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Methods
Ten independent datasets that included DNA methylation measures in breast tumour samples and survival outcome data were pooled. The Melbourne Collaborative Cohort Study (MCCS) was used as the primary dataset and complemented by eight publicly available datasets: The Cancer Genome Atlas (TCGA) and seven datasets available from the Gene Expression Omnibus (GEO) (GSE72245, GSE72251, GSE72254, GSE37754, GSE69914, GSE78754, GSE75067, and GSE141441. All datasets used the Illumina HumanMethylation450 (HM450) BeadChip assay for DNA methylation measurement. We provide below a summary of the cohort characteristics, quality control steps and normalization methods.
Melbourne Collaborative Cohort Study (MCCS)
The Melbourne Collaborative Cohort Study (MCCS) recruited 41,513 participants of European ancestry, aged 40-69, in 1990-1994 to study the impact of dietary and lifestyle factors on cancer progression and chronic diseases [1]. Formalin-fixed paraffin-embedded (FFPE) tumour samples from participants diagnosed with invasive breast cancer were analysed using the Illumina Infinium HumanMethylation450K (HM450) BeadChip array. Quality control procedures ensured that 90% of the samples met criteria for DNA integrity and bisulfite conversion [2, 3]. Methylation data were pre-processed and normalized using the ENmix pipeline, which performs background correction, dye-bias adjustment, and probe-type bias correction [4]. Probes and samples were removed if the detection P-value exceeded 0.01 in more than 5% of cases. After excluding five samples with incomplete stage or IHC-based molecular subtype data, the final dataset included 425 samples and 476,155 CpG sites.
The Cancer Genome Atlas (TCGA)
DNA methylation data (HM450) for breast cancer were obtained from the TCGA portal (https://portal.gdc.cancer.gov/). The dataset included clinical information and methylation profiles for 797 breast tumour samples and 97 normal samples [5]. We excluded normal samples, male cases (N=7), metastatic cases (N=5), and cases without available methylation data (N=52). After these exclusions, the final dataset comprised 731 tumour samples. The raw methylation data were normalized using the same approach applied to the MCCS dataset, resulting in a dataset with 473,646 probes.
GSE72308
The GSE72308 dataset includes three cohorts: GSE72245, GSE72251, and GSE72254, providing methylation data (HM450) for 295 breast tumours, including 52 patients with all-cause mortality. Cohort 1 (GSE72245) includes 118 tumour samples from patients diagnosed between 1995 and 2003, while Cohort 2 (GSE72251) contains 119 tumour samples from patients diagnosed between 2004 and 2009, consisting of retrospectively selected fresh-frozen tumours from patients treated with adjuvant therapies. The third cohort, GSE72254, known as the Trial of Principle (TOP) cohort, includes 58 ER-negative patients treated at the same institute between 2003 and 2008, all of whom received neoadjuvant epirubicin monotherapy before surgery [6]. Methylation data from these GEO datasets were normalized using the same approach as used in the MCCS.
GSE37754
This dataset includes DNA methylation data (HM450) from 62 fresh-frozen breast tumour samples, previously analysed in multiple studies [7-9]. The samples were collected from African-American and European-American patients residing in Baltimore, Maryland, recruited between 1993 and 2003, as previously described. Patients were identified through surgery lists at hospitals including the University of Maryland Medical Centre, the Baltimore Veterans Affairs Medical Centre, Union Memorial Hospital, Mercy Medical Centre, and Sinai Hospital and were enrolled into the study prior to surgery [10]. The raw methylation data were processed and normalized using the lumi package in R, as described in the original study [7]. 
GSE69914
This methylation dataset (HM450) originates from a German cohort study, the Bavarian Breast Cancer Cases and Controls Study 2. It includes data from 308 breast tumour samples, with 254 classified as estrogen receptor (ER)-positive and 48 as ER-negative. The dataset, consisting of 485,512 CpG probes, has been used in multiple studies (e.g., Teschendorff et al. [11, 12], Gao et al. [13, 14], Yang et al. [15]). Raw data were normalized using the minfi Bioconductor package as described by Teschendorff et al. Probes with detection P-values larger than 0.05 were assigned to missing and subsequently imputed using the KNN algorithm, resulting in a dataset of 485,512 probes and 308 samples [11].
GSE78754
This dataset included DNA methylation data (HM450) from 70 invasive ductal carcinomas triple-negative breast cancers (TNBCs) patients of which 31 patients experienced death due to breast cancer [16], from the Australian Breast Cancer Tissue Bank [17]. Raw data were normalized using Illumina normalization in Genomic Suite 6.6 (Partek) [16], which resulted in a matrix of 485,512 probes and 70 samples.
GSE75067
This dataset included 188 breast tumours collected from the Southern Sweden Breast Cancer Group tissue bank at the Department of Oncology and Pathology, Skåne University Hospital (Lund, Sweden), and from the Department of Pathology, Landspitali University Hospital (Reykjavik, Iceland) [18]. DNA methylation data (HM450) were normalized using peak-based correction with Epanechnikov kernel smoothing to adjust for Infinium I and II probe biases, aligning unmethylated and methylated peaks to 0 and 1, respectively [18, 19].
GSE141441
This dataset included FFPE tumour samples from 279 triple-negative breast cancer (TNBC) cases collected from Johns Hopkins University, Duke University Medical Center, the University of Iowa, and the International Breast Cancer Study Group (IBCSG) [20]. Quality control steps included exclusion of samples with DNA quantity below 300 ng, high detection p-values (P > 0.01), and those with a percentage of probes passing QC that was more than 2.5 standard deviations below the average across all samples and imported in the Partek Genomics Suite [20].
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	EWAS of survival
	Effect modification

