
 

Supplementary Table 1: Summary of crosslinked amino acid standard characterization 
by mass spectrometry. Serial dilutions of crosslinked amino acid standards were prepared in 
the background of E. coli hydrolysates and the lowest limit of detection (LLOD) and the lowest 
limit of quantification (LLOQ) were determined on a QExactive mass spectrometer. The LLOD is 
defined here as the concentration that is required to produce a signal that is three times the 
noise level. The LLOQ is the analyte concentration that is required to produce a signal that is 
three times that of the LLOD. *Denotes isomers that were not resolved.  
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Supplementary Table 2: Characterization of breast cancer patients used to develop 
neoplastic epithelial LH2 H-score. 
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Supplementary Table 3: Characterization of breast cancer patients used to develop 
stromal LH2 H-score. 
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Supplementary Figure 1: Schematic diagram of lysine hydroxylation and crosslinking in 
fibrillar collagen. (a) Schematic of a mature fibrillar collagen fiber. N- and C- terminal 
telopeptides are hydroxylated by lysyl hydroxylase 2 (LH2). N- and C- terminal propeptides are 
cleaved by procollagen endopeptidases to form the mature collagen fiber (300 nm). (b) Lysine 
(Lys) and the hydroxylysine (Hyl) residues in the telopeptide region of mature collagen are 
targeted by the crosslinking enzyme lysyl oxidase (LOX), which forms reactive aldehyde groups 
that spontaneously undergo aldol condensation reactions to form covalent collagen crosslinks.  
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Supplementary Figure 2: Lysine aldehyde (Lysald) and hydroxylysine aldehyde (Hylald)  
crosslinking pathway. Lysyl oxidase modifies Lys residues to form allysine (Lysald), which 
spontaneously reacts with Lys and Hyl residues in the helical region to form the Schiff bases 
dehydro-hydroxylysinonorleucine (deH-HLNL) dehydro-lysinonorleucine (deh-HLNL). These 
crosslinks can be reduced with NaBH4 to form LNL and HLNL. The mature products of these 
crosslinks are currently unknown. Allysine can combine with an additional allysine residue to 
form allysine aldol. Allysine aldol can form the trivalent crosslink hydroxyl merodesmosine, aldol 
histidine, or the tetravalent crosslink histidino-hydroxymerodesmosine (HHMD) (only post-
reduction products shown) through aldol condensation reactions with Hyl or histidine (His), or a 
combination of the two. Red and green shading denotes lysine-derived collagen crosslinks 
(LCC) or hydroxyl lysine-derived collagen crosslinks (HLCC)20. Telopeptide lysine residues are 
modified by lysyl hydroxylase. Lysyl oxidase modifies Hyl residues to hydroxyl allysine (Hylald), 
which spontaneously reacts with Lys and Hyl residues to form the Schiff bases dehydro-
dihydroxylysinonorleucine (deH-DHLNL) and dehydro-hydroxylysinonorleucine (deh-HLNL). 
They then undergo Amadori rearrangements to form hydroxylysino-keto-norleucine (HLKNL) or 
lysine-keto-norleucine (LKNL), respectively. These crosslinks can be reduced with NaBH4 to 
form LNL and DHLNL. Mature crosslink products (Pyr and dPyr) are formed from the reaction of 
lysine ketonorleucine (LKNL) or hydroxyl lysinoketonorleucine (HKLNL) with hydroxyl allysine. 
Red and green shading denotes lysine-derived collagen crosslinks (LCC) or hydroxyl lysine-
derived collagen crosslinks (HLCC)20.   
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Supplementary Figure 3: Gating strategy for sorting tumor cells, cancer-associated 
fibroblasts, and tumor-associated macrophages from PyMT mice via flow cytometry. 
Gates include tumor-associated macrophages (red), tumor cells (green), and cancer-associated 
fibroblasts (blue). This gating strategy was used for all flow cytometry experiments except 
Extended Data 7h.  
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Supplementary Figure 4: Gating strategy for sorting tumor-associated macrophages from 
PyMT mice via flow cytometry for RNA-Seq (Extended Data Figure 7h).  

 


