
overall mutational burden, irrespective of disease status, concentrates in distinct genes and pathways between 

glial cells and neuronal cells, while other genes and pathways are depleted for mutations. Along with neuronal 

mutations that directly impact neuronal function, glial mutations can play important roles in brain changes, 

through indirect effects on neuronal functions via glial cells, and through direct effects on glial functions. 

Our paper is also the first to report disease-enriched somatic mutational burden for a neurodegenerative 

disorder, where accumulation of somatic mutation burden across a lifetime of exposures is particularly 

relevant. We found that strong-effect somatic mutations in AlzD cluster in specific cell types, with excitatory 

neurons, astrocytes and oligodendrocytes emerging as primary drivers of AlzD-associated somatic mutations, 

highlighting the combined roles of neuronal cells, glial cells, and their interactions in AlzD59,60.  

This greater mutational burden in AlzD also concentrated in specific genes and pathways, which differed 

between cell types. This included AlzD-associated genes and pathways from GWAS, including cholesterol 

metabolism, endosomal trafficking, and cytoskeletal systems. This also included AlzD-associated genes and 

pathways from rare variant and whole-genome-sequencing studies, including in protein aggregation, 

degradation, neurofilament tangles, and tau-associated proteins61–63. Our somatic burden analysis also 

captured novel pathways that were not previously genetically implicated, including oligodendrocyte 

myelination, post-translational modification, microtubule dynamics, and neuronal energy regulation through 

glycosylation, and stress response. These provide a new set of actionable targets for therapeutic development, 

which may have direct strong effects on neuronal function, but which previously lacked a genetic basis, as they 

lie outside the previously-studied range of the allele frequency spectrum from common to rare alleles.  

In addition to elucidating the roles of neuronal and glial cell types in AlzD, our work highlights the importance of 

a new “senescent” cell population in the aging brain, which may represent a distinct cell type associated with 

aging, and was strongly enriched in AlzD. Even though these senescent cells are positioned in the two-

dimensional tSNE embedding between neurons and oligodendrocytes, they show a distinct set of marker 

genes than either cell type, and instead might represent a collection of cells from different cell types that have 

lost their identity. As a group, senescent cells showed the largest mutational burden, both overall, and 

specifically in AlzD, which may have contributed to them losing their differentiated identity and entering a low-

transcription and possibly pre-apoptotic state.  

Our approach also allowed us to capture not only cell type identity, but also cell state, by relating the single-cell 

gene expression profile of each cell to the specific set of mutations it carries, and thus connect genotype to 

phenotype at single-cell resolution. Indeed, we saw a gradient of somatic mutational load along single-cell 

gene-expression space, indicating a strong correlation between the two, both between cell sub-clusters, and 

within each sub-cluster, indicating a continuum of mutational burden vs. expression dysregulation. For 

example, neuronal cells closest in gene expression to the senescent cells also showed increased mutational 

burden, while neuronal cells furthest in gene expression showed the lowest mutational burden. Similarly, 

oligodendrocyte gene expression sub-clusters correlated with mutational burden and distance from senescent 

cells. This concordance between accumulation of mutations and gene expression profiles at the cellular level 
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may indicate that mutational burden accumulation results in phenotypic alterations; conversely, dysregulation 

at the single-cell level might also lead to increased mutations via DNA damage, decreased mismatch repair, 

and increased double-stranded breaks, which were previously-implicated in AlzD64.  

It is challenging to distinguish whether mutational burden drives pathology, results from cellular dysfunction, or 

both. In the first case, high mutational burden can lead to cellular dysregulation, gene expression changes, and 

cellular pathology. Conversely, cellular dysfunction caused by other mechanisms (eg. protein aggregation, 

impaired protein turnover, DNA repair disruption) can lead to increased DNA damage and somatic mutation 

accumulation. Both processes may be acting simultaneously as well, with increased dysregulation leading to 

increased mutation accumulation and vice versa.  

It is important to note that our approach only captures a fraction of the mosaic landscape that exists in aging 

and AlzD. First, we only annotate mosaicism in expressed transcripts, which has the advantage of focusing our 

sequencing efforts on strong-effect exonic mutations and on expressed genes, but does not capture non-

coding regions, low-abundant transcripts, or alleles that lack expression. Second, RNA-based mutational 

inference can be biased due to transcription-associated mutations, transcription-associated repair, and the 

decreased stability of RNA relative to DNA, and thus is not well-suited for estimating an overall rate of somatic 

mutation; as such, we instead focus on relative differences here. Third, we do not capture the mosaic burden 

and cellular pathology incurred by cells that have already apoptosed, and even for senescent cells that exhibit 

low levels of transcription, our RNA-based approach likely misses many of their mutations in unexpressed 

segments of their genome.  

Going forward, these limitations can be remedied in part by the use of technologies that simultaneously profile 

DNA and RNA from the same cell, and thus can decouple expression from genotype, and more directly 

ascertain how mosaic mutations relate with cellular state and gene expression levels. In addition, spatial 

transcriptomic approaches can enable direct comparison of cellular phenotypes in the context of surrounding 

pathology and their somatic mutations of neighboring cells. 

Our study provides a foundational framework for analyzing such datasets, and initial insights on the 

relationship between somatic mutational burden, cellular state, and dysregulation of specific genes and 

pathways contributing to AlzD pathology. Our initial findings can be reinforced and refined as new 

technological advances make joint profiling of DNA and RNA from large numbers of cells commonplace in the 

study of the aging human brain in health and disease. 

Acknowledgements 

We thank Alvin Shi, Jose Davila-Velderrain, Shahin Mohammadi, Khoi Nguyen, Michael Gutbrod, Jackie Yang, 

and all members of the Kellis and Tsai Labs at MIT and the Picower Institute for discussions and feedback. We 

thank the study participants and staff of the Rush Alzheimer’s Disease Center. This work was supported in part 

by NIH grants R01AG058002,  RF1AG054012, U01NS110453, R01AG062335, UG3NS115064, 

RF1AG062377 (M.K. and L.H.T), R01AG067151, R01MH109978, U01MH119509, R01HG008155, 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 22, 2022. ; https://doi.org/10.1101/2022.04.21.489103doi: bioRxiv preprint 

https://paperpile.com/c/ndVFg1/gKHmR
https://doi.org/10.1101/2022.04.21.489103
http://creativecommons.org/licenses/by/4.0/


U24HG009446 (M.K.), RF1AG054321 (L.H.T.), P30AG10161, R01AG15819, R01AG17917, U01AG46152, 

U01AG61356, RF1AG57473 (D.A.B.), the Cure Alzheimer’s Fund CIRCUITS consortium, and the Alana 

Foundation. H.M. was supported by an Early Postdoc Mobility fellowship from the Swiss National Science 

Foundation (P2BSP3_151885). 

Author contributions 

M.Ko., C.B., and M.Ke. designed the study, carried out the analysis, and wrote the manuscript with help and 

input from all authors. Y.P.P. and S.S. provided help with computational and statistical analyses. H.M. and Z.P. 

carried out single-cell profiling. D.A.B. provided the human post-mortem brain samples. L.H.T. and M.Ke. 

supervised the study.  

References 

1. Lambert, J. C. et al. Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s 
disease. Nat. Genet. 45, 1452–1458 (2013). 

