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Editorial on the Research Topic
Somatic genomic mosaicism & human disease

Somatic genomic mosaicism has become a major focus of genetic research during the last
decade (Campbell et al., 2015; D’Gama and Walsh, 2018). Considering the number of cellular
divisions required to produce ~10™ of cells in an average human being, it is highly unlikely that
all these cells share identical genomes. Thus, all humans are apparently genetic mosaics
(Iourov et al., 2012). This viewpoint is endorsed by the new genomic concept of “Fuzzy
Inheritance” (Heng, 2019). With the introduction of new genomic technologies, somatic
mosaicism has been found to be a mechanism for human morbidity. Additionally, somatic
(chromosomal and single-gene) mosaicism appears to be a mechanism for human
interindividual diversity, development and aging (Campbell et al, 2015 D’Gama and
Walsh, 2018; Tourov et al., 2012; Heng, 2019; Vijg, 2014). More precisely, monogenic and
chromosomal diseases, neurodevelopmental/neurobehavioral and neuropsychiatric disorders,
neurodegeneration, cancer and healthy/unhealthy aging are associated with a wide spectrum
of somatic genomic mosaicism types (D’Gama and Walsh, 2018; Tourov et al., 2012; Heng,
2019; Vijg, 2014; Iourov et al., 2019; Yurov et al., 2019; Vorsanova et al., 2020; Ye et al., 2020;
Miller et al., 2021; Tourov et al, 2021a; Tourov et al, 2021b). According to the Genome
Architecture Theory, somatic mosaicism-mediated heterogeneity is essential for cellular
adaptation, and at the same time, as an evolutionary trade-off, somatic mosaicism may be
a disease mechanism, as well (Heng, 2019; Ye et al,, 2019; Tourov et al.,, 2020; Iourov et al,,
2021b; Heng and Heng, 2021). Timely recognition of the importance of somatic mosaicism is
required to understand genetic mechanisms of human morbidity and physiological changes
during the ontogeny for improving life quality and span.

This Research Topic presents the knowledge about somatic genomic mosaicism
acquired by molecular genetic and cytogenetic/cytogenomic studies. Moreover, original
hypotheses about the role of somatic mosaicism in human diseases and innovative
approaches to the detection are described.
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The role of chromosome instability and mosaic aneuploidy in
the pathogenesis of neurodegenerative and neurodevelopmental
disorders is generally overlooked. The paper by Potter et al. fills
this gap in current biomedical literature and describes a
hypothesis suggesting the involvement of aneuploidy in the
cognitive deficits that characterize the neurological symptoms
of these disorders by promoting apoptosis in the diseased brain.
The analysis of somatic chromosomal mosaicism is continued by
Liehr and Al-Rikabi, who provided a timely systematic review of
mosaic small supernumerary marker chromosomes detected in
unaffected individuals.

Since Alzheimer’s disease is repeatedly associated with a
variety of types of somatic mosaicism (Iourov et al, 2012;
Yurov et al., 2019; Ye et al., 2020; Miller et al., 2021), it is not
surprising that this common and devastative disease is a focus of
four articles of this Research Topic. The description of somatic
mosaicism in Alzheimer’s disease is started by a review by Bajic
et al, who described the role of X chromosome-specific
mosaicism and instability in the pathogenesis. Barrio-Alonso
et al. hypothesize that neuronal hyperploidization is a highly
probable mechanism of Alzheimer’s disease. Ueberham and
Arendt
recombination of mRNA/ncRNA and suggest that related

review genomic indexing by somatic gene
processes underlie several symptoms of Alzheimer’s disease.
Still, this process probably has both advantageous and
deleterious  consequences. Finally, Alzheimer’s disease-
associated somatic mosaicism is addressed by Kaeser and
Chun. The authors present their original potentially unifying
hypothesis suggesting that mosaic somatic gene recombination is
a novel mechanism to explain the pathogenesis of this currently
untreatable disease.

Recently, somatic mosaicism has been found to be involved
in cancer pathogenesis (Iourov et al., 2021a; Tourov et al., 2021b;
Heng and Heng, 2021). This involvement is highlighted by Ye
et al., who used multiple myeloma as a model for describing
cancerous aspects of somatic genomic mosaicism.

The Research Topic is finalized by two articles describing
approaches to study somatic mosaicism. Kuroki et al. present a
study performed for establishing quantitative PCR assays for
(LINE1)

subfamilies, which may be applied to the analysis of aging-

active Long Interspersed Nuclear Element-1

associated retrotransposition, which is a common cause of
somatic mosaicism. Dong et al. describe their original and
freely available software tool (SCCNV), which may be used
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for identifying mosaic copy number variation by analysing
single-cell whole-genome sequencing data.

Recently, a series of publications have further highlighted the
importance of somatic chromosomal mosaicism in cancer and
aging. Because karyotype codes the “system information” that
organizes gene interactive networks, altered karyotypes represent
newly formed information packages. The somatic chromosomal
mosaicism should certainly alter genetic-environmental
interactions offering therapeutic opportunities in disease and
pathological aging. We regret that some of these papers are not
included in this Research Topic, but readers are able to read them
elsewhere (Ye et al., 2019; Iourov et al., 2020; Vorsanova et al.,
2020; Ye et al., 2020; Iourov et al., 2021a; Iourov et al., 2021b;
Heng and Heng, 2021; Miller et al., 2021) for complementing
their views on somatic genomic mosaicism in humans.

To this end, we have to inform the readers that our co-editor,
Svetlana G, Vorsanova, has tragically passed away during the
finalization of this topic (for more information, please see
(Tourov, 2022)). Accordingly, we dedicate our editorial and
Research Topic to her memory.
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Evidence from multiple laboratories has accumulated to show that mosaic neuronal
aneuploidy and consequent apoptosis characterizes and may underlie neuronal 10ss in
many neurodegenerative diseases, particularly Alzheimer’s disease and frontotemporal
dementia. Furthermore, several neurodevelopmental disorders, including Seckel
syndrome, ataxia telangiectasia, Nijmegen breakage syndrome, Niemann-Pick type C,
and Down syndrome, have been shown to also exhibit mosaic aneuploidy in neurons
in the brain and in other cells throughout the body. Together, these results indicate that
both neurodegenerative and neurodevelopmental disorders with apparently different
pathogenic causes share a cell cycle defect that leads to mosaic aneuploidy in many cell
types. When such mosaic aneuploidy arises in neurons in the brain, it promotes apoptosis
and may at least partly underlie the cognitive deficits that characterize the neurological
symptoms of these disorders. These findings have implications for both diagnosis and
treatment/prevention.

Keywords: Alzheimer’s disease, Mosaic aneuploidy, Frontotemporal lobar degeneration, Neuronal apoptosis,
Huntington’s disease (HD)

INTRODUCTION

Age-associated neurodegenerative diseases exhibit different brain pathologies and different
clinical features, and all are associated with reduced neuronal numbers in specific brain regions.
Furthermore, when caused by a mutation, each disorder evidently involves a unique pathogenic
pathway because the mutant proteins are usually involved in very different physiological
processes. Indeed, the normal function of the associated mutant gene should provide insights
into that specific disease’s pathogenic pathway. For example, the mutations that cause autosomal
dominant familial Alzheimer’s disease (FAD) arise in only three genes: the amyloid precursor
protein (APP) gene, the presenilin 1 (PSENI) gene, and the presenilin 2 (PSEN2) gene, all
three of which encode proteins involved in the production of the AP peptide, which is the
main pathogenic molecule of AD (Goate and Hardy, 2012; Hardy, 2017). Specifically, PSEN1
and PSEN2 are components of the y-secretase complex, which, together with the -secretase
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enzyme, cleaves APP to release AP. In contrast, patients
with frontotemporal dementia (also called frontotemporal
lobar degeneration, FTLD) exhibit clinical and pathological
characteristics that differ from AD, and most of the autosomal
dominantly inherited familial forms of FTLD are caused by
a mutation in the MAPT/Tau gene, by a mutation in the
progranulin (PRGN) gene, or by a triplet repeat expansion in
the COORF72 gene, all three of which carry out vastly different
normal functions in the cell and are also unrelated to the genes
mutated in FAD (Rademakers et al., 2012). Interestingly, in
some families, instead of or in addition to FTLD, the triplet
repeat expansion in the C9ORF72 gene can cause familial
amyotrophic lateral sclerosis, a motor neuron degenerative
disease that is associated with cognitive decline only during
later stages of the disease. Huntingtons disease similarly
exhibits a unique pathology and clinical course and is caused
by a triplet repeat expansion in the huntingtin (HTT) gene,
whose normal function is also apparently different from any
of the genes associated with familial forms of AD or FTLD
(Podvin et al., 2019). Thus, there appears to be no common
feature of neurodegenerative disorders beyond the fact that
they all result in neuronal loss.

Neurodevelopmental disorders are associated with different
pathologies and clinical phenotypes, although they again
usually include microcephaly or another indication of a defect
in neurogenesis or neuronal survival. For example, ataxia
telangiectasia and the related disorder Seckel syndrome are
caused by mutations in the ATM and ATR genes, respectively,
which encode two related protein kinases. Because both ataxia
telangiectasia and Seckel syndrome appear to involve the
loss of neurons, they might be considered neurodegenerative
disorders without an essential aging component associated
with their underlying mechanisms. Down syndrome also
results in reduced neuronal numbers in key brain regions
during development, and, interestingly, every person with
Down syndrome develops AD brain neuropathology by age
30-40, which usually leads to dementia by age 50-60 (Hartley
et al., 2015; Hithersay et al., 2019).

Because these multiple disorders have different pathologies
and different clinical symptoms and they involve different
pathogenic pathways, as evidenced by the different genes
in which causal mutations can arise, it is reasonable to
hypothesize that each disorder is distinct and would require
different approaches to therapy and prevention. However,
if it were possible to identify a key step that is shared among
the pathogenic pathways of many neurodegenerative and/or
neurodevelopmental disorders, then it would also be reasonable
to hypothesize that insights into the causal mechanism might
be gained and the potential for a common approach to the
development of new therapies might be recognized. Of course,
any shared mechanistic features that are identified must also be
considered as potentially a mere correlate of the degenerative
process rather than as an essential step in the pathogenic
pathways. To distinguish between these two hypotheses, the
strength of the genetics can be exploited because it is self-
evident that a direct effect of a mutant gene is likely to be part
of the causal mechanism. If multiple neurodevelopmental

and neurodegenerative disease-causing mutations impact a
common pathogenic step, then that step should be considered a
potential key to preventing the neurodegeneration and should
thus serve as a prime target for the development of therapeutic
interventions that could be applied to multiple disorders.

Over the past decade, we and others have identified a
potential common step in the pathogenic pathways that lead to
multiple distinct neurodegenerative and neurodevelopmental
disorders. Specifically, mutations in genes linked to many
of these disorders have been shown to lead to chromosome
segregation defects and mosaic aneuploidy in cell types
throughout the body, including in brain neurons, which likely
contributes to the neuronal cell loss/apoptosis that underlies
their neurological features.

Mosaic Aneuploidy in Alzheimer’s Disease
Mosaic aneuploidy/hyperploidy, including trisomy 21, was
first hypothesized (Potter, 1991) and has been most thoroughly
investigated in AD (Geller and Potter, 1999; Yang et al,
2001; Kingsbury et al., 2006; Mosch et al., 2007; Thomas and
Fenech, 2008; Iourov et al., 2009b; Arendt et al., 2010; Iourov
et al,, 2011). Arendt and colleagues’ extensive study of brains
from AD patients showed that 20-30% of brain neurons are
aneuploid during the early preclinical stages of AD and that
their specific loss in later stages of the disease can account for
90% of the neuronal atrophy observed at autopsy (Arendt et al.,
2010). Somatic mosaic aneuploidy can also be detected in cells
from peripheral tissues of AD patients, including fibroblasts,
peripheral blood mononuclear cells, and buccal cells (Potter
et al, 1995; Migliore et al., 1997; Geller and Potter, 1999;
Migliore et al., 1999; Trippi et al., 2001; Thomas and Fenech,
2008), providing an opportunity for early detection.

The specific finding that trisomy 21 mosaicism occurs in many
tissues in AD patients, including in the brain, is highly relevant
because people with Down syndrome are usually fully trisomic
for chromosome 21 due to chromosome mis-segregation during
meiosis, every person with Down syndrome develops AD brain
neuropathology by 35 years of age, the majority of people with
Down syndrome develop AD dementia by age 60, and nearly all
people with Down syndrome who die after age 35 have dementia
(Glenner and Wong, 1984; Wisniewski et al., 1985; Epstein,
1990; Hartley et al., 2015; Hithersay et al., 2019). The APP gene
is located on chromosome 21, and its presence in three copies
in Down syndrome is presumed to underlie the development of
early-onset AD in this population (Hartley et al., 2015). Support
for this conclusion comes from the observation that individuals
who carry an FAD mutation in the APP gene or who have
three copies of the APP gene due to a local duplication on one
chromosome (Rovelet-Lecrux et al., 2006; Sleegers et al., 2006)
will develop autosomal-dominant early-onset AD. Furthermore,
individuals who only have 1-10% trisomy 21 cells and show no
features of Down syndrome also develop early-onset, sporadic
AD dementia, suggesting that even low levels of trisomy 21
mosaicism can lead to AD (reviewed in Potter, 1991). Evidence
that three copies of the APP gene are not only sufficient but also
necessary to cause AD is provided by the fact that rare individuals
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who have full trisomy 21 and all of the clinical and physiological
features of Down syndrome but have only two copies of the APP
gene due to alocalized deletion on chromosome 21 fail to develop
AD symptoms or AD pathology even at an old age (Prasher et al.,
1998; Doran et al., 2017).

Evidence that an underlying susceptibility to chromosome
segregation defects may be associated with an increased risk
of AD was first provided by a study showing that women who
were 35 or younger when they gave birth to a child with Down
syndrome have a fivefold increased risk of developing AD later
in life compared to control mothers or compared to mothers
who gave birth to a child with Down syndrome after age 35
(Schupf et al., 1994). More direct support for the idea that
both trisomy 21 and AD are associated with an underlying
predisposition for chromosome mis-segregation comes from a
study of cultured peripheral blood lymphocytes from mothers
under the age of 35 who gave birth to a child with Down
syndrome (Migliore et al., 2006). In that study, they used
fluorescence in situ hybridization probes for chromosomes 21
and 13 and observed significantly higher levels of chromosome
non-disjunction involving both chromosomes within the first
cell cycle in the lymphocytes from mothers who gave birth to
a child with Down syndrome compared to control mothers
who had not had a miscarriage and whose children did not
have genetic disorders (Migliore et al., 2006). Taken together,
these findings suggest that an underlying predisposition for
chromosome instability may lead to increased AD risk.

The association of chromosome instability and aneuploidy
with AD has been reinforced by mechanistic studies. The
key proteins whose mutant genes cause the majority of
FAD—the presenilin proteins (PSEN1 and PSEN2) and the
amyloid precursor protein (APP)—localize to centromeres/
kinetochores, centrosomes, and/or the nuclear envelope
(Li et al.,, 1997; Annaert et al., 1999; Honda et al., 2000;
Jeong et al., 2000; Kimura et al., 2001; Nizzari et al., 2007a;
Nizzari et al., 2007b; Young-Pearse et al., 2010; Judge et al.,
2011). Furthermore, FAD mutations in PSENI or APP cause
mitotic spindle abnormalities and aneuploidy in transgenic
mice and in transfected cells (Boeras et al.,, 2008; Granic
et al.,, 2010). Treatment of karyotypically normal cells with
oligomeric AP peptide, which is the product of PSEN1- and
PSEN2-dependent cleavage of APP, also disrupts the mitotic
spindle and induces chromosome mis-segregation and
aneuploidy by competitively inhibiting certain microtubule
motors, particularly Kinesin-5/KIF11/Eg5, MCAK/KIF2C,
and KIF4A, in both cell culture experiments and in Xenopus
egg extracts (Boeras et al., 2008; Borysov et al., 2011). These
mechanistic studies established that cell cycle defects and the
resultant mosaic aneuploidy are a direct effect of FAD mutant
genes and are thus likely to be part of the AD pathogenic
pathway and not merely a correlate of neurodegeneration in
the brain.

