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Supplementary Figures 

 

Supplementary Figure 1. Cell DIVE HxIF imaging and processing scheme. For the Kth iteration, 
autofluorescence image of the tissue is acquired prior to labeling it with 2-3 fluorescent dye-
conjugated primary antibodies and DAPI counterstain. Fluorescent-labeled tissue images are then 
acquired, followed by inactivation of the dyes and start of the next iteration. (See Supplementary 
Table 5 for details on the iterative imaging cycles.) 
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Supplementary Figure 2: Biomarker selection and organization. Fifty-five biomarkers along with 
DAPI were imaged using the Cell DIVE platform. The biomarkers were selected from seven broad 
categories that include 1. biomarkers sampling the network biology of signaling pathways 
(PI3K/AKT/MTOR1, RAS/RAF/MEK2, Mismatch Repair3 (MMR), Hedgehog signaling4 , Hypoxia-
signaling5, Apoptosis6); 2. biomarkers associated with extracellular transport and metabolism 
(Albumin7-9,  GLUT110,11, TKLP112,13); 3. biomarkers associated with tumor suppressive potential 
(FOXO114,15, FOX0315,16, p5317, PTEN18, Wnt5a19); 4. biomarkers associated with oncogenic 
potential (EPCAM20, COX221,22, c-MET23,24, Beta-Catenin24,25, EZH226-30); 5. biomarkers associated 
with cell-cell adhesion, cellular and stromal structure (Beta-actin31, Claudin-132, E-cadherin33, 
EPCAM20, Lamin A/C34,35, CK1936, NaKATPase37, Fibronectin38, Collagen IV39); 6. biomarkers 
associated with post-translational modifications (PTM)40 (p4EBP1, pMET, pERK1/2, pMAPKAPK2, 
p-p38MAPK, pEGFR, pGSK3a/b, pNDRG1, pS6); and 7. biomarkers associated with cell types and 
their states (ALDH141,42, CD2043,44, CD6845, CD16345, CD3146, CD7947, EZH226–30, CD348, CD849,50,  
PCK2651, SMA52,53, Fibronectin38, NDRG154). 
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Supplementary Figure 3. Tissue and cell segmentation. TMA spot visualized here through a virtual 
Hematoxylin and Eosin image. (Scale bar = 50 µm.) Tissue segmentation is performed by using 
expression of E-cadherin, a highly epithelial cell-specific marker, to identify the epithelial spatial 
domain, shown in green. The remaining region of the TMA spot is identified as the stromal spatial 
domain, shown in red. The epithelial-stromal spatial-domain runs all along the boundary between 
the epithelial (green) and stromal (red) spatial-domains and has a width of 100 µm. Individual cell 
segmentation in the epithelial spatial domain is performed using expression of Na+K+ATPase (cell 
membrane marker), ribosomal protein S6 (cytoplasmic marker) and DAPI (nuclear counterstain, 
shown in blue). The remaining cells are assigned to the stromal spatial domain. 
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Supplementary Figure 4. Validity of the proportional hazard assumption in penalized Cox 
regression. The domain specific p-values (shown in log scale) measure the significance of the 
relationship between scaled Schoenfeld residuals and time to recurrence for all Cox models 
generated for the 500 bootstrap runs. A non-significant relationship between the two indicates 
the validity of the proportional hazard assumption for the overall Cox regression. It can be seen 
that for each of the three domains, the overall global test is not statistically significant at the 95% 
confidence level (indicated by the black dashed line) for the 500 bootstrap runs, demonstrating 
that the proportional hazard assumption is consistently valid. The p-values were computed using 
the cox.zph function in the survival R package. The use of different colors to render the p-values 
for the three spatial domains is exclusively to ensure better visual contrast. 
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Supplementary Figure 5. Rationale for choosing 90% concordance rate. Plot of concordance of the 
penalized Cox regression model as a function of the threshold function that identifies the 
biomarker features most consistently selected by L1 penalization at the concordance level 
corresponding to the threshold. The larger the threshold the more stringent the consistency 
requirement on feature selection, and smaller the number of selected features. As shown in the 
plot, for low threshold values, the concordance value is saturated, and therefore, in this region 
injective correspondence between threshold value and concordance does not exist. In the 
monotonic decay region such a correspondence can be identified. The 90% concordance level, 
indicated by the black dashed line, identifies such a correspondence for all three spatial domains 
without compromising performance.  
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Supplementary Figure 6. Domain specific and recurrence-guided SpAn coefficients. Boxplots for 
coefficients that control the contribution of the selected features (obtained using L1-penalty) to 
each of the recurrence-guided and domain-specific penalized Cox regression under L2 
regularization. The coefficients were computed for all 500 bootstrap runs and the boxplots capture 
the spread of values. The black sold line indicates zero coefficient value. Individual boxplots are 
colored exclusively for better visualization contrast. It is worth noting that for most bootstraps the 
coefficients maintain their sign, which quantifies the nature of their contribution. A positive 
coefficient implies worse prognosis for increase in the corresponding feature value, while negative 
coefficient implies the converse. (Box plot center line: median value; box bounds: interquartile 
range (IQR); upper whisker: 3rd quartile + 1.5 IQR; lower whisker: 1st quartile – 1.5 IQR.) 
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Supplementary Figure 7. Predicting 5-year CRC recurrence risk using only intensity-based features. 
SpAn ROC curves for predicting risk of 5-year CRC recurrence in patients with resected CRC primary 
tumor using only biomarker expressions. The plot shows ROC curves, rendered in different colors 
for improved visual contrast, for 500 bootstrap runs with independent training and validation sets. 
Area under the mean ROC curve, shown as a black solid curve, is 72% with a standard error of 
0.2%. The black dashed 45-degree line indicates random guessing. 
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Supplementary Figure 8. Domain-specific temporal performance of SpAn. Temporal performance 
of SpAn for the three spatial-domains illustrated by the time-dependent AUC values plotted as a 
function of time in years. The 95% confidence interval computed using the 500 bootstraps for each 
of the three spatial-domains is also shown by the yellow shaded area around the mean time-
dependent AUC values depicted by the black solid curve. The 0.8 and 0.5 AUC values are shown 
for reference by the purple-dashed and black-solid lines, respectively.  
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Supplementary Tables 

