and multivariate analysis for OS among 911 CRC patients


[bookmark: OLE_LINK23][bookmark: OLE_LINK24]Table S4. Baseline clinicopathological characteristics of training and validation cohorts
	
	Training set
	Validation set
	P-value

	Factors
	No.
	%
	No.
	%
	

	All patients
	455
	100.0
	456
	100
	

	Age (years)
	
	
	
	
	0.660

	≤ 60
	193
	42.4
	200
	43.9
	

	> 60
	262
	57.6
	256
	56.1
	

	Gender
	
	
	
	
	0.969

	Male
	264
	58.0
	264
	58.0
	

	Female
	191
	42.0
	192
	42.0
	

	CEA (ng/ml)
	
	
	
	
	0.097

	≤ 5
	238
	52.3
	236
	51.8
	

	> 5
	211
	46.4
	204
	44.7
	

	Unknown
	6
	1.3
	16
	3.5
	

	Tumor location
	
	
	
	
	0.906

	Right-sided colon
	128
	28.1
	126
	27.6
	

	Left-sided colon
	121
	26.6
	122
	26.8
	

	Rectum
	206
	45.3
	217
	47.6
	

	Tumor size
	
	
	
	
	0.399

	≤ 4.0cm
	186
	40.9
	199
	43.6
	

	> 4.0cm
	269
	59.1
	257
	56.4
	

	Primary histological type
	
	
	
	
	0.938

	[bookmark: _Hlk320286185]  Non-mucinous
	385
	84.6
	385
	84.4
	

	Mucinous
	70
	15.4
	71
	15.6
	

	Primary differentiation
	
	
	
	
	0.477

	Well/moderate
	323
	71.8
	321
	69.6
	

	Poor/ anaplastic
	127
	28.2
	140
	30.4
	

	T stage
	
	
	
	
	0.574

	T1/T2
	224
	49.2
	216
	47.4
	

	T3/T4
	231
	50.8
	240
	52.6
	

	N stage
	
	
	
	
	0.442

	N0
	254
	55.8
	243
	53.3
	

	N1/N2
	201
	44.2
	213
	46.7
	

	Nerve/Vascular invasion
	
	
	
	
	0.988

	No
	375
	82.4
	376
	82.5
	

	Yes
	80
	17.6
	80
	17.5
	

	M stage
	
	
	
	
	0.406

	M0
	350
	76.9
	340
	74.6
	

	M1
	105
	23.1
	116
	25.4
	




Table S5. Comparison of predictive accuracies of prognostic models
	
	Training cohort 
	Validation cohort

	Factor
	C-index
	95%CI
	P-value
	C-index
	95%CI
	P-value

	Ferroptosis score with TNM
	0.721
	0.682-0.751
	Reference
	0.715
	0.693-0.742
	Reference

	Ferroptosis score
	0.692
	0.654-0.739
	<0.001
	0.681
	0.665-0.716
	<0.001

	GPX4
	0.570
	0.537-0.616
	<0.001
	0.565
	0.535-0.621
	<0.001

	NOX1
	0.526
	0.492-0.573
	<0.001
	0.531
	0.502-0.585
	<0.001

	FACL4
	0.562
	0.528-0.614
	<0.001
	0.554
	0.532-0.608
	<0.001

	Pathological T stage
	0.622
	0.565-0.668
	<0.001
	0.632
	0.598-0.674
	<0.001

	Lymph nodes metastasis
	0.610
	0.545-0.654
	<0.001
	0.601
	0.573-0.645
	<0.001

	Distant metastasis
	0.682
	0.643-0.726
	<0.001
	0.665
	0.638-0.728
	<0.001

	TNM
	0.701
	0.635-0.745
	0.035
	0.697
	0.675-0.721
	0.029


Abbreviations: C-index, Harrell’s Concordance index; TNM, tumor node metastasis; CI, confidence interval.
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Supplementary information 1
Exploration of Ferroptosis-related gene in pubmed
We searched the “pubmed” database for ferroptosis-related genes in cancer. The Keywords were “ferroptosis” OR “ferroptotic” AND “cancer” OR “tumor” OR “neoplasm”. The date was from 1. July. 1966 to 1. July.2020. The number of references was as follows:
	Database
	Key words
	Number of reference

	PubMed
(1966-2020-7-1)
	Ferroptosis OR ferroptotic
	1189

	
	Ferroptosis OR ferroptotic AND cancer OR tumor OR neoplasm
	623

	
	Ferroptosis OR ferroptotic AND cancer OR tumor OR neoplasm; article type: “article” OR “review”
	174


With the 174 publications, we further determined 42 ferroptosis related genes in Table S1.


