
Cite as: A. S. Labade et al., Science 

10.1126/science.adt2781 (2025).  

 
 

First release: 29 May 2025   science.org  (Page numbers not final at time of first release) 1

   

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.adt2781&domain=pdf&date_stamp=2025-05-29


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 2 

 

′ ′

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 3 

 

ρ

ρ

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 4 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 5 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 6 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 7 

 

μ

μ

μ

μ

μ

μ μ

μ

μ μ μ

μ

μ

′ ′

′ ′

μ

μ

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 8 

 

μ

μ μ

μ

μ μ

μ

μ μ

μ

μ

μ

μ

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 9 

 

′

μ μ

μ

μ

′

μ

′

μ

μ μ

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 10 

 

μ μ

μ μ

μ

μ

μ

μ

μ

μ

μ

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 11 

 

μ

μ μ

μ

μ μ

μ

μ

μ

μ

μ

μ

μ μ

μ μ

μ

μ

μ

μ μ

μ

μ μ

μ

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 12 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 13 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 14 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 15 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/
http://dx.doi.org/10.1038/nrc1430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15343274&dopt=Abstract
http://dx.doi.org/10.1146/annurev-bioeng-071910-124736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21756143&dopt=Abstract
http://dx.doi.org/10.1038/s41576-022-00515-3
http://dx.doi.org/10.1038/s41576-022-00515-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35859028&dopt=Abstract
http://dx.doi.org/10.1038/s41586-021-03634-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34381231&dopt=Abstract
http://dx.doi.org/10.1038/s41580-021-00362-w
http://dx.doi.org/10.1038/s41580-021-00362-w
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33953379&dopt=Abstract
http://dx.doi.org/10.1038/s41576-022-00526-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36104547&dopt=Abstract
http://dx.doi.org/10.1146/annurev-cellbio-100617-062653
http://dx.doi.org/10.1146/annurev-cellbio-100617-062653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30044650&dopt=Abstract
http://dx.doi.org/10.1073/pnas.2210593120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36656860&dopt=Abstract
http://dx.doi.org/10.1016/j.devcel.2019.04.020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31105008&dopt=Abstract


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 16 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/
http://dx.doi.org/10.1016/j.cell.2020.07.030
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32841603&dopt=Abstract
http://dx.doi.org/10.1126/science.adh3253
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37676945&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2015.01.054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25768910&dopt=Abstract
http://dx.doi.org/10.1038/nature16496
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26760202&dopt=Abstract
http://dx.doi.org/10.1126/science.aag0025
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28751582&dopt=Abstract
http://dx.doi.org/10.1016/j.molcel.2017.06.018
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28712725&dopt=Abstract
http://dx.doi.org/10.1126/sciadv.aba8811
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32967822&dopt=Abstract
http://dx.doi.org/10.1038/s41592-020-0775-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32203384&dopt=Abstract
http://dx.doi.org/10.1016/j.celrep.2023.112567
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37243597&dopt=Abstract
http://dx.doi.org/10.1016/j.celrep.2018.06.085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30044984&dopt=Abstract
http://dx.doi.org/10.1038/s41592-020-0890-0
http://dx.doi.org/10.1038/s41592-020-0890-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32719531&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2020.07.032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32822575&dopt=Abstract
http://dx.doi.org/10.1038/s41586-020-03126-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33505024&dopt=Abstract
http://dx.doi.org/10.1126/science.abj1966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34591592&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2022.09.035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36272405&dopt=Abstract
http://dx.doi.org/10.1126/science.aay3446
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33384301&dopt=Abstract
http://dx.doi.org/10.1126/science.1260088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25592419&dopt=Abstract
http://dx.doi.org/10.1093/nar/gkab423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34048564&dopt=Abstract
http://dx.doi.org/10.1126/science.ade5308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37410825&dopt=Abstract
http://dx.doi.org/10.1038/nmeth.3899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27376770&dopt=Abstract
http://dx.doi.org/10.1126/science.aax2656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33509999&dopt=Abstract
http://dx.doi.org/10.1038/s41587-022-01546-1
http://dx.doi.org/10.1038/s41587-022-01546-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36593399&dopt=Abstract
http://dx.doi.org/10.1126/sciadv.abm4006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35507653&dopt=Abstract
http://dx.doi.org/10.3791/50587-v
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23978815&dopt=Abstract
http://dx.doi.org/10.1038/nmeth.4031
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27749837&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2019.09.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31626775&dopt=Abstract
http://dx.doi.org/10.1101/cshperspect.a003889
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20300217&dopt=Abstract
http://dx.doi.org/10.1038/nature14248
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25693563&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2010.12.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21168201&dopt=Abstract


