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By Sten Linnarsson

E
very cell of your body was generated 

by cell division, forming a lineage tree 

that goes back to the fertilized egg. 

Mutations are introduced by errors in 

DNA replication at every cell division, 

as well as by mutational processes that 

operate continuously, such as exposure to 

ultraviolet light. As a consequence, every 

cell may have its own unique genome, with 

potentially distinct gains and losses of func-

tion. Furthermore, these mutations 

create a record of the developmen-

tal ancestry of each cell, which can 

be used to reconstruct their lineage 

tree. Now, on page 94 of this issue, 

Lodato et al. use single-cell whole-

genome sequencing to show these 

processes at work in the human 

brain (1). This is important because 

many unresolved questions in hu-

man biology and medicine are in 

fact questions about the human 

cell lineage tree in development 

and disease (2). Charles Darwin fa-

mously drew the first phylogenetic 

tree in 1837. This was only a month 

after he had started his first note-

book on evolution, but the idea had 

already gelled in his mind that all 

species are linked like the branches 

on a tree. A few years later, around 

the time he was completing On 

the Origin of Species, a similarly 

remarkable insight was forming 

among a small group of scientists 

in Germany. Theodor Schwann and 

Matthias Schleiden had realized 

that both plants and animals are made of 

nothing but cells, but it was Robert Remak 

who showed that new cells arise through bi-

nary fission. These insights lead to the con-

clusion that every individual is also a tree—a 

cell lineage tree.

More than 150 years later, in 2005, Frum-

kin et al. showed that somatic mutations 

occur at cell division, in sufficient num-

bers that they can in principle be used to 

reconstruct complete human cell lineages 

(3). More recently, single-cell whole-genome 

sequencing was used to reveal patterns of 

clonal evolution in breast cancer (4). Last 

year, Behjati et al. used organoid culture to 

amplify the genomes of individual mouse 

cells for whole-genome sequencing (5). They 

found that lineages could be reconstructed 

back to the early embryo, revealing that the 

earliest cells contribute to all tissues, but in 

highly skewed proportions.

Lodato et al. now extend the study of nat-

urally occurring somatic mutations to the 

human brain. Sequencing 36 single neu-

rons from human prefrontal cortex, they 

found more than a thousand mutations per 

cell, the majority of which were unique to 

that cell. They noted that mutation rates at 

transcribed loci and at DNase I hypersen-

sitivity sites were elevated, which suggests 

that RNA transcription and histone dissoci-

ation make DNA vulnerable in nondividing 

cells. This is in contrast to cancer, where 

errors related to DNA replication are more 

prevalent.

Although most mutations were intergenic, 

some occurred in coding regions. For ex-

ample, a mutation in a voltage-gated sodium 

channel gene (SCN1A) was found, which 

would likely have caused epileptic seizures 

if more widespread in the lineage. Remark-

ably, a quick calculation shows that it’s likely 

that every coding nucleotide of every gene 

is mutated somewhere in the brain. If mu-

tations accumulate with age, they may po-

tentially contribute to disease. For instance, 

α-synuclein and β-amyloid are hypothesized 

to have prion-like properties (6), where 

misfolded proteins aggregate, spread, and 

catalyze the misfolding of further copies of 

native protein (causing, respectively, Parkin-

son’s disease and Alzheimer’s disease). This 

raises the question of how such a cascade 

could be initiated. But if every gene is mu-

tated somewhere in the brain—and probably 

many times in many cells—it seems possible 

that a prion-like disease could be seeded by 

the rare occurrence of mutations that cause 

protein misfolding. 

The authors used droplet digital poly-

merase chain reactions to analyze their 

catalog of prefrontal cortex muta-

tions in other tissues of the body. 

This revealed a nested pattern 

across the brain, exactly as would 

be expected of mutations that ac-

cumulate during embryonic de-

velopment. Even within a few 

millimeters of prefrontal cortex, 

multiple lineages were intermin-

gled and were also found in heart, 

lung, and other peripheral or-

gans, showing that lineages must 

have become physically mixed in 

the early embryo (see the figure). 

Indeed, any given neuron in the 

prefrontal cortex was more closely 

related to a cardiomyocyte than to 

75% of its neighboring neurons. 

These findings were enabled 

by recent advances in sequenc-

ing technology, single-cell sample 

preparation, and computational 

analysis. In the coming years, we 

can expect additional lineage trees 

of individual humans to deepen 

our understanding of embryo-

genesis as well as of how somatic 

mutations may contribute to brain disease. 

In this way, the first small tree that Lodato 

et al. have drawn is a glimpse of the scien-

tific and medical rewards that lie ahead as 

we begin exploring the human cell lineage 

tree in full.         ■
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A tree of the human brain
Genomes of single neurons trace the developmental 
and mutational history of the brain

Mutation trees. Lineages found in the prefrontal cortex were also often found 

in peripheral organs, showing that there must have been extensive mixing of lin-

eages in the pre-gastrulation embryo.
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