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            Abstract
The terrorist attacks on the World Trade Center (WTC) created an unprecedented environmental exposure to aerosolized dust, gases and potential carcinogens. Clonal hematopoiesis (CH) is defined as the acquisition of somatic mutations in blood cells and is associated with smoking and exposure to genotoxic stimuli. Here we show that deep targeted sequencing of blood samples identified a significantly higher proportion of WTC-exposed first responders with CH (10%; 48 out of 481) when compared with non-WTC-exposed firefighters (6.7%; 17 out of 255; odds ratio, 3.14; 95% confidence interval, 1.64â€“6.03; Pâ€‰=â€‰0.0006) after controlling for age, sex and race/ethnicity. The frequency of somatic mutations in WTC-exposed first responders showed an age-related increase and predominantly affected DNMT3A, TET2 and other CH-associated genes. Exposure of lymphoblastoid cells to WTC particulate matter led to dysregulation of DNA replication at common fragile sites in vitro. Moreover, mice treated with WTC particulate matter developed an increased burden of mutations in hematopoietic stem and progenitor cell compartments. In summary, the high burden of CH in WTC-exposed first responders provides a rationale for enhanced screening and preventative efforts in this population.
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                    Fig. 1: Prevalence and characteristics of somatic mutations seen in WTC-exposed first responders.[image: ]


Fig. 2: Characteristics of somatic mutations seen in WTC-exposed first responders.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Clonal myelopoiesis in the UK Biobank cohort: ASXL1 mutations are strongly associated with smoking
                                        
                                    

                                    
                                        Article
                                        
                                         10 June 2020
                                    

                                

                                Ahmed A. Z. Dawoud, William J. Tapper & Nicholas C. P. Cross

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Retrospective analysis of somatic mutations and clonal hematopoiesis in astronauts
                                        
                                    

                                    
                                        Article
                                         Open access
                                         17 August 2022
                                    

                                

                                Agnieszka Brojakowska, Anupreet Kour, â€¦ David A. Goukassian

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Genetics and epidemiology of mutational barcode-defined clonal hematopoiesis
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 November 2023
                                    

                                

                                Simon N. Stacey, Florian Zink, â€¦ Kari Stefansson

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              All sequencing data for first responders and controls have been deposited to the European Variation Archive Project under accession no. PRJEB49193 (https://www.ebi.ac.uk/eva/).

            

References
	Lioy, P. J. et al. Characterization of the dust/smoke aerosol that settled east of the World Trade Center (WTC) in lower Manhattan after the collapse of the WTC 11 September 2001. Environ. Health Perspect. 110, 703â€“714 (2002).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, J. et al. Cancer incidence in World Trade Center rescue and recovery workers: 14 years of follow-up. J. Natl Cancer Inst. https://doi.org/10.1093/jnci/djab165 (2021).

	Zeig-Owens, R. et al. Early assessment of cancer outcomes in New York City firefighters after the 9/11 attacks: an observational cohort study. Lancet 378, 898â€“905 (2011).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Landgren, O. et al. Multiple myeloma and its precursor disease among firefighters exposed to the World Trade Center disaster. JAMA Oncol. 4, 821â€“827 (2018).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Jaiswal, S. et al. Age-related clonal hematopoiesis associated with adverse outcomes. N. Engl. J. Med. 371, 2488â€“2498 (2014).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Caraher, E. J. et al. Receptor for advanced glycation end-products and World Trade Center particulate induced lung function loss: a case-cohort study and murine model of acute particulate exposure. PLoS ONE 12, e0184331 (2017).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Maya-Mendoza, A. et al. High speed of fork progression induces DNA replication stress and genomic instability. Nature 559, 279â€“284 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Madireddy, A. et al. FANCD2 facilitates replication through common fragile sites. Mol. Cell 64, 388â€“404 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Weiden, M. D. et al. Comparison of WTC dust size on macrophage inflammatory cytokine release in vivo and in vitro. PLoS ONE 7, e40016 (2012).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nik-Zainal, S. et al. The genome as a record of environmental exposure. Mutagenesis 30, 763â€“770 (2015).
CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Zamborszky, J. et al. Loss of BRCA1 or BRCA2 markedly increases the rate of base substitution mutagenesis and has distinct effects on genomic deletions. Oncogene 36, 5085â€“5086 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bick, A. G. et al. Inherited causes of clonal haematopoiesis in 97,691 whole genomes. Nature 586, 763â€“768 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Genovese, G. et al. Clonal hematopoiesis and blood-cancer risk inferred from blood DNA sequence. N. Engl. J. Med. 371, 2477â€“2487 (2014).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Trowbridge, J. J. & Starczynowski, D. T. Innate immune pathways and inflammation in hematopoietic aging, clonal hematopoiesis, and MDS. J. Exp. Med. https://doi.org/10.1084/jem.20201544 (2021).