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 17 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/
http://dx.doi.org/10.1016/j.tcb.2017.08.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28893461&dopt=Abstract
http://dx.doi.org/10.1091/mbc.E15-07-0461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26310440&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1810070116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30765529&dopt=Abstract
http://dx.doi.org/10.1038/nature06727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18272965&dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1000039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18369458&dopt=Abstract
http://dx.doi.org/10.1083/jcb.200706060
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18195101&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2012.04.035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22726435&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2018.09.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30318144&dopt=Abstract
http://dx.doi.org/10.1242/jcs.104.2.297
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8505362&dopt=Abstract
http://dx.doi.org/10.1242/jcs.203430
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28668931&dopt=Abstract
http://dx.doi.org/10.1101/gr.196220.115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26798136&dopt=Abstract
http://dx.doi.org/10.1016/j.devcel.2020.02.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32208162&dopt=Abstract
http://dx.doi.org/10.1186/s13059-023-02849-5
http://dx.doi.org/10.1186/s13059-023-02849-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36691074&dopt=Abstract
http://dx.doi.org/10.4161/nucl.28825
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24717229&dopt=Abstract
http://dx.doi.org/10.1038/nrg1906
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17139325&dopt=Abstract
http://dx.doi.org/10.1073/pnas.0402943101
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15184648&dopt=Abstract
http://dx.doi.org/10.1083/jcb.201206121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23439683&dopt=Abstract
http://dx.doi.org/10.1073/pnas.2406946121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38917015&dopt=Abstract
http://dx.doi.org/10.1073/pnas.0602569103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16738054&dopt=Abstract
http://dx.doi.org/10.1101/gr.138032.112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23152449&dopt=Abstract
http://dx.doi.org/10.1126/scitranslmed.aad4991
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27099177&dopt=Abstract
http://dx.doi.org/10.1186/s13073-020-00749-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32450911&dopt=Abstract
http://dx.doi.org/10.1038/s41467-020-20048-9
http://dx.doi.org/10.1038/s41467-020-20048-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33293552&dopt=Abstract
http://dx.doi.org/10.1016/j.stem.2020.12.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33529599&dopt=Abstract
http://dx.doi.org/10.1016/j.celrep.2019.08.045
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31533042&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0001269
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18060063&dopt=Abstract
http://dx.doi.org/10.1126/science.1127168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16645051&dopt=Abstract
http://dx.doi.org/10.1091/mbc.e11-10-0884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22496421&dopt=Abstract
http://dx.doi.org/10.1111/acel.13521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34894056&dopt=Abstract
http://dx.doi.org/10.1038/nbt.1630
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20436461&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1809683116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30808750&dopt=Abstract
http://dx.doi.org/10.1111/acel.13152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32710480&dopt=Abstract


