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The existence of double strand breaks (DSBs) in the developing mouse retina is an inherent feature of the process and it

is related to the early death that occurs during development. This early cell death facilitates the selection of the fittest

neurons to complete the developing process successfully. In addition to the DNA repair mutants, which are clearly

involved in the DSBs repair process, the fact that the rag2 endonuclease mutant also displays a similar phenotype

suggests that this process may be at the basis of the somatic variability present in mammalian neurons
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1. Introduction

In the last decade, new single cell sequencing technologies have completely changed the understanding of neural DNA,

revealing that almost all healthy individuals studied carry large numbers of neuron-specific genetic alterations, most of

which require prior generation and repair of DNA double strand breaks (DSBs) . This variability is far more

frequent than ever expected. Single cell genomics has demonstrated somatic mosaicism in physiological contexts in more

than 10% of neurons within a given individual, increasing to 90% in some studies . These findings indicate that cell

heterogeneity in the central nervous system (CNS) relies not only on transcriptional, morphological and functional

diversity, but also on major, likely underlying, changes in neuronal DNA.

Neuronal DNA is enriched as a consequence of multiple genetic alterations in neural progenitor cells. Affected regions

range in size from over 500 Mb to single nucleotides (single nucleotides variations, SNVs) (Figure 1). These major

genetic alterations include indels (insertion/deletion), MEIs (mobile element insertions), CNVs (copy number variations),

SVs (structural variants), and aneuploidy . Advances in single-cell whole-genome sequencing have provided detailed

information about smaller CNVs (<1 Mb) and have shown that these are very frequent in the developing cerebral cortex

. All these forms of somatic mosaicism require prior generation and repair of DNA DSBs, which in turn must be properly

repaired to prevent programmed cell death of the affected neuronal cell.

This somatic mosaicism within neurons results in changes in their gene expression , although these changes do not

necessarily affect neuronal connectivity or survival in the adult brain . Particularly, aneuploid neurons have been found

to be active and fully integrated in the normal adult mammalian brain . Moreover, the recent discovery of abundant

CNVs of <1 Mb revealed quantitative variation at particular developmental stages in the mouse cerebral cortex ,

suggesting that these alterations may constitute part of a process intrinsic to neural development.
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Figure 1. Intrinsic events during early neurogenesis that may contribute to somatic mosaicism and functional diversity in

the mature nervous system. In the nervous system, neuronal genetic diversity seems to arise intrinsically during early

neuronal differentiation. Diverse genetic alterations have been observed in healthy neurons, most of them involving the

generation and repair of DNA double strand breaks. The pool of neurons with cell-unique differences in their DNA could be

even larger than the vast numbers of antibodies generated by the V(d)J recombination in the immune system . During

neuronal differentiation, more than 60% of the recently generated neurons undergo cell death events . The surviving

neurons, many of them carrying genetic alterations, may configure a functional repertoire characterized by the

physiologically generated somatic mosaicism.

2. DSBs and Neural Development

DSBs can result from extrinsic causes, including certain viruses, ionizing radiation, and chemical sources, or from intrinsic

causes, such as reactive oxygen species produced by cellular respiration or replication fork collapse at genome fragile

sites . Alternatively, they can be a consequence of specific mechanisms and examples include programmed

genome reorganization, such as RAG-1,2 endonuclease-mediated V(D)J somatic recombination, as it occurs in the

immune system . In the brain, DSBs can also be formed by specific mechanisms, such as retrotransposon

mobilization (e.g., LINE-1 transposition in neural progenitors and mature neurons ) and RNA retroinsertion, as in

somatic APP gene recombination . Specific DSB generation mediated by endonucleases to control gene expression, as

described for DNA topoisomerase II β (TOP2β) and Spo11 in the promotors of neuronal activity-induced genes ,

have also been shown.

DSBs constitute a potentially serious threat to cell survival and, therefore, must be properly repaired. DSBs are repaired

by either homologous recombination or nonhomologous end-joining (NHEJ). NHEJ involves the direct ligation of the two

DNA ends that frequently alter the original DNA sequence. A defective DNA damage response severely impacts nervous

system development , and alterations in factors involved in the DSB response have been implicated in a range of

diverse human syndromes, including neuropathology and neurodegeneration (e.g., ataxia telangiectasia) . The

importance of DSBs and their consequences for neurons are clearly evidenced by the phenotype of mice carrying DNA

repair mutations. These mice present a marked, and in some cases lethal, embryonic phenotype, characterized by a high

level of neuronal cell death, impaired development, and even acellularity in the central nervous system . Indeed,

mouse models with NHEJ mutations (e.g., XRCC4 and DNA lig IV) display a dramatic neural phenotype, in some cases

with embryonic lethality , and severe immunodeficiency, although the remaining organs and tissues are largely

unaffected, suggesting an important role of NHEJ in neural development.