2. Kunkle, B. W. et al. Author Correction: Genetic meta-analysis of diagnosed Alzheimer’s disease identifies 
new risk loci and implicates Aβ, tau, immunity and lipid processing. Nat. Genet. 51, 1423–1424 (2019). 

3. Kelleher, R. J., 3rd & Shen, J. Presenilin-1 mutations and Alzheimer’s disease. Proceedings of the 
National Academy of Sciences of the United States of America vol. 114 629–631 (2017). 

4. Cai, Y., An, S. S. A. & Kim, S. Mutations in presenilin 2 and its implications in Alzheimer’s disease and 
other dementia-associated disorders. Clin. Interv. Aging 10, 1163–1172 (2015). 

5. Chartier-Harlin, M. C. et al. Early-onset Alzheimer’s disease caused by mutations at codon 717 of the 
beta-amyloid precursor protein gene. Nature 353, 844–846 (1991). 

6. Goate, A. et al. Segregation of a missense mutation in the amyloid precursor protein gene with familial 
Alzheimer’s disease. Nature 349, 704–706 (1991). 

7. Cummings, J. L. Cognitive and behavioral heterogeneity in Alzheimer’s disease: seeking the 
neurobiological basis. Neurobiol. Aging 21, 845–861 (2000). 

8. Bettens, K., Sleegers, K. & Van Broeckhoven, C. Genetic insights in Alzheimer’s disease. Lancet Neurol. 
12, 92–104 (2013). 

9. Saunders, A. M. et al. Association of apolipoprotein E allele epsilon 4 with late-onset familial and sporadic 
Alzheimer’s disease. Neurology 43, 1467–1472 (1993). 

10. Seshadri, S. et al. Genome-wide analysis of genetic loci associated with Alzheimer disease. JAMA 303, 
1832–1840 (2010). 

11. Harold, D. et al. Genome-wide association study identifies variants at CLU and PICALM associated with 
Alzheimer’s disease. Nat. Genet. 41, 1088–1093 (2009). 

12. Lambert, J.-C. et al. Genome-wide association study identifies variants at CLU and CR1 associated with 
Alzheimer’s disease. Nat. Genet. 41, 1094–1099 (2009). 

13. Bis, J. C. et al. Whole exome sequencing study identifies novel rare and common Alzheimer’s-Associated 
variants involved in immune response and transcriptional regulation. Mol. Psychiatry (2018) 
doi:10.1038/s41380-018-0112-7. 

14. Raghavan, N. S. et al. Whole-exome sequencing in 20,197 persons for rare variants in Alzheimer’s 
disease. Ann Clin Transl Neurol 5, 832–842 (2018). 

15. Ju, Y. S. et al. Somatic mutations reveal asymmetric cellular dynamics in the early human embryo. Nature 
543, 714–718 (2017). 

16. Loh, P.-R. et al. Insights into clonal haematopoiesis from 8,342 mosaic chromosomal alterations. Nature 
559, 350–355 (2018). 

17. Genovese, G., Jaiswal, S., Ebert, B. L. & McCarroll, S. A. Clonal hematopoiesis and blood-cancer risk. 
The New England journal of medicine vol. 372 1071–1072 (2015). 

18. Genovese, G. et al. Clonal hematopoiesis and blood-cancer risk inferred from blood DNA sequence. N. 
Engl. J. Med. 371, 2477–2487 (2014). 

19. Manheimer, K. B. et al. Robust identification of mosaic variants in congenital heart disease. Hum. Genet. 
137, 183–193 (2018). 

20. Groesser, L. et al. Postzygotic HRAS and KRAS mutations cause nevus sebaceous and 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 22, 2022. ; https://doi.org/10.1101/2022.04.21.489103doi: bioRxiv preprint 