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 18 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/
http://dx.doi.org/10.1073/pnas.0611640104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17360355&dopt=Abstract
http://dx.doi.org/10.1001/jamacardio.2017.5235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29466530&dopt=Abstract
http://dx.doi.org/10.1126/science.aah4115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28360329&dopt=Abstract
http://dx.doi.org/10.1016/j.jmb.2017.06.019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28684248&dopt=Abstract
http://dx.doi.org/10.1038/s41571-022-00668-4
http://dx.doi.org/10.1038/s41571-022-00668-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36045302&dopt=Abstract
http://dx.doi.org/10.1038/s41594-024-01286-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38632359&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2022.12.027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36638792&dopt=Abstract
http://dx.doi.org/10.1038/s41586-023-05922-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37046086&dopt=Abstract
http://dx.doi.org/10.1038/nmeth.3833
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27064647&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/bty560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30423086&dopt=Abstract
http://dx.doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22388286&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19505943&dopt=Abstract
http://dx.doi.org/10.1101/gr.209601.116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28100584&dopt=Abstract
http://dx.doi.org/10.1186/s13100-015-0041-9
http://dx.doi.org/10.1186/s13100-015-0041-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26045719&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20110278&dopt=Abstract
http://dx.doi.org/10.1038/s41592-019-0582-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31570887&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2014.11.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25497547&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btad389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37335863&dopt=Abstract
http://dx.doi.org/10.1016/j.cels.2016.07.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27467249&dopt=Abstract
http://dx.doi.org/10.1038/nature11247
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22955616&dopt=Abstract
https://doi.org/10.5281/zenodo.15360294
https://arep.med.harvard.edu/gmc/tech.html
https://github.com/buenrostrolab/exigs_code
https://www.science.org/about/science-licenses-journal-article-reuse


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 19 

 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/
https://science.org/doi/10.1126/science.adt2781


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 20 

 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 21 

 

  

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 22 

 

 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 23 

 

  

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 24 

 

 
 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 25 

 

 

 

 

 

  

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


First release: 29 May 2025  science.org  (Page numbers not final at time of first release) 26 

 

 

D
ow

nloaded from
 https://w

w
w

.science.org at M
assachusetts Institute of T

echnology on June 03, 2025

https://science.org/


 

 
Supplementary Materials for 

 
Expansion in situ genome sequencing links nuclear abnormalities 

to aberrant chromatin regulation 

 
Ajay S. Labade et al. 

 
Corresponding author: Jason D. Buenrostro, jason_buenrostro@harvard.edu 

 

DOI: 10.1126/science.adt2781 

 

The PDF file includes: 

 

Figs. S1 to S20 

Captions for Tables S1 to S9 

Captions for Movies S1 to S3 

 

Other Supplementary Material for this manuscript includes the following: 

 

MDAR Reproducibility Checklist (.pdf) 

Tables S1 to S9 (.xlsx and .txt) 

Movies S1 to S3 (.mp4) 

 

 



 

 
Fig. S1: Optimization of re-embedding gel composition 
Images of secondary re-embedding gels made using different Acry:Bis ratios, visualized with an 
acrydite-modified fluorescent moiety. Higher acrylamide percentages form more dense gels with smaller 
pores. We found that low acrylamide gels (2-2.5%) fail to completely polymerase, and higher acrylamide 
gels (3-3.5%) have small pore size which disrupt diffusion of enzymes into the gel. We found that 2.7% 
acrylamide gels polymerize and retain large enough pores to facilitate enzyme diffusion into the gel.



 

 
 

Fig. S2: Split barcode design for sequencing-by-synthesis 
(A)​Schematic of the split barcode design used for in situ sequencing-by-synthesis. Including multiple 

primers and performing a blocking step before each primer “resets” the gradual decay of 
fluorescent signals caused by signal phasing. 

(B)​Workflow for in situ sequencing-by-synthesis using the split barcode design shown in (A). Primer 
hybridization is followed by repeated dNTP incorporation, imaging, and cleavage. Once all of the 
bases of a primer is read out, free -OH groups are blocked and the process is repeated for each 
primer. 

 



 

 
Fig. S3: Correction of sequencing-by-synthesis fluorescence signal 

(A)​Computational correction of spectral bleed-through. For each base and channel, a set of 
high-confidence DNA amplicons is defined, and fluorescent signal is measured at these locations 
for all other bases (e.g. we define a set of high-confidence T amplicons and measure the signal at 
these locations in A, C, and G). These signals are used to calculate a fit that represents the degree 
of bleed-through between each pair of channels, and are applied to correct the original images. 