The role of chromosome aneuploidy in AD suggests that
studying mechanisms that regulate mitosis may lead to novel
insights into AD. For example, Shugoshin-1 (SGO1) encodes
a protein that is involved in chromosome cohesion and is
needed for normal chromosome segregation, and SGOI1

haploinsufficiency leads to chromosome missegregation
and tumorigenesis (Yamada et al., 2012). Building on the
role of aneuploidy in AD, Rao and Yamada and colleagues
hypothesized that SGOI heterozygous knockout mice may serve
as a potential model of sporadic late-onset AD, and they indeed
discovered some AD-related pathology as the mice aged, which
was associated with prolonged mitosis and spindle checkpoint
activation (Rao et al., 2018a; Rao et al., 2018b).

Mosaic Aneuploidy in Frontotemporal
Lobar Degeneration

In addition to AD, mosaic aneuploidy has been observed
in FTLD (Rossi et al., 2013; Rossi et al., 2014; Caneus et al.,
2018). In earlier studies, mosaic aneuploidy was reported in
skin fibroblasts and peripheral blood lymphocytes from FTLD
patients and in splenic lymphocytes from mouse models of
FTLD-MAPT (Rossi et al., 2008; Rossi et al., 2013; Rossi et al.,
2014). In the subsequent study, we found mosaic aneuploidy and
associated apoptosis in both neuronal and non-neuronal brain
cells from patients with familial FTLD who carry a mutation in
the MAPT/Tau gene (Caneus et al., 2018). Expression of FTLD-
causing mutant MAPT induced mitotic spindle abnormalities,
chromosome mis-segregation, aneuploidy, and apoptosis in
neurons and other cells in the brains of transgenic mice and in
transfected cells (Caneus et al., 2018). Furthermore, we showed
in our FTLD study that apoptosis occurs in the same brain
neurons that are aneuploid and that, in cultured cells expressing
FTLD-causing mutant forms of human MAPT, apoptosis follows
and depends upon aneuploidy-generating cell cycle defects
(Caneus et al., 2018). If the cell cycle is blocked by inhibiting
the interaction between MDM?2 and p53 by treatment with
low doses of Nutlin-3 at 24 h after expression of FTLD-causing
mutant MAPT, no aneuploid cells arise (Caneus et al., 2018).
Importantly, treatment with Nutlin-3 also blocks apoptosis,
indicating that the toxicity of mutant MAPT depends on cells
aberrantly proceeding through the cell cycle and becoming
aneuploid.

Evidence linking neuronal aneuploidy, neurodegeneration,
and MAPT was reported recently by two other groups in
Drosophila models of FTLD. Specifically, a study by Bougé
and Parmentier showed that excess Tau causes mitotic spindle
defects, aneuploidy, and apoptosis in neurons by inhibiting
the microtubule-dependent motor protein Kinesin-5 (Bouge
and Parmentier, 2016). Similar results have been reported
by Malmanche et al. who examined photoreceptors and
brain neurons in Drosophila and found that adult-onset
neurodegeneration mediated by MAPT overexpression
included the generation of aneuploid cells (Malmanche
et al., 2017). The former result is of particular interest in
view of our previous finding that AP induces chromosome
mis-segregation and aneuploidy by competitively inhibiting
the activity of Kinesin-5/KIF11/Eg5 (Borysov et al., 2011).
Thus, causal mutations leading to AD and FTLD-MAPT
appear to lead to chromosome mis-segregation, aneuploidy,
and apoptosis through inhibition of the same target enzyme:
Kinesin-5/KIF11/Eg5.
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In addition to MAPT-FTLD, we have found that mosaic
neuronal aneuploidy and dependent apoptosis are also
characteristic of brains of individuals with sporadic FTLD or
with FTLD caused by mutations in PRGN or by triplet repeat
expansions in C9ORF72 (Elos and Caneus et al., unpublished
results, manuscript in preparation).

It is likely that other neurodegenerative diseases are also
associated with mosaic aneuploidy in the brain. For example,
autism spectrum disorder (Yurov et al., 2007; Iourov et al,
2008), ataxia telangiectasia (McConnell et al., 2004; Iourov
et al., 2009a; Iourov et al.,, 2009b), and Lewy body disease,
which includes Parkinson’s disease (Yang et al., 2015), have
all been reported to exhibit either general hyperploidy or
mosaic aneuploidy for numerous chromosomes in brain and/
or peripheral tissues. Our laboratory also has preliminary
evidence for mosaic aneuploidy in both brain cells and
fibroblasts from Huntington’s disease patients (Elos and
Caneus et al., unpublished results, manuscript in preparation).

Mosaic Aneuploidy in Neurodevelopmental
Disorders
Mosaic aneuploidy in neurons and other types of cells also
characterizes neurodevelopmental disorders. For example, loss-
of-function mutations in the ataxia telangiectasia mutated and
Rad3-related (ATR) encoded kinase cause Seckel syndrome,
a rare autosomal recessive disorder characterized by pre-
and postnatal growth delays, microcephaly, and intellectual
disability. Loss of ATR function and of the related kinase ataxia
telangiectasia mutated (ATM) have been linked to defective
DNA repair, which has been assumed to cause the genomic
instability, including aneuploidy, observed in these disorders
and to make ataxia telangiectasia patients prone to cancer
(Wright et al., 1998; Spring et al., 2002; Shen et al., 2005; Murga
etal,, 2009; Lang et al., 2016; Yazinski and Zou, 2016; Blackford
and Jackson, 2017; Quek et al., 2017). Previous studies showed
that ATR localizes to centrosomes (Zhang et al., 2007) and
that loss of ATR function causes centrosome overduplication
(Alderton et al., 2004; Collis et al., 2008; Stiff et al., 2016) and
genomic instability (Casper et al., 2004; Mokrani-Benhelli et
al., 2013). In a recent study, Kabeche and colleagues reported a
mechanism by whichloss of ATR function leads to chromosome
mis-segregation and aneuploidy (Kabeche et al., 2018; Saldivar
and Cimprich, 2018). Specifically, they elegantly demonstrated
that ATR localizes to centromeres and is required for proper
chromosome segregation, in addition to and independent of its
roles in DNA damage repair and replication stress responses
(Kabeche et al.,, 2018). Although not discussed by Kabeche
and colleagues or in previous publications, the links between
ATR and mitosis provide an explanation for how reduced ATR
function and subsequent aneuploidy may underlie the neuronal
cell loss during development that leads to microcephaly and
cognitive dysfunction, the major clinical, pathological, and
disabling features of Seckel syndrome: reduced ATR function
results in aneuploidy that leads to neuronal apoptosis.

In addition to Seckel syndrome, mosaic aneuploidy has
been observed in brain neurons in ataxia telangiectasia itself

(Iourov et al., 2007; Iourov et al., 2009a; Iourov et al., 2009b)
and in Niemann-Pick type C disease (Granic and Potter,
2013), and in peripheral cells in Nijmegen breakage syndrome
(Vessey et al., 1999; Shimada et al., 2009; Shimada et al., 2010;
Hou et al., 2012), Fanconi anemia (Nalepa et al., 2013), and
xeroderma pigmentosum (Amiel et al., 2004). All of these
developmental disorders are characterized by microcephaly or
other evidence of poor neurogenesis and/or of neuronal loss,
and all are associated with cognitive disfunction.

Mechanisms by Which Neuronal
Aneuploidy and Apoptosis Can Arise

Because neurons have been traditionally considered to be
post-mitotic (Bhardwaj et al., 2006), it has been unclear how
extensive mosaic aneuploidy can arise in neurodegenerative
or neurodevelopmental disorders. More recently, it has
become appreciated that neurogenesis is more widespread
than previously thought and that the capacity for neurogenesis
continues into old age, even if not normally utilized (Zhao
et al, 2008; Spalding et al., 2013; Boldrini et al., 2018;
Sorrells et al., 2018). In the adult brain, three processes have
been identified that may generate the neuronal aneuploidy
observed at autopsy in patients with AD, FTLD-MAPT, and
other neurodegenerative and neurodevelopmental disorders.
In principle, the generation and accumulation of aneuploidy
in dividing or regenerating cell populations might arise by
both genetic and environmental stressors at any time in life
(discussed in Potter, 1991; Oromendia and Amon, 2014).
Indeed, there is strong evidence that neurogenesis can occur
throughout life in several regions of the brain (Zhao et al., 2008;
Mu and Gage, 2011; Spalding et al., 2013; Ernst et al., 2014).
Furthermore, data from many studies provide evidence that
neurogenesis can be induced in many brain regions in adult
mice and rats in response to brain damage and attempted self-
repair by the brain (Zhou et al., 2004; Zhao et al., 2008; Spalding
etal, 2013; Zheng et al., 2013; Ibrahim et al., 2016), or as part of
an ongoing process in the sub-ventricular/granular zone of the
brain (Eriksson et al., 1998; Hallbergson et al., 2003; Sakamoto
et al.,, 2014). Thus, neuronal damage and the mitotic defects
evident in AD, FTLD-MAPT, and other neurodegenerative and
neurodevelopmental disorders could result in the production
of new aneuploid neurons, which would not be fully functional
and would be particularly prone to apoptosis and degeneration.
Indeed, aneuploidy has been shown to promote cell death,
including neurodegeneration, in many experimental systems
(Rajendran et al., 2008; Kai et al., 2009; Arendt et al., 2010;
Oromendia and Amon, 2014).

The second potential mechanism for the generation of
neuronal aneuploidy in neurodegenerative disease is cell cycle
reentry. Neurons in the AD brain express phospho-proteins
usually detected only during mitosis, such as cyclin B1, cyclin
D1, cdc2, and Ki67 (Vincent et al., 1996; McShea et al., 1997;
Vincent et al., 1997; Yang et al., 2001; Arendt, 2012). In AD mice,
the loss of preexisting neurons induces the remaining neurons
to reenter the cell cycle (Lopes et al., 2009). Indeed, AP has been
shown to induce the expression of mitotic proteins and cell cycle
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reentry in mature neurons in culture (Majd et al., 2008; Absalon
et al., 2013; Seward et al., 2013), which we have confirmed (Nina
Elder, unpublished observation).

The third potential mechanism for generating aneuploid
neurons is based on the recent discovery that striatal
astrocytes can transdifferentiate into new neurons capable
of forming functional neuronal circuits with preexisting
neurons following ischemic brain injury (Magnusson et al,
2014; Duan et al., 2015). This finding suggests that at least
some of the aneuploid neurons in AD and FTLD-MAPT
brains may be derived from the aneuploid glia that we have
shown are present in our preliminary and published studies.
In additional preliminary studies, we have found that low
numbers of primary astrocytes exposed to A in culture can
begin to express the neuronal marker NeuN (Nina Elder,
unpublished observation). Taken together, these findings
provide evidence that aneuploidy can arise de novo in mature
neurons by cell cycle reactivation or can be carried over
from previously dividing cells that generate new neurons. It
is reasonable that age may exacerbate all of these processes
because neuronal and non-neuronal aneuploidy have been
shown to increase with age (Arendt et al., 2009; Yurov et al,,
2009; Yurov et al., 2010; Fischer et al., 2012; Fantin et al.,
2019). Aging is also associated with increasing total exposure
to environmental stressors, some of which can promote
chromosome missegregation and aneuploidy (for reviews, see
Potter, 1991; Iourov et al., 2013).

In addition to the close and mechanistic association between
aneuploidy and induced apoptosis discussed above, multiple
reports in different systems have shown that aneuploid or
other copy number variant cells are prone to degeneration/
apoptosis (Oromendia and Amon, 2014; Ohashi et al., 2015;
Potter et al., 2016; Andriani et al, 2017; Chronister et al,
2019). As mentioned earlier, Arendt and colleagues conducted
a pathological study of AD patients’ brains across the disease
spectrum and showed that neuronal aneuploidy arises before
neurodegeneration or clinical symptoms are evident (Arendt
et al,, 2010). Specifically, they found that the number of
aneuploid neurons increases steadily from around 10% in
normal controls to around 30% during the early preclinical
stages of AD and then declines back to around 10% during the
transition from preclinical AD to severe AD when neuronal loss
occurs. In addition, they calculated that the loss of aneuploid,
but not diploid, neurons accounted for 90% of the neuronal
atrophy observed at autopsy of late-stage AD brains (Arendt
etal., 2010). Based on their findings, it can be concluded that: 1)
aneuploidy in neurons arises in the AD brain before extensive
neuronal cell loss occurs and thus the aneuploidy is not likely
to be caused by neurodegeneration/neuronal apoptosis, and 2)
the vast majority of later neuronal cell loss selectively affects
aneuploid neurons, indicating that the neurodegeneration
is likely caused by a cell-autonomous cell cycle defect in the
neurons themselves rather than by a tissue-wide mechanism
(such as an unidentified, diffusible toxic insult released from
damaged cells). Possible cell-autonomous effects of aneuploidy
that could contribute to cell death include DNA replication

stress (Yurov et al., 2011) and proteotoxic stress (Oromendia
etal., 2012).

Linking Development and Aging: A

Role for Catalysts in Age-Associated
Proteinopathies

In view of these considerations, we note that developmental
disorders, such as Seckel syndrome, ataxia telangiectasia,
Niemann-Pick type C, Nijmegen breakage syndrome, Fanconi
anemia, and xeroderma pigmentosum, all of which lead to
neuronal apoptosis, degeneration, and microcephaly, result
from mutations in genes whose products impact mitosis, directly
or indirectly. In contrast, aging-associated neurodegenerative
diseases, such as AD, FTLD, Lewy body disease (Yang et al.,
2015), and potentially Huntington’s disease (Sathasivam et al.,
2001; Elos and Caneus et al., unpublished results) and prion
disease (Basu et al., 1998; Borchsenius et al., 2000; Nieznanska
et al., 2012) all develop abnormal protein deposits in the brain
in addition to aneuploidy. The formation of these deposits
apparently involves not only the seminal protein itself but often
requires inflammation or other aging-associated catalysts. For
example, inheritance of the €4 allele of the apolipoprotein E
(APOE) gene is the strongest risk factor for the development
of AD besides age itself. Interestingly, the APOE4 allele and
an AD-linked PSENI polymorphism have each been shown to
increase the risk of meiosis II chromosome segregation errors,
leading to Down syndrome, and a mother carrying both the
APOE4 allele and the PSEN1 polymorphism has an even higher
risk of a trisomy 21 conception (Avramopoulos et al., 1996;
Petersen et al., 2000; Rodriguez-Manotas et al., 2007; Bhaumik
et al., 2017). Indeed, a recent study of older adults with Down
syndrome reported that those who were APOE4 carriers
were at increased risk of both dementia and death (Hithersay
et al,, 2019). Notably, ApoE, particularly ApoE4, catalyzes the
conversion of AP into the toxic oligomers that directly disrupt
the mitotic spindle and chromosome segregation and also leads
to amyloid deposition (Potter and Wisniewski, 2012). A similar
co-pathological protein likely exists in prion disease too,
although this exacerbating protein has been shown not to be
ApoE (Tatzelt et al., 1996). This two-hit mechanism involving a
mutant aggregation-prone protein plus an amyloid catalyst may
underlie the fact that, in AD, amyloid deposits, symptoms, and
aneuploidy all arise with aging. Similar two-hit mechanisms
may underlie other aging-associated neurodegenerative
diseases and neurodevelopmental disorders. Furthermore,
the region-specific expression of the second hit (such as with
ApoE in AD) may underlie the region-specific pathology and
neuronal loss in different disorders.

Constitutional Aneuploidy in the Normal
Brain

In addition to its association with neurodegenerative and
neurodevelopmental disorders, aneuploidy and possibly copy
number variations on a smaller scale are considered potential
contributors to diversity in brain function (Iourov et al.,
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FIGURE 1 | How mosaic aneuploidy may lead to neuronal loss in neurodegenerative and neurodevelopmental disorders. Shown is a schematic of how mosaic
aneuploidy may occur in neurons leading to apoptosis and cognitive deficits in neurodevelopmental and aging-associated neurodegenerative disorders.
Seckel syndrome (SS), ataxia telangiectasia (AT), Niemann—-Pick type C disease (NPC), Nijmegen breakage syndrome (NBS), Fanconi anemia (FA), xeroderma
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2009b; Mkrtchyan et al., 2010; Bushman and Chun, 2013;
Rohrbacketal., 2018). Although extensive whole chromosome
aneuploidy has not been found by all investigators (Knouse
et al., 2014), it is likely that new methods will reveal more
aneuploid cells in both normal aged and diseased brains
(Caneus et al., 2017).