	Coombs, C. C. et al. Therapy-related clonal hematopoiesis in patients with non-hematologic cancers is common and associated with adverse clinical outcomes. Cell Stem Cell 21, 374â€“382 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cohen, H. W. et al. Long-term cardiovascular disease risk among firefighters after the World Trade Center disaster. JAMA Netw. Open 2, e199775 (2019).
ArticleÂ 
    
                    Google ScholarÂ 
                

	McGee, J. K. et al. Chemical analysis of World Trade Center fine particulate matter for use in toxicologic assessment. Environ. Health Perspect. 111, 972â€“980 (2003).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chen, J. et al. Myelodysplastic syndrome progression to acute myeloid leukemia at the stem cell level. Nat. Med. 25, 103â€“110 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Alexandrov, L. B. et al. Signatures of mutational processes in human cancer. Nature 500, 415â€“421 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fantini, D., Vidimar, V., Yu, Y., Condello, S. & Meeks, J. J. MutSignatures: an R package for extraction and analysis of cancer mutational signatures. Sci. Rep. 10, 18217 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
The work was supported by National Institutes of Health grants U01OH011933 (A.V.), U01OH012271 (A.V., R.Z.-O.), U01OH11300 (A.N.), F30DK127699 (A.J.S.), R01HL119326 (A.N.), R00HL136870 (A.M.) and T32GM007347 (A.J.S), NIOSH contracts 200-2011-39383, 200-2011-39378 and 200-2017-93326 (R.Z.-O.), the Jane and Myles Dempsey Fund (A.V.), Leukemia Lymphoma Society (A.V., M.R.S), the Evans MDS Foundation (A.V., M.R.S.), the Valvano Foundation (A.V.), the Adventure Alle Fund (M.R.S.), the Biff Ruttenberg Foundation (M.R.S.), the Beverly and George Rawlings Directorship (M.R.S.), the Ann Melly Scholarship (AJS) and a gift from the Leinbach family (A.V.). The dataset(s) used for the analyses described were obtained from Vanderbilt University Medical Centerâ€™s BioVU which is supported by numerous sources: institutional funding, private agencies and federal grants. These include the NIH funded Shared Instrumentation Grant S10RR025141, S10OD025092 and S10OD017985; and CTSA grants UL1TR002243, UL1TR000445 and UL1RR024975. Genomic data are also supported by investigator-led projects that include U01HG004798, R01NS032830, RC2GM092618, P50GM115305, U01HG006378, U19HL065962, R01HD074711; and additional funding sources listed at https://victr.vumc.org/biovu-funding/.


Author information
Author notes	Sakshi Jasra
Present address: Division of Hematology and Medical Oncology, University of Vermont, Larner College of Medicine, Burlington, VT, USA

	These authors contributed equally: Sakshi Jasra, Orsi Giricz, Rachel Zeig-Owens, Kith Pradhan, David G. Goldfarb, Angelica Barreto-Galvez, Alexander J. Silver.


Authors and Affiliations
	Department of Oncology, Blood Cancer Institute, Albert Einstein College of Medicine, Montefiore Medical Center, Bronx, NY, USA
Sakshi Jasra,Â Orsi Giricz,Â Kith Pradhan,Â Jiahao Chen,Â Srabani Sahu,Â Shanisha Gordon-Mitchell,Â Gaurav S. Choudhary,Â Srinivas Aluri,Â Tushar D. Bhagat,Â Aditi Shastri,Â Victor Thiruthuvanathan,Â Hiroki Goto,Â Matthias Bartenstein,Â George Nwankwo,Â Ulrich Steidl,Â Britta WillÂ &Â Amit Verma

	Pulmonary Medicine Division, Department of Medicine, Montefiore Medical Center, Bronx, NY, USA
Rachel Zeig-Owens,Â David G. GoldfarbÂ &Â David J. Prezant