(B)​Same as (A), but for signal phasing. For each base and channel, a set of high-confidence DNA 
amplicons is defined, and fluorescent signal is measured at these locations in the next base (e.g. 
we defined a set of high-confidence A amplicons in base 1 and measure the A signal at these 
locations in base 2). These signals are used to calculate a fit that represents the degree of 
bleed-through between subsequent bases, and are applied to correct the original images. 
 



 

 
Fig. S4: Registration and identification of 3D amplicon positions 

(A)​Images from each channel of in situ sequencing for base 1 of a skin fibroblast. Each image shows 
maximum intensity projections in x, y, and z.  

(B)​The same images as (A), but following Gaussian high-pass filtering. 
(C)​The nucleus first shown in (A) after registration of base 2 images to base 1 images. Green 

represents signal only in base 1, magenta represents signal only in base 2, and white represents 
signal in both. 

(D)​The same images as (B), but with overlaid amplicon locations identified via 3D peak calling.



 

 
Fig. S5: Expansion immunofluorescence imaging and segmentation 
Image stacks showing either expansion immunofluorescence imaging of targeted nuclear proteins (Lamin 
A/C, H3K9me3, and nuclear speckles) and their segmentation at various 3D slices of an IMR-90 
fibroblast. Scale bar in bottom right applies to all images, 5 microns. 



 

Fig. S6: Quantification of expansion factor 
(A)​Left, DNA density (SYTOX Green) image montage of IMR-90 cells on a coverslip taken at 20x 

resolution, prior to expansion. Top right, DNA density image montage of a subset of the same 
IMR-90 cells in a gel following expansion, with individual fields of view taken at 40x resolution 
and combined using field xy coordinates. Bottom right, registration of pre- and post- expansion 
image segmentations. Green represents cells imaged only prior to expansion, white represents 
cells imaged both before and after, magenta represents cells with imperfect initial registration, 
which are later corrected during nuclei registration (B). Observed image sizes as marked. 

(B)​Nuclei registration of pre- (bottom left half) and post-expansion (top right half) DNA density 
images. Scale bars represent observed distances. Sample shown had an expansion factor of 
approximately 5. 



 

Fig. S7: Visualization of chromosome territories in a skin fibroblast 
ExIGS genomic reads for each chromosome in a skin fibroblast. Reads from each chromosome were 
assigned to one of two homologs for all autosomes and chrX (the donor of this cell line was female) based 
on spatial and genomic position. Colored dots indicate the position of the ExIGS reads on the given 
chromosome, gray dots represent ExIGS reads from other chromosomes. Black lines trace the 3D path 
each homolog takes through the nucleus. Shown as a maximum intensity projection in z for visualization. 
Scale bar in bottom right applies to all images, 5 microns. 



 

Fig. S8: Comparison to Hi-C data 
(A)​Left, Contact frequency matrix for chr1 from Hi-C of IMR-90 fibroblasts from GSE63525(92) at 

1 Mb resolution with Knight-Ruiz matrix balancing normalization. Middle, Inverse mean spatial 
distance matrix for chr1 from ExIGS of skin fibroblasts at 1 Mb resolution. Right, comparison of 
ExIGS mean spatial distance and normalized Hi-C contact frequency. Each point represents a pair 
of 1 Mb genomic bins from the chromosome shown. 

(B)​Same as (A), but for chr5. 
 

https://paperpile.com/c/niGBwP/Kgoc


 

 
Fig. S9: DNA fragment resolution and genomic coverage 

(A)​A histogram showing the genomic fragment sizes of all uniquely aligned ExIGS reads from skin 
fibroblasts. The peak of the distribution (~100 bp) represents the average per-read genomic 
resolution of the method. 

