







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature Materials]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	nature materials

	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 30 November 2020



                    Tumour-associated macrophages drive stromal cell-dependent collagen crosslinking and stiffening to promote breast cancer aggression

                    	Ori MallerÂ 
            ORCID: orcid.org/0000-0002-4149-01791Â na1, 
	Allison P. Drain1Â na1, 
	Alexander S. Barrett2Â na1, 
	Signe Borgquist3,4, 
	Brian RuffellÂ 
            ORCID: orcid.org/0000-0002-3846-68725,6, 
	Igor Zakharevich2, 
	Thanh T. Pham2, 
	Tina Gruosso7,8,9, 
	Hellen Kuasne7,8,9, 
	Johnathon N. Lakins1, 
	Irene Acerbi1, 
	J. Matthew Barnes1, 
	Travis NemkovÂ 
            ORCID: orcid.org/0000-0001-8566-71192, 
	Aastha Chauhan10, 
	Jessica Gruenberg10, 
	Aqsa NasirÂ 
            ORCID: orcid.org/0000-0003-3134-287410, 
	Olof Bjarnadottir4, 
	Zena Werb11,12, 
	Peter Kabos13, 
	Yunn-Yi Chen14, 
	E. Shelley Hwang15, 
	Morag ParkÂ 
            ORCID: orcid.org/0000-0001-5400-606X7,8,9, 
	Lisa M. CoussensÂ 
            ORCID: orcid.org/0000-0003-2389-18655,6, 
	Andrew C. NelsonÂ 
            ORCID: orcid.org/0000-0002-4741-001010, 
	Kirk C. Hansen2,8Â na2 & 
	â€¦
	Valerie M. WeaverÂ 
            ORCID: orcid.org/0000-0003-4786-675212,16,17,18Â na2Â 

Show authors

                    

                    
                        
    Nature Materials

                        volumeÂ 20,Â pages 548â€“559 (2021)Cite this article
                    

                    
        
            	
                        13k Accesses

                    
	
                        109 Citations

                    
	
                            34 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Biochemistry
	Cancer
	Cancer microenvironment
	Mass spectrometry
	Tumour biomarkers


    


                
    
    

    
    

                
            


        
            Abstract
Stromal stiffening accompanies malignancy, compromises treatment and promotes tumour aggression. Clarifying the molecular nature and the factors that regulate stromal stiffening in tumours should identify biomarkers to stratify patients for therapy and interventions to improve outcome. We profiled lysyl hydroxylase-mediated and lysyl oxidase-mediated collagen crosslinks and quantified the greatest abundance of total and complex collagen crosslinks in aggressive human breast cancer subtypes with the stiffest stroma. These tissues harbour the highest number of tumour-associated macrophages, whose therapeutic ablation in experimental models reduced metastasis, and decreased collagen crosslinks and stromal stiffening. Epithelial-targeted expression of the crosslinking enzyme, lysyl oxidase, had no impact on collagen crosslinking in PyMT mammary tumours, whereas stromal cell targeting did. Stromal cells in microdissected human tumours expressed the highest level of collagen crosslinking enzymes. Immunohistochemical analysis of biopsies from a cohort of patients with breast cancer revealed that stromal expression of lysyl hydroxylase 2, an enzyme that induces hydroxylysine aldehyde-derived collagen crosslinks and stromal stiffening, correlated significantly with disease specific mortality. The findings link tissue inflammation, stromal cell-mediated collagen crosslinking and stiffening to tumour aggression and identify lysyl hydroxylase 2 as a stromal biomarker.
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                    Fig. 1: Hydroxylysine collagen crosslink abundance correlates with human breast cancer aggression.[image: ]


Fig. 2: LOX and PLOD2 are enriched in triple negative breast cancer and predominantly expressed by stromal cells.[image: ]


Fig. 3: Epithelial-derived collagen crosslinking enzymes fail to induce collagen crosslinking.[image: ]


Fig. 4: Stromal-derived LOX regulates collagen crosslinking and stiffening.[image: ]


Fig. 5: Tumour infiltrating macrophages secrete TGF-Î² to activate stromal-mediated collagen crosslinking.[image: ]


Fig. 6: Stromal LH2 predicts poor patient outcomes.[image: ]
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                Data availability