Table S1. Biomarkers selection and groupings. 

Signaling Pathways 

PI3K/AKT/MTOR1 

PI3Kp110a (Phosphatidylinositol-4,5-bisphosphate 3-
kinase, catalytic subunit alpha),  
4EBP1 (Eukaryotic translation initiation factor 4E-
binding protein 1),  
AKT1 (RAC-alpha serine/threonine-protein kinase), 
EGFR (Epidermal growth factor receptor),  
EZH2 (Enhancer of zeste homolog 2),  
FOXO1 (Forkhead box protein O1),  
FOXO3 Forkhead box protein O1),  
p21 (Cyclin-dependent kinase inhibitor 1),  
p53 (Tumor protein),  
S6 (Ribosomal protein S6) 

RAS/RAF/MEK2 

EGFR (Epidermal growth factor receptor),  
ERK1/2 (Extracellular signal–regulated kinases),  
EZH2 (Enhancer of zeste homolog 2),  
S6 (Ribosomal protein S6) 

Mismatch Repair3 

MLH1 (MutL homolog 1),  
MSH2 (MutS protein homolog 2),  
PCNA (Proliferating cell nuclear antigen),  
p21 (Cyclin-dependent kinase inhibitor 1) 

Hedgehog signaling4 IHH (Indian hedgehog protein) 
Hypoxia-signaling5 CA9 (Carbonic anhydrase 9) 

Apoptosis6 c-CASP3 (Cleaved caspase-3) 

Extracellular transport and metabolism 
Alb7-9 (Albumin), 
GLUT110, 11 (Glucose transporter 1),  
TKLP112, 13 (Transketolase-like protein 1) 

Tumor suppressive 

FOXO114, 15 (Forkhead box protein O1),   
FOX0315, 16 (Forkhead box protein O1),   
p5317 (tumor protein), 
PTEN18 (Phosphatase and tensin homolog),   
Wnt5a19 (Ligand for members of the frizzled family  
                   of seven transmembrane receptors) 

Oncogenic 

EpCAM20 (Epithelial Cell Adhesion Molecule),  
COX221, 22 (Cyclooxygenase-2),  
c-MET23, 24 (Tyrosine-protein kinase Met; also known  
                       as hepatocyte growth factor receptor),  
β-Catenin24, 25 (Catenin beta-1),  
EZH226-30 (Enhancer of zeste homolog 2) 