Summary

In sum, recent work reinforces our emerging understanding
of the important role that chromosome mis-segregation and
mosaic aneuploidy in neurons may play in an ever-growing list
of both neurodevelopmental disorders and aging-associated
neurodegenerative disorders (Figure 1). These findings have
potentially important implications for the development of: 1)
novel diagnoses because, as discussed, in addition to neurons
in the brain, peripheral cells also exhibit mosaic aneuploidy
in these disorders, and 2) innovative preventions/treatments
because interventions can now be sought that specifically
promote correct chromosome segregation in the presence of

aneugenic mutations and/or aneugenic protein structures that
lead to neuropathogenesis.
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Small supernumerary marker chromosomes (sSSMCs) are present in ~3.3 million of
presently living human beings. The majority of these sSMC carriers (i.e. ~2.1 million)
will never know about their condition, as they are perfectly healthy and just may learn
by chance about it, e.g. if chromosomal analysis is done for some reason during their
life time. The remainder ~1.2 million of sSSMC carriers are clinically affected either due
to adverse effects of gained genetic material being present on the sSMC and/or by
uniparental disomy of the sSMC’s sister chromosomes. Influence of mosaicism being
present in 50% of sSMC carriers is controversy discussed in the literature. Even though
genotype—phenotype correlation for sSSMCs progressed during last years, still there are
only eight sSMC-associated syndromes characterized yet, which may go together with
mosaicism. Here we summarize presently available data for carriers of sSSMCs normally
leading to these well-defined syndromes, however, showing (almost) no clinical signs.
This can be observed in ~1 to 30% of the corresponding sSMC-carriers, thus, a high
impact for counselling in corresponding prenatal de novo cases is not to be neglected.

Keywords: small supernumerary marker chromosomes, genotype-phenotype correlation, Pallister-Killian
syndrome, tetrasomy 9p, cat-eye syndrome, proximal tetrasomy 15q, isochromosome 18p

INTRODUCTION

Small supernumerary marker chromosomes (sSMCs) are at the same time structural chromosomal
abnormalities as well as numerical ones (Liehr, 2012; Liehr, 2019). Thirty percent of sSMCs are
inherited from a parent, while 70% are de novo. It is suggested that de novo sSMCs are products of
trisomic rescue. The latter may be conveyed by different mechanisms, like U-type formation, ring
chromosome-formation (Liehr, 2012; Liehr, 2019), or chromothripsis (Liehr, 2018; Kurtas et al.,
2019). sSMCs are preferentially detected in three groups of patients: (i) infertile, (ii) patients with
some kind of physical or mental impairment, and (iii) prenatally, in children with and without
sonographic abnormalities. It can be estimated that in a world population of almost eight billion
people, 3.3 million sSMC carriers should be present. Approximately 30% of sSMC carriers (1.2
million) are clinically impaired and may get the diagnoses to have an sSSMC during life-time. Still
most about 2.1 million of these extra chromosome carriers (70%) will never or only by chance learn
about their condition (Liehr and Weise, 2007; Liehr, 2012).
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An sSMC can derive from each of the 24 human chromosomes,
can consist of continuous stretches of DNA from one or more
chromosomes, can also be constituted from discontinuous parts
of the same or different chromosomes, and contain hetero- and/
or euchromatic DNA. Thus, especially for genetic counselling
of prenatal de novo sSMC genotype-phenotype correlations
are urgently needed. Research during last decades showed
that there are two major players influencing clinical outcome:
(a) gene content of the sSSMC and (b) epigenetic influences
mediated by imprinting (Liehr, 2012; Al-Rikabi et al., 2018). For
(a) it is important to understand that only genes being dosage
sensitive can have an impact on the sSSMC carrier’s phenotype.
Accordingly, sSMCs with euchromatin not necessarily are
connected with adverse effects for its carrier, and it was already
possible to characterize pericentric dosage-insensitive regions for
each human chromosome (Al-Rikabi et al., 2018; Liehr, 2019).
Presently, there are eight SSMC-related syndromes defined, which
are due to adverse gene dosage effects, particularly partial tri- or
tetrasomies; these are: isochromosome 5p- [Online Mendelian
Inheritance in Man (OMIM) # n.a.], isochromosome 8p-
(OMIM #n.a.), tetrasomy 9p- (OMIM # n.a.), proximal tetrasomy
15¢- (OMIM # n.a.), Pallister-Killian (OMIM # 601803),
isochromosome 18p- (OMIM #614290), isochromosome 20p-
(OMIM # n.a.), and cat-eye-syndrome (OMIM #115470) (Liehr,
2019). Concerning (b) one must remember that de novo sSMCs
normally derive from (incomplete) trisomic rescue. In most cases
of any trisomy there are two copies of one maternal chromosome
and one copy of a paternal one. In >95% of such cases where
e.g. trisomic rescue is initiated one of the two maternal derived
chromosomes is degraded. In the remainder cases the paternal
copy is lost, which leads to a maternal uniparental disomy.
The same may happen vice versa starting with two paternal
chromosome copies in a trisomy. Especially if chromosomes 6, 7,
11, 14, 15, or 20 are concerned sSSMC-presence may be a hint on
an imprinting disease (Liehr et al., 2011; Liehr, 2012).

Another feature for sSSMC carriers is that in 50% of the cases
a mosaicism of cells with and without sSMC can be observed
(Liehr et al., 2010). However, a human being comprises literally
hundreds of different tissues while in diagnostics of a living
person it is routine to study one, two maximally five different
tissues only, for sSSMC presence. Normally mosaicism as being
observed in one tissue is suggested to be the approximate rate
being present in all other tissues of this studied person (Liehr,
2012). Still, singular studies in aborted fetuses showed, that there
is/maybe at least a substantial degree of variance in different
tissues, and more important, that there is no obvious scheme
behind the observable patterns. Particularly it is absolutely
impossible to predict reliably the percentage of cells carrying an
sSMC in the brain of a prenatally detected carrier by studying
amnion-, chorion-, or even blood-cells (Fickelscher et al.,
2007). Even though in the majority of the cases the presence
of an sSMC known to be deleterious will lead to the expected
adverse clinical outcome, during the last decade there were single
case reports showing a normal or much less severe than to be
expected outcome, especially in case of mosaicism (Table 1).
Here we summarize these reports and estimate the frequency of
clinically normal/only minor affected sSMC carriers in the eight

sSMC-related syndromes listed in Table 1. Besides those eight
sSMC-associated syndromes mentioned before there are three
further syndromes being associated with so-called “complex
sSMC” (Liehr et al., 2013); as these have a different mode of
formation, never show mosaicism and also show no complete
absence of phenotypes in sSMC carriers, Emanuel- (OMIM
#609029), derivative chromosome 8 and 22- (OMIM #613700),
and derivative chromosome 13/21 and 18-syndrome (OMIM #
n.a.) were not included in this review.

MATERIALS AND METHODS

Literature Search

All reported sSMC cases are collected in the database: “Small
supernumerary marker chromosomes” (accessible via http://
ssmc-tl.com/sSMC.html, http://molbiol.sci.am/ssmc/ssmc-tl.
com/sSMC.html or http://markerchromosomes.ag.vu/= Liehr,
2019). Cases reported with eight sSMC-related syndromes
presenting with and without clinical symptoms were identified
in this database and summarized in Table 1.

RESULTS

Overall, 48 cases out of 2,331 reported cases with sSSMC-related
syndromes (~2%) showed (almost) normal outcomes, most
likely due to mosaicism, reducing the normally adverse clinical
signs and symptoms in parts to zero.

In seven out of eight sSSMC-related syndromes cases without
or only minor clinical symptoms were reported (Table 1). In
isochromosome 20p-syndrome no clinically healthy sSMC
carriers were identified, yet. For the remainder syndromes
following percentages of clinically not or less affected than to be
expected sSSMC carriers were found (Table 1): isochromosome
5p-syndrome 30% (out of 27 cases), tetrasomy 9p-syndrome
8.4% (out of 107 cases), isochromosome 8p-syndrome 4%
(out of 23 cases), cat-eye syndrome 3.2% (out of 242 cases),
isochromosome 18p-syndrome 1.6% (out of 320 cases),
Pallister-Killian syndrome 0.8% (out of 608 cases), and proximal
tetrasomy 15q-syndrome <0.7% (out of >1,000 cases).

sSMC were found in different percentages of studied tissues
of the tested persons listed in Table 1. Interestingly, there were
several sSSMC carriers without symptoms but 100% of cells with
sSMC in peripheral blood lymphocytes, as observed in three cases
with isochromosome 9p normally associated with tetrasomy
9p-syndrome, one case with isochromosome 18p-syndrome
associated sSSMC (plus 1 such case in amnion), and two cases
with cat-eye syndrome-like sSMC.

DISCUSSION

sSMCs are a challenge especially for prenatal diagnostics and
counselling. Here a yet underscored factor for predicting clinical
outcome is reviewed, highlighted and discussed: the influence
of mosaicism in cases with sSSMC. As shown in a previous study
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TABLE 1 | sSMC-associated syndromes, number of reported cases are given together with details on cases with no or minor phenotypical signs irrespective of

deleterious sSMC and mosaicism with normal cells detected in studied tissues.

Case #

Tissue studied

Chromosome 5: isochromosome 5p-syndrome

05-W-iso/1-13
05-W-iso/1-14
05-W-iso/1-15
05-W-iso/1-16
05-W-iso/1-17
05-W-iso/1-18
05-W-iso/1-19
05-W-iso/1-23

CVS; AF; PBL
CVS; AF; PBL
CVS; AF; PBL
CVS; AF; PBL
CVS; AF; PBL
CVS; AF; PBL
PBL; skin; urine

AF/PBL; skin (normal); skin (hyperpigm.);

urine; buccal mucosa

Chromosome 8: isochromosome 8p-syndrome

08-W-iso/2-1
Chromosome 9: tetrasomy 9p-syndrome

09-W-iso/2-1
09-W-iso/2-2
09-W-iso/2-3
09-W-iso/2-4
09-W-iso/2-5
09-W-iso/3-1
09-W-iso/4-1
09-W-iso/4-2
09-W-iso/4-3

Chromosome 12: Pallister—Killian syndrome

12-Wpks-1
12-Wpks-1a
12-Wpks-328
12-Wpks-329
12-Wpks-357b

PBL

PBL; skin
PBL; buccal mucosa
PBL
PBL
PBL
PBL
PBL; buccal mucosa
PBL; buccal mucosa
PBL; skin

PBL; skin
PBL; skin
PBL; skin
Skin; buccal mucosa

PBL; buccal mucosa; hair root cells

Chromosome 15: proximal tetrasomy 15g-syndrome

15-0-g13/1-1
15-0-g13/1-2
15-0-g13/2-1
15-0-g13/3-1
15-0-g13.1/1-1
Mother of
15-0-913.1/1-1
15-0-g13.1/2-1

PBL

AF (1); AF (2); PBL (birth); PBL (2y), PBL (4y)

PBL

AF; PBL; skin; buccal mucosa

AF/PBL derived cell line
PBL

PBL

Chromosome 18: isochromosome 18p-syndrome

18-Wi-158
18-Wi-158a
18-Wi-158b
18-Wi-168¢c
18-Wi-272

AF; PBL
PBL
AF
AF (1); AF (2); PBL
PBL

Chromosome 20: isochromosome 20p-syndrome

n.a.
Chromosome 22: Cat-eye-syndrome

22-Wces-5-168; father
22-Wces-5-168; daughter 1
22-Wces-5-168; daughter “
22-Wces-5-168; son 1
22-Wces-5-175
22-Wces-5-192
22-Wces-5-200
22-Wces-5-201

n.a.

PBL; buccal mucosa; spermatozoa

PBL; buccal mucosa
PBL; buccal mucosa
PBL; buccal mucosa

PBL

PBL

PBL

PBL

sSMC %

27 cases reported
10/0/0
10/0/0
10/0/0
10/0/0
10/2/0
0/2/0
16/0/0

7/0/13/85/7/70

23 cases reported

70
107cases reported

16/0
100/65
47
n.a.
72
100
6/5
100/85
30/0
608 cases reported

0/37
0/mosaic
0/mosaic
mosaic/36%
50/0/0
>1,000 cases reported

56
23/6/26/46/36
30
6/45/25/8
79/61
10

93
320 cases reported

35/0
100
100

21/14/0
11

4 cases reported

n.a.
242 cases reported

2.8/5.4/49.6
20/32
29/63
27/47
100
100
20
4.5

Phenotype/Frequency

30%
None
None
None
None
None
None
INF
None

4%

None but dwarphism
8.4%

None
RAB
INF
None
INF
Klinefelter like
Klinefelter like
None but dwarphism
None but dwarphism and Blashko lines
0.8%

Much less severe than normal PKS
Much less severe than normal PKS
Much less severe than normal PKS
Much less severe than normal PKS
None
<0.7%

None
None
INF
None
None
None

None
1.6%

None
None
None
None
Slight DD
Much less severe than in i(18p) syndrome
0%

n.a.
3.2%

None
None
Mild CES symptoms
Very minor CES symptoms
(None) No typical CES signs at all
(None) No typical CES signs at all
None
None

AF, amnion fluid; case #, identifier of the case acc. to Liehr (2019); CES, cat-eye-syndrome,; CV'S, chorion villi sampling; i(18p), isochromosome 18p-syndrome;
INF, infertile; PBL, peripheral blood lymphocytes; PKS, Pallister-Kilian syndrome; RAB, repeated abortions; sSMC %, percentage of cells with sSMC per tissue mentioned
in column before. The frequency for (almost) normal phenotype for each of the 8 sSSMC-associated syndromes is given in the column "Phenotype/ Frequency".
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for different tissues of an aborted sSMC carrier (Fickelscher
et al.,, 2007) also the here summarized cases did not show any
tendencies for defined mosaicism rates in different tissues (e.g.
case 05-W-iso/1-23 with low rates of sSSMC presence in amnion
and blood but high rates in skin and urine, or case 22-Wces-5-168
with low sSMC rates in blood and buccal mucosa, but high rates
in spermatozoa). Thus, general conclusions or clear predictions
about grade of mosaicism in not studied tissues are not possible.

Frequencies of cases (almost) without clinical symptoms are
different between the eight sSSMC-associated syndromes (Table 1)
and this has different reasons. No normal sSMC carriers were
detected in isochromosome 20p-syndrome, which is most likely
due to the small number of (i.e. only four) reported cases. For
isochromosome 5p-syndrome 8 of 27 cases (30%) show normal
outcomes. Here it must be considered also the small number of
available reports, as well as the fact that six cases are prenatal ones
from one single study with low rates of cells with isochromosome
5p in chorion or amnion (Venci and Bettio, 2009). Such cases may
be more frequent for each numerical chromosomal abnormality,
but normally are not reported in scientific papers (Yurov et al.,
2018). Still there remain 2/21 cases (9.5%) with iso-chromosome
5p in adult without clinical symptoms, apart from infertility in
one of the two cases. In isochromosome 8p-syndrome there is
also necessary to consider the small number of reported cases,
still 1 in 23 cases without symptoms gives a rate of 4%.

For remainder five other syndromes discussed here >100
case reports, and rates of <0.7 to 3.2% for proximal tetrasomy
15q-syndrome, cat-eye-syndrome, Pallister-Killian syndrome
and isochromosome 18p-syndrome were determined, which are
close to the overall 2% rate for normal outcomes in otherwise
sSMC-related syndromes found here. Still the 8.4% rate for
clinically (almost) healthy tetrasomy 9p-syndrome cases is
remarkable, especially as this is the largest existent sSSMC with
overall 94.6 megabases of DNA being present as extra copy to the
normal genetic content of a cell. For Pallister-Killian syndrome it
must be admitted that for this condition mosaicism is rather the
rule than exception, as the disease causing sSSMC(12) is known
to be lost in fast dividing tissues, regularly. However, patients
still show the typical syndrome-associated clinical features.
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Alzheimer’s disease (AD) is a neurodegenerative disease that affects millions of individuals
worldwide and can occur relatively early or later in life. It is well known that genetic
components, such as the amyloid precursor protein gene on chromosome 21, are
fundamental in early-onset AD (EOAD). To date, however, only the apolipoprotein E4
(ApoE4) gene has been proved to be a genetic risk factor for late-onset AD (LOAD). In
recent years, despite the hypothesis that many additional unidentified genes are likely to
play a role in AD development, it is surprising that additional gene polymorphisms
associated with LOAD have failed to come to light. In this review, we examine the role
of X chromosome epigenetics and, based upon GWAS studies, the PCDHX11 gene.
Furthermore, we explore other genetic risk factors of AD that involve X-
chromosome epigenetics.