	Fire Department of the City of New York, Bureau of Health Services, Brooklyn, NY, USA
Rachel Zeig-Owens,Â David G. Goldfarb,Â Michael D. Weiden,Â Anna NolanÂ &Â David J. Prezant

	Department of Epidemiology and Population Health, Albert Einstein College of Medicine, Bronx, NY, USA
Rachel Zeig-Owens

	Department of Pediatrics Hematology/Oncology, Rutgers Cancer Institute of New Jersey, Robert Wood Johnson Medical School, New Brunswick, NJ, USA
Angelica Barreto-GalvezÂ &Â Advaitha Madireddy

	Department of Medicine, Vanderbilt-Ingram Cancer Center, Vanderbilt University School of Medicine, Nashville, TN, USA
Alexander J. Silver,Â Cosmin A. Bejan,Â Shannon S. Stockton,Â Travis P. SpauldingÂ &Â Michael R. Savona

	The Ronald O. Perelman and Claudia Cohen Center for Reproductive Medicine, Weill Cornell Medicine, New York, NY, USA
Jeannine Gerhardt

	Department of Medicine, New York University Grossman School of Medicine, New York, NY, USA
Syed Hissam Haider,Â Arul Veerappan,Â Michael D. WeidenÂ &Â Anna Nolan

	Myeloma Program, Sylvester Comprehensive Cancer Center, University of Miami, Miami, FL, USA
Ola Landgren

	Genoptix, Neogenomics, Carlsbad, CA, USA
Jacqueline Lekostaj,Â Ryan BenderÂ &Â Frederick Fletcher

	The Leukemia Lymphoma Society, New York, NY, USA
Lee Greenberger

	Dana-Farber Cancer Institute, Boston, MA, USA
Benjamin L. Ebert

	Howard Hughes Medical Institute, Boston, MA, USA
Benjamin L. Ebert


Authors	Sakshi JasraView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Orsi GiriczView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Rachel Zeig-OwensView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kith PradhanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David G. GoldfarbView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Angelica Barreto-GalvezView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Alexander J. SilverView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jiahao ChenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Srabani SahuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Shanisha Gordon-MitchellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Gaurav S. ChoudharyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Srinivas AluriView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Tushar D. BhagatView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Aditi ShastriView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Cosmin A. BejanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Shannon S. StocktonView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Travis P. SpauldingView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Victor ThiruthuvanathanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hiroki GotoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jeannine GerhardtView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Syed Hissam HaiderView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Arul VeerappanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Matthias BartensteinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	George NwankwoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ola LandgrenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael D. WeidenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jacqueline LekostajView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ryan BenderView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Frederick FletcherView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Lee GreenbergerView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Benjamin L. EbertView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Ulrich SteidlView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Britta WillView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Anna NolanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Advaitha MadireddyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael R. SavonaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David J. PrezantView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Amit VermaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
A.V., D.J.P., M.R.S., A.M., A.N. and R.Z.-O. designed the study and experiments and wrote the manuscript. S.J., O.G., D.G.G., A.B.-G., A.J.S., J.C., S.S., S.G.-M., G.S.C., S.A., T.D.B., A.S., C.A.B., S.S.S., T.P.S., V.T., H.G., J.G., S.H.H., M.R.S., A.V., M.B., G.N. and M.D.W. contributed samples, performed experiments and analyzed data. O.L., L.G., B.L.E., U.S. and B.W. analyzed and interpreted data. K.P., R.B., J.L. and F.F. performed bioinformatics analysis.
Corresponding authors
Correspondence to
                Anna Nolan, Advaitha Madireddy, Michael R. Savona, David J. Prezant or Amit Verma.


Ethics declarations

              
                Competing interests

                A.V. has received research funding from Prelude, BMS, GSK, Incyte, Medpacto, Curis and Eli Lilly, is a scientific advisor for Stelexis, Novartis, Acceleron and Celgene, receives honoraria from Stelexis and Janssen and holds equity in Stelexis and Throws Exception. B.L.E. has received research funding from Celgene, Deerfield, Novartis and Calico and consulting fees from GRAIL. He is a member of the scientific advisory board and shareholder for Neomorph Therapeutics, TenSixteen Bio, Skyhawk Therapeutics and Exo Therapeutics. M.R.S has acted as a scientific advisor for Abbvie, BMS, CTI, Geron, Karyopharm, Novartis, Ryvu, Sierra Oncology, Taiho, Takeda, TG Therapeutics; has received research funding from ALX Oncology, Astex, Incyte, Takeda, TG Therapeutics; and has equity positions in Karyopharm, Ryvu.