	
	Adjusted for age1
	Adjusted for age and ER status2
	ER status3

	Five-year all-cause deaths (N = 272)

	Bonferroni significant
	2,535
	281
	11

	
	FDR q-value <0.05
	47,954
	24,912
	452


Table S1. Number of CpG associated with the survival outcome.
[bookmark: _Hlk191646774]ER, estrogen receptor; EWAS, Epigenome-wide association study
Bonferroni-adjusted significance threshold (P < 1x10-7) and FDR-q-value<0.05 were used to identify individual methylation markers. 
1. [bookmark: _Hlk196485293]Model 1: Adjusted for age + stratified by study
2. Model 2: Model 1+ ER status
3. Model 2 + methylation marker × ER status













	Probes
	Promoter region, N (%)
	Non-promoter regions, N (%)
	Total 

	
	TSS200
	TSS1500 
	  5'UTR
	1stExon
	Body 
	3'UTR 
	Not annotated
	

	All CpGs 
	35858 (10.7%)
	49355 (14.8)
	30623 (9.2)
	16093 (4.8)
	114034 (34.1)
	12416 (3.7)
	76199 (22.8)
	334578  

	Promoter associated probes
	18319 (28.3%)
	16332 (25.2)
	8921 (13.8)
	6348 (9.8)
	10426 (16.1)
	500 (0.8)
	3851 (6.0)
	64697

	Signals; age-adjusted model1
	126 (5.0%)
	322 (12.7)
	201 (7.9)
	63 (2.5)
	957 (37.8)
	93 (3.7)
	773 (30.5)
	2535

	Signals; age and ER status-adjusted model2
	11 (3.9%)
	35 (12.5)
	21 (7.5)
	13 (4.6)
	104 (37.0)
	12 (4.3)
	85 (30.2)
	281


Table S2.  The distribution of methylation makers within promoter regions.
ER, estrogen receptor
1. Model 1: Adjusted for age + stratified by study
2. Model 2: Model 1+ ER status


The following supplementary tables are attached as excel files 
Table S3a. Replication of individual methylation markers of survival identified in primary EWAS age-adjusted model in GSE141441 dataset.
Table S3b. Replication of individual methylation markers of survival identified in primary EWAS age and ER status-adjusted model in GSE141441 dataset.
Table S3c. Replication of individual methylation markers of survival identified in subgroup analysis of ER-negative cases in GSE141441 dataset.
Table S3d. Replication of individual methylation markers of survival identified in subgroup analysis of ER-positive cases in GSE141441 dataset.