              
              All gene expression array and RNA-seq data have been deposited in GEO and are publicly available. For the stroma and epithelium specific gene expression analysis, the breast cancer datasets from Finak et al.37 and Gruosso et al.36 have been used (GSE9014, GSE58644, GSE88715 and GSE88847). The association between PLOD2 and DMFS was determined using an online tool (http://xena.ucsc.edu) to download GEO data (GSE2034, GSE5327 and GSE7390) from 683 patients analysed on Affymetrix U133A platform as described in Yau et al.47. The association between PLOD2 gene expression and RFS was determined using an online tool (http://kmplot.com/analysis/) from 1,809 patients analysed on Affymetrix platform (HGU133A and HGU133+2 microarrays)48. Affymetrix ID 202619 or 202620 were used for PLOD2 probes (2014 version) in these analyses. The cBioPortal for Cancer Genomics was used to access the publicly available METABRIC dataset to determine the levels of LOX, PLOD2 and LOXL2 gene expression in patients with breast cancer segregated by ER and HER2 status and to assess gene expression associations of LOX, PLOD2 and LOXL2 with CD16363. Macrophage RNA-seq data have been deposited into GEO (GSE157290). Source data are provided with this paper.
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Extended data

Extended Data Fig. 1 Partial assignment of MS2 fragmentation spectra of crosslinked amino acid standards.
MS2 fragmentation spectra of commercially available crosslinked amino acid standards with partial assignment of MS2 fragmentation spectra (LNL, DHLNL, dPyr). Protonated forms of precursor ions are denoted by MH+ labels. Colored circles above fragment ions are matched to their suggested fragment ion structure above the full spectra or are listed above the ion if space permits.


Extended Data Fig. 2 Optimized crosslinking amino acid analysis (xAAA) enables accurate measurement of collagen state across a diverse range of tissue types.
a, xAAA workflow schematic. Clinical specimens are hydrolyzed and enriched by solid phase extraction (SPE). b, The enriched hydrolysate is analyzed by LC-SRM on a hybrid quadrupole orbitrap instrument. MS2 spectra is used to accurately identify crosslinked amino acids (xAAs) such as dihydroxy lysinonorleucine (DHLNL) (c) Bar graphs showing quantification of tissue collagen and (d) total xAA measured in human breast, lung, skin, bone, trachea and tendon (pooled nâ€‰=â€‰3 each tissue). The calculated amino acid crosslink abundancies are normalized to total tissue collagen content (that is hydroxyproline abundance) which is calculated based on dry tissue weight. The final values have been plotted as relative abundance based on peak area. Bar graphs depict relative abundance of Lysine derived-collagen crosslink (LCC) and hydroxylysine-derived collagen crosslink (HLCC) species.


Extended Data Fig. 3 Abundance of LOX-mediated crosslinks does not correlate with patient age.
a, Scatter plot showing the mean and s.e.m. of patient age for normal (nâ€‰=â€‰4) and tumor tissue (ER+ nâ€‰=â€‰8, HER2+ nâ€‰=â€‰6, TN nâ€‰=â€‰5) samples by subtype. b-f, Scatter plots showing the levels of each LCC and HLCC crosslink measured in normal and tumor breast tissues versus patient age. The total abundance of crosslinks (g) was calculated by summing all individual crosslinks and the total tissue HLCC abundance (h) was calculated by summing DHLNL, Pyr, and d-Pyr. All crosslink values are normalized to total collagen content (that is hydroxyproline abundance) and dry tissue weight and are plotted as log2 transformed normalized peak areas from LC-MS data. The best fit line and its slope and r2 value are displayed on each plot. All n values represent biologically independent human tissue specimens.


Extended Data Fig. 4 Validation of LOX overexpression in doxycycline (DOX) treated MMTV-rtTA+/âˆ’; TetO_mLox+/âˆ’ mice.
aâ€“c, Representative dot plots (nâ€‰=â€‰2) of GFP expression in mouse mammary epithelial cells analyzed by flow cytometry. GFP and mLox are encoded on the same mRNA transcript with independent translation initiation sites. a, GFP expression is induced in DOX-treated MMTV-rtTA+/âˆ’; TetO_mLox+/âˆ’ mice. b, c, GFP expression is not induced in control mice lacking the MMTV-rtTA promoter (b) or control mice not treated with DOX (c). To select for mammary epithelial cells were gated out cells positive for anti-mouse CD45-APC, anti-mouse CD31-APC, anti-mouse Ter119-APC antibodies. d, Quantification of Lox gene expression in whole mouse mammary gland by RT-qPCR in control MMTV-rtTAâˆ’/âˆ’; TetO_mLox+/âˆ’ mice (nâ€‰=â€‰2) and LOX overexpressing MMTV-rtTA+/âˆ’; TetO_mLox+/âˆ’ (nâ€‰=â€‰2) mice. e, Western blot of whole tumor lysate from control (nâ€‰=â€‰4) and epithelial LOX overexpressing (nâ€‰=â€‰6) PyMT tumors. Scatter plots with mean Â±s.e.m. quantify optical density of each band normalized to E-cadherin. Western blot for these lysates was run once. Statistical analyses were performed using two-tailed Mann-Whitney U test Pro-LOX **pâ€‰=â€‰0.0095, Cleaved LOX *pâ€‰=â€‰0.0381. All n values represent biologically independent mouse tissue specimens.