http://paperpile.com/b/ndVFg1/iqial
http://paperpile.com/b/ndVFg1/iqial
http://paperpile.com/b/ndVFg1/iqial
http://paperpile.com/b/ndVFg1/iqial
http://paperpile.com/b/ndVFg1/iqial
http://paperpile.com/b/ndVFg1/iqial
http://paperpile.com/b/ndVFg1/iqial
http://paperpile.com/b/ndVFg1/iqial
http://paperpile.com/b/ndVFg1/fPHDM
http://paperpile.com/b/ndVFg1/fPHDM
http://paperpile.com/b/ndVFg1/fPHDM
http://paperpile.com/b/ndVFg1/fPHDM
http://paperpile.com/b/ndVFg1/fPHDM
http://paperpile.com/b/ndVFg1/fPHDM
http://paperpile.com/b/ndVFg1/fPHDM
http://paperpile.com/b/ndVFg1/fPHDM
http://paperpile.com/b/ndVFg1/QBHJ8
http://paperpile.com/b/ndVFg1/QBHJ8
http://paperpile.com/b/ndVFg1/QBHJ8
http://paperpile.com/b/ndVFg1/QBHJ8
http://paperpile.com/b/ndVFg1/hn6Gx
http://paperpile.com/b/ndVFg1/hn6Gx
http://paperpile.com/b/ndVFg1/hn6Gx
http://paperpile.com/b/ndVFg1/hn6Gx
http://paperpile.com/b/ndVFg1/hn6Gx
http://paperpile.com/b/ndVFg1/hn6Gx
http://paperpile.com/b/ndVFg1/nlvKF
http://paperpile.com/b/ndVFg1/nlvKF
http://paperpile.com/b/ndVFg1/nlvKF
http://paperpile.com/b/ndVFg1/nlvKF
http://paperpile.com/b/ndVFg1/nlvKF
http://paperpile.com/b/ndVFg1/nlvKF
http://paperpile.com/b/ndVFg1/nlvKF
http://paperpile.com/b/ndVFg1/nlvKF
http://paperpile.com/b/ndVFg1/FR5o4
http://paperpile.com/b/ndVFg1/FR5o4
http://paperpile.com/b/ndVFg1/FR5o4
http://paperpile.com/b/ndVFg1/FR5o4
http://paperpile.com/b/ndVFg1/FR5o4
http://paperpile.com/b/ndVFg1/FR5o4
http://paperpile.com/b/ndVFg1/FR5o4
http://paperpile.com/b/ndVFg1/FR5o4
http://paperpile.com/b/ndVFg1/1Oidm
http://paperpile.com/b/ndVFg1/1Oidm
http://paperpile.com/b/ndVFg1/1Oidm
http://paperpile.com/b/ndVFg1/1Oidm
http://paperpile.com/b/ndVFg1/1Oidm
http://paperpile.com/b/ndVFg1/1Oidm
http://paperpile.com/b/ndVFg1/lMKYT
http://paperpile.com/b/ndVFg1/lMKYT
http://paperpile.com/b/ndVFg1/lMKYT
http://paperpile.com/b/ndVFg1/lMKYT
http://paperpile.com/b/ndVFg1/lMKYT
http://paperpile.com/b/ndVFg1/lMKYT
http://paperpile.com/b/ndVFg1/BQMel
http://paperpile.com/b/ndVFg1/BQMel
http://paperpile.com/b/ndVFg1/BQMel
http://paperpile.com/b/ndVFg1/BQMel
http://paperpile.com/b/ndVFg1/BQMel
http://paperpile.com/b/ndVFg1/BQMel
http://paperpile.com/b/ndVFg1/BQMel
http://paperpile.com/b/ndVFg1/BQMel
http://paperpile.com/b/ndVFg1/edHre
http://paperpile.com/b/ndVFg1/edHre
http://paperpile.com/b/ndVFg1/edHre
http://paperpile.com/b/ndVFg1/edHre
http://paperpile.com/b/ndVFg1/edHre
http://paperpile.com/b/ndVFg1/edHre
http://paperpile.com/b/ndVFg1/edHre
http://paperpile.com/b/ndVFg1/edHre
http://paperpile.com/b/ndVFg1/VzOes
http://paperpile.com/b/ndVFg1/VzOes
http://paperpile.com/b/ndVFg1/VzOes
http://paperpile.com/b/ndVFg1/VzOes
http://paperpile.com/b/ndVFg1/VzOes
http://paperpile.com/b/ndVFg1/VzOes
http://paperpile.com/b/ndVFg1/VzOes
http://paperpile.com/b/ndVFg1/VzOes
http://paperpile.com/b/ndVFg1/WVaUP
http://paperpile.com/b/ndVFg1/WVaUP
http://paperpile.com/b/ndVFg1/WVaUP
http://paperpile.com/b/ndVFg1/WVaUP
http://paperpile.com/b/ndVFg1/WVaUP
http://paperpile.com/b/ndVFg1/WVaUP
http://paperpile.com/b/ndVFg1/WVaUP
http://paperpile.com/b/ndVFg1/WVaUP
http://paperpile.com/b/ndVFg1/oy0h8
http://paperpile.com/b/ndVFg1/oy0h8
http://paperpile.com/b/ndVFg1/oy0h8
http://paperpile.com/b/ndVFg1/oy0h8
http://paperpile.com/b/ndVFg1/oy0h8
http://paperpile.com/b/ndVFg1/oy0h8
http://paperpile.com/b/ndVFg1/oy0h8
http://paperpile.com/b/ndVFg1/oy0h8
http://paperpile.com/b/ndVFg1/oy0h8
http://paperpile.com/b/ndVFg1/ATFA1
http://paperpile.com/b/ndVFg1/ATFA1
http://paperpile.com/b/ndVFg1/ATFA1
http://paperpile.com/b/ndVFg1/ATFA1
http://paperpile.com/b/ndVFg1/ATFA1
http://paperpile.com/b/ndVFg1/ATFA1
http://paperpile.com/b/ndVFg1/ATFA1
http://paperpile.com/b/ndVFg1/ATFA1
http://paperpile.com/b/ndVFg1/SKxmF
http://paperpile.com/b/ndVFg1/SKxmF
http://paperpile.com/b/ndVFg1/SKxmF
http://paperpile.com/b/ndVFg1/SKxmF
http://paperpile.com/b/ndVFg1/SKxmF
http://paperpile.com/b/ndVFg1/SKxmF
http://paperpile.com/b/ndVFg1/SKxmF
http://paperpile.com/b/ndVFg1/SKxmF
http://paperpile.com/b/ndVFg1/NAWV9
http://paperpile.com/b/ndVFg1/NAWV9
http://paperpile.com/b/ndVFg1/NAWV9
http://paperpile.com/b/ndVFg1/NAWV9
http://paperpile.com/b/ndVFg1/NAWV9
http://paperpile.com/b/ndVFg1/NAWV9
http://paperpile.com/b/ndVFg1/NAWV9
http://paperpile.com/b/ndVFg1/NAWV9
http://paperpile.com/b/ndVFg1/IRD31
http://paperpile.com/b/ndVFg1/IRD31
http://paperpile.com/b/ndVFg1/IRD31
http://paperpile.com/b/ndVFg1/IRD31
http://paperpile.com/b/ndVFg1/MTk7M
http://paperpile.com/b/ndVFg1/MTk7M
http://paperpile.com/b/ndVFg1/MTk7M
http://paperpile.com/b/ndVFg1/MTk7M
http://paperpile.com/b/ndVFg1/MTk7M
http://paperpile.com/b/ndVFg1/MTk7M
http://paperpile.com/b/ndVFg1/MTk7M
http://paperpile.com/b/ndVFg1/MTk7M
http://paperpile.com/b/ndVFg1/D4vuX
http://paperpile.com/b/ndVFg1/D4vuX
http://paperpile.com/b/ndVFg1/D4vuX
http://paperpile.com/b/ndVFg1/D4vuX
http://paperpile.com/b/ndVFg1/D4vuX
http://paperpile.com/b/ndVFg1/D4vuX
http://paperpile.com/b/ndVFg1/D4vuX
http://paperpile.com/b/ndVFg1/D4vuX
http://paperpile.com/b/ndVFg1/UUoRa
http://paperpile.com/b/ndVFg1/UUoRa
http://paperpile.com/b/ndVFg1/UUoRa
https://doi.org/10.1101/2022.04.21.489103
http://creativecommons.org/licenses/by/4.0/


Schimmelpenning syndrome. Nat. Genet. 44, 783–787 (2012). 
21. Poduri, A., Evrony, G. D., Cai, X. & Walsh, C. A. Somatic Mutation, Genomic Variation, and Neurological 

Disease. Science vol. 341 1237758 (2013). 
22. McConnell, M. J. et al. Intersection of diverse neuronal genomes and neuropsychiatric disease: The Brain 

Somatic Mosaicism Network. Science 356, (2017). 
23. D’Gama, A. M. et al. Targeted DNA Sequencing from Autism Spectrum Disorder Brains Implicates Multiple 

Genetic Mechanisms. Neuron 88, 910–917 (2015). 
24. Iossifov, I. et al. The contribution of de novo coding mutations to autism spectrum disorder. Nature 515, 

216–221 (2014). 
25. Neale, B. M. et al. Patterns and rates of exonic de novo mutations in autism spectrum disorders. Nature 

485, 242–245 (2012). 
26. Mirzaa, G. M. et al. Association of MTOR Mutations With Developmental Brain Disorders, Including 

Megalencephaly, Focal Cortical Dysplasia, and Pigmentary Mosaicism. JAMA Neurol. 73, 836–845 
(2016). 

27. Lodato, M. A. et al. Aging and neurodegeneration are associated with increased mutations in single 
human neurons. doi:10.1101/221960. 

28. Mathys, H. et al. Single-cell transcriptomic analysis of Alzheimer’s disease. Nature 570, 332–337 (2019). 
29. Miller, M. B. et al. Somatic genomic changes in single Alzheimer’s disease neurons. Nature 1–9 (2022). 
30. Bennett, D. A. et al. Religious Orders Study and Rush Memory and Aging Project. Journal of Alzheimer’s 

Disease vol. 64 S161–S189 (2018). 
31. De Jager, P. L. et al. A multi-omic atlas of the human frontal cortex for aging and Alzheimer’s disease 

research. Sci Data 5, 180142 (2018). 
32. Enge, M. et al. Single-Cell Analysis of Human Pancreas Reveals Transcriptional Signatures of Aging and 

Somatic Mutation Patterns. Cell 171, 321–330.e14 (2017). 
33. Kritsilis, M. et al. Ageing, Cellular Senescence and Neurodegenerative Disease. Int. J. Mol. Sci. 19, 

(2018). 
34. Kircher, M. et al. A general framework for estimating the relative pathogenicity of human genetic variants. 