(B)​Transcription start site (TSS) enrichment for the same reads from (A). The absence of a large 
peak centered on 0 suggests that HCl treatment is effective at minimizing Tn5’s inherent bias 
towards accessible chromatin. 

(C)​Normalized genomic coverage of non-overlapping 500 kb genomic bins of ExIGS reads from 
skin fibroblasts. Copy number was calculated by dividing by the median coverage and 
multiplying by 2. 96.4% of autosomal bins with more than 10 reads displayed a copy number 
between 1 and 3. Moderate peaks and valleys likely represent GC bias, points around zero likely 
fall in low mappability regions. Colors represent bin chromosome. 

 



 

 
Fig. S10: Quantification of expanded resolution 
Top, Quantification of 3D amplicon and nuclear lamina feature width (lamin B) from in situ genome 
sequencing (IGS) of early mouse embryos. Bottom, Same as top, but for ExIGS of human skin fibroblasts 
(Lamin A/C). Feature widths were calculated using full width at half maximum measurements. The 
improvement in resolution is likely greater for lamin than DNA amplicons because the latter is not a 
diffraction-limited measurement (because amplicons are randomly imaged in 1 of 4 sequencing channels), 
but may also be due to species (mouse vs. human) or lamin type (Lamin B vs. Lamin A/C) differences.



 

 
Fig. S11: Benchmarking of DNA-protein association, genomic resolution, and coverage 

(A)​Left, Histogram of distance to nuclear boundary for IGS genomic reads. Peaks every ~300 nm 
likely represent spatial resolution limits in the z dimension. Right, Plots showing correspondence 
between distance to nuclear exterior and IMR-90 ATAC-seq for chromosome 1 at 500 kb 
resolution. Correlation value shown is calculated across all genomic bins. 

(B)​Same as (A), but for distance to lamin A/C for ExIGS genomic reads. 
(C)​Plot showing Pearson correlations over all IMR-90 ExIGS reads between distance to nuclear 

proteins (Lamin A/C and nuclear speckles) and binned ATAC-seq values at 7 different genomic 
resolutions.  

(D)​Plot showing the percentage of bins at 7 different genomic resolutions measured by ExIGS in this 
study vs. in a comparable study that applied whole-genome DNA FISH to human fibroblasts. 

 
 

 



 

Fig. S12: Visualization of chromosome territories and lamin abnormalities in a progeria fibroblast 
ExIGS genomic reads for each chromosome in a passage 25 progeria fibroblast, overlaid on expansion 
immunofluorescence images of Lamin A/C. Both ExIGS reads and IF images are shown as maximum 
intensity z-projections for visualization. Scale bar in bottom right applies to all images, 5 microns. 



 

 
Fig. S13: Segmentation of peripheral and internal lamin 
Top, Lamin A/C segmentation and annotation of ExIGS reads by distance to lamin at top, middle, and 
bottom thirds of a control fibroblast. Bottom, Same as top, but for a passage 25 progeria fibroblast with 
substantial internal lamin. Both ExIGS reads and IF images are shown as maximum intensity 
z-projections of each third for visualization. Scale bar in bottom right applies to all images, 5 microns.



 

 
Fig. S14: Validation of Lamin A/C accumulation in unexpanded progeria fibroblasts 

(A)​Reproduced from Fig. 2G. Control and progeria fibroblasts profiled with ExIGS and expansion 
immunofluorescence (IF) imaging of Lamin A/C, plotted by percent lamin by volume and percent 
internal lamin by volume. 

(B)​Same as (A), but for non-expansion IF control and progeria fibroblasts from matched passages. 
(C)​Top, Non-expansion IF of Lamin A/C for representative control and progeria fibroblasts from 

each passage. Bottom, segmentation of peripheral and internal lamin for the cells shown above. 
Scale bars, 5 microns. All images shown as single z-planes for visualization.  