              
            

Peer review

              
              
                Peer review information

                Nature Medicine thanks Duane Hassane Daniel Link, Catherine Metayer, Stanton Gerson and the other, anonymous, reviewer(s) for their contribution to the peer review of this work. Michael Basson was the primary editor on this article and managed its editorial process and peer review in collaboration with the rest of the editorial team.

              
            

Additional information
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data

Extended Data Fig. 1 Characteristics of somatic mutations seen in non-WTC-exposed first responder controls.
a: Frequency of genes found to be mutated are shown in non-WTC-exposed first responder controls. b: Numbers of specific types of non-synonymous mutations are shown. c: Numbers of exact nucleotide change for mutations are shown.


Extended Data Fig. 2 Mutational signatures for changes seen in WTC-exposed first responders.
a: Relative weight and underlying mechanisms of different mutation signatures inferred from the mutational spectra are shown. b:The 96 trinucleotide mutational spectra of somatic mutations seen in WTC exposed first responders. X-axis is showing the 96 combination of nucleotide changes, and their relative weights inferred by deconstructSigs is shown on the Y-axis.


Extended Data Fig. 3 WTC particulate matter (WTC PM) exposure induces DNA damage by promoting faster progression of cells through S-phase.
(a) Schematic of treatment regime. (b) Percentage of cells with H2AX foci in wildtype (WT) Untreated (blue bar), WTâ€‰+â€‰Aphidicolin (grey bar), WTâ€‰+â€‰WTC PM (green bar) and WTâ€‰+â€‰5uM Olaparib (orange bar) and 10uM Olaparib (yellow bar). Approximately 500 cells examined over three independent experiments. Statistical significance was assessed using a two-tailed t-test where ****pâ€‰<â€‰.0001. (c) Percentage of cells with EdU incorporation in wildtype (WT) Untreated (blue bar), WTâ€‰+â€‰Aphidicolin (grey bar), WTâ€‰+â€‰WTC PM (green bar) and WTâ€‰+â€‰5uM Olaparib (orange bar) and 10uM Olaparib (yellow bar). Approximately 250 cells examined over three independent experiments. Statistical significance was assessed using a two-tailed t-test. (d) Spatiotemporal pattern of DNA replication. Percentage of cells with EdU incorporation patterns characteristic of early (blue bar), mid (red bar) and late (green bar) s-phase. Error bars represent mean Â± s.d. from data collected where nâ€‰=â€‰~250 cells examined over three independent experiments. Statistical significance was assessed using a two-tailed t-test. (e) Schematic representation of the various stages of single molecule analysis of replicated DNA (SMARD). Cells are pulsed with nucleoside analogs (IdU-green; CIdU-red) and embedded in agarose plugs. The cells are first lysed; proteins are digested by proteinase K and then subjected to restriction digestion. The restriction digested DNA is resolved by pulse field gel electrophoresis. The slice containing the FRA16D locus is identified by PCR analysis. The agarose from the identified slice is melted and the DNA is stretched onto silanized glass slides. Biotinylated FISH probes are used for identification of the fragment and immunostaining is utilized to visualize the IdU tract in red, the CIdU tract in green and the FISH probes in blue. The resulting molecules are arranged to yield recognizable replication patterns (from the left): initiating molecules, terminating molecules, replication forks progressing in the 3â€™ to 5â€™ and 5â€™ to 3â€™ direction which are easily interpreted by the IdU incorporation histograms.