Keywords: X chromosome, Alzheimer’s disease, sex chromosome dosage, protocadherin 11,
centromere instability

INTRODUCTION

In the first two decades of the 21st century, the proportion of individuals living with Alzheimer’s
disease (AD) [AD (MIM: 104300)] has been on the rise with an increasingly aging population.
Today, two basic forms of AD exist, early-onset AD (EOAD) and late-onset AD (LOAD). EOAD
correlates with the occurrence of mutations on specific genes that have given rise to inherited forms
of the disease, whilst LOAD - which occurs later in life - has no specified etiology (Smith, 1998;
Selkoe, 2001). Familial studies have identified a point mutation associated with EOAD on
chromosome 21. This mutation is located in a gene called amyloid precursor protein (APP), and
all members of these families show signs of the Alzheimer’s phenotype at a relatively early stage of

Abbreviations: AD, Alzheimer's disease; EOAD, Early onset AD; GWAS, genome-wide association studies; LOAD, Late onset
AD; NRC/MASC, N-methyl-D-aspartate receptor complex/membrane-associated guanylate kinase-associated signaling
complex; PCDH11X, protocadherin 11; PSD, postsynaptic density; SCD, Sex Chromosome Dosage; Xist, X-inactive-specific
transcript gene; Xi, inactive X chromosome.
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life (Wiseman et al., 2018). Novel mutations located on
chromosomes 14 and 1 in genes encoding presenilin-1 and
presenilin-2 have also been identified in EOAD (Guven et al.,
2019). Unfortunately, specific genetic determinants that can
explain the high prevalence of LOAD have yet to be identified.

Today we are aware that EOAD comprises only 1-3% of all
AD cases (Smith, 1998; Selkoe, 2001; Bekris et al., 2010). In
LOAD subjects, disease prevalence changes with age; 5% after 65
years of age, 20% after 75 years of age, 30% after 80 years of age
(Bekris et al., 2010). Also women are twice as likely to suffer from
AD than men (Pike, 2017). This prevalence is suggested to be due
to differences in the life expectancy between males and females
and to hormonal status (Vest and Pike, 2013; Pike, 2017). Studies
with twins clearly signal that a strong genetic component is
present in LOAD cases (Gatz et al., 2006; Seripa et al., 2009).
Various genes have been implicated in AD and identified by
using genetic approaches, such as Genome-Wide Association
Studies (GWAS). However, the only “single gene” risk factor for
LOAD without opposition in the research community concerns
the gene encoding apolipoprotein E4 (Giri et al., 2017). In
LOAD, the percentage of individuals carrying the at-risk allele
of the ApoE4 gene was found to be between 20% and 70%,
suggesting that there are additional genetic, and perhaps also
epigenetic, factors that underlie the development of LOAD
(Slooter et al., 1998; Giri et al., 2017). Carrasquillo et al.
(Carrasquillo et al., 2009) found that an alteration of a single-
nucleotide polymorphism (SNP; rs5984894) on the Xq21.3 in a
gene called protocadherin 11 (PCDH11X) in a cohort of women,
was significantly associated with LOAD (Figure 1). Other
GWAS, however, have been unable to confirm the existence of
these connections (Beecham et al., 2010; Wu et al., 2010; Miar
et al,, 2011; Chung et al., 2013). We hypothesize that one of the
possible answers to these observed genetic discrepancies is based
on the epigenetics of the X chromosome.

We have previously identified centromere impairment or
premature centromere separation (PCS) of the X chromosome
in neuronal nuclei of the cerebral cortex in AD women (Spremo-
Potparevic et al., 2008). In addition, Yurov et al. discovered X
chromosome aneuploidy in AD-affected neurons (Yurov et al.,
2014), which suggests that premature centromere separation is a

Gene: PCDH11X
Location: Xq21.3

p-shortarm

l
8
2
S
3
®
@

————Xq21.3

g-longarm

CITRE DA

/

X chromosome
900-1600genes

FIGURE 1 | The genetic position of the PCDH11X on the X chromosome.

mechanism of X chromosome instability (Spremo-Potparevic
et al,, 2008). Epigenetically, chromosome X can be affected by
skewed X chromosome inactivation, asynchronous replication
patterns of the inactive X chromosome (Xi), X-inactivation
escape, aneuploidy, and premature centromere separation. All
these epigenetic X chromosome changes could potentially affect
X chromosome genes through changes in sex chromosome
dosage (SCD), and consequently promote AD pathogenesis
(Amiel et al., 1998; Gribnau et al., 2005; Ahn and Lee, 2008;
Spremo-Potparevic et al., 2008; Hong and Reiss, 2014; Mugford
et al,, 2014; Yurov et al., 2014; Bajic et al., 2015a; Balaton and
Brown, 2016; Le Gall et al., 2017; Graham et al., 2019). Raznahan
et al. found recently that sex chromosome dosage not only
influenced the adjacent sex chromosomes X and Y, but also
autosomal gene expression (Raznahan et al., 2018).

The X Chromosome Is Unique
In women, there is a systematic demand to compensate for SCD
by silencing one of the copies of the X chromosome. With two X-
chromosomes, women are more prone to inheriting potentially
deleterious mutations in X-encoded genes, which, because of Xi,
may all be expressed in different cells. The first finding of
inactivation of the X chromosome was reported by Lyon,
(1961). It was found that one of the X chromosomes, paternal
or maternal, was always inactivated, suggesting that an
inactivation mechanism only allows active transcription at one
X chromosome (Splinter et al., 2011). This process of X-
chromosome inactivation (XCI) evolved as a mechanism to
regulate gene dosage. As a compensation mechanism, it does
not affect all genes equally, and those genes that are not affected
are known to escape XCI [termed escapees; (Pessia et al., 2012)].

Human embryos initially have non-random imprinted XCI,
where the X-chromosome from the mother remains active, and
XCI applies only to the X-chromosome inherited from the father.
The imprint is not constant; XCI resets at the embryonic
implantation stage. At this point the XCI reset leaves the
maternal and paternal X open to random inactivation (Sun
and Lee, 2006). Because XCI at this stage is random it causes
most women to be mosaic for two cell lines, one harboring the
active chromosome, the paternal X, and the other the maternal X.
The randomness of this process causes an XCI ratio of
approximately 50%:50% to be associated with the two cell lines
in the female population. However, on rare occasions, in
approximately 9% of the female population, a bias towards one
of the two X chromosomes produces a skewed ratio (> 80%:20%;
(Amos-Landgraf et al., 2006). In this regard, Renault et al,
analyzed the distribution of X-inactivation patterns (the
relative abundance of the two cell populations) in a large
cohort study of normal females, and reported that human XCI
distribution pattern is more genetically influenced in comparison
to the Xi model, which suggests a completely random selection of
XCI (Renault et al., 2013).

The genetically influenced selection of XCI may be indicative
of mutations in genes (Orstavik, 2009; Shvetsova et al., 2019),
suggesting the inactive X chromosome often harbors the mutated
allele of an X-linked gene. This would mean that with a 50%:50%
XCI ratio, wild type cells generally ameliorate disease
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phenotypes. Changes in the XCI ratio towards an increased
expression of mutated genes can increase disease phenotype
severity, as it is in the case of female hemophilia A (Renault
et al,, 2007), and sideroblastic anemia (Cazzola et al., 2000),
where the majority of cells express the mutated allele. Changes in
the XCI ratio where expression of the mutated allele is increased
to exhibit the disease phenotype can also occur, as in Rett
syndrome. In this case, the hemizygous mutation of the
methyl-CpG-binding protein 2 (MeCP2) gene in males causes
lethality, while the MeCP2 heterozygous mutation in females
weakens such phenotypic consequences. It seems that the loss of
MeCP2 function contributes to Rett syndrome, while the gain in
MeCP2 dosage does not necessarily ameliorate the disease
phenotype but may manifest as a less aggressive form in other
neurological diseases. Increased expression of MeCP2 was found
to be associated with other neurological diseases, such as AD and
Huntington’s disease (Amir et al., 1999; Ausio et al,, 2014;
McFarland et al., 2014; Maphis et al., 2017).

Xi acquires several features of heterochromatin, such as
hypermethylation, hypercondensation, altered replication
patterns (late vs. early), and depletion of acetylated histones
(Chow and Brown, 2003; Ng et al., 2007). Methylation patterns
have been extensively used to determine the inactive
chromosome (Shvetsova et al., 2019), enabling an analysis of
non-random inactivation processes in diseases that are X
chromosome-linked (Yuan et al., 2015). In our published study
we suggest that changes in the inactivation patterns of the X-
chromosome could have an impact on AD pathogenesis (Bajic
et al., 2015a).

BRAIN AND THE X CHROMOSOME

The X chromosome harbors 3-5% of all the genes in a genome
(Skuse, 2005). There has been a debate on how many genes reside
on the X chromosome and how many genes are expressed in the
brain alone, compared to genes that are X-linked and expressed
in the placenta, testes, muscles, and ovary. It is estimated that
between 1,100 and 1,500 genes are present on the X chromosome
(Skuse, 2005; Laumonnier et al., 2007). By using the Mart View
software it was found that 1,500 X-linked genes are expressed in
the brain, which represent numerous candidate genes that could
be responsible for X-linked brain diseases (Laumonnier et al.,
2007). Many of the proteins expressed from the genes linked to
the X chromosome represent channels, receptors, repair,
transcription factors, and DNA/RNA binding proteins. Most of
these proteins are located in the postsynaptic cleft and
postsynaptic density (PSD) and are regulated through signaling
complexes (Nguyen and Disteche, 2006; Laumonnier et al.,
2007). It is intriguing that even if the X chromosome harbors
3-5% of all the genes, it is responsible for 10% of all diseases with
Mendelian inheritance (Germain, 2006).

Another aspect that makes the X chromosome unique is that
it harbors a higher proportion of brain-expressed miRNAs than
would be expected (Goncalves et al., 2019), with 20% of these
related to autoimmune diseases such as rheumatoid arthritis and

systemic lupus erythematosus (Khalifa et al., 2016). Most of these
miRNA are clustered, for example, miR532/188, miR-221/222,
miR-98/Let7f, and miR-363/106a/20b/92a (DeMarco et al., 2019;
Goncalves et al., 2019). Many of these are also intronic and it is
believed that they are co-transcribed and co-expressed with other
genes linked to chromosome X (deleted X-linked genes) and may
be susceptible to SCD, skewing, and Xi escape processes. It is
important to point out that inflammation and altered immunity
are features of AD (Forloni et al., 1992; Hauss-Wegrzyniak et al.,
1998; Eikelenboom et al,, 2000; McGeer and McGeer, 2002;
Castellani et al., 2008; Krstic et al,, 2012; Bajic et al.,, 2015¢;
Regen et al., 2017).

How these X-linked genes interact with genes controlling the
immune system in AD is still unknown. For individual genes
involved in diseases of the brain, a more complex hypothesis is
that interplay occurs in disease genes embedded in multiprotein
neuronal complexes. Many of the most important components of
neuronal complexes are encoded on the X chromosome
(Laumonnier et al., 2007). Such complexes, which are essential
for neuronal plasticity, cognitive processes, and cell signaling, are
thought to be in the PSD cleft (Muddashetty et al., 2011;
Yudowski et al., 2013). Taking N-methyl-D-aspartate receptor/
membrane-associated guanylate kinase-associated signaling
complex/(NRC/MASC) as an example; combining its 185
proteins and with the other proteins in PSD gives a total of
1100 proteins. The X chromosome plays an essential role, and
the percentage of genes related to synaptic plasticity, some 86%
of all the genes in NRC/MASC are genes linked to chromosome
X (Grant et al., 2005; Laumonnier et al., 2007). It is interesting
that these genes are also presented or expressed in human
cognitive disorders (Grant et al., 2005; Pocklington et al., 2006;
Fernandez et al., 2009; Tam et al., 2009). An analysis of the
number of altered proteins in X-linked mental retardation
disorders shows that from 69 genes currently known, 19 (or
28%) of these genes belong to postsynaptic proteins
(Laumonnier et al., 2007). The same pattern is conserved in
the mouse X chromosome, and this suggests a network of
multiprotein complexes functioning as integrated entities or
complex molecular machines. If one component of this
complex machinery is disrupted, the whole complex/network
fails thus impairing the overall role of the multiprotein complex
in processes of cognition (Grant et al., 2005; Nguyen and
Disteche, 2006; Pocklington et al., 2006; Laumonnier et al.,
2007; Fernandez et al., 2009; Tam et al., 2009).

X-Linked miRNA and the Brain

The X chromosome is enriched in ncRNAs and harbors several
miRNAs essential to brain function (Goncalves et al., 2019). It is
important to note that miRNAs not only affect mRNA through
translation repression but also work through other ncRNAs,
such as IncRNAs and circRNAs, affecting downstream genes
(Khalifa et al., 2016; DeMarco et al., 2019; Goncalves et al., 2019).
Bian et al. revealed that a miRNA located on the X chromosome,
a miR-374 family member, plays a role in cell growth and
differentiation not only in various cancers, but also in AD.
This miR-374 member is located at the X chromosome
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inactivation center and targets the VEGF, PTEN, Wnt, and Fas
signaling pathways (Bian et al., 2019). Importantly, the PTEN
pathway is of importance to the progression of AD through a
mechanism that includes altered autophagy (Wani et al., 2019),
mitophagy (Fang et al., 2019), and apoptosis (Cui et al., 2017). A
report by Manzine et al. suggested that miR-374 directly targets
the beta-secretase 1 to regulate the progress of AD, as the levels of
miR-374 were significantly decreased in comparison to controls
(Manzine et al., 2018). In addition to miR-374, several miRNAs
have also been found to correlate to X chromosome-linked
intellectual disability syndrome, and among them are miR-223-
3p, miR-362-5p, miR-504-5p.1, miR-361-5p, miR-505-3p.1 and
miR-505-3p.2. All these miRNAs act as key regulators of genes
linked to chromosome X but also of many autosomal intellectual
disability genes that are connected in a complex network
(Goncalves et al., 2019).

In the future, it is hoped that further work will reveal the
extent to which genes on the X chromosome and miRNAs
expressed in the brain, that together regulate processes
including nervous system development, cell proliferation and
transcription regulation, are altered by X chromosome skewing
and asynchronous replication, which lead to aneuploidy and
deregulation of cohesion dynamics in AD. Also, RNA genes that
are linked to the X chromosome are prone to escape inactivation
of the X chromosome (Peeters et al., 2019). These epigenetic
processes may prove to be gender-associated as research shows
that expression of an X-linked miRNA in rheumatoid arthritis is
more prevalent in women than in men (Khalifa et al., 2016).

PCDH11X

Carrasquillo et al. previously identified an SNP (rs 5984894) on
the X chromosome (Xq21,3) in a gene called PCDH11X
(Carrasquillo et al., 2009). This locus is associated with LOAD
in women of European origin from the USA. The PCDHI11X
gene encodes the protein, protocadherin 11. Women who are
homozygous for this SNP have a greater risk of developing AD,
not only when compared to women without the SNP, but also
when compared to women that are heterozygotes, and male
hemizygotes (Carrasquillo et al., 2009). Zubenko et al. reported
that the DXS1047 genotype is correlated with AD (Zubenko
et al, 1999) and that this genotype is associated with the
PCDH11X gene (Zubenko et al., 1998). The results from
the same authors indicate an association between the variation
in the PCDH11X gene and the risk of acquiring AD, but these
results have not been confirmed in other GWAS (Beecham et al.,
2010; Wu et al., 2010; Miar et al., 2011). Our suggestion is that
these discrepancies in GWAS results may well be due to the
changes in the epigenetics of the X chromosome.

Does PCDH11X Escape X Inactivation?