Adhesion and structure 

Beta-actin31 (one of six actin isoforms),  
Claudin-132 (Transmembrane tight junction protein),  
E-cadherin33 (Epithelial calcium-dependent adhesion  
                          molecule),  
EpCAM20 (Epithelial cell adhesion molecule), 
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Lamin A/C34, 35 (nuclear lamina protein), 
CK1936 (Keratin, type I cytoskeletal 19),  
NaKATPase37 (Sodium–potassium pump;  
                          transmembrane ATPase enzyme) 
Fibronectin38 (Extracellular matrix glycoprotein), 
Collagen IV39 (Structural component of glomerular  
                           basement membranes) 

Post-translational modifications (PTM) 
Phosphorylated proteins40 (p4EBP1, pMET, pERK1/2,  
pMAPKAPK2, p-p38MAPK, pEGFR, pGSK3a/b, 
pNDRG1, pS6) 

Cell types and states 

ALDH141, 42 (Aldehyde dehydrogenase 1 family,  
                        member A1),  
CD2043, 44 (B-cell differentiation antigen)  
CD6845 (Transmembrane glycoprotein macrophage  
               marker),  
CD16345 (Scavenger receptor cysteine-rich type 1  
                 protein M130; macrophage marker),  
CD3146 (Platelet endothelial cell adhesion molecule),  
CD7947 (B-cell antigen receptor complex-associated  
                protein alpha chain),  
EZH226–30 (Enhancer of zeste homolog 2),  
CD348 (T-cell surface glycoprotein CD3 delta chain),  
CD849, 50 (T-cell surface glycoprotein CD8 alpha chain),  
PCK2651 (Pan cytokeratin),  
α-SMA52, 53 (alpha smooth muscle actin),  
Fibronectin38 (Extracellular matrix glycoprotein),  
NDRG154 (N-myc downstream-regulated gene 1) 
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Supplementary Table 2. Patient Cohort and Clinical Properties. 
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Supplementary Table 3. List of spatial-domain features (biomarkers and their correlations) 
selected by SpAn. 
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Supplementary Table 4. Comparing performance of SpAn with other prediction models.  
Statistical significance of pairwise performance comparison between SpAn and five different 
prediction models. The significance was estimated using Dunn’s pairwise multiple comparison 
post-hoc analysis. The five prediction models include the clinical model, biomarker expression 
model (denoted by intensity), SpAn.null model (SpAn without spatial-domain context), biomarker 
expression + clinical model and SpAn + clinical model. All pairwise difference in performance are 
statistically significant at the 99% confidence interval except difference between 1. biomarker 
expression + clinical and null models, and 2. SpAn and SpAn + clinical models. Both have been 
highlighted by red solid rectangles. 
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Supplementary Table 5: List of antibodies (=63) and their imaging cycles. AF = autofluorescence; Biomarkers in 
blue rectangles (=8) were not used after applying quality control measures. 

 

 

Imaging Round 1 2 3 4 5 6 7 8
Cy3 channel AF pERK1/2 β-Catenin pS6 Vimentin AF xCT GLUT1

Vendor Cell Signaling 
Technology

Sigma
Cell Signaling 
Technology

Sigma Epitomics Millipore

Catalogue # 4370 C7738 4858 C9080 N/A 07-1401

Clone 20G11 15B8 D57.2.2E V9
custom 

polyclonal
polyclonal

Staining Conc (ug/ml) 10 7.5 5 11 20 5

Cy5 channel AF CD31 S6 Fibronectin Beta-actin AF PCK26 NaKATPases

Vendor Cell Signaling 
Technology

Cell Signaling 
Technology

Epitomics
Cell Signaling 
Technology

Sigma Epitomics

Catalogue # 3528 2217 1573 4970 C1801 2047-1

Clone 89C2 5G10 F1 13E5 PCK26 EP1845Y

Staining Conc (ug/ml) 5 5 10 10 2.5 5

Cy2 channel AF Empty Empty Empty Empty AF HER2 α-SMA

Vendor X X X X
Cell Signaling 
Technology

Sigma

Catalogue # X X X X 4290 C6198

Clone X X X X D8F12 1A4

Staining Conc (ug/ml) X X X X 10 5

Imaging Round 9 10 11 12 13 14 15 16
Cy3 channel Collagen IV CK19 AF EGFR Wnt5a FOXO3 E-Cadherin Lamin A/C

Vendor Millipore eBioscience Cell Signaling 
Technology Abcam Epitomics Cell Signaling 