Extended Data Fig. 5 Design of inducible lysyl oxidase expression in vivo using a TetOFF system in the background of MMTV-PyMT model.
a, PCR results and sequence of PCR primers of N- and C-terminal ends to confirm TetO_mLox transgene incorporation. b, Diagram of inducible TetOFF system. TetO_mLox transgene is reversibly turned off or on in the presence or absence of doxycycline, respectively.


Extended Data Fig. 6 PyMT collagen crosslinking abundance does not increase between 8- and 11-week tumors.
aâ€“f, Scatter plots showing individual and mean values Â±s.e.m. of the levels of total collagen crosslinks (a), total HLCCs (b), LNL (c), HLNL (d), DHLNL (e), and Pyr (f) in 8-week (nâ€‰=â€‰10) and 11-week-old (nâ€‰=â€‰9) PyMT tumors. Quantity of crosslinks per tissue was calculated normalizing crosslinks to total collagen content (that is, hydroxyproline abundance) and dry tissue weight. Values were plotted as log2 transformed normalized peak areas as quantified from LC-MS data. Statistical analysis was performed using two-tailed unpaired t-test (a) pâ€‰=â€‰0.6149 (b) pâ€‰=â€‰0.7451 (c) pâ€‰=â€‰0.7235 (d) pâ€‰=â€‰0.1766 (e) pâ€‰=â€‰0.7563 (f) pâ€‰=â€‰0.4687. All n values represent biologically independent mouse tumor specimens.


Extended Data Figure 7 Early profibrotic macrophages express M2a markers and are lost upon anti-CSF1 treatment.
a, Scatter plot showing individual values and mean Â±s.e.m. of the number of F4-80 positive cells per field of view in IgG1 treated (nâ€‰=â€‰6) or anti-CSF1 treated (nâ€‰=â€‰4) PyMT tumors from 8-week-old mice. b, c, Scatter plots showing individual values and mean Â±s.e.m. of the percentage of F4/80 positive cells expressing markers MHCII and CD86 (b) and markers CD163 and RELMÎ± (c) in IgG1 treated (nâ€‰=â€‰6) or anti-CSF1 treated (nâ€‰=â€‰4â€“5) PyMT tumors from 8-week-old mice. dâ€“g, Scatter plots showing individual values and mean Â±s.e.m. of the number of cells per field of view (FOV) of other non-macrophage immune populations CD11b+ F4-80âˆ’ (d), MHCIIhi F4-80- (e), CD45+ CD4+ (f), and CD45+ CD8+ (g) in IgG1 (nâ€‰=â€‰4 e, g; nâ€‰=â€‰5 d, f) and anti-CSF1 (nâ€‰=â€‰6) treated mice. Statistical analysis (a-g) was performed using two-tailed Mann-Whitney U test (a) *pâ€‰=â€‰0.019 (b) MHCIIhi pâ€‰=â€‰0.7190, CD86+ pâ€‰=â€‰0.4286 (c) CD163+ *pâ€‰=â€‰0.0303, RELMÎ±+ pâ€‰=â€‰0.0381 (d) pâ€‰=â€‰0.9719 (e) pâ€‰=â€‰0.1524 (f) pâ€‰=â€‰0.3074 (g) pâ€‰=â€‰1.000. h, Heat map of selected differentially expressed genes from macrophages sorted from 8-week and 11-week PyMT tumors. i, Representative images from 8-week-old IgG1 treated and anti-CSF1 treated PyMT mice stained for cytokeratin 8/18 (green), PDGFRÎ± (magenta), vimentin (yellow), and DAPI (blue). Scale bar is 100â€‰Âµm. j, Scatter plot showing mean Â±s.e.m. of fibroblasts (vimentin+ and PDGFRÎ±+) per field of view in 8-week-old IgG1 treated (nâ€‰=â€‰6) and anti-CSF1 (nâ€‰=â€‰5) treated PyMT mice. All n for (a-j) values represent biologically independent mouse tissue specimens. kâ€“m, Scatter plot depicting the Spearman correlation of CD163 gene expression with LOX (k), PLOD2 (l), and LOXL2 (*pâ€‰=â€‰0.0143) (m) in human breast tumors (nâ€‰=â€‰1904 biologically independent human tissue specimens).


Extended Data Figure 8 ECM Stiffness for individual specimens.
a, Scatter plot showing mean and individual values of atomic force microscopy (AFM) microindentation measurements of individual human samples categorized as normal breast tissue (black circles) or invasive ductal carcinoma (IDC; red squares). b, Scatter plot showing mean and individual values of AFM microindentation measurements of individual mouse mammary tumors from doxycycline treated MMTV-PyMT+/âˆ’; Col1a1-tTA+/âˆ’; TetO-mLox control mice (DOX-ind PyMT Con; black circles) or water treated mice overexpressing stromal LOX (Water PyMT LOX OX; red squares). c, Scatter plot showing mean and individual values of AFM microindentation measurements of individual mouse mammary gland tumors from 8-week-old IgG1 treated (IgG Control; red squares) and anti-CSF1 treated (aCSF1 Ab; black circles) PyMT tumors.