Pseudoautosomal genes and functional Y chromosome
orthologues (X-linked genes with Y homology) tend to escape
X inactivation (Disteche et al., 2002; Brown and Greally, 2003).
Sudbrak et al. reported that PCDH11X expression might also

escape X inactivation, and this assumption was verified by using
an X chromosome-specific ¢cDNA microarray where elevated
expression of PCDH11X was identified in cells expressing
multiple X chromosomes (Sudbrak et al,, 2001). Lopes et al.
indirectly found that PCDH11X expression was higher in women
than in men by looking at CpG islands and their methylation
patterns. By using bisulfite sequencing analysis, the same authors
found the absence of CpG island methylation on both the active
and the Xi chromosomes and that these processes coincide with
possible PCDH11X escape from X inactivation (Lopes et al.,
2006). Another study found that PCDH11X can undergo
asynchronous replication, and that PCDHX11 is also prone to
escape the inactivation process (Wilson et al., 2007). Replication
asynchrony of the X pseudoautosomal locus has been identified
(Vorsanova et al,, 2001), and suggests that other genes that
replicate asynchronously are also prone to escape inactivation
(Anderson and Brown, 2005; Carrel and Willard, 2005; Escamilla-
Del-Arenal et al., 2011).

PCDH11X Asynchronous Replication

Xi is associated with a sequence of epigenetic modifications
(Chow and Brown, 2003), and goes through a phase of
changes involving DNA methylation and histone modification
resulting in Xi condensation in a body called the Barr body. This
results in changes in DNA replication — more specifically, the Xi
in the S phase replicates later than its active counterpart.
Imperfect chromosome replication can be a consequence of
“escapees” (genes that escape the inactivation process). Such
genes include hypoxanthine-guanine phosphoribosyltransferase
and Fragile X-chromosome genes that display asynchronicity.
The X-inactive-specific transcript (Xist) gene (important for
inactivation) that is expressed from the Xi also replicates
asynchronously (Boggs and Chinault, 1994; Aladjem and Fu,
2014). Wilson et al. reported that PCDH11X displays replication
asynchrony in both female and male cells (Wilson et al., 2007).
The data from these authors, together with those from others
(Orstavik, 2009), show that a complex relationship exists
between X-inactivation, replication asynchrony, and the status
of expression of individual genes on chromosome X (Bajic et al.,
2008; Bajic et al., 2009).

It thus appears that synchronous replication occurs more
frequently than previously thought, and is found not only
through imprinting, but also through randomized monoallelic
expression, pathologies, and tandem duplications (Wilson et al.,
2007). Clinically, an increase in asynchronous replication
increases the risk in women for aneuploidy (Amiel et al,
2000). The relationship between centromere instability, control
of replication, and nondisjunction are best exemplified by the
fact that young women that have children with Down’s
syndrome have twice the risk of developing AD (Hardy et al,
1989; Goate et al., 1990; Fidani et al., 1992; Schellenberg et al.,
1992; Schupf et al., 1994; Petersen et al., 2000; Schupf et al., 2001;
Migliore et al., 2006; Migliore et al., 2009; Iourov et al., 2010;
Goate and Hardy, 2012).

Chromosomes 21, X, and 18 were primarily affected, showing
repeated non-disjunction and centromere impairment (Potter
and Geller, 1996; Geller and Potter, 1999; Petersen et al., 2000;
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Migliore et al., 2006; Migliore et al., 2009; Iourov et al., 2010;
Potter, 2016). We suggest that X chromosome replication
asynchrony is likely to lead to accelerated instability of
chromosome X in AD (Bajic et al., 2009).

SEX CHROMOSOME DOSAGE (SCD): AN
ENGINE OF STABILITY

The crosstalk that exists between X chromosomes and autologous
genes is a relatively new paradigm that has emerged as a result of
the biology of sex differences, and gives rise to the question of how
SCD shapes the genome function. To explore this, human sex
aneuploidies were analyzed from a genome-wide expression
dataset by Raznahan et al. where they found a dosage sensitivity
of the X-Y chromosome pair resulting in increased expression of
genes that decrease X/Y chromosomal dosage (Raznahan et al.,
2018). The most interesting finding was that X-linked genes were
found to regulate co-expression of networks of autosomal genes
that are SCD-sensitive and, in addition to these findings, suggest
that the autosomal genes and their corresponding networks are
crucial for cellular functions. This highlights the potential of SCD
to affect the occurrence of disease.

The most common aneuploidy in AD is XO mosaicism
(Spremo-Potparevic et al., 2004; Spremo-Potparevic et al.,
2008; Yurov et al., 2014; Spremo-Potparevic et al., 2015). In
respect to SCD and the XO status, Raznahan et al. have
demonstrated up-regulation of the protein networks,
noncoding RNA metabolism, suppression of the cell
cycle, changes in regulation of DNA/chromatin organization,
glycolysis, and response to stress (Raznahan et al., 2018).
Changes in these collective networks through XO and
supernumerary XXY, and XXYY syndromes may enhance the
risk of AD (Raznahan et al., 2018; Graham et al., 2019).

There is a small but constant number of neuronal cells that
express a different number of chromosomes, such as aneuploidy
(Tourov et al., 2006; Yurov et al., 2007; Iourov et al., 2008; Iourov
et al., 2009; Yurov et al., 2014), but also copy number variation
on chromosome 21, which is crucial in AD (Cai et al., 2014),
DNA content variation (Madrigal et al., 2007; Westra et al,
2010), and LINE elements (Evrony et al., 2012).

Mosaic aneuploidy in the brain revealed that not only was
chromosome 21 affected in AD, but also that the X chromosome
was found to be supernumerary and presumed to be affected
through a mechanism that involves altered cohesion/cohesin
dynamics (Spremo-Potparevic et al., 2004; Spremo-Potparevic
et al., 2008; Bajic et al., 2009; Zivkovi¢ et al., 2010; Zivkovic et al.,
2013; Yurov et al., 2014; Bajic et al., 2015b; Spremo-Potparevic
et al., 2015; Yurov et al,, 2019).

Yurovetal. (2014) suggested that chromosome 21 might not be
the only chromosome to influence changes in genome stability of a
neuron, which leads to a cascade of processes that result in
neuronal loss. The finding that affected brains show a two-fold
increase in X chromosome aneuploidy in the hippocampus and

cerebrum - areas of the brain most affected by AD - suggesting that
altered sex chromosome dosage plays a role in the large scale
genomic variation in neuronal cells in AD compared to controls.
These results have been recently corroborated by the finding that
the sex chromosomes were distinct from autosomes in
the dorsolateral prefrontal cortex and that X chromosome
aneuploidy was associated with a faster rate of cognitive
decline which is a hallmark of AD (Graham et al., 2019).
Therefore, X chromosome aneuploidy may contribute to aging,
but also to processes leading to pathological changes in brains
affected by AD.

Previously we proposed the “post-mitotic state-maintained
protein hypothesis” where we distinguished aneuploization in the
brain as constitutional aneuploidy with non-pathological
diversification of the neurons (Bajic et al., 2015b). These
aneuploidogenic processes are balanced with cohesin and
cohesion-related proteins. Alteration of this balance develops as
a link between neuronal development and chromosomal
instability, intracellular diversity and human brain diseases
including AD (Hong and Reiss, 2014). Looking closely at the
overall somatic mosaicism found in the brain, we, together with
others, suggest that micro aneuploidy or segmental aneuploidyisa
more proper measure of changes in gene dosage leading to AD
(Dierssen et al., 2009). These processes are heavily realized when
looking at SCD effects on gene expression in humans (Raznahan
et al., 2018).

An additional complexity of genome mosaicism in the brain
relates to findings concerning DNA and gene copy number
variations. Regional variations of DNA content has been
identified with higher DNA content found in the frontal cortex
and cerebellum compared with other brain regions (Westra et al.,
2010). Copy number variations may be considered as an
independent genetic factor not related to other genomic
changes, suggesting its plays a role in neurodevelopmental
disorders in patients with sex chromosome aneuploidies (Haack
et al,, 2013; Le Gall et al., 2017). It has been reported that 11% of
neurons in the brain cortex exhibit a DNA content that is above
the diploid level (Fischer et al., 2012), and similar findings have
also been reported in the AD brain (Ueberham and Arendt, 2005;
Arendt et al., 2010; Yurov, 2017; Barrio-Alonso et al., 2018). These
somatic gene variations in neurons appear to be generated by
chromosome segregation defects. Some of these cells are expelled
by apoptosis, but several cells are introduced as a pool of
variability of the neuronal genome. These cell populations are
thus vulnerable in the sense that they are more prone to genome
instability and thus may contribute to age-related mental
disorders, such as AD. Gémez-Ramos et al. presented distinct
X-chromosome single nucleotide variants from some sporadic AD
samples (Gomez-Ramos et al., 2015). In samples from LOAD
patients, a higher number of single nucleotide variants in genes
present at the X chromosome were identified using exome
sequencing compared to age-matched controls. Two genes that
were not previously described as risk factors, UBE2NL and
ATXN3L, were found to have variants important for the
ubiquitin pathway in LOAD (Gémez-Ramos et al., 2015).
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FIGURE 2 | X chromosome instability, Sex Chromosome Dosage, Topological changes of Chromosomes, and its possible role in AD.

Maintenance of the interphase state in neurons is an active
process. The 3D organization of the genome is correlated to gene
expression in the interphase. In the 3D domain, chromosomes
occupy preferential positions by self-organizing into
topologically-associated domains, which may change due to
the cell lineage or stage of the organism (Laskowski et al,
2019). There is a possible exchange between the inactive and
active chromosome in gene regulatory information. Cohesin is
indirectly associated with the Xi 3D position in the genome.
Minajigil et al. reported that a reaction between Xist and cohesins
results in the repulsion of the latter from Xi, thus changing its 3D
shape (Minajigi et al., 2015). The Xi is much more complex, and
it also represents a reservoir of genes that could replace mutated
genes from the active X chromosome. At present, this untapped
potential known as the X interactome requires further
investigation (Minajigi et al., 2015). Progress in understanding
the Xist interactome requires more understanding of how it is
used and how epigenetically-regulated long ncRNAs potentially
influence disease. By utilizing a specific technique named iDRiP,
some 200 proteins in the Xist interactome were identified

(Minajigi et al., 2015). Most of the proteins are from several
categories, such as cohesins, condesins, topoisomerases, RNA
helicase, histone modifiers, methyltransferases, nuclear matrix
proteins, and nucleoskeletal factors. Cohesin may play a more
important role in the complex relationship between the Xi and
active X chromosome (Minajigi et al., 2015). Even though these
processes are an important mechanism of diversity, alterations
may lead to an increased structural and topological variation of
the genome in the brain, enhancing the susceptibility of affected
neurons to genome instability that may lead to AD (Bajic et al.,
2015b; Graham et al., 2019; Yurov et al., 2019).

A number of publications have reported mislocalization of
some critical proteins responsible for chromatin organization
and epigenetic modifications in brain diseases including AD (Gill
et al,, 2007; Lu et al., 2014; Luperchio et al., 2014; Quinodoz and
Guttman, 2014; Guo et al., 2015; Mastroeni et al., 2015; Pombo
and Dillon, 2015; Sen et al., 2015; Winick-Ng and Rylett, 2018).

All these data suggest, that in AD chromatin, organizers are
deregulated and chromatin topology is changed in a manner that
alters gene expression leading to synaptic dysfunction, a major
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pathological change in AD, and consequently neurodegeneration
(Gill et al., 2007; Lu et al., 2014; Luperchio et al., 2014; Quinodoz
and Guttman, 2014; Guo et al., 2015; Mastroeni et al., 2015; Pombo
and Dillon, 2015; Sen et al., 2015; Winick-Ng and Rylett, 2018).

Xist RNA can act as a scaffold for proteins required to maintain
the inactive state of neurons. It has been shown that it can actas a
repulsion mechanism that expels architectural factors such as
cohesins in order to avoid unwanted chromatin conformation
that could increase unfavorable transcription (Raznahan et al.,
2018). Minajigi et al. suggest that Xi RNA plays an important
role in the organization of how chromosomes are regulated into
chromosome territories and that Xi inactivation is fundamentally
important in these processes (Minajigi et al., 2015). It could be
suggested that X chromosome instability found in AD may result
in changes in the Xi pattern, Xi escapees, SCD, and consequently
changes in the topological organization, thus altering chromatin
organization that may affect already other genes related to AD
(Figure 2).

The cohesin-associated protein, shugoshin-1, seems to
be fundamental in repressing the accumulation of amyloid-f
and Tau phosphorylation in shugoshin-1 gene (Sgol)
haploinsufficient mice (Rao et al., 2018).

SUMMARY

Conflicting results from studies of the PCDH11X gene in AD
could be explained by cohort size, ethnicity, and environmental
factors per se but also by the influence of X chromosome
epigenetics. Thus, GWAS of sex chromosomes should take into
account any alterations of the epigenetic processes in the X
chromosome (Schurz et al., 2019).
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Pathological Aspects of Neuronal
Hyperploidization in Alzheimer’s
Disease Evidenced by Computer
Simulation

Estibaliz Barrio-Alonso’, Bérénice Fontana’, Manuel Valero? and José M. Frade’

! Department of Molecular, Cellular, and Developmental Neurobiology, Cajal Institute, CSIC, Madrid, Spain, 2 Neuroscience
Institute, New York University, New York, NY, United States

When subjected to stress, terminally differentiated neurons are susceptible to reactivate
the cell cycle and become hyperploid. This process is well documented in Alzheimer’s
disease (AD), where it may participate in the etiology of the disease. However, despite its
potential importance, the effects of neuronal hyperploidy (NH) on brain function and its
relationship with AD remains obscure. An important step forward in our understanding
of the pathological effect of NH has been the development of transgenic mice with
neuronal expression of oncogenes as model systems of AD. The analysis of these mice
has demonstrated that forced cell cycle reentry in neurons results in most hallmarks
of AD, including neurofibrillary tangles, AR peptide deposits, gliosis, cognitive loss,
and neuronal death. Nevertheless, in contrast to the pathological situation, where a
relatively small proportion of neurons become hyperploid, neuronal cell cycle reentry
in these mice is generalized. We have recently developed an in vitro system in which
cell cycle is induced in a reduced proportion of differentiated neurons, mimicking the
in vivo situation. This manipulation reveals that NH correlates with synaptic dysfunction
and morphological changes in the affected neurons, and that membrane depolarization
facilitates the survival of hyperploid neurons. This suggests that the integration of
synaptically silent, hyperploid neurons in electrically active neural networks allows their
survival while perturbing the normal functioning of the network itself, a hypothesis that
we have tested in silico. In this perspective, we will discuss on these aspects trying to
convince the reader that NH represents a relevant process in AD.

Keywords: neuronal cell cycle reentry, SV40 large T antigen, neuron hypertrophy, neurite retraction, synaptic
dysfunction, neural network modeling, synaptic firing rate, oscillatory patterns

INTRODUCTION

As the nervous system ages, it undergoes functional alterations that diminish its performance and,
as these changes increase, brain homeostasis becomes compromised resulting in neurodegenerative
conditions including Alzheimer’s disease (AD). A plethora of neuroanatomical and functional
alterations in the nervous system accompanying the process of aging and leading to AD-associated
neurodegeneration has so far been described. Among these changes, DNA level variation and
aneuploidy (Cuccaro et al., 2017; Shepherd et al., 2018) as well as cell cycle reentry in neurons
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leading to increased DNA levels [i.e., neuronal hyperploidy
(NH)] (Frade and Ovejero-Benito, 2015) are known to precede
and recapitulate the classical neuropathological signs of AD
(Yang et al., 2001; Arendt et al., 2010; Frade and Lopez-Sanchez,
2017). In some cases, NH results in full DNA duplication (i.e.,
neuronal tetraploidy). This latter condition affects around 2-
3% of neurons in AD (Mosch et al., 2007; Lopez-Sanchez et al.,
2017), a proportion that increases to around 8% when specific
neuronal subtypes are evaluated (Lopez-Sanchez et al., 2017).
Once chromosomes have been fully replicated in these neurons,
the latter may remain as 2N cells with 4C DNA content, as
observed in G2, or as 4N cells, if they undergo premature
chromosomal separation (Spremo-Potparevi¢ et al., 2008; Baji¢
etal,, 2009). Moreover, above 30% of neurons become hyperploid
in the middle stages of AD (Arendt et al., 2010). Since the fate
of hyperploid neurons is delayed cell death (Yang et al., 2001;
Arendt et al., 2010) these numbers likely underestimate the actual
proportion of AD-affected neurons undergoing NH.