[bookmark: _Hlk204176677]Table S4. Replication of previously reported individual methylation markers of survival in the primary EWAS (model1).
	
	MCCS
	Pooled dataset

	CpG
	Study
	Gene
	Direction1
	HR (95% CI)
	P2
	HR (95% CI)
	P3

	cg01268824
	De Almeida et al. [21]
	ZNF154
	+
	1.18 (0.93,1.51)
	0.18
	1.12 (0.99, 1.27)
	0.08

	cg22674699
	
	HOXD9
	+
	1.46 (1.11,1.91)
	0.01
	1.29 (1.13, 1.47)
	2.2 x 10-4

	cg12374721
	
	C17orf93
	+
	1.58 (1.21,2.07)
	0.001
	NA
	

	cg18081940
	
	TDRD10
	+
	1.41 (1.08,1.85)
	0.01
	1.42 (1.23, 1.63)
	1.5 x 10-6

	cg04475027
	
	TMEM132C
	+
	1.26 (0.97,1.63)
	0.08
	1.13 (0.99, 1.30)
	0.07

	cg03985718
	Kim et al. [22]
	TGFBRAP1
	-
	1.16 (0.90,1.51)
	0.25
	0.91 (0.76, 1.08)
	0.26

	cg04921068
	
	PPM1L
	-
	0.86 (0.65,1.13)
	0.28
	NA
	

	cg15462203
	
	DVL1
	-
	0.92 (0.74,1.15)
	0.46
	0.86 (0.70, 1.05)
	0.14

	cg17827670
	
	AHCYL2
	-
	0.64 (0.46,0.90)
	0.01
	1.06 (0.94, 1.20)
	0.32

	cg09926728
	
	SH3PXD2A
	-
	0.86 (0.71,1.03)
	0.11
	0.94 (0.82, 1.07)
	0.34

	cg18703983
	
	KCNS3
	-
	0.74 (0.62,0.89)
	0.001
	0.80 (0.72, 0.89)
	8.1 x 10-5

	cg16976520
	
	ESYT2
	-
	0.89 (0.71,1.11)
	0.29
	NA
	

	cg17735983
	
	MZF1
	+
	1.34 (1.14,1.59)
	0.001
	1.23 (1.14, 1.34)
	2.6 x 10-7

	cg10678486
	
	ELAC1
	+
	1.18 (1.01,1.38)
	0.04
	1.08 (0.98, 1.18)
	0.13

	cg13447284
	
	
	-
	1.08 (0.84,1.39)
	0.54
	0.89 (0.73, 1.10)
	0.29

	cg24328142
	
	TSPAN15
	-
	0.76 (0.62,0.95)
	0.01
	0.74 (0.66, 0.83)
	2.2 x 10-7

	cg03216043
	
	DNM2
	-
	1.09 (0.84,1.40)
	0.52
	0.82 (0.73, 0.92)
	0.008

	cg22776912
	
	TMC3
	-
	1.01 (0.79,1.29)
	0.94
	0.76 (0.67, 0.85)
	4.0 x 10-6

	cg06956006
	
	ACLY
	-
	0.99 (0.78,1.25)
	0.91
	NA
	

	cg00175150
	
	ECM1
	-
	0.84 (0.70,1.01)
	0.07
	0.84 (0.70, 1.01)
	0.07

	cg15348839
	
	
	-
	0.98 (0.78,1.24)
	0.88
	0.87 (0.74, 1.01)
	0.07

	cg12511487
	
	
	-
	0.81 (0.66,1.00)
	0.05
	0.83 (0.74, 0.93)
	0.001
















HR: hazard ratio; CI: confidence interval; NA: not available in the pooled dataset. 
1. Direction of coefficients as reported in Kim et al. and De Almeida et al.
2. Model 0: unadjusted [23]
3. Model 1: Adjusted for age + stratified by study



[bookmark: _Hlk182826851][bookmark: _Hlk191895522]Table S5.  Top five pathways for strongest methylation markers associated with five-year overall survival using KEGG analysis.
	Model 11 (N=2,535 CpGs)