Supporting information 2
Tissue microarray construction, immunohistochemical staining
1. Tissue microarray construction
As a retrospective study, all samples were formalin-fixed paraffin-embedded (FFPE) tissue blocks retrieved from Department of Pathology, Zhongshan Hospital, Fudan University. These FFPE tissue blocks were made for routine pathological examination after surgery, according to Chinese Standardization Criteria for Tumor Pathology Diagnosis (by National Health Commission of China). In this study, FFPE blocks of tumor tissues without necroses were selected as “Tumor samples”. The position of tissue blocks on the surgical specimen is shown as Figure 1. In Figure 1 was a surgical specimen of radical right hemicolectomy. Tumor region was marked by dotted line, and the necrotic region at tumor center was marked by solid line. FFPE tissue blocks sampled in the annular region between dotted and solid lines were selected as “Tumor samples”. Two pieces of “Tumor samples” were selected, located at different side of the tumor (in our Zhongshan Hospital, Fudan University, each tumor was required to sample more than 4 pieces at different side in this annular region for routine pathological examination, providing sufficient FFPE tissue blocks for selection). At the same time, normal mucosa tissues at colon resection margin were selected as “Normal mucosa sample”, as shown in Figure 1. 
For tumor and normal specimen, tissue microarray (TMA) was constructed using FFPE tissue blocks as previously reported (PMID: 30988081). The diameter of tissue core was 2 mm. All samples were reviewed histologically by hematoxylin and eosin staining. Representative areas were marked on the paraffin blocks away from necrotic and hemorrhagic materials. Histological review was also constructed to avoid necrotic and hemorrhagic tumor regions.
For each patient, two cores of tumor tissues were taken from two tumor specimen as was shown in Figure 2(A). Tumor cores were taken in the middle of tumor sample piece, which were away from necrotic area. Correlated normal mucosa tissues were taken from two different areas of one “normal mucosa” in the middle of resection line (Figure 2B). Thus TMA was constructed (Figure 2C).
[image: ]
Figure 1: Position of the tissue blocks on surgical specimen
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Figure 2: (A) Making tumor tissue cores; (B) Making normal mucosa tissue cores; (C) Tissue microarray of CRC cohort; (D) and (E) representative image of total immunohistochemical staining for tissue microarray.


2. Immunohistochemical staining
Briefly, sections were deparaffinized in xylene and graded alcohols, hydrated, and washed in phosphate-buffered saline. After the endogenous peroxidase was inhibited by 3% H2O2 for 30 minutes, the sections were heated in a pressure cooker for 5 minutes in unmasking solution (0.01 M sodium citrate buffer, pH = 6) and then incubated in 10% normal goat serum for 30 minutes. Primary antibodies were applied overnight in a moist chamber at 4°C. After the primary antibody was washed off, the EnVision Detection System (Peroxidase/DAB, Rabbit/Mouse, Dako) was used according to the instructions. Then the sections were counterstained with hematoxylin, dehydrated and mounted.


Supplementary information 3
Evaluation of the stability and repeatability of the detection method for ferroptosis-related genes
In our study, 2 pathologists, Dr Lingli Chen (Pathologist A) and Dr Jiamei Yao (Pathologist B) from Department of Pathology, Zhongshan Hospital, Fudan University performed the work of detecting ferroptosis-related markers, including the proportion of positive tumor cells in the tissues and the average intensity of positive tumor cells. For each patient, there were 2 tumor cores named as tumor core 1 and tumor core 2. And for each tumor core, 3 photos of HPF (200x) were taken at different area. A total of 2683 photos were taken for tumor cores of all patients. The IHC score from Pathologist A and Pathologist B were compared on each photo, using intraclass correlation coefficient (ICC) to evaluate the stability and repeatability of our detection method. According to the comparison between Pathologist A and B, in all photos of each tumor core, the R square were in high value > 0.95, showing good consistency. This confirmed the stability and repeatability of our detection method of IHC score. Details were as follows:



[bookmark: OLE_LINK3][bookmark: OLE_LINK4][image: ]Figure 1: (A) GPX4 expression of all photos from Tumor Core 1 and Tumor Core 2 were compared from Pathologist A; (B) GPX4 expression of all photos from Tumor Core 1 and Tumor Core 2 were compared from Pathologist B; (C) GPX4 expression of all photos from Tumor Core 1 were compared between Pathologist A and B; (D) GPX4 expression of all photos from Tumor Core 2 were compared between Pathologist A and B. All these results demonstrated good consistency.

[image: ] Figure 2: (A) NOX1 expression of all photos from Tumor Core 1 and Tumor Core 2 were compared from Pathologist A; (B) NOX1 expression of all photos from Tumor Core 1 and Tumor Core 2 were compared from Pathologist B; (C) NOX1 expression of all photos from Tumor Core 1 were compared between Pathologist A and B; (D) NOX1 expression of all photos from Tumor Core 2 were compared between Pathologist A and B. All these results demonstrated good consistency.


[image: ] Figure 2: (A) FACL4 expression of all photos from Tumor Core 1 and Tumor Core 2 were compared from Pathologist A; (B) FACL4 expression of all photos from Tumor Core 1 and Tumor Core 2 were compared from Pathologist B; (C) FACL4 expression of all photos from Tumor Core 1 were compared between Pathologist A and B; (D) FACL4 expression of all photos from Tumor Core 2 were compared between Pathologist A and B. All these results demonstrated good consistency.


Supplementary information 4
Comparison between normal sections and tissue microarray for immunohistochemical staining
Immunohistochemical staining of Ferroptosis markers was compared between using normal sections and using tissue microarray. Intraclass correlation coefficient (ICC) was used to evaluate the consistency of normal sections and tissue microarray. ICC parameter selected as: two-way mixed model; absolute agreement; single measures. Details are as follows:
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Figure 1: For GPX4 expression, IHC score detected using normal section versus tissue microarray
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Figure 2: For NOX1 expression, IHC score detected using normal section versus tissue microarray
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Figure 3: For FACL4 expression, IHC score detected using normal section versus tissue microarray
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