Together, the neurogenic process provides an environment permissive to DSB generation and subsequent genetic

alterations. The specificity of these neural DNA alterations is supported by the observation that genetic changes emerge

specifically during in vitro stem cell differentiation towards neural lineage  but are completely absent during

differentiation towards fibroblasts. This accumulation of DSBs during neural development suggests that neurons possess

mechanisms to cope with DSBs, which may even have a particular function or be generated as a side-effect of another,

as-yet-unknown process.

3. DSBs and Early Neural Cell Death

Several studies have shown that the number of neurons with somatic mutations decreases after development; both the

number of CNVs per neuron  and the number of aneuploid neurons  are lower in the newborn and young adult

brain than during embryonic development . These observations suggest the involvement of cell death processes, which

may selectively target non-viable mutations in a manner analogous to apoptosis following V(D)J recombination . In fact,

many authors, ourselves included, have shown that neural precursors and newborn neurons actually undergo a specific

wave of apoptosis during early embryonic development . Although the purpose of this early wave of

neuronal cell death has not been clearly established, the findings in mutant models that lack apoptosis genes have

underscored its importance. The dysregulation of cell death in this context specifically impairs proper CNS generation,

affecting neural precursor cell proliferation and early neuronal differentiation . Specifically, the dysregulation of

cell death results in neural malformations including cerebral hyperplasia, exencephaly, and neural tube defects, as well as

defective retinal structure and visual system connectivity .

Early neuronal cell death in the mouse retina parallels the onset of DSB generation (Figure 2), and that apoptosis occurs

during a specific time window . In the developing chicken retina, the onset of cell death is carefully programmed and

intrinsically determined, specifically the death of newborn neurons is determined, in a cell-autonomous manner, by the

time the neuron is generated and it is independent of the niche in which it was situated .
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Figure 2. Impaired retinal development in mutant mice defective in components of DSB generation and repair

mechanisms. Comparison of retinal phenotypes in mutant mice defective in DNA polymerase mu (polµ-/-; E-H), DNA-PK

(SCID; I-L), and one of the subunits of the RAG-1,2 endonuclease responsible for generating the DSBs that originate the

V(d)J recombination in the immune system (rag2-/-; M-P). The phenotype of the WT mouse is displayed in panels (A–

D,A,E,I,M) E13.5 dissociated retinal cells were immunostained for γH2AX (cyan) to reveal DSBs and counterstained with

DAPI (blue) to visualize the nuclei. Notice that the foci numbers are increased in the repair defective mutants and reduced

in the RAG2 defective mutant, with respect to the WT. (B,F,J,N) programmed cell death was detected by TUNEL (green)

in whole mount E13.5 retinas. Notice that apoptotic nuclei numbers are increased in all three mutant mice with respect to

the WT mouse. (C,G,K,O) E13.5 dissociated retinal cells were cultured on polyornithine/laminin-treated plates. Neurite

emission was visualized by TUJ-1 immunostaining (red). Notice the disturbed axonal trajectories in all three mutant mice,

with respect to the WT mouse. (D,H,L,P) E13.5 whole-mount retinas were immunostained with TUJ-1 (red) to visualize

RGC axonal trajectories. Notice the disturbed axonal trajectories in all three mutant mice, with respect to the WT mouse.

Images adapted from .

In neural development, DSB repair is a key step in controlling DNA rearrangements during neurogenesis, the failure of

which results in programmed cell death . Several findings suggest a close association between neuronal cell

death and NHEJ, the main DSB repair pathway in neurons. Mice with impaired NHEJ show a dramatic increase in

programmed cell death in neural tissues, frequently resulting in embryonic or perinatal lethality. The phenotypes found in

NHEJ repair mutants suggest that DSB generation and repair significantly influence the dynamics of neural development

to promote neural diversity. Mice deficient in NHEJ proteins, such as KU-86, DNA polymerase mu, and DNA-PK, share a

mild retinal phenotype characterized by moderate neuronal cell death ( , Figure 2). 
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