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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 AlzD**%,

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 proteins®'~®°. 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 AlzD%.

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.
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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-seq?2) (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 (¢), 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). ¢. 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). ¢. 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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