Technology Epitomics

Catalogue # MAB3326 14-9898 4267 ab86720 2071-1 3195 2966-1

Clone IV-4H12 BA17 D38B1 34D10 EP1949Y 24E10 EPR4100

Staining Conc (ug/ml) 5 10 10 10 15 5 20

Cy5 channel Alb Empty AF p4EBP1 pNDRG1 MLH1 pGSK3a pGSK3b

Vendor Sigma Cell Signaling 
Technology

Cell Signaling 
Technology Epitomics Cell Signaling 

Technology Epitomics

Catalogue # a6684 2855 5482 2786-1 9316 2435

Clone HAS-11 236B4 D98G11 EPR3894 36E9 EPR2286Y

Staining Conc (ug/ml) 10 2.5 10 10 10 10

Cy2 channel Empty Empty AF Empty Empty Empty Empty Empty

Vendor X X X X X X X

Catalogue # X X X X X X X

Clone X X X X X X X

Staining Conc (ug/ml) X X X X X X X

Imaging Round 17 18 19 20 21 22 23 24
Cy3 channel EZH2 Cytokeratin15 Claudin-1 AF CD44v6 IHH NDRG1 TKLP1

Vendor Cell Signaling 
Technology Sigma Sigma eBioscience Epitomics Epitomics AbD Serotec

Catalogue # 5246 HPA023910 wh0009076m1 BMS116 1910-1 5326-1 MCA5455Z

Clone D2C9 polyclonal 1C5-D9 VFF-7 EP1192Y EPR5592 1C10

Staining Conc (ug/ml) 20 5 10 5 20 5 10

Cy5 channel ALDH1 p21 Empty AF CD20 pEGFR CD68 CD8

Vendor BD Transduction 
Laboratories

Cell Signaling 
Technology X Epitomics Cell Signaling 

Technology
Thermo 

Scientific Dako

Catalogue # 6111195 2947 X 1632-1 4407 MS-397 M7103

Clone clone 11 12D1 X EP459Y 53A5 KP1 DK25

Staining Conc (ug/ml) 10 5 X 10 10 5 2.5

Cy2 channel Empty Empty Empty AF Empty Empty Empty Empty

Vendor X X X X X X X

Catalogue # X X X X X X X

Clone X X X X X X X

Staining Conc (ug/ml) X X X X X X X
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Imaging Round 33 34 35 36 37 38
Cy3 channel Empty AF CD163 PI3Kp110a 4EBP1 PCNA

Vendor X Leica
Cell Signaling 
Technology

Cell Signaling 
Technology

Cell Signaling 
Technology

Catalogue # X 10D6 4249 9644 2586

Clone X NCL-CD163 C73F8 53H11 PC10

Staining Conc (ug/ml) X 5 10 10 10

Cy5 channel MSH2 AF c-MET Cyclin B1 COX2 p53

Vendor Cell Signaling 
Technology

Epitomics Epitomics Invitrogen Dako

Catalogue # 2017 S1354 1495 35-8200 M7001

Clone D24B5 polyclonal Y106 COX 229 DO-7

Staining Conc (ug/ml) 10 10 10 20 1

Cy2 channel Empty AF Empty Empty Empty Empty

Vendor X X X X X

Catalogue # X X X X X

Clone X X X X X

Staining Conc (ug/ml) X X X X X

Imaging Round 25 26 27 28 29 30 31 32

Cy3 channel CD79 p-MET β-Tubulin AKT1 CD79 AF ERK1/2 EpCAM

Vendor Dako Epitomics
Sigma

Cell Signaling 
Technology Dako Cell Signaling 

Technology Epitomics

Catalogue # M7050 2319-1 C4585 4691 M7050 4695 3668-1

Clone HM57 EP2367Y TUB 2.1 C67E7 HM57 137F5 EPR677

Staining Conc (ug/ml) 10 5 10 20 10 10 10

Cy5 channel PTEN pMAPKAPK2 FOXO1 CA9 c-CASP3 AF p38MAPK CD3 

Vendor 
Cell Signaling 
Technology

Cell Signaling 
Technology

Cell Signaling 
Technology

Thermo 
Scientific

Cell Signaling 
Technology

Cell Signaling 
Technology Dako

Catalogue # 9188 3007 2880 PA1-16592 9664 4511 M7254

Clone D4.3 27B7 C29H4 polyclonal 5A1E D3F9 F7.2.38

Staining Conc (ug/ml) 10 5 10 10 5 10 5

Cy2 channel Empty Empty Empty Empty Empty AF Empty Empty

Vendor X X X X X X X

Catalogue # X X X X X X X

Clone X X X X X X X

Staining Conc (ug/ml) X X X X X X X
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Supplementary Table 6. Stratified sampling example of patients in whom CRC recurred in the 
first five years. 
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