Extended Data Figure 9 PLOD2 correlations with distant metastasis free survival and probability of relapse free survival.
a, Log2 scaled data graphs showing relative PLOD2 gene expression levels in patients stratified by estrogen and epidermal growth factor receptor two (ER/HER2) status (ER+ HER2- nâ€‰=â€‰314; ER- orâ€‰+â€‰/HER2+ nâ€‰=â€‰73; ER-/HER2- nâ€‰=â€‰133). Whiskers denote minima and maxima, box denotes 25th and 75th percentiles and median. Statistical analysis was performed to compare PLOD2 expression levels among subtypes using Kruskalâ€“Wallis one-way ANOVA (****pâ€‰<â€‰0.0001) and two-tailed Mann-Whitney U test without adjustment for multiple comparisons for individual comparisons (****pâ€‰<â€‰0.0001). b, Line graphs showing distant metastasis-free survival (DMFS) for patients with estrogen receptor positive and epidermal growth factor receptor two negative breast tumors (ER +/âˆ’ HER2-; low nâ€‰=â€‰157 & highâ€‰=â€‰157). c, Line graph of DMFS for patients with estrogen receptor negative or negative and epidermal growth factor receptor two positive breast tumors (ER- or +/HER2+; low nâ€‰=â€‰36 & highâ€‰=â€‰37). d, Line graph of DMFS for patients with estrogen receptor negative epidermal growth factor receptor negative breast tumors (ER- HER2-; low nâ€‰=â€‰66 & highâ€‰=â€‰67). Statistical analyses were performed to compare PLOD2 and DMFS for each subtype or Log-rank (Mantel-Cox) test (b) pâ€‰=â€‰0.8051 (c) *pâ€‰=â€‰0.0144 (d) pâ€‰=â€‰**0.0050. e-g, Kaplan-Meier curves indicating the probability of relapse-free survival assessed in ER+ /PRâ€‰+â€‰(e), HER2+ (f), and triple negative (g) patients with breast cancer up to 16 years after diagnosis. A correlation between PLOD2 (gene encoding LH2) expression and relapse-free survival (RFS) has been determined using an online tool (http://kmplot.com/analysis/) as described in the methods. Top and bottom panels represent two distinct Affymetrix PLOD2 probes (202619 and 202620) from the same database. For Kaplan-Meier curves, statistical analyses were performed using LogRank test.


Extended Data Figure 10 Assessment of LOX and neoplastic epithelial LH2 expression in breast cancer.
a, Neoplastic epithelial LOX staining of the Biomax BC081116c TMA was assessed by a researcher with an intensity score and stratified as negative/low, moderate, or high. b, Stromal LOX staining of the Biomax BC081116c TMA was assessed by a researcher with an intensity score and stratified as negative/low, moderate, or high. Scale bar is 500â€‰Âµm. c, Tumor samples from incident breast cancer cases were collected, and a tissue microarray (TMA) including two 1-mm cores from each tumor was constructed. Neoplastic epithelial LH2 staining was assessed by a pathologist with semi-quantitative intensity score and stratified as negative, low, or moderate/high. Scale bars are 500â€‰Âµm. See Supplementary Table 2 for patient information. d, Clinical correlation of neoplastic epithelial LH2 intensity score with tumor grades. e, Kaplan-Meier curves indicating cumulative breast cancer specific survival (BCSS) based on epithelial LH2 intensity assessed in patients with breast cancer up to 10 years after diagnosis (LH2 negative nâ€‰=â€‰271, weak nâ€‰=â€‰112, moderate/high nâ€‰=â€‰77). f, BCSS curves by epithelial LH2 intensity including only axillary lymph node negative patients (LH2 negative nâ€‰=â€‰175, weak nâ€‰=â€‰67, moderate/high nâ€‰=â€‰50). g, BCSS curves by epithelial LH2 intensity including only axillary lymph node positive patients (LH2 negative nâ€‰=â€‰84, weak nâ€‰=â€‰42, moderate/high nâ€‰=â€‰26). For tumor grade and LH2 intensity score, statistical analysis was performed using a linear-by-linear association (***pâ€‰<â€‰0.001). For Kaplan-Meier curves, statistical analyses were using LogRank test (e) *pâ€‰=â€‰0.025 (f) *pâ€‰=â€‰0.038 (g) pâ€‰=â€‰0.165.
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