The involvement of NH in the etiology of AD has been directly
proven by forcing neuronal cell cycle reentry in transgenic mice
expressing oncogenes such as SV40 T large antigen (TAg) (Park
et al., 2007) or c-Myc (Lee et al., 2009) under the control of the
neuron-specific CAMKII promoter. This manipulation results
in neuropathological hallmarks of AD, including tau protein
hyperphosphorylation and neurofibrillary tangles, extracellular
deposits of AP peptide, neuronal cell death, gliosis, and cognitive
deficits. McShea et al. (2007) have also shown that c-Myc/Ras-
induced cell cycle reentry in primary cortical neurons triggers tau
phosphorylation that result in conformational changes similar to
that seen in AD.

NH might also lead to other alterations compromising normal
brain function, thus participating in several aspects of the
etiology of AD (Frade and Lopez-Sanchez, 2010). In this regard,
the increase of ploidy levels is associated with nuclear and
cellular hypertrophy (Orr-Weaver, 2015), and several lines of
evidence suggest that these changes can be detected in AD
(Frade and Lopez-Sanchez, 2010). In this article, we will explore
the morphological changes observed in cortical neurons forced
to reactivate the cell cycle in response to TAg expression, a
procedure recently used by our laboratory to induce hyperploidy
in a small proportion of cortical neurons, thus mimicking
the in vivo situation (Barrio-Alonso et al, 2018). By using
this model, we demonstrated that neuronal hyperploidization
correlates with synaptic dysfunction (Barrio-Alonso et al., 2018),
a known alteration occurring at early stages of AD (Scheff et al.,
2006), and that membrane depolarization with high K™ facilitates
the survival of hyperploid neurons without reversing synaptic
dysfunction in these cells (Barrio-Alonso et al., 2018). This
suggests that AD-associated hyperploid neurons can be sustained
in vivo if integrated in active neuronal circuits while remaining
synaptically silent (i.e., without capacity to fire action potentials).
Given that each cortical neuron can establish connections with
hundreds other neuronal cells (Markram et al., 2015), it is
conceivable that a relatively small fraction of silent hyperploid
neurons could disrupt the normal functioning of the circuits
in which they are inserted (Lusch et al., 2018). If this were
the case, NH might contribute to cognitive impairment at early

stages of AD due to synaptic dysfunction, while triggering
neuronal cell death at later stages (Yang et al., 2001; Arendt
et al.,, 2010; Barrio-Alonso et al.,, 2018). On this basis, we have
also explored whether the presence of hyperploid neurons could
disrupt the normal functioning of the circuits in which they are
inserted. As a first approximation to the problem, this analysis
has been performed in silico, by simulating the outcome of
a neural network that contains different proportions of silent,
hyperploid neurons.

RESULTS AND DISCUSSION

Morphological Changes Induced by Cell

Cycle Reentry in Cortical Neurons

We exploited the capacity of TAg to induce cell cycle reentry
in cortical neurons (Barrio-Alonso et al., 2018) to explore the
effects of hyperploidy on neuronal morphology. This analysis
demonstrated that, 48 h after lipofection, the soma of cortical
neurons expressing TAg was significantly larger than that of
control neurons expressing either LacZ or TAg K1 (K1), an
E107K TAg variant that lacks binding capacity to the pRb family
members and therefore cannot induce cell cycle reactivation
(Zalvide and DeCaprio, 1995; Figures 1A,B). Since no significant
differences were observed between cell somas of neurons
lipofected with LacZ or K1 (Figure 1B), we concluded that the
effect of TAg on cell soma size is specific on its capacity to induce
cell cycle reentry/hyperploidy (Barrio-Alonso et al., 2018).

We also found that, at this time point, TAg-induced cell
cycle reentry specifically triggered a significant reduction in the
length of the dendritic tree of cortical neurons, as compared with
neurons lipofected with LacZ or K1 (Figure 1C; Supplementary
Figure 1). The observed length reduction correlated with the
degree of dendrite branching, evaluated through Sholl analysis,
which was significantly reduced in TAg-lipofected neurons
(Figure 1D). Again, this effect derives from the capacity of TAg
to induce cell cycle re-entry as the K1 construct did not modified
the branching profile (Figure 1D). The reduction of dendritic
length and branching observed in TAg-lipofected neurons is
consistent with studies carried out with mouse models of AD
and postmortem material from AD patients in which a reduction
in the total dendritic area was evident (Moolman et al., 2004).
Interestingly, this reduction of dendritic length and branching
mimics what has been observed in mitotic neurons induced to
reactivate the cell cycle with a truncated form of cyclin E/Cdk2
(Walton et al., 2019).

Simulation of Neural Networks
Containing Silent Hyperploid Neurons

The morphological changes observed in neurons that reactivate
the cell cycle, along with the capacity of cell cycle reentry to
trigger synaptic dysfunction in neurons (Barrio-Alonso et al.,
2018) suggest that NH participates in the etiology of Alzheimer
by affecting neurons’ capacity to fire action potentials and
therefore altering the neuronal circuits in which hyperploid
neurons are inserted.
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FIGURE 1 | Effect of cell cycle reentry on the neuronal soma and dendritic tree. (A) TAg-lipofected neurons incorporating BrdU exhibit a larger soma than both
control (LacZ) and K1-lipofected neurons (representative examples are shown). Arrow: neuron lipofected for 48 h with RFP and the indicated protein. Scale bar:

20 um. (B) Soma size quantification in control (LacZ), K1-lipofected, and TAg-lipofected neurons, normalized to control (n = 3). (C) Normalized length of the dendritic
tree in neurons lipofected for 48 h with LacZ, K1, or TAg (n = 3). (D) Average number of intersections for each distance from the soma in lipofected neurons with
LacZ, Tag, or K1 (n = 3). Hashtags: statistical significance between LacZ and TAg; asterisks: statistical significance between K1 and TAg. **p < 0.001, **p < 0.01,
*n < 0.05, "p < 0.01, *p < 0.05 (One-way ANOVA followed by Tukey’s post hoc test in (B,C); two-way ANOVA, followed by Tukey’s post hoc test in (D).

As a first attempt to verify this hypothesis, we employed an
in silico approach. We simulated the impact that the presence
of silent hyperploid neurons may have on the functional
connectivity of a neural network through an “integrate-and-
fire’ model (Knight, 1972) constituted by 4,000 neurons. In
this model, the membrane potential of each neuron at any
simulation time point (df = 1 ms) depends on two factors: (i) an
exponential function, governed by a time constant, which pushes
the voltage to its resting membrane potential; and (ii) the amount
of excitation and synaptic inhibition received from the partner
cells (Figure 2A). The local field potential (LFP) was estimated as
the average of all transmembrane currents.

Different fractions of silent neurons (0.01, 0.1, 0.2, 0.3, 0.5,
or 0.8) were included in (i) the whole neuronal population,
(ii) the excitatory neuronal subpopulation, or (iii) the leading
neuronal subpopulation, defined as those neurons with higher
firing frequency and thus representing functional circuit
hubs. In contrast, the control condition included no silent
neurons. In a different cohort of simulations, we tested
the effect of silencing the inhibitory neuron subpopulation
(interneurons). As expected, this manipulation leads to an

epileptic-like network with hyper-synchronous activity patterns
(Supplementary Figure 2), maybe resembling the comorbidity
between AD and epilepsy seen in some transgenic mouse models
(Palop et al., 2007).

Our results indicate that an increase in the percentage of
synaptic silencing in any of the analyzed neuronal types has
defined effects on the firing rate of all simulated subpopulations
present in the neural network (see Figure 2B for the
subpopulation of excitatory neurons, and Supplementary
Figures 3A-C for other neuronal subpopulations). In all cases,
a significant inverse correlation between the fraction of silenced
leading or excitatory neurons, and the firing frequency was
observed (Figure 2C and Supplementary Figures 3D-F). In
contrast, the disruption in the firing ability over the entire
network led to an increase in the firing frequency of the
excitatory subpopulation and the whole population (Figure 2C
and Supplementary Figure 3F), likely due to silencing of a
portion of inhibitory neurons. Therefore, we concluded that the
presence of hyperploid neurons with synaptic deficits (silent
neurons) affects the firing frequency of the neural network in
which they are integrated. This effect is cell-type dependent and
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FIGURE 2 | Effect of the presence of hyperploid neurons on the firing frequency of the excitatory subpopulation and in gamma type oscillations.

(A) Hyperploidization neural network model. An example of the control network (without the presence of hyperploid neurons) is shown in comparison with a network
with hyperploid neurons distributed randomly throughout the network (Silenced network). Excitatory neurons are shown in purple, interneurons in dark blue, leader
neurons in light blue, and silent hyperploid neurons are shown as squares. Parameters defining the different neuronal subpopulations (Ws, Pg, Vo, 1, te, and 1;) are
described in the methodological section. In plots, each dot indicates an action potential emitted by each neuron. The decrease in the number of dots is noticeable in
the affected network with a 50% of random neuronal silencing compared to the control network. (B) The graph shows how the firing frequency of the excitatory
neuron subpopulation is affected by the indicated fraction of silent hyperploid neurons in the whole neuron population (green), leader neurons (blue), or excitatory
neurons (purple). Each line shows the average trigger frequency of each population when the corresponding type of neurons have been affected. The gray line
shows the average frequency of the population when there is no silencing of neurons. 95% confidence intervals for each line are shown in shading. (C) Each point
represents the Pearson correlation value. The color code shows the p-value (in logarithmic scale) of the correlation. (D) The graph shows how the activity of gamma
rhythm is affected at the indicated fraction of silent hyperploid neurons in the whole neuron population (green), leader neurons (blue), or excitatory neurons (purple).
The gray line shows the average power of this population oscillation when there is no silencing of neurons. 95% confidence intervals for each line are shown in
shading. (E) Each point represents the Pearson correlation value. The color code shows the p-value (in logarithmic scale) of the correlation. **p < 0.01; **p < 0.001

(two-way ANOVA followed by Tukey’s post hoc test), n.s.: non-significant, in (B, C).

correlated to the fraction of affected neurons, causing an increase
or decrease of firing rate depending on the tested cell type.

We also explored the effect of silencing on the oscillatory
patterns generated spontaneously by the network. Brain
oscillations, similar to those observed in our model, are an
emergent property of the system associated with the coordination
of the circuit and the transmission of information between its
elements (Buzsaki and Draguhn, 2004; Buzsaki et al., 2013).
In this regard, our model presents peaks of synaptic activity
in the spectral bands gamma, beta, theta and delta (Buzsaki
and Draguhn, 2004; Supplementary Figure 4). We observed a
significant effect of synaptic silencing on gamma activity, this
being dependent on both the proportion of silent neurons and
the specific population in which they are found (Figure 2D).
These effects are mainly appreciated as a negative correlation
between silencing in total and excitatory neurons and gamma
power (Figure 2E), reminiscent of the gamma oscillations
impairment observed in AD (Mably and Colgin, 2018). In
the rest of the spectral bands we found minor or insignificant
changes except for the whole neuronal population and the
excitatory subpopulation when the beta and theta rhythms,
respectively, were analyzed (Supplementary Figure 5).

CONCLUSION

Cumulative evidence indicates that NH may participate in
the classical neuropathology observed in AD. In addition, our
results suggest that NH can also lead to alterations in neuronal
circuit functioning due to the morphological and synaptic
changes observed in hyperploid neurons. We believe these
alterations, together with any other perturbation underlying
the synaptic deficits found in AD (Scheff et al., 2006), could
account for the etiology of AD as well. Our simulation
study indicates that NH may trigger alterations in the firing
frequency of the neural network, an effect that increases
as the proportion of hyperploid neurons raises. Therefore,
the presence of a high proportion of hyperploid neurons in
specific local circuits could lead to major effects in AD. This
conclusion should be experimentally tested in the future. In
areas such as the entorhinal cortex, where above 30% of
neurons become hyperploid in AD patients (Arendt et al,
2010), this condition could have an important impact not only

on the firing frequency but also on the oscillations observed
in the neural networks (Kitchigina, 2018), which according
to our in silico model requires a high proportion of silent
neurons to be relevant.

MATERIALS AND METHODS

Neuronal Soma and Dendritic Tree

Analysis

Primary cortical cultures, co-lipofection with red fluorescent
protein (RFP) and plasmids expressing LacZ, TAg, or KI,
and immunocytochemistry were performed as described
by Barrio-Alonso et al. (2018). RFP-positive neurons
were randomly chosen. Image analysis was performed
with Image] (National Institutes of Health). Sholl analysis
(Binley et al,, 2014) was carried out with the Sholl analysis
module (Fiji) using digital tracings generated with the
Neuron] plugin (Fiji) from confocal projection images of
neurons co-lipofected with RFP (n 30 per condition).
Analysis parameters were: starting radius 1 pm, ending
radius = NaN, and radius step size = 10 pm. Linear Sholl
plots were generated, representing the average number of
intersections with radii in each condition. Total length
of neurites was also evaluated. At least 25 lipofected
neurons/culture from 3 independent cultures were analyzed for
each experimental condition.

Neural Network Simulation

“Integrate-and-fire” simulation (Knight, 1972) of neural
networks containing hyperploid neurons was implemented using
the Python-based Brian 2 simulator (Goodman and Brette, 2008;
Stimberg et al., 2017). In the simulation model (Figure 2A), each
neuron has a membrane potential (V) governed by the following
differential equation:

dv
— =

T - (V= Vo)

where T is the membrane time constant, which parameterizes
the time it takes for the neuron to reach its resting membrane
potential (Vo). In turn, V' can be disturbed by depolarizing and
hyperpolarizing synaptic currents. The excitatory and inhibitory
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conductances (ge and gi) of such synaptic currents follow the
following differential equations:

dge _ ge
dt Te
g _ g
dt Ti

The value of ge and gi depends, respectively, on the number
of active excitatory and inhibitory synapses according to their
synaptic weight (Ws). The Ws of each excitatory synapse is
+2 mV while each inhibitory synapse has a Ws of —9 mV.
An action potential (AP) from synapse s at time t induces the
following change in V in neuron j: V— V+ Ws. Thus, if s is an
excitatory synapse, the neuron j is depolarized by 42 mV at a rate
defined by te. An inhibitory synapse induces a change of —9 mV
governed by ti.

Each neuron initializes V in a randomly chosen value between
—50 and —60 mV and begins to receive excitatory and inhibitory
synapses with their corresponding weights. If V reaches —50 mV,
the trigger AP threshold (Vt), the neuron fires, which induces a
synaptic current in those neurons to which it is connected. At
this point, there is a refractory period of 5 ms in which the neuron
cannot fire again.

The network is composed of 4,000 neurons of three
types, with different proportion, electrical properties,
and probabilities of connection to other neurons (Pc):
(i) excitatory neurons (85% of all neurons), te = 20 ms,
Vo = —49 mV, and Pc = 0.1; (ii) leading neurons (5% of all
neurons), a subtype of excitatory neurons whose membrane
potential is 3 mV more depolarized, and therefore have a
higher trigger frequency that simulate neurons constituting
relevant hubs of the circuit; and (iii) interneurons (10%
of all neurons), ti = 9 ms (ie, high trigger frequency),
Vo = —49 mV, and Pc = 0.2. Five repetitions of each
condition were simulated.

Parameters established in the model reasonably mimic the
physiological situation (Markram et al., 2015) according to the
firing frequency: most excitatory neurons fires at a frequency
lower than 1 Hz, leading neurons fire at a frequency of 1-
5 Hz, and the inhibitory neurons (or interneurons) show a firing
frequency of around 2 Hz.

For the simulation of hyperploid neurons (ie., silent
neurons unable to fire APs), a “damage” parameter (dam)
was incorporated in the differential equation of the model.
dam has a value equal to —30 mV, which hyperpolarizes
the membrane potential, setting its V away from Vt. The
percentages of hyperploid neurons in this study were
1, 10, 20, 30, 50, and 80%. This provides a complete
picture of the effects of this variable on the outcome of
the neural network.

As an internal control, we found that the simulated neural
network has a strong synaptic dependence on its activity patterns.
If all synaptic connections are removed, the network presents
a synchronous firing rate, reflecting the exponential component
that repolarizes V (Supplementary Figure 6).