Nat. Genet. 46, 310–315 (2014). 
35. Savova, V. et al. Genes with monoallelic expression contribute disproportionately to genetic diversity in 

humans. Nat. Genet. 48, 231–237 (2016). 
36. Braak, H. & Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 82, 

239–259 (1991). 
37. Bukar Maina, M., Al-Hilaly, Y. K. & Serpell, L. C. Nuclear Tau and Its Potential Role in Alzheimer’s 

Disease. Biomolecules 6, 9 (2016). 
38. Alexandrov, L. B. et al. Signatures of mutational processes in human cancer. Nature 500, 415–421 (2013). 
39. Gjoneska, E. et al. Conserved epigenomic signals in mice and humans reveal immune basis of 

Alzheimer’s disease. Nature 518, 365–369 (2015). 
40. Nott, A. et al. Brain cell type-specific enhancer-promoter interactome maps and disease-risk association. 

Science 366, 1134–1139 (2019). 
41. Suraweera, A. et al. Senataxin, defective in ataxia oculomotor apraxia type 2, is involved in the defense 

against oxidative DNA damage. J. Cell Biol. 177, 969–979 (2007). 
42. Campos-Melo, D., Hawley, Z. C. E. & Strong, M. J. Dysregulation of human NEFM and NEFH mRNA 

stability by ALS-linked miRNAs. Mol. Brain 11, 43 (2018). 
43. Yao, R.-Q., Ren, C., Xia, Z.-F. & Yao, Y.-M. Organelle-specific autophagy in inflammatory diseases: a 

potential therapeutic target underlying the quality control of multiple organelles. Autophagy 1–17 (2020) 
doi:10.1080/15548627.2020.1725377. 

44. Tiwari, S. S. et al. Alzheimer-related decrease in CYFIP2 links amyloid production to tau 
hyperphosphorylation and memory loss. Brain 139, 2751–2765 (2016). 

45. Yan, J. et al. Hippocampal transcriptome-guided genetic analysis of correlated episodic memory 
phenotypes in Alzheimer’s disease. Front. Genet. 6, 117 (2015). 

46. Bruining, H. et al. Genetic Mapping in Mice Reveals the Involvement of Pcdh9 in Long-Term Social and 
Object Recognition and Sensorimotor Development. Biol. Psychiatry 78, 485–495 (2015). 

47. Silva, P. N. et al. CNP and DPYSL2 mRNA expression and promoter methylation levels in brain of 
Alzheimer’s disease patients. J. Alzheimers. Dis. 33, 349–355 (2013). 

48. Ousman, S. S. et al. Protective and therapeutic role for alphaB-crystallin in autoimmune demyelination. 
Nature 448, 474–479 (2007). 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 22, 2022. ; https://doi.org/10.1101/2022.04.21.489103doi: bioRxiv preprint 