Extended Data Fig. 4 WTC PM exposure perturbs DNA replication at common fragile site FRA16D.
(a) Locus map of the Region 1(R1)-PmeI and Region 2(R2)-SbfI segments, of CFS-FRA16D. The FISH probes that identify the segment are labeled in blue. (b-d) Top; Locus map of PmeI digested R1 segment. Bottom; Aligned photomicrograph images of labeled DNA molecules from the WILDTYPE (WT) lymphoblastoid cell line treated with 0.2â€‰ÂµM Aphidicolin for 20â€‰h (B); or treated with 200â€‰Âµg/ml WTC PM for 20â€‰h (C); or treated with 5â€‰ÂµM olaparib for 20â€‰h (D). (e) Percentage of molecules with replication initiation sites in Region 1 of CFS-FRA16D in wildtype (WT) Untreated (blue bar), WTâ€‰+â€‰Aphidicolin (grey bar), WTâ€‰+â€‰WTC-PM (green bar) and WTâ€‰+â€‰olaparib (orange bar). Error bars represent mean Â± s.d. from data collected where nâ€‰=â€‰40 molecules analyzed over three independent experiments. Statistical significance was assessed using a two-tailed t-test. Note: Aphidicolin, WTC PM and olaparib are present during IdU pulse. (f) Replication fork speed during the IdU pulse of SMARD (first 4â€‰hours of pulsing) in Region 1 of CFS-FRA16D in wildtype (WT) Untreated (blue bar), WTâ€‰+â€‰Aphidicolin (grey bar), WTâ€‰+â€‰WTC PM (green bar) and WTâ€‰+â€‰olaparib (orange bar). Error bars represent mean Â± s.d. from data collected where nâ€‰=â€‰~200 DNA molecules analyzed from three independent experiments. Statistical significance was assessed using a two-tailed t-test where *pâ€‰=â€‰0.0439, **pâ€‰=â€‰0.0052. Note: Aphidicolin, WTC PM and olaparib are present during IdU pulse. (g-i) Top; Locus map of SbfI digested R2 segment. Bottom; Aligned photomicrograph images of labeled DNA molecules from the WILDTYPE (GM03798) lymphoblastoid cell line treated with 0.2â€‰ÂµM Aphidicolin for 20â€‰h (G); or treated with 200â€‰Âµg/ml WTC PM for 20â€‰h (H); or treated with 5â€‰ÂµM olaparib for 20â€‰h (I). The yellow arrows indicate the sites along the molecules where the IdU transitioned to CldU. White rectangles indicate representative sites of replication fork pausing. The molecules are arranged in the following order: molecules with initiation events, molecules with 3â€™ to 5â€™ progressing forks, molecules with 5â€™ to 3â€™ progressing forks and molecules with termination events. (j) Percentage of molecules with replication initiation sites in Region 2 of CFS-FRA16D in wildtype (WT) Untreated (blue bar), WTâ€‰+â€‰Aphidicolin (grey bar), WTâ€‰+â€‰WTC PM (green bar) and WTâ€‰+â€‰olaparib (orange bar). Error bars represent mean Â± s.d. from data collected where nâ€‰=â€‰40 molecules analyzed over three independent experiments. Statistical significance was assessed using a two-tailed t-test where *pâ€‰=â€‰0.0311. Note: Aphidicolin, WTC-PM and Olaparib are present during IdU pulse. (k) Replication fork speed during the IdU pulse of SMARD (first 4â€‰hours of pulsing) in Region 2 of CFS-FRA16D in wildtype (WT) Untreated (blue bar), WTâ€‰+â€‰Aphidicolin (grey bar), WTâ€‰+â€‰WTC PM (green bar) and WTâ€‰+â€‰Olaparib (orange bar). Error bars represent mean Â± s.d. from data collected where nâ€‰=â€‰~200 DNA molecules analyzed from three independent experiments. Statistical significance was assessed using a two-tailed t-test where **pâ€‰=â€‰0.0016 Note: Aphidicolin, WTC PM and olaparib are present during IdU pulse.