Oscillatory patterns and their power were estimated by
the sum of all membrane potentials from the network
(Supplementary Figure 4).

Statistical Analysis

Statistical analyses were performed with ANOVA, followed by the
Tukey’s post hoc test. Pearson correlation test was also applied in
simulation experiments.
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BACKGROUND

Somatic genomic mosaicism occurs when somatic cells of the body display different genotypes
(Table 1), it has recently received increased attention because of its implications in disease,
including neurodegenerative diseases and Down syndrome (Iourov et al., 2008, 2010, 2019;
Biesecker and Spinner, 2013; Hultén et al., 2013; Vijg, 2014; Campbell et al.,, 2015; Fernandez
et al., 2016). Genomic mosaicism also contributes to high levels of cellular heterogeneity in
pathological conditions, which is a distinguishing feature of cancer (Heng, 2015, 2019). In fact,
high heterogeneity in cancer represents an extreme example of genomic mosaicism.

The genomic basis of somatic genomic mosaicism, however, remains to be elucidated.
Traditional explanations have focused on defective cellular processes, including imperfect DNA
replication and repair, abnormal chromosomal machinery, and a faulty stress response to
environmental challenges. As illustrated by the evolutionary mechanism of cancer (Ye et al., 2009),
nearly all molecular pathways/mechanisms can contribute to variations in cellular systems. The
conventional wisdom is that biosystems are not perfect and that error-generating opportunities
exist. Thus, the major goals of molecular medicine have been to detect and fix these errors.

Nevertheless, bioerrors (or imperfect-biosystems) do not explain the high degree of genomic
mosaicism revealed by large-scale -omics technologies (Vattathil and Scheet, 2016), and plausible
mechanisms are not yet revealed (Heng et al,, 2016). These novel mechanisms should address
(a) both the positive and negative contributions of cellular heterogeneity in normal and disease
conditions and (b) the survival strategy of cancer cells to drastically elevate the level of heterogeneity
in crisis conditions. Using multiple myeloma (MM) as an example, these mechanisms will be
examined in the context of bio-information, adaptive systems (Table 1), and emergent behavior
during cancer evolution.

A HIGH DEGREE OF SOMATIC GENOMIC MOSAICISM, A
NECESSARY AND SUFFICIENT CONDITION FOR EVOLUTION, IS
COMMON IN MM

MM patients display a high level of karyotype heterogeneity. Different patient genotypes
can involve poly-aneuploidy, hyperdiploidy, hypodiploidy, chromosomal translocation, chaotic
genomes (such as chromothripsis) (Table 1), and/or a combination of other gene mutations and
chromosomal aberrations (Garcia-Sanz et al., 1995; Avet-Loiseau et al., 2007; Klein et al., 2011;
Magrangeas et al., 2011; Keats et al., 2012; Bolli et al., 2014; Lee et al., 2017; Kaur et al., 2018; Smetana
et al., 2018; Ashby et al., 2019; Maura et al., 2019).

Four key realizations from the Genome Theory (Table 1) can explain why such karyotype
heterogeneity is observed in MM patients:
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TABLE 1 | Definitions/terminologies.

Genome theory

The Genome Theory is a genomic theory of inheritance. The main concept is that traits are passed from parents to offspring through genome package transmission.
This departs from the gene theory where genes, representing independent informational units, determine the individual’s characteristics. The Genome Theory
considers genomic topology as the context for gene interactions, and genomic inheritance defines genomic network structure through karyotype coding. Importantly,
under stress, the genomic topology can be altered by re-organizing the genome, leading to the emergence of new systems. Such mechanism is responsible for
macroevolution both in somatic cell and organismal evolution (Heng, 2015, 2019; Shapiro, 2017).

Somatic mosaicism vs. genomic heterogeneity

These two terms can refer to the same phenomenon when there are distinctive genetic or genomic cell populations within an organism. Traditionally, mosaicism is
thought to occur during early development (both mitotically and meiotically). With increased observations of a high degree of mosaicism in adult tissues associated
with normal and disease conditions, and the realization that mosaicism is a stress response needed for somatic evolution at all stages, the usage of somatic
mosaicism starts overlapping with genetic/genomic heterogeneity. Here, “somatic mosaicism” rather than “genomic heterogeneity” is used to promote the
exchangeable use of these two terms in cancer research.

Karyotype coding vs. gene coding

Karyotype coding is responsible for passing system inheritance, while gene coding determines parts inheritance (Ye et al., 2019b). System inheritance is inherited by
the order of genes/DNA sequences along/among chromosomes. In contrast, parts inheritance is stored by the order of base pairs within genes. System inheritance is
species-specific, but parts inheritance can be shared among different species. The function of sexual reproduction preserves the karyotype coding through meiosis by
checking the order of genes along paired chromosomes (Gorelick and Heng, 2011). In many diseases, somatic mosaicism at the karyotype level is common,
suggesting the importance of altered genomic information in cellular populations. However, they have often been ignored due to the popularity of gene-centric
concepts. Changing the karyotype coding is a hallmark of somatic and organismal macroevolution (Heng, 2019; Ye et al., 2019a).

Macrocellular evolution vs. microcellular evolution

Macrocellular evolution refers to the punctuated cellular evolution often mediated by karyotype changes, while microcellular evolution refers to the stepwise cellular
evolution mediated by gene mutations and epigenetic variations. The two phases of cancer evolution were initially documented by experiments of karyotype evolution
in action and then confirmed by cancer genome sequencing (Heng et al., 2006; Heng, 2015). Note that studying punctuated clonal evolution should focus on
karyotype profiles as karyotype change-mediated macroevolution differs from gene-mediated microevolution. The relationship between macro- and microevolution
also illustrates the interactions among individual molecular mechanisms, genome heterogeneity, system stresses, and evolutionary phase transitions. For example,
extremely high stress can change the evolutionary phase. Evolutionary tipping points are often detected within the stress-induced crisis stage, leading to phase
transition events such as transformation, metastasis, or drug resistance. Immediately following the event of transition, the degree of heterogeneity falls to the lowest
level, after which the growth of a more homogenous population dominates (Ye et al., 2018). The two-phased cancer evolution pattern also challenges the general
assumption that the accumulation of microevolution over time leads to macroevolution (Heng, 2015, 2019).

Genome chaos vs. chromothripsis

Genome chaos or karyotype chaos refers to a phenomenon of rapid and massive genome re-organization. Initially described in karyotype studies by watching
evolution in action (Heng et al., 2006), this mechanism was confirmed by cancer genome sequencing, albeit mainly illustrated by identifying gene mutations or copy
number variations. Many names have been introduced to describe these genome re-organization events, including “chromothripsis,” which is a subtype of genome
chaos (Heng, 2019). High levels of stress during crises can trigger genome chaos, and the rapid and massive genome re-organization can lead to new survivable
genomes essential for macroevolution. Overall, stress response-induced emergent systems and their adaptation is a key component of somatic cell evolution, which
provides a unifying framework for understanding diverse molecular mechanisms.

Adaptive systems

Complex systems, which are integrated by a set of interacting or interdependent parts or entities. Such whole systems are able to respond to environmental changes
or changes in its own interacting parts (including the parts’ topology), often in a non-linear fashion. The key features of adaptive biosystems include feedback loops,
part heterogeneity, dynamic emergence, multiple levels of fuzzy inheritance, evolutionary capability, and uncertainty between part alteration and whole system
behavior. Biological systems are typical adaptive systems which are much more difficult to predict than non-biological systems. The understanding of lower level parts
usually does not lead to the understanding of a whole bio-system, especially its emergent behavior under crises (Heng, 2015, 2019).

(1) Karyotype changes lead to new genomic information mutations (Bolli et al., 2018). In fact, chromosomal profiles

packages. According to the Genome Theory, the karyotype
codes “system inheritance” (the genomic blueprint), while
the genes code for “parts inheritance” (Table 1) (Ye et al.,
2019b). Specifically, karyotype coding ensures the order
of genes and other DNA sequences along and among
chromosomes for a given species.

Karyotype coding changes can replace the function of
a specific gene (Rancati et al,, 2008) and impact global
gene interaction, leading to new genome systems (Stevens
et al, 2013, 2014). In MM, unique gene expression patterns
are associated with recurrent chromosomal translocation
and ploidy (Zhou et al,, 2009). A recent cancer genome
analysis has illustrated that the profile of chromosome
aberrations is much more useful than gene mutation profiles
when correlated with clinical outcomes either as prognostic
or predictive markers (Davoli et al.,, 2017; Jamal-Hanjani
et al., 2017). This result was also confirmed in MM, as
karyotypic events have a stronger impact on prognosis than

2)

have extensively been associated with prognosis in MM,
based on specific translocation, hyperdiploidy, chromosomal
amplification/deletion, and chromosomal copy number
abnormalities (Garcia-Sanz et al., 1995; Avet-Loiseau et al.,
2007, 2009; Walker et al., 2010; Shah et al., 2018). By
converting DNA sequence data into aneuploidy data, we
showed that the status of aneuploidy can suggest clinical MM
outcomes (Ye et al., 2019a).

Cancer often represents an evolutionary trade-off of cellular
variation-mediated function. Since genomic variations
are needed for cellular adaptation, and many essential
bioprocesses often can generate harmful byproducts,
genomic variations seem unavoidable. For example,
normal B-cell development (affinity maturation in
the germinal center) and antibody generation require
somatic hypermutation and class-switch recombination.
However, these key processes also generate DNA breaks
and chromosomal translocations, which are central
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characteristics of MM (Manier et al., 2017). This represents
an immune system trade-off: performing immune functions
comes with the risk of malignant transformation [via
translocation of cancer genes into immunoglobulin (Ig) loci
and/or new karyotype formation] (Gonzalez et al., 2007).
Even though heterogeneity has growth disadvantages
(including in cancer), being highly heterogeneous is the
winning strategy for most cancers. Genome chaos is essential
for population survival under crises, even though it is
extremely expensive due to the massive death and often
slow growth of the cell population. The key is to create
new survivable genomes (through macro-cellular-evolution)
(Table 1), after which relatively homogenous growth will
soon follow with the help of oncogenes in a stochastic fashion
(through micro-cellular-evolution) (Ye et al., 2018; Heng,
2019). This principle is used to develop an MM model by
synthesizing new patterns of clonal evolution as well as
sequencing data (Manier et al., 2017; Maura et al.,, 2019; Ye
et al., 2019d).

The only way for a new system to emerge is to break the
constraints above that system (e.g., cellular competition,
tissue organization, immuno-systems, and chemo-drugs).
In general, different genome systems are required to break
different types of constraints (e.g., different karyotypes are
involved during different stages of cancer evolution). It is
also difficult for any new genome to become dominant. This
high level of aberrated genomes therefore become a sufficient
condition for cancer evolution.

(4)

In addition to the karyotypic level of mosaicism discussed,
different types of somatic mosaicism include copy number
variations (CNVs) (Walker et al., 2010, 2015; Lohr et al., 2014;
Bolli et al., 2018; Aktas Samur et al., 2019), gene mutations (both
driver and passenger) (Chapman et al., 2011; Egan et al., 2012;
Keats et al., 2012; Bolli et al., 2014, 2018; Lohr et al., 2014;
Walker et al., 2015), and non-genetic variations (e.g., epigenetic
variations) (Huang, 2009; Heng, 2019). Together, the multiple
levels of genetic variation represent the high degree of somatic
genomic mosaicism in MM.

THE MAIN MECHANISM OF SOMATIC
GENOMIC MOSAICISM IS “FUZZY
INHERITANCE” WHICH IS CODED BY
LIVING SYSTEMS TO ADAPT TO
MICROENVIRONMENTAL DYNAMICS

Cellular heterogeneity has biological significance and genomic
basis. Essential cellular heterogeneity is ensured by fuzzy
inheritance, a key component of the self-regulating features in
bio-adaptive systems. Specifically, heterogeneity is encoded by
the genome and realized by genotype-environment interaction
(even though bio-errors can also contribute).

Under classical inheritance theory, the gene codes for a fixed
or defined genotype, while the environment can influence the
real phenotype. For complex polygenic traits, many individuals
are needed to illustrate the mode of inheritance. Unfortunately,
as shown by the effort of the genome-wide association studies,
the multiple genes that contribute to a polygenic trait are hard to

identify despite huge sample sizes used. Many loci are involved,
and each only contributes to a tiny portion of the phenotype.

To solve this confusion, the new concept of fuzzy inheritance
was proposed: genes and chromosomes code for a potential
range or spectrum of phenotypes, and the environment serves
as a selective “scanner” to “choose” a specific phenotype
among the many defined by the genotype (Heng, 2015, 2019).
Although the environment plays an important role in phenotypic
selection, it is limited by the range established by the inherited
genotype: the ultimate phenotype can only be selected from
that range. Since diseases are variable phenotypes defined by
the interaction between genomic information and environment
(Heng et al, 2016), a normal gene can produce a disease
phenotype, and disease-associated gene mutations can display a
normal phenotype, depending on the environment.

Interestingly, fuzzy inheritance and dynamic environmental
interaction will likely be responsible for the majority
of phenotypic plasticity. Given the importance of the
microenvironment in MM, the role of fuzzy inheritance in
cancer evolution should be a top research priority.

THE IMPORTANCE OF SOMATIC
GENOMIC MOSAICISM FOR NEW
EMERGENT GENOMES

Cellular heterogeneity can alter emergent properties, and
cells that diverge from the average population—outliers—often
define the direction of cancer evolution (Heng, 2015, 2019).
However, cancer researchers have traditionally ignored the
contribution of outliers and focused solely on average profiles or
dominant clones. Under normal developmental or physiological
conditions, this approach may work (although one must note
that, even under normal conditions, the 80/20 principle where
about 80% of the effects come from 20% of the causes can still
play a role). However, under pathological conditions, especially
under cellular crisis conditions, some outliers, such as cells
with extremely different phenotypes, often become the dominant
population. The general conditions for tipping the balance
include new altered genomes that favor survival, environmental
constraint, and status of the mosaicism. Interestingly, under
the right conditions, even a slight change can trigger the
tipping point. For example, when the proportion of outliers
in the cellular population changes, even in the range of a
few percent, an evolutionary phase transition can occur. Such
tipping-point system behavior significantly increases the success
of cancer evolution when high heterogeneity exists in the cellular
population (Maura et al, 2019). When combined with the
difference in initial conditions, cellular heterogeneity makes it
very hard to predict the outcomes for most cancer cases.

Equally important, since different subpopulations can be
molecularly profiled, especially after becoming dominant clones,
a huge number of molecular mechanisms can be characterized.
Data from recent studies illustrate diverse genetic variations
in MM disease evolution (Egan et al, 2012; Keats et al,
2012; Bolli et al, 2014, 2018; Pawlyn and Morgan, 2017;
Aktas Samur et al, 2019; Maura et al, 2019). A better way
to understand MM is to study the evolutionary mechanism
of cancer (Ye et al, 2009), rather than continue identifying
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individual molecular mechanisms: when there are so many, the
clinical prediction of any single mechanism is low due to highly
dynamic evolutionary processes.

THE CLINICAL IMPLICATIONS OF
GENOMIC SOMATIC MOSAICISM AND
SYSTEM CONSTRAINT

First, it is important to identify the phase of evolution
before initiating or changing treatment. Since different types
of inheritance are directly related to micro- and macro-
somatic evolution, and all cancer phase transitions are defined
by macrocellular evolution, the selection of new systems
is significantly different from selection on individual genes,
especially since the function of any individual gene is influenced
by its genomic context. The relationship between disease
progression (from MGUS, smoldering MM to active MM) and
evolutionary pattern (micro-and macro-somatic evolution) of
MM remains to be determined. This will guide when and
how to intervene at different stages of the disease in different
subpopulations of patients (Table 1).

Applying somatic mosaicism in the clinic represents a new
approach. On the surface, it is challenging to directly target
mosaicism compared to a molecular pathway. However, this
seeming disadvantage is actually an advantage when dealing
with adaptive systems in which many pathways are involved
(e.g., when the causative role for any pathogenic effect is
difficult to elucidate and therapies can lead to toxicity and/or
secondary malignancies).

In the case of MM: it is worthwhile to investigate whether
asymptomatic patients at the stage of smoldering MM can be
distinguished by mosaicism. Of course, it is also possible that this
clinical challenge will remain even after analyzing evolutionary
profiles. Only future investigations will tell.