 

 
Fig. S15: Expansion immunofluorescence imaging of Lamin A/C, Lamin B1, and Progerin 

(A)​Expansion immunofluorescence imaging of Lamin A/C and Lamin B1 in control fibroblasts, 
progeria passage 19, and progeria passage 25. Scale bars, 5 microns, using a standard expansion 
factor of 5. All images shown as maximum intensity projections for visualization. 

(B)​Violin plot showing the percentage of each nucleus occupied by Lamin B1. n = 91, 110, and 97 
for control fibroblasts, progeria passage 19, and progeria passage 25. 

(C)​Expansion immunofluorescence imaging of Lamin A/C and Progerin for the same cells shown in 
(A). 

(D)​Violin plot showing the percentage of each nucleus occupied by Progerin. Number of cells is the 
same as (B). 

 
 



 

Fig. S16: Concordant epigenetic changes in progeria fibroblasts 
(A)​Scatter plot showing mean distance of ExIGS reads to lamin in control fibroblasts vs. progeria (all 

passages). Each dot represents a non-overlapping 500 kb genomic bin. Dotted line indicates bins 
where mean distance to lamin is roughly the same.  

(B)​Scatter plot showing normalized bulk ATAC-seq in control fibroblasts vs. passage 21 progeria 
fibroblasts. As in (A), each dot represents a 500 kb genomic bin and dotted line indicates 
similarity across conditions. ATAC-seq values are normalized by the mean over all bins in each 
condition. 

(C)​Scatter plot showing the relationship between changes in normalized ATAC-seq and mean 
distance to lamin from control to progeria fibroblasts. The x-axis displays log2 fold changes using 
values from (B), while the y-axis displays differences usings values from (A). Positive correlation 
indicates that decreases in chromatin accessibility (negative values on the x-axis) are associated 
with closer proximity to the lamin (negative values on the y-axis). 

 
 



 

 
Fig. S17: Stochastic co-localization of disruption hotspots and internal lamin 

(A)​Representative progeria fibroblasts from passage 22 (top) and 25 (bottom) with disruption 
hotspots that closely co-localize with internal lamin marked by white circles. Left and middle 
columns show a single z-plane for visualization, containing the lamin IF and segmentation. The 
right column shows ExIGS reads in a maximum intensity z-projection for a 1.8 micron thick 
section, labeled by hotspots.  

(B)​Same as (A), but with disruption hotspots that do not co-localize with internal lamin are marked. 
All scale bars, 5 microns.  

(C)​Top, Density plot showing distance to internal lamin for neighborhoods within disruption hotspots 
vs. those not in disruption hotspots. Bottom, Density plot showing neighborhood lamin-ATAC 
correlations for ExIGS reads touching internal lamin (< 200 nm away) vs. those not touching 
internal lamin. 
 



 

 

Fig. S18: Disruption hotspots show random genomic distribution 
(A)​Histogram of percentage of reads falling within a disruption hotspot for non-overlapping 500 kb 

genomic bins. 
(B)​Percentage of reads falling within a disruption hotspot by genomic position. Each dot represents a 

non-overlapping 500 kb genomic bin. 
 



 

Fig. S19: Visualization of nuclear abnormalities in fibroblasts from a 92 year-old donor 
Expansion immunofluorescence (IF) images of Lamin A/C for 92 year-old donor fibroblasts with nuclear 
abnormalities. All images are 3D stacks, but are shown as maximum intensity z-projections for 
visualization purposes. Scale bar in bottom right applies to all nuclei, 5 microns.  



 

 
Fig. S20: In situ library construction in rat cardiomyocytes and mouse small intestine tissue 

(A)​In situ genomic library in mouse small intestine tissue. Blue, DNA density (Sytox Green); 
Yellow, DNA amplicons.  

(B)​In situ genomic library in rat cardiomyocytes. Yellow, DNA amplicons. Scale bars show distance 
after expansion.  
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ExIGS cell and amplicon filtering statistics 
 
Table S2.  
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Movie of multiple rounds of in situ sequencing 
 
Movie S2. 
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Movie S3. 
3D visualization of of a passage 22 progeria fibroblast nuclei 
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