	Pathway
	N Pathway size
	N DEG
	P
	FDR
	Gene

	Biosynthesis of amino acids
	71
	11
	0.005
	0.97
	ENO1, ENO2, PHGDH, PYCR2, ASS1, PGAM1, BCAT1, SHMT2, TKTL2, GPT2

	Adipocytokine signalling pathway
	70
	12
	0.01
	0.97
	AKT2, NPY, PRKAG2, MAPK10, RXRA, STAT3, TNFRSF1B, ACSBG2, TRADD, SOCS3, CD36

	cAMP signalling pathway
	225
	29
	0.01
	0.97
	RAPGEF4, CHRM1, ADORA2A, AKT2, GHSR, GIPR, GLI3, GNAS, GRIN2D, HTR1E, HTR4, KCNK2, LIPE, NFATC1, ATP1B2, NPY, ATP2B4, PAK1, PLCE1, PDE4C, PLD1, CNGB3, PRKACA, MAPK10, CREB3L2, TIAM1, VAV2, CACNA1D, ACOX3

	Fc gamma R-mediated phagocytosis
	96
	15
	0.02
	0.97
	ARPC1B, PLA2G4E, AKT2, GSN, LYN, MYO10, PAK1, PLD1, PRKCE, PRKCG, VAV2, PIP5K1A, PLPP3, JMJD7-PLA2G4B, ASAP2

	Endocrine and other factor-regulated calcium reabsorption
	53
	10
	0.02
	0.97
	ESR1, DNM3, GNAS, ATP1B2, ATP2B4, PRKACA, PRKCG, SLC8A1, VDR

	Model 22 (N=281 CpGs)

	Leukocyte transendothelial migration
	112
	5
	0.01
	1
	CTNNA2, ITGA4, ITGAM, ITGB2, VAV2

	[bookmark: _Hlk182480399]Hematopoietic cell lineage
	93
	4
	0.01
	1
	ITGA4, ITGAM, CD14, CD36

	Legionellosis
	56
	3
	0.02
	1
	ITGAM, ITGB2, CD14

	Regulation of actin cytoskeleton
	76
	3
	0.02
	1
	ITGAM, ITGB2, CD14

	Pertussis
	230
	7
	0.02
	1
	BAIAP2, ITGA4, ITGAM, ITGB2, RDX, VAV2, DIAPH3


FDR, false discovery rate q-value<0.05; DEG, differentially expressed genes; ER, estrogen receptor
1. Pathway enrichment of 795 CpGs associated with survival based on Cox proportional model adjusted for age + stratified for study.
2. Pathway enrichment of 60 CpGs associated with survival based on Cox proportional model adjusted for age + ER status+ stratified for study.
[bookmark: _Hlk190874936]Table S6. Cross-sectional associations between individual DNA methylation markers and clinical characteristics for those strongly associated with survival.
	Variable
	Same direction (%)
	P 1 < 1.8x10-4 (%)

	Age
	165 (58.7)
	53 (32.1)

	Stage
	213 (75.8)
	86 (40.4)

	Grade
	252 (89.7)
	190 (75.4)

	Tumour size
	264 (94.0)
	129 (48.9)

	[bookmark: _Hlk196402008]ER negative vs ER positive
	221 (78.6)
	164 (74.2)

	Triple-negative vs luminal A
	132 (47.0)
	37 (28.0)

	Luminal B vs luminal A
	31 (11.0)
	0 (0.0)

	HER2-positive vs luminal A
	68 (24.2)
	0 (0.0)


Note: Individual DNA methylation markers (N=281) from model 2 (adjusted for age and ER status and stratified by study with P<1x10-7) were selected.
1. P-value threshold was defined using the Bonferroni correction for the number of CpGs tested: P < 0.05 / 281.






Table S7 is attached as an excel file.
Table S7. 228-CpG signature of survival after adjusted for age, stage, and tumour subtypes.


