Extended Data Fig. 5 WTC PM exposure perturbs DNA replication at common fragile site FRA6E.
(a): Locus map of a 375â€‰kb region in the CFS-FRA6E obtained by PmeI digestion. The region includes the fragility core of CFS-FRA6E (pink line â€“ 162â€‰kb). The FISH probes that identify the segment are labeled in blue. (b-d): Top; Locus map of the PmeI digested FRA6E segment. Bottom; Aligned photomicrograph images of labeled DNA molecules from the WILDTYPE (GM03798) lymphoblastoid cell line treated with 0.2â€‰ÂµM Aphidicolin for 20â€‰h (D); or treated with 200â€‰Âµg/ml WTC PM for 20â€‰h (E); or treated with 5â€‰ÂµM Olaparib for 20â€‰h (F). (e): Percentage of molecules with replication initiation sites in CFS-FRA6E in wildtype (WT) Untreated (blue bar), WTâ€‰+â€‰Aphidicolin (grey bar), WTâ€‰+â€‰WTC PM (green bar) and WTâ€‰+â€‰olaparib (orange bar). Error bars represent mean Â± s.d. from data collected where nâ€‰=â€‰40 molecules analyzed over three independent experiments. Note: Aphidicolin, WTC-PM and Olaparib are present during IdU pulse. (f): Replication fork speed during the IdU pulse of SMARD (first 4â€‰hours of pulsing) CFS-FRA6E in wildtype (WT) Untreated (blue bar), WTâ€‰+â€‰Aphidicolin (grey bar), WTâ€‰+â€‰WTC PM (green bar) and WTâ€‰+â€‰Olaparib (orange bar). Error bars represent mean Â± s.d. from data collected where nâ€‰=â€‰~200 DNA molecules analyzed from three independent experiments. Statistical significance was assessed using a two-tailed t-test where **pâ€‰=â€‰0.0035, ****pâ€‰<â€‰0.0001. Note: Aphidicolin, WTC PM and olaparib are present during IdU pulse.


Extended Data Fig. 6 Genomic alterations induced by exposure to WTC PM in vivo.
a: Mice were treated with WTC PM and used for bone marrow stem and progenitor FACS analysis. Representative control and WTC PM treated mice samples are shown. b: Hematopoietic Kitâ€‰+â€‰, Sca1â€‰+â€‰, Lineage â€“ve stem cells are shown for WTC PM treated and control mice (Nâ€‰=â€‰4 individual mice per group, Meansâ€‰+â€‰/- SD, Two tailed TTest, Pâ€‰=â€‰0.036). c: Numbers of high impact deletions are shown for WTC PM and control treated mice within stem cell compartments (Nâ€‰=â€‰4 individual mice per group, Meansâ€‰+â€‰/- SD, Two tailed TTest, Pâ€‰=â€‰0.007). d: Numbers of high impact indels are shown for WTC PM and control treated mice within stem cell compartments (Nâ€‰=â€‰4 individual mice per group, Meansâ€‰+â€‰/- SD, Two tailed TTest, Pâ€‰=â€‰0.046). e: Numbers of high impact non-synonymous SNPs are shown for WTC PM and control treated mice within stem cell compartments. Nâ€‰=â€‰4 individual mice per group, Meansâ€‰+â€‰/- SD, Two tailed TTest, Pâ€‰=â€‰0.03). f: Variant allele frequency (VAF) of high impact non-synonymous genomic changes in WTC PM treated stem cells. g: Circos plot showing magnitude of non-synonymous genomic changes in 4 WTC PM and 4 control mice.


Extended Data Fig. 7 Mice treated with WTC PM were analyzed for stem and progenitor alterations.
a: Mice were treated with WTC PM were sacrificed at 30 days after oropharyngeal exposure and used for bone marrow stem and progenitor FACS analysis. Representative sorting strategy for KSL stem cells is shown. b: Relative proportions of stem and progenitor populations are shown. Meansâ€‰+â€‰/- SD of 4 mice in each group.


Extended Data Fig. 8 Hematopoietic stem cells from mice treated with WTC PM show genomic instability.
a: Numbers of high, moderate, low and modifier impact SNPs are shown for WTC PM treated and control mice within stem cell compartments. Individual mice are shown. b: Numbers of high, moderate, low and modifier impact deletions are shown for WTC PM treated and control mice within stem cell compartments. Individual mice are shown. c: Numbers of high, moderate, low and modifier impact indels are shown for WTC PM treated and control mice within stem cell compartments. Individual mice are shown.


Extended Data Fig. 9 Murine mutational signatures similar to human mutational signatures associated with smoking and defective DNA repair.
a: De novo murine mutational signatures (Msig1 and Msig2) were created from high and moderate impact snps and show greater signature activities in the WTC-PM exposed mice. b: The murine signatures were compared to known human mutational signatures. Greater similarity was shown with higher intensity of color on the heatmap. Human signatures with most similarity to Msig1 were SBS45, SBS4, SBS94. Human signatures with most similarity to Msig2 were SBS5, SBS3, SBS40. c: Human signatures with most similarity to murine signatures were SBS 03, 04, 05, 40, 45 and 90.


Extended Data Table 1 Demographics of WTC-exposed and non-WTC-exposed first responders. (Smoking information was only available for 203 controls)Full size table
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