http://paperpile.com/b/ndVFg1/UUoRa
http://paperpile.com/b/ndVFg1/UUoRa
http://paperpile.com/b/ndVFg1/UUoRa
http://paperpile.com/b/ndVFg1/UUoRa
http://paperpile.com/b/ndVFg1/UUoRa
http://paperpile.com/b/ndVFg1/eLhlF
http://paperpile.com/b/ndVFg1/eLhlF
http://paperpile.com/b/ndVFg1/eLhlF
http://paperpile.com/b/ndVFg1/eLhlF
http://paperpile.com/b/ndVFg1/MmcFv
http://paperpile.com/b/ndVFg1/MmcFv
http://paperpile.com/b/ndVFg1/MmcFv
http://paperpile.com/b/ndVFg1/MmcFv
http://paperpile.com/b/ndVFg1/MmcFv
http://paperpile.com/b/ndVFg1/MmcFv
http://paperpile.com/b/ndVFg1/MmcFv
http://paperpile.com/b/ndVFg1/MmcFv
http://paperpile.com/b/ndVFg1/ogA1B
http://paperpile.com/b/ndVFg1/ogA1B
http://paperpile.com/b/ndVFg1/ogA1B
http://paperpile.com/b/ndVFg1/ogA1B
http://paperpile.com/b/ndVFg1/ogA1B
http://paperpile.com/b/ndVFg1/ogA1B
http://paperpile.com/b/ndVFg1/ogA1B
http://paperpile.com/b/ndVFg1/ogA1B
http://paperpile.com/b/ndVFg1/gSWmt
http://paperpile.com/b/ndVFg1/gSWmt
http://paperpile.com/b/ndVFg1/gSWmt
http://paperpile.com/b/ndVFg1/gSWmt
http://paperpile.com/b/ndVFg1/gSWmt
http://paperpile.com/b/ndVFg1/gSWmt
http://paperpile.com/b/ndVFg1/gSWmt
http://paperpile.com/b/ndVFg1/gSWmt
http://paperpile.com/b/ndVFg1/p53fT
http://paperpile.com/b/ndVFg1/p53fT
http://paperpile.com/b/ndVFg1/p53fT
http://paperpile.com/b/ndVFg1/p53fT
http://paperpile.com/b/ndVFg1/p53fT
http://paperpile.com/b/ndVFg1/p53fT
http://paperpile.com/b/ndVFg1/p53fT
http://paperpile.com/b/ndVFg1/p53fT
http://paperpile.com/b/ndVFg1/g9Z14
http://paperpile.com/b/ndVFg1/g9Z14
http://paperpile.com/b/ndVFg1/g9Z14
http://paperpile.com/b/ndVFg1/g9Z14
http://paperpile.com/b/ndVFg1/g9Z14
http://paperpile.com/b/ndVFg1/g9Z14
http://paperpile.com/b/ndVFg1/g9Z14
http://paperpile.com/b/ndVFg1/g9Z14
http://paperpile.com/b/ndVFg1/g9Z14
http://paperpile.com/b/ndVFg1/h2DZn
http://paperpile.com/b/ndVFg1/h2DZn
http://paperpile.com/b/ndVFg1/h2DZn
http://paperpile.com/b/ndVFg1/h2DZn
http://dx.doi.org/10.1101/221960
http://dx.doi.org/10.1101/221960
http://paperpile.com/b/ndVFg1/67nnC
http://paperpile.com/b/ndVFg1/67nnC
http://paperpile.com/b/ndVFg1/67nnC
http://paperpile.com/b/ndVFg1/67nnC
http://paperpile.com/b/ndVFg1/67nnC
http://paperpile.com/b/ndVFg1/67nnC
http://paperpile.com/b/ndVFg1/67nnC
http://paperpile.com/b/ndVFg1/sIpF
http://paperpile.com/b/ndVFg1/sIpF
http://paperpile.com/b/ndVFg1/sIpF
http://paperpile.com/b/ndVFg1/sIpF
http://paperpile.com/b/ndVFg1/sIpF
http://paperpile.com/b/ndVFg1/JuMwg
http://paperpile.com/b/ndVFg1/JuMwg
http://paperpile.com/b/ndVFg1/JuMwg
http://paperpile.com/b/ndVFg1/JuMwg
http://paperpile.com/b/ndVFg1/JuMwg
http://paperpile.com/b/ndVFg1/JuMwg
http://paperpile.com/b/ndVFg1/O7xbW
http://paperpile.com/b/ndVFg1/O7xbW
http://paperpile.com/b/ndVFg1/O7xbW
http://paperpile.com/b/ndVFg1/O7xbW
http://paperpile.com/b/ndVFg1/O7xbW
http://paperpile.com/b/ndVFg1/O7xbW
http://paperpile.com/b/ndVFg1/O7xbW
http://paperpile.com/b/ndVFg1/O7xbW
http://paperpile.com/b/ndVFg1/fARoM
http://paperpile.com/b/ndVFg1/fARoM
http://paperpile.com/b/ndVFg1/fARoM
http://paperpile.com/b/ndVFg1/fARoM
http://paperpile.com/b/ndVFg1/fARoM
http://paperpile.com/b/ndVFg1/fARoM
http://paperpile.com/b/ndVFg1/fARoM
http://paperpile.com/b/ndVFg1/fARoM
http://paperpile.com/b/ndVFg1/90xoW
http://paperpile.com/b/ndVFg1/90xoW
http://paperpile.com/b/ndVFg1/90xoW
http://paperpile.com/b/ndVFg1/90xoW
http://paperpile.com/b/ndVFg1/90xoW
http://paperpile.com/b/ndVFg1/90xoW
http://paperpile.com/b/ndVFg1/90xoW
http://paperpile.com/b/ndVFg1/90xoW
http://paperpile.com/b/ndVFg1/xygdb
http://paperpile.com/b/ndVFg1/xygdb
http://paperpile.com/b/ndVFg1/xygdb
http://paperpile.com/b/ndVFg1/xygdb
http://paperpile.com/b/ndVFg1/xygdb
http://paperpile.com/b/ndVFg1/xygdb
http://paperpile.com/b/ndVFg1/xygdb
http://paperpile.com/b/ndVFg1/xygdb
http://paperpile.com/b/ndVFg1/e3yG9
http://paperpile.com/b/ndVFg1/e3yG9
http://paperpile.com/b/ndVFg1/e3yG9
http://paperpile.com/b/ndVFg1/e3yG9
http://paperpile.com/b/ndVFg1/e3yG9
http://paperpile.com/b/ndVFg1/e3yG9
http://paperpile.com/b/ndVFg1/e3yG9
http://paperpile.com/b/ndVFg1/e3yG9
http://paperpile.com/b/ndVFg1/Fi93L
http://paperpile.com/b/ndVFg1/Fi93L
http://paperpile.com/b/ndVFg1/Fi93L
http://paperpile.com/b/ndVFg1/Fi93L
http://paperpile.com/b/ndVFg1/Fi93L
http://paperpile.com/b/ndVFg1/Fi93L
http://paperpile.com/b/ndVFg1/93BuU
http://paperpile.com/b/ndVFg1/93BuU
http://paperpile.com/b/ndVFg1/93BuU
http://paperpile.com/b/ndVFg1/93BuU
http://paperpile.com/b/ndVFg1/93BuU
http://paperpile.com/b/ndVFg1/93BuU
http://paperpile.com/b/ndVFg1/oTGhp
http://paperpile.com/b/ndVFg1/oTGhp
http://paperpile.com/b/ndVFg1/oTGhp
http://paperpile.com/b/ndVFg1/oTGhp
http://paperpile.com/b/ndVFg1/oTGhp
http://paperpile.com/b/ndVFg1/oTGhp
http://paperpile.com/b/ndVFg1/oTGhp
http://paperpile.com/b/ndVFg1/Ga0pR
http://paperpile.com/b/ndVFg1/Ga0pR
http://paperpile.com/b/ndVFg1/Ga0pR
http://paperpile.com/b/ndVFg1/Ga0pR
http://paperpile.com/b/ndVFg1/Ga0pR
http://paperpile.com/b/ndVFg1/Ga0pR
http://paperpile.com/b/ndVFg1/Ga0pR
http://paperpile.com/b/ndVFg1/Ga0pR
http://paperpile.com/b/ndVFg1/gb17n
http://paperpile.com/b/ndVFg1/gb17n
http://paperpile.com/b/ndVFg1/gb17n
http://paperpile.com/b/ndVFg1/gb17n
http://paperpile.com/b/ndVFg1/gb17n
http://paperpile.com/b/ndVFg1/gb17n
http://paperpile.com/b/ndVFg1/gb17n
http://paperpile.com/b/ndVFg1/gb17n
http://paperpile.com/b/ndVFg1/hOOZs
http://paperpile.com/b/ndVFg1/hOOZs
http://paperpile.com/b/ndVFg1/hOOZs
http://paperpile.com/b/ndVFg1/hOOZs
http://paperpile.com/b/ndVFg1/hOOZs
http://paperpile.com/b/ndVFg1/hOOZs
http://paperpile.com/b/ndVFg1/hOOZs
http://paperpile.com/b/ndVFg1/hOOZs
http://paperpile.com/b/ndVFg1/miDR1
http://paperpile.com/b/ndVFg1/miDR1
http://paperpile.com/b/ndVFg1/miDR1
http://paperpile.com/b/ndVFg1/miDR1
http://paperpile.com/b/ndVFg1/miDR1
http://paperpile.com/b/ndVFg1/miDR1
http://paperpile.com/b/ndVFg1/MUknS
http://paperpile.com/b/ndVFg1/MUknS
http://paperpile.com/b/ndVFg1/MUknS
http://paperpile.com/b/ndVFg1/MUknS
http://paperpile.com/b/ndVFg1/MUknS
http://paperpile.com/b/ndVFg1/MUknS
http://paperpile.com/b/ndVFg1/MUknS
http://paperpile.com/b/ndVFg1/3rhf4
http://paperpile.com/b/ndVFg1/3rhf4
http://paperpile.com/b/ndVFg1/3rhf4
http://paperpile.com/b/ndVFg1/3rhf4
http://paperpile.com/b/ndVFg1/3rhf4
http://paperpile.com/b/ndVFg1/3rhf4
http://paperpile.com/b/ndVFg1/3rhf4
http://paperpile.com/b/ndVFg1/3rhf4
http://paperpile.com/b/ndVFg1/toWwA
http://paperpile.com/b/ndVFg1/toWwA
http://paperpile.com/b/ndVFg1/toWwA
http://paperpile.com/b/ndVFg1/toWwA
http://paperpile.com/b/ndVFg1/toWwA
http://paperpile.com/b/ndVFg1/toWwA
http://paperpile.com/b/ndVFg1/toWwA
http://paperpile.com/b/ndVFg1/toWwA
http://paperpile.com/b/ndVFg1/u6q0L
http://paperpile.com/b/ndVFg1/u6q0L
http://paperpile.com/b/ndVFg1/u6q0L
http://paperpile.com/b/ndVFg1/u6q0L
http://paperpile.com/b/ndVFg1/u6q0L
http://paperpile.com/b/ndVFg1/u6q0L
http://paperpile.com/b/ndVFg1/u6q0L
http://paperpile.com/b/ndVFg1/u6q0L
http://paperpile.com/b/ndVFg1/TqLXS
http://paperpile.com/b/ndVFg1/TqLXS
http://paperpile.com/b/ndVFg1/TqLXS
http://paperpile.com/b/ndVFg1/TqLXS
http://paperpile.com/b/ndVFg1/TqLXS
http://paperpile.com/b/ndVFg1/TqLXS
http://paperpile.com/b/ndVFg1/TqLXS
http://paperpile.com/b/ndVFg1/TqLXS
http://paperpile.com/b/ndVFg1/bqmXT
http://paperpile.com/b/ndVFg1/bqmXT
http://paperpile.com/b/ndVFg1/bqmXT
http://paperpile.com/b/ndVFg1/bqmXT
http://paperpile.com/b/ndVFg1/bqmXT
http://paperpile.com/b/ndVFg1/bqmXT
http://paperpile.com/b/ndVFg1/bqmXT
http://paperpile.com/b/ndVFg1/bqmXT
https://doi.org/10.1101/2022.04.21.489103
http://creativecommons.org/licenses/by/4.0/


49. Kuramoto, K., Negishi, M. & Katoh, H. Regulation of dendrite growth by the Cdc42 activator 
Zizimin1/Dock9 in hippocampal neurons. J. Neurosci. Res. 87, 1794–1805 (2009). 