	Training set-seven datasets:  N cases= 1567, N death= 225
	Test set-MCCS: N all cases=425, N death=47

	N input CpGs
	Adjustment
	 N CpG selected by EWAS1

	N Methylation Signature2
	Model
	C-index
	Methylation signature,
HR per SD (95%CI)
	P

	
	
	
	
	Model 1a
	0.75
	
	

	
	
	
	
	Model 2b
	0.75
	
	

	
	
	
	
	Model 3c
	0.75
	
	

	
	
	
	
	Model 4d
	0.75
	
	

	[bookmark: _Hlk191825433]334,578 
	No

	19,070

	228
	228-CpG signature alone
	0.70
	1.9 (1.5-2.4)
	5.2 x 10-7

	
	
	
	228
	228-CpG signature + Model 1
	0.79
	1.6 (1.2-2.2)
	0.001

	
	
	
	228
	228-CpG signature + Model 2
	0.79
	1.6 (1.2-2.1)
	0.001

	
	
	
	228
	228-CpG signature + Model 3
	0.79
	1.6 (1.2-2.1)
	0.001

	
	
	
	228
	228-CpG signature + Model 4
	0.79
	1.5 (1.1-2.1)
	0.008

	
	Age + ER status

	
	226
	226-CpG signature alone + age4
	0.72
	1.8 (1.4-2.4)
	2.3 x 10-6

	
	
	
	226
	226-CpG signature + Model 2
	0.79
	1.6 (1.2-2.2)
	0.001


Table S8. Prediction performance of DNA methylation-based signature after adjusting for clinical characteristics.
[bookmark: _Hlk196485505][bookmark: _Hlk191646554][bookmark: _Hlk200459937]HR: hazard ratio; CI: confidence interval; C-index: concordance index, SD: standard deviation; ER: estrogen receptor; Training set: TCGA + 7 GEO datasets; 
a) Model 1: adjusted for age + stage + tumour subtype
b) Model 2: Model 1 + tumour purity
c) Model 3: Model 1 + tumour purity + tumour grade 
d) Model 4: Model 1 + tumour purity + tumour grade + tumour size
1. Number of CpGs identified using EWAS of five-year overall survival: age + ER status + stratified by study on training set based on FDR q-value <0.05.
2. Number of CpGs selected by elastic net regularized Cox proportional hazards regression and five-fold cross-validation method.
3. Methylation signature (per SD), calculated using methylation values of selected CpGs for 5-year overall survival.
4. Methylation-based signature adjusted for age and stratified by study.




[bookmark: _Hlk204163751]Figure S1.  Individual methylation markers of five-year overall survival identified by two adjusted models.
[image: ]
Manhattan plots illustrate the association of individual DNA methylation markers with five-year overall survival based on two models: i) adjusted for age and stratified by study and ii) model 1 + ER status. X- axis displays CpG sites along the chromosome’s locations. Each chromosome is assigned a unique colour, highlighting the genomic context of the associations. Chromosome numbers on the x-axis range from 1 to 22, corresponding to the genomic position of each CpG. Y-axis displays the p-value threshold of their association based on: -log10(p-value). The dashed horizontal line indicates the Bonferroni-adjusted significance threshold (P < 1x10-7), marking CpG sites associated with the outcome.


[bookmark: _Hlk204163761]Figure S2. Individual methylation markers of five-year survival and effect modification by ER-positivity status.
[image: ]
[bookmark: _Hlk181291464][bookmark: _Hlk190855469]Volcano plot displays the individual methylation markers of five-year overall survival. Green dots represent survival-associated CpGs identified based on model 2: age+ ER status+ stratified by study. Red dots represent methylation markers with effect modification by ER status identified based on model 2+ methylation markers × ER status and selected based Bonferroni p-value threshold of P for effect modification <1x10-7. X-axis shows the log hazard ratios for individual associations of DNA methylation markers with the survival. The dashed horizontal line indicates the Bonferroni-adjusted significance threshold (P<1x10-7).



[bookmark: _Hlk204163791][image: ]Figure S3. Distribution of the 228-CpG survival signature by clinical characteristics. 















Figure S4 displays the linear relationship between the signature and tumour purity, age, and tumour size. This relationship was checked using Pearson correlation test. The correlation coefficient (r), 95%CI and the P-value were reported for each test within the plots.  
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