50. Chen, X. et al. Novel schizophrenia risk factor pathways regulate FEZ1 to advance oligodendroglia 
development. Transl. Psychiatry 7, 1293 (2017). 

51. Goellner, B. & Aberle, H. The synaptic cytoskeleton in development and disease. Dev. Neurobiol. 72, 111–
125 (2012). 

52. Kakinuma, T., Ichikawa, H., Tsukada, Y., Nakamura, T. & Toh, B.-H. Interaction between p230 and 
MACF1 is associated with transport of a glycosyl phosphatidyl inositol-anchored protein from the Golgi to 
the cell periphery. Exp. Cell Res. 298, 388–398 (2004). 

53. Zaoui, K., Benseddik, K., Daou, P., Salaün, D. & Badache, A. ErbB2 receptor controls microtubule capture 
by recruiting ACF7 to the plasma membrane of migrating cells. Proc. Natl. Acad. Sci. U. S. A. 107, 18517–
18522 (2010). 

54. Cha, M.-Y. et al. Mitochondrial ATP synthase activity is impaired by suppressed O-GlcNAcylation in 
Alzheimer’s disease. Hum. Mol. Genet. 24, 6492–6504 (2015). 

55. Seidel, K. et al. The HSPB8-BAG3 chaperone complex is upregulated in astrocytes in the human brain 
affected by protein aggregation diseases. Neuropathol. Appl. Neurobiol. 38, 39–53 (2012). 

56. Dabir, D. V., Trojanowski, J. Q., Richter-Landsberg, C., Lee, V. M.-Y. & Forman, M. S. Expression of the 
small heat-shock protein alphaB-crystallin in tauopathies with glial pathology. Am. J. Pathol. 164, 155–166 
(2004). 

57. Bertrand, P., Poirier, J., Oda, T., Finch, C. E. & Pasinetti, G. M. Association of apolipoprotein E genotype 
with brain levels of apolipoprotein E and apolipoprotein J (clusterin) in Alzheimer disease. Brain Res. Mol. 
Brain Res. 33, 174–178 (1995). 

58. Lodato, M. A. et al. Somatic mutation in single human neurons tracks developmental and transcriptional 
history. Science 350, 94–98 (2015). 

59. Oksanen, M. et al. PSEN1 Mutant iPSC-Derived Model Reveals Severe Astrocyte Pathology in 
Alzheimer’s Disease. Stem Cell Reports 9, 1885–1897 (2017). 

60. Nasrabady, S. E., Rizvi, B., Goldman, J. E. & Brickman, A. M. White matter changes in Alzheimer’s 
disease: a focus on myelin and oligodendrocytes. Acta Neuropathologica Communications vol. 6 (2018). 

61. Matsuyama, S. S. & Jarvik, L. F. Hypothesis: microtubules, a key to Alzheimer disease. Proc. Natl. Acad. 
Sci. U. S. A. 86, 8152–8156 (1989). 

62. Weingarten, M. D., Lockwood, A. H., Hwo, S. Y. & Kirschner, M. W. A protein factor essential for 
microtubule assembly. Proc. Natl. Acad. Sci. U. S. A. 72, 1858–1862 (1975). 

63. Grundke-Iqbal, I. et al. Abnormal phosphorylation of the microtubule-associated protein tau (tau) in 
Alzheimer cytoskeletal pathology. Proc. Natl. Acad. Sci. U. S. A. 83, 4913–4917 (1986). 

64. Madabhushi, R. et al. Activity-Induced DNA Breaks Govern the Expression of Neuronal Early-Response 
Genes. Cell vol. 161 1592–1605 (2015). 

65. Bennett, D. A. et al. Religious Orders Study and Rush Memory and Aging Project. J. Alzheimers. Dis. 64, 
S161–S189 (2018). 

66. Bennett, D. A. et al. Natural history of mild cognitive impairment in older persons. Neurology 59, 198–205 
(2002). 

67. Bennett, D. A. et al. Decision rules guiding the clinical diagnosis of Alzheimer’s disease in two community-
based cohort studies compared to standard practice in a clinic-based cohort study. Neuroepidemiology 27, 
169–176 (2006). 

68. Schneider, J. A., Arvanitakis, Z., Bang, W. & Bennett, D. A. Mixed brain pathologies account for most 
dementia cases in community-dwelling older persons. Neurology 69, 2197–2204 (2007). 

69. Bennett, D. A., Schneider, J. A., Wilson, R. S., Bienias, J. L. & Arnold, S. E. Neurofibrillary tangles mediate 
the association of amyloid load with clinical Alzheimer disease and level of cognitive function. Arch. 
Neurol. 61, 378–384 (2004). 

70. Swiech, L. et al. In vivo interrogation of gene function in the mammalian brain using CRISPR-Cas9. Nat. 
Biotechnol. 33, 102–106 (2015). 

71. Picelli, S. et al. Full-length RNA-seq from single cells using Smart-seq2. Nat. Protoc. 9, 171–181 (2014). 
72. DePristo, M. A. et al. A framework for variation discovery and genotyping using next-generation DNA 

sequencing data. Nat. Genet. 43, 491–498 (2011). 
73. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21 (2013). 
74. Wysoker, A., Tibbetts, K. & Fennell, T. Picard tools version 1.90. http://picard. sourceforge. net (Accessed 

14 December 2016) 107, 308 (2013). 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 22, 2022. ; https://doi.org/10.1101/2022.04.21.489103doi: bioRxiv preprint 

http://paperpile.com/b/ndVFg1/5LFHO
http://paperpile.com/b/ndVFg1/5LFHO
http://paperpile.com/b/ndVFg1/5LFHO
http://paperpile.com/b/ndVFg1/5LFHO
http://paperpile.com/b/ndVFg1/5LFHO
http://paperpile.com/b/ndVFg1/5LFHO
http://paperpile.com/b/ndVFg1/BGJ1K
http://paperpile.com/b/ndVFg1/BGJ1K
http://paperpile.com/b/ndVFg1/BGJ1K
http://paperpile.com/b/ndVFg1/BGJ1K
http://paperpile.com/b/ndVFg1/BGJ1K
http://paperpile.com/b/ndVFg1/BGJ1K
http://paperpile.com/b/ndVFg1/BGJ1K
http://paperpile.com/b/ndVFg1/BGJ1K
http://paperpile.com/b/ndVFg1/Hsn9o
http://paperpile.com/b/ndVFg1/Hsn9o
http://paperpile.com/b/ndVFg1/Hsn9o
http://paperpile.com/b/ndVFg1/Hsn9o
http://paperpile.com/b/ndVFg1/Hsn9o
http://paperpile.com/b/ndVFg1/Hsn9o
http://paperpile.com/b/ndVFg1/rQk1Z
http://paperpile.com/b/ndVFg1/rQk1Z
http://paperpile.com/b/ndVFg1/rQk1Z
http://paperpile.com/b/ndVFg1/rQk1Z
http://paperpile.com/b/ndVFg1/rQk1Z
http://paperpile.com/b/ndVFg1/rQk1Z
http://paperpile.com/b/ndVFg1/rQk1Z
http://paperpile.com/b/ndVFg1/IEvxC
http://paperpile.com/b/ndVFg1/IEvxC
http://paperpile.com/b/ndVFg1/IEvxC
http://paperpile.com/b/ndVFg1/IEvxC
http://paperpile.com/b/ndVFg1/IEvxC
http://paperpile.com/b/ndVFg1/IEvxC
http://paperpile.com/b/ndVFg1/IEvxC
http://paperpile.com/b/ndVFg1/yMTdo
http://paperpile.com/b/ndVFg1/yMTdo
http://paperpile.com/b/ndVFg1/yMTdo
http://paperpile.com/b/ndVFg1/yMTdo
http://paperpile.com/b/ndVFg1/yMTdo
http://paperpile.com/b/ndVFg1/yMTdo
http://paperpile.com/b/ndVFg1/yMTdo
http://paperpile.com/b/ndVFg1/yMTdo
http://paperpile.com/b/ndVFg1/mRLsZ
http://paperpile.com/b/ndVFg1/mRLsZ
http://paperpile.com/b/ndVFg1/mRLsZ
http://paperpile.com/b/ndVFg1/mRLsZ
http://paperpile.com/b/ndVFg1/mRLsZ
http://paperpile.com/b/ndVFg1/mRLsZ
http://paperpile.com/b/ndVFg1/mRLsZ
http://paperpile.com/b/ndVFg1/mRLsZ
http://paperpile.com/b/ndVFg1/eFmV1
http://paperpile.com/b/ndVFg1/eFmV1
http://paperpile.com/b/ndVFg1/eFmV1
http://paperpile.com/b/ndVFg1/eFmV1
http://paperpile.com/b/ndVFg1/eFmV1
http://paperpile.com/b/ndVFg1/eFmV1
http://paperpile.com/b/ndVFg1/eFmV1
http://paperpile.com/b/ndVFg1/HGDyN
http://paperpile.com/b/ndVFg1/HGDyN
http://paperpile.com/b/ndVFg1/HGDyN
http://paperpile.com/b/ndVFg1/HGDyN
http://paperpile.com/b/ndVFg1/HGDyN
http://paperpile.com/b/ndVFg1/HGDyN
http://paperpile.com/b/ndVFg1/HGDyN
http://paperpile.com/b/ndVFg1/da2ys
http://paperpile.com/b/ndVFg1/da2ys
http://paperpile.com/b/ndVFg1/da2ys
http://paperpile.com/b/ndVFg1/da2ys
http://paperpile.com/b/ndVFg1/da2ys
http://paperpile.com/b/ndVFg1/da2ys
http://paperpile.com/b/ndVFg1/da2ys
http://paperpile.com/b/ndVFg1/da2ys
http://paperpile.com/b/ndVFg1/xiZwP
http://paperpile.com/b/ndVFg1/xiZwP
http://paperpile.com/b/ndVFg1/xiZwP
http://paperpile.com/b/ndVFg1/xiZwP
http://paperpile.com/b/ndVFg1/xiZwP
http://paperpile.com/b/ndVFg1/xiZwP
http://paperpile.com/b/ndVFg1/xiZwP
http://paperpile.com/b/ndVFg1/xiZwP
http://paperpile.com/b/ndVFg1/vFFWE
http://paperpile.com/b/ndVFg1/vFFWE
http://paperpile.com/b/ndVFg1/vFFWE
http://paperpile.com/b/ndVFg1/vFFWE
http://paperpile.com/b/ndVFg1/7ZWGQ
http://paperpile.com/b/ndVFg1/7ZWGQ
http://paperpile.com/b/ndVFg1/7ZWGQ
http://paperpile.com/b/ndVFg1/7ZWGQ
http://paperpile.com/b/ndVFg1/7ZWGQ
http://paperpile.com/b/ndVFg1/7ZWGQ
http://paperpile.com/b/ndVFg1/jYymv
http://paperpile.com/b/ndVFg1/jYymv
http://paperpile.com/b/ndVFg1/jYymv
http://paperpile.com/b/ndVFg1/jYymv
http://paperpile.com/b/ndVFg1/jYymv
http://paperpile.com/b/ndVFg1/jYymv
http://paperpile.com/b/ndVFg1/PIOoe
http://paperpile.com/b/ndVFg1/PIOoe
http://paperpile.com/b/ndVFg1/PIOoe
http://paperpile.com/b/ndVFg1/PIOoe
http://paperpile.com/b/ndVFg1/PIOoe
http://paperpile.com/b/ndVFg1/PIOoe
http://paperpile.com/b/ndVFg1/PIOoe
http://paperpile.com/b/ndVFg1/PIOoe
http://paperpile.com/b/ndVFg1/gKHmR
http://paperpile.com/b/ndVFg1/gKHmR
http://paperpile.com/b/ndVFg1/gKHmR
http://paperpile.com/b/ndVFg1/gKHmR
http://paperpile.com/b/ndVFg1/gKHmR
http://paperpile.com/b/ndVFg1/gKHmR
http://paperpile.com/b/ndVFg1/Kh8lO
http://paperpile.com/b/ndVFg1/Kh8lO
http://paperpile.com/b/ndVFg1/Kh8lO
http://paperpile.com/b/ndVFg1/Kh8lO
http://paperpile.com/b/ndVFg1/Kh8lO
http://paperpile.com/b/ndVFg1/Kh8lO
http://paperpile.com/b/ndVFg1/Kh8lO
http://paperpile.com/b/ndVFg1/Kh8lO
http://paperpile.com/b/ndVFg1/xtOnQ
http://paperpile.com/b/ndVFg1/xtOnQ
http://paperpile.com/b/ndVFg1/xtOnQ
http://paperpile.com/b/ndVFg1/xtOnQ
http://paperpile.com/b/ndVFg1/xtOnQ
http://paperpile.com/b/ndVFg1/xtOnQ
http://paperpile.com/b/ndVFg1/xtOnQ
http://paperpile.com/b/ndVFg1/xtOnQ
http://paperpile.com/b/ndVFg1/WfOMf
http://paperpile.com/b/ndVFg1/WfOMf
http://paperpile.com/b/ndVFg1/WfOMf
http://paperpile.com/b/ndVFg1/WfOMf
http://paperpile.com/b/ndVFg1/WfOMf
http://paperpile.com/b/ndVFg1/WfOMf
http://paperpile.com/b/ndVFg1/WfOMf
http://paperpile.com/b/ndVFg1/WfOMf
http://paperpile.com/b/ndVFg1/WfOMf
http://paperpile.com/b/ndVFg1/Aurh5
http://paperpile.com/b/ndVFg1/Aurh5
http://paperpile.com/b/ndVFg1/Aurh5
http://paperpile.com/b/ndVFg1/Aurh5
http://paperpile.com/b/ndVFg1/Aurh5
http://paperpile.com/b/ndVFg1/Aurh5
http://paperpile.com/b/ndVFg1/KE1lc
http://paperpile.com/b/ndVFg1/KE1lc
http://paperpile.com/b/ndVFg1/KE1lc
http://paperpile.com/b/ndVFg1/KE1lc
http://paperpile.com/b/ndVFg1/KE1lc
http://paperpile.com/b/ndVFg1/KE1lc
http://paperpile.com/b/ndVFg1/KE1lc
http://paperpile.com/b/ndVFg1/0yA3h
http://paperpile.com/b/ndVFg1/0yA3h
http://paperpile.com/b/ndVFg1/0yA3h
http://paperpile.com/b/ndVFg1/0yA3h
http://paperpile.com/b/ndVFg1/0yA3h
http://paperpile.com/b/ndVFg1/0yA3h
http://paperpile.com/b/ndVFg1/0yA3h
http://paperpile.com/b/ndVFg1/0yA3h
http://paperpile.com/b/ndVFg1/TVNGK
http://paperpile.com/b/ndVFg1/TVNGK
http://paperpile.com/b/ndVFg1/TVNGK
http://paperpile.com/b/ndVFg1/TVNGK
http://paperpile.com/b/ndVFg1/TVNGK
http://paperpile.com/b/ndVFg1/TVNGK
http://paperpile.com/b/ndVFg1/TVNGK
http://paperpile.com/b/ndVFg1/L1zVh
http://paperpile.com/b/ndVFg1/L1zVh
http://paperpile.com/b/ndVFg1/L1zVh
http://paperpile.com/b/ndVFg1/L1zVh
http://paperpile.com/b/ndVFg1/L1zVh
http://paperpile.com/b/ndVFg1/L1zVh
http://paperpile.com/b/ndVFg1/L1zVh
http://paperpile.com/b/ndVFg1/L1zVh
http://paperpile.com/b/ndVFg1/DtrYJ
http://paperpile.com/b/ndVFg1/DtrYJ
http://paperpile.com/b/ndVFg1/DtrYJ
http://paperpile.com/b/ndVFg1/DtrYJ
http://paperpile.com/b/ndVFg1/DtrYJ
http://paperpile.com/b/ndVFg1/DtrYJ
http://paperpile.com/b/ndVFg1/DtrYJ
http://paperpile.com/b/ndVFg1/vWdqX
http://paperpile.com/b/ndVFg1/vWdqX
http://paperpile.com/b/ndVFg1/vWdqX
http://paperpile.com/b/ndVFg1/vWdqX
http://paperpile.com/b/ndVFg1/vWdqX
http://paperpile.com/b/ndVFg1/vWdqX
https://doi.org/10.1101/2022.04.21.489103
http://creativecommons.org/licenses/by/4.0/


75. Sherry, S. T. et al. dbSNP: the NCBI database of genetic variation. Nucleic Acids Res. 29, 308–311 
(2001). 

76. Mills, R. E. et al. An initial map of insertion and deletion (INDEL) variation in the human genome. Genome 
Res. 16, 1182–1190 (2006). 

77. Anders, S., Pyl, P. T. & Huber, W. HTSeq--a Python framework to work with high-throughput sequencing 
data. Bioinformatics 31, 166–169 (2015). 

78. Wolf, F. A., Angerer, P. & Theis, F. J. SCANPY: large-scale single-cell gene expression data analysis. 
Genome Biol. 19, 15 (2018). 

79. Li, H. Toward better understanding of artifacts in variant calling from high-coverage samples. 
Bioinformatics 30, 2843–2851 (2014). 

80. Ramaswami, G. & Li, J. B. RADAR: a rigorously annotated database of A-to-I RNA editing. Nucleic Acids 
Res. 42, D109–13 (2014). 

81. Kiran, A. & Baranov, P. V. DARNED: a DAtabase of RNa EDiting in humans. Bioinformatics 26, 1772–
1776 (2010). 

82. Lo Giudice, C., Tangaro, M. A., Pesole, G. & Picardi, E. Investigating RNA editing in deep transcriptome 
datasets with REDItools and REDIportal. Nat. Protoc. 15, 1098–1131 (2020). 

83. Lek, M. et al. Analysis of protein-coding genetic variation in 60,706 humans. BioRxiv 30338 (2016). 
84. Cingolani, P. et al. A program for annotating and predicting the effects of single nucleotide polymorphisms, 

SnpEff. Fly vol. 6 80–92 (2012). 
85. Frankish, A. et al. GENCODE reference annotation for the human and mouse genomes. Nucleic Acids 

Res. 47, D766–D773 (2019). 
86. Rentzsch, P., Witten, D., Cooper, G. M., Shendure, J. & Kircher, M. CADD: predicting the deleteriousness 

of variants throughout the human genome. Nucleic Acids Res. 47, D886–D894 (2019). 
87. Rosenthal, R., McGranahan, N., Herrero, J., Taylor, B. S. & Swanton, C. DeconstructSigs: delineating 

mutational processes in single tumors distinguishes DNA repair deficiencies and patterns of carcinoma 
evolution. Genome Biol. 17, 31 (2016). 

88. Bass, A. & Storey, J. qvalue R package. (Github). 
89. Raudvere, U. et al. g:Profiler: a web server for functional enrichment analysis and conversions of gene 

lists (2019 update). Nucleic Acids Res. 47, W191–W198 (2019). 
90. Jassal, B. et al. The reactome pathway knowledgebase. Nucleic Acids Res. 48, D498–D503 (2020). 
91. Ligtenberg, W. reactome. db: A set of annotation maps for reactome. R package version 1, (2018). 

Figure Legends 
Figure 1. Somatic mutation burden in Alzheimer’s Dementia (AlzD). a. Overview. Across 36 post-mortem 
prefrontal cortex samples from 19 AlzD and 17 non-AlzD individuals (i), we profile full-transcript single-nucleus 
RNA-seq (SMART-seq2) (ii) and whole-genome sequencing (iii) to jointly infer mosaic mutations and cell 
identity (iv) across 4,014 cells, which we use to infer cell-type-specific mosaic burden (v), gene-level burden 
(vi) and pathway-level burden (vii). b-d. Increased mosaic mutational burden (x-axis) between AlzD (red) and 
non-AlzD (blue) individuals for different ascertainment variables (b), types of mutation (c), and predicted 
variant effect (d, CADD score). e. Normalized frequency (y-axis) of somatic mutations for different single-
nucleotide variant tri-nucleotide contexts (columns) across individuals (points) highlights aging-related 
signatures (C-to-T followed by T-to-C). 
 
Figure 2. Transcriptomic landscape of Alzheimer’s dementia. a. Gene expression landscape (t-SNE) and 
cell type annotation (colors) across 5,421 cells from all 47 individuals. b. Representative cell-type-specific 
marker gene expression (color scale). c. Enrichment (heatmap) for each cell type (rows) across phenotypic 
classes (columns) and sex. d,e. Expression landscape (t-SNE) of cells by phenotype (d) and sex (e). 
 
Figure 3. Mutational burden distribution. a. Mutational burden distribution (x-axis) across individuals (points) 
for each cell type (rows). b. Mosaic burden (y-axis) by age (x-axis) with linear model fit (line) and 95% 
confidence interval (shade). c. Mosaic burden (shade) across cells with mutations (points). d. Mosaic burden 
differences between Non-AlzD (top) vs. AlzD (bottom) individuals by cell type (color). e. Sub-clustering of most-
abundant cell types. f. Phenotypic enrichment for cell subclusters (hypergeometric test vs. main cluster). 
 
Figure 4. Gene-level and pathway-level mutational burden. a. Cell-type-specific mutational burden (counts) 
for AlzD (red) vs. non-AlzD (blue) individuals (columns) for increased-AlzD-burden genes (rows) (binomial 
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