Second, the stability of higher systems above cancer cells,
i.e., the broader microenvironment, organ system, and immune

system, can be applied to constrain cancer evolution by slowing
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Genomic Indexing by Somatic Gene
Recombination of mMRNA/ncRNA -
Does It Play a Role in Genomic
Mosaicism, Memory Formation, and
Alzheimer’s Disease?

Uwe Ueberham* and Thomas Arendt*

Paul Flechsig Institute for Brain Research, University of Leipzig, Leipzig, Germany

Recent evidence indicates that genomic individuality of neurons, characterized by
DNA-content variation, is a common if not universal phenomenon in the human
brain that occurs naturally but can also show aberrancies that have been linked to
the pathomechanism of Alzheimer’s disease and related neurodegenerative disorders.
Etiologically, this genomic mosaic has been suggested to arise from defects of cell
cycle regulation that may occur either during brain development or in the mature
brain after terminal differentiation of neurons. Here, we aim to draw attention towards
another mechanism that can give rise to genomic individuality of neurons, with far-
reaching consequences. This mechanism has its origin in the transcriptome rather than
in replication defects of the genome, i.e., somatic gene recombination of RNA. We
continue to develop the concept that somatic gene recombination of RNA provides
a physiological process that, through integration of intronless mRNA/ncRNA into the
genome, allows a particular functional state at the level of the individual neuron to be
indexed. By insertion of defined RNAs in a somatic recombination process, the presence
of specific MRNA transcripts within a definite temporal context can be “frozen” and can
serve as an index that can be recalled at any later point in time. This allows information
related to a specific neuronal state of differentiation and/or activity relevant to a memory
trace to be fixed. We suggest that this process is used throughout the lifetime of each
neuron and might have both advantageous and deleterious consequences.

Keywords: Alzheimer’s disease, LINE-1 (L1), mosaicism, neuronal individuality, human brain, amyloid precursor
protein (APP), retrotransposition, somatic gene recombination

THE INDIVIDUALITY OF NEURONS

The individuality of neurons provides an accepted paradigmatic framework for the nervous systems
of invertebrates such as Caenorhabditis elegans or Drosophila melanogaster, where the uniqueness
of each single neuron is reflected by its particular spatial and functional position (Alicea, 2018;
Davie et al., 2018; Hammarlund et al., 2018). With current technical developments that allow
for high-throughput analyses of various cellular markers, it is becoming more and more obvious,
however, that in vertebrates, too, and even in primates, neurons are much more heterogeneous than
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previously thought (Lake et al., 2016; Lim et al., 2018). Thus,
depending on how many parameters can be assessed in depth
simultaneously, each neuron might be unique with respect to
its functional, structural, and molecular signatures. This cellular
diversity and individuality might result from a complex process
where different determinants interacting at different levels, such
as developmental trajectories, relationships with neighboring
cells, functional integration in neuronal networks, and others,
may shape and re-shape cellular signatures.

One particular aspect that is crucial to our understanding
of the individuality of somatic cells is the individual genetic
equipment giving rise to genetic mosaicism. Commonly,
mosaicism is defined as the presence of genetically different
lineages of cells derived from a single zygote, with additional
variations arising in the soma of each cell that are usually not
inherited by the next generation (Forsberg et al., 2017). Genomic
mosaicism in the human brain has been explored for about
20 years (Muotri et al., 2005; Renthal et al., 2018; Saleh et al., 2019)
and is currently a subject of intensive research (see this special
issue). While the phenomenon of genomic mosaicism now seems
to be an established fact (Rohrback et al., 2018b), there is much
less consensus on its extent and distribution (Paquola et al., 2017;
Rohrback et al., 2018a), and hardly anything is known about its
physiological and potentially pathophysiological meaning.

Research on single-neuronal DNA content in human brain
over the last 20 years or so has collected a huge but, to some
extent, inconsistent pool of data. Searching for cellular signatures
of neurodegenerative diseases such as Alzheimer’s disease (AD)
was a particular driving force for early studies (Potter, 1991;
Potter and Geller, 1996; Geller and Potter, 1999; Rehen et al.,
2001; Mosch et al., 2006, 2007; Arendt et al., 2009, 2015, 2017;
Arendt, 2009; Fischer et al., 2012).

First reports, based on analyses of bulk DNA, derived from
a mixture containing neuronal and non-neuronal cells of the
human brain, showed alterations of DNA content (Rehen
et al., 2005). Subsequent studies, applying more sophisticated
techniques of single-cell analyses based on single-cell isolation by
high-throughput cell sorting or laser capture microdissection in
combination with single-cell sequencing, identified chromosomal
aneuploidy, small and larger copy number variations (CNVs),
single nucleotide variations (SNVs), and DNA content variation
(DCV), all contributing to the genomic heterogeneity and
individuality of each single neuron (Mosch et al., 2006, 2007;
Arendt et al, 2009; Iourov et al, 2009; Westra et al., 2010;
Fischer et al., 2012; Abdallah et al., 2013; McConnell et al.,
2013). Excellent reviews on this phenomenon and the underlying
mechanisms are provided in this special issue and elsewhere
(McConnell et al., 2017; Rohrback et al., 2018b).

A VERY LARGE PART OF THE HUMAN
GENOME MIGHT BE OF
RETRO-TRANSPOSABLE ORIGIN

In a comparison of the predicted number of protein-coding
genes in a wide range of phylogenetically related vertebrates,
only 16,000-26,000 hits are proposed (Holland et al., 2017).

Most of them comprise complex exon-intron structures allowing
the splicing machinery to generate transcripts in a cell-type-
and time-dependent context. However, for the human genome,
protein-coding transcripts cover only about 2%, whereas 75% of
the human genome can be transcribed (Djebali et al., 2012) and
are currently attributed to the ncRNA fraction. In this context, it
is important to note that more than 40% of DNA sequences are
assumed to be of retro-transposable origin (Cordaux and Batzer,
2009). The function of these sequences is still mostly unknown
but is receiving increasing amounts of attention, especially with
respect to unveiling the heterogeneity of single cells in selected
tissues, particularly in the brain.

Most approaches to assess a potential function of somatic
genomic mosaicisms in both health and disease largely ignore
the role of RNA or, at the most, attribute to RNA only a canonical
function within the context of transcription and translation of
genetic information. There are, however, a few most intriguing
studies suggesting a role for RNA in DNA sequence modulation,
e.g., transcription-associated mutagenesis or transcription-
associated recombination resulting from events like RNA
collision with replication machinery or co-transcriptional
R-loop formation (Green et al., 2003; Majewski, 2003; Polak
and Arndt, 2008; Kim and Jinks-Robertson, 2012; Garcia-
Muse and Aguilera, 2019; Rondon and Aguilera, 2019). While
immunoglobulin class-switch recombination, which generates
diverse antibodies, is a beneficial example of R-loop formation
(Yu et al, 2003), in several repeat-associated neurological
diseases, such RNA-DNA-hybrids produce deleterious DNA
sequence modifications (e.g., RNAs from HT'T, FXN, or ATXN1)
(Richard and Manley, 2017; Neil et al., 2018).

Recently, a study by Lee et al. (2018) reported on the discovery
of somatic gene recombination in terminally differentiated
human neurons. They identified thousands of variant genomic
cDNAs (gencDNA) of the amyloid precursor protein (APP)
gene in neurons of Alzheimer’s disease brains. These gencDNAs
contained no introns but showed a wide range of sequence
pattern comprising full-length copies of brain-specific splice
variants and many smaller forms with insertions, deletions,
single-nucleotide variations, or intra-exonic junctions. According
to their data, a “retro-insertion” of RNA is a likely source of
these gencDNAs. Though highly enriched in the neurons of AD
brains, where several known and some unknown APP mutations
could be identified, control brains also showed gencDNA loci
of recombined APP. Apparently, genomic recombination is
a common process in terminally differentiated neurons in
both normal and diseased brain, contributing to mosaicism,
individuality, and pathology.

INTRONLESS GENES

A striking observation by Lee et al. (2018) is the detection of
thousands of intronless APP-derived sequences in the DNA of
single neurons. Though data on further intronless genes of a
comparable extent have not yet been reported, the questions
arise: what are the possible reasons for the usage of intronless
transcripts, and do they fulfill a physiological function?
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Firstly, introns are a characteristic feature of eukaryotic
genomes. They are genetic elements that can monitor their
own gene transcription or the transcription of functionally
clustered genes (Hube and Francastel, 2015; Shaul, 2017).
Following this idea, a feedback control could avoid unnecessary
accumulation of toxic metabolites or proteins to protect cells
and to avoid energy/substrate wastage. The presence of introns
can thus contribute to better regulation of the genome and
increases its coding potential (Heyn et al., 2015). They also
provide a mechanism to increase the proteome diversity
by alternative splicing (Nilsen and Graveley, 2010). Introns
can protect eukaryotic genomes from transcription-associated
genetic instability, for example by preventing R-loop formation
and DNA damage accumulation (Bonnet et al., 2017). However, a
remarkable fraction of constitutively spliced transcripts using the
intronic gene structure that might not contribute to substantial
regulation has also been identified (Ryu et al., 2015). Accordingly,
constitutive exons are evolutionarily older, and their replacement
by alternative exons has only restricted functional relevance
(Xiong et al., 2018), suggesting a possible role for basic cellular
functions. Thus, constitutive exons behave at least partly like
intronless transcripts. Of note, several housekeeping genes such
as GAPDH or ACTH, the expression of which is assumed to be
relatively stable within cells, possess a high number of mostly
intronless pseudogenes, comparable in size to their authentic
RNA (Sun et al., 2012).

INTRONLESS GENES CAN CONTRIBUTE
TO THE GENOMIC DIVERSITY OF CELLS

Up to 10% of sequences that appear as pseudogenes in the human
genome seem to be transcribed (Djebali et al., 2012) and could
participate in gene expression as a competing endogenous RNA
(ceRNA) (Poliseno, 2012; Zhong et al., 2018) or might even code
for translated protein (Ingolia et al., 2014; Ji et al., 2015).

Intronless genes, which represent less than 5% of the human
genome, lack intron-dependent transcription control, leading
to a more constant expression level. Such features have been
reported for genes that preferably encode metabolically passive
proteins (Hill and Sorscher, 2006).

Most intronless genes are evolutionarily relatively young,
are expressed at lower levels compared to intron-containing
genes, show a higher tissue specificity, and evolve faster than
spliced genes (Shabalina et al., 2010; Louhichi et al., 2011). It
seems that intronlessness is a more recent form of evolution
to develop tissue-specific functions (Brosius and Gould, 1992;
Shabalina et al., 2010) that might be actively involved in brain
development and aging.

An unusually high number of intronless genes have neuron-
specific expression (Grzybowska, 2012) or at least play a major
role in the brain, such as several serotonin receptors, HTRIA,
HTRI1B, or HTRID or betal- and beta2-adrenergic receptors
(ADRBI1, ADRB2) (see the IGD database'; Louhichi et al., 2011).

Uhttp://www.bioinfo-cbs.org/igd

Intronless transcripts circumvent the complex splicing
process, thereby saving energy and time and allowing for
replication of much shorter genes. Splicing mechanisms always
pose a definite risk of inaccurate execution. Thus, a globally
impaired exon exclusion and selective loss of splicing factors
have been shown for AD brains (Berson et al., 2012). Moreover,
destruction of cholinergic neurons in mice, a critical feature of
AD pathology, leads to disturbances in RNA splicing, dendritic
loss, and memory impairment (Kolisnyk et al., 2016). During
aging, the number of splicing errors increases in the brain.
Recently, an integrative transcriptome analysis of the aging brain
provided evidence that deregulated mRNA splicing is a feature
in AD, where hundreds of aberrant pre-splicing events could be
detected (Raj et al., 2018).

The number of somatic mutations in the human brain
increases over the lifetime due to various types of stress and
an age-related loss of DNA repair efficiency, which itself is
comprised of mutations contributing to this genomic instability
(Chow and Herrup, 2015; Verheijen et al., 2018). Usage of such
compromised DNA could be prevented by the availability of
alternatively saved/stored intronless variants. RNA molecules
could serve as templates to repair DNA double-strand breaks
leading to intronless genes (Catania, 2017).

Taken together, several lines of evidence suggest that intronless
genes, which, to some extent, may appear as pseudogenes,
could substantially contribute to the genetic diversity of cells
(Kovalenko and Patrushev, 2018).

INTRONLESS GENES ARE A LIKELY
CONSEQUENCE OF SOMATICALLY
RECOMBINED TRANSCRIPT
INCORPORATION INTO THE GENOME
AND ARE POTENTIALLY GENERATED
BY LINE-1 RETROTRANSPOSITION

A likely source of intronless genes in eukaryotic genomes is the
retroposition of cellular mRNAs by retrotransposable elements
(Callinan and Batzer, 2006; Baertsch et al., 2008), though Lee
et al. (2018) could not confirm this for APP-derived intronless
transcripts. However, during the evolution of the primate lineage,
there was a burst of retropositions that reached its peak about 38-
50 million years ago, when many intronless genes emerged in the
genome (Marques et al., 2005).

Retrotransposons are mobile elements that account for more
than 40% of the human genome (Lander et al., 2001). They have
been identified as an important source for genetic variations
during the evolution of the human genome. However, only a
limited number of these elements retain full function and are still
active in the genome. The vast majority of retrotransposons are
silenced at multiple levels, including transcriptional repression,
epigenetic modification such as DNA methylation of CpG-rich
promoters (Greenberg and Bourc’his, 2019), or other post-
transcriptional gene-regulation mechanisms.

The evolutionary bursts of retrotransposable elements in
the human genome gave rise to about 700 human intronless
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genes, which stabilized biological processes critically required for
the survival of the species (Louhichi et al., 2011). Generation
of intronless genes through retrotransposable elements can
apparently take place both in the germline and somatic cells.
Thus, many intronless genes are inherited and, accordingly,
show testis-specific expression (Grzybowska, 2012). In addition,
during the lifetime of individual organisms, retrotransposable
elements might give rise to intronless genes in somatic cells
such as neurons, where they could contribute to the genomic
individuality of neurons as well as to the individuality of the
carrier organism.

The long interspersed element (L1, LINE-1) is the only
known active autonomous retrotransposon in human cells
(Moran et al., 1996) and covers up to 17% of the human
genome. About 100 retrotransposition-competent L1-elements
are detected in each individual, while more than 500,000
copies are silent due to truncations, deletions, or other
alterations (Myers et al., 2002; Brouha et al., 2003; Salvador-
Palomeque et al, 2019). The view of L1 elements has
changed over time from being regarded as “selfish” or
“parasitic” towards representing functionally critical elements
(Paco et al., 2015) that fulfill essential roles in the regulation
of gene expression. However, addressing the function of LINE-
1 elements has been restricted by technical difficulties in
detecting their specific location in the human genome. Their
high copy number often gives rise to unreliable data in
PCR amplifications or hybridization-based assays, and new
methods for mapping active transposable element insertion
sites in genomic DNA have been developed only recently
(Steranka et al., 2019).

Members of the LINE-1 retrotransposon family typically
use target-primed reverse transcription (TPRT) to generate
de novo insertions into genomic locations of germline and
somatic cells. TPRT is catalyzed in cis by ORF1p and ORF2p,
two proteins translated from a bicistronic 6 kb L1 mRNA
(Figure 1A). The L1 ORF2p comprises both endonuclease
activity (EN) and reverse transcriptase (RT) activities, which
are essential components for successful L1 retrotransposition
(Mathias et al., 1991; Feng et al., 1996). Retrotransposition
is started by an internal promoter located in the L1 5'-
untranslated region (Swergold, 1990). Synthesized L1 mRNA is
subsequently transported to the cytoplasm (Figure 1B), where
ORFlp and ORF2p proteins are translated and bind their
own mRNA to form a ribonucleoprotein particle (Wei et al,
2001). After entering the nucleus, TPRT activity catalyzes the
retrotransposition (Upton et al., 2015). Intragenic insertions of
LINEs can disrupt gene expression, which is often connected
to severe diseases (Schwahn et al.,, 1998; Meischl et al., 2000).
Recently, LINE elements have been inferred to participate in
recruiting RNA-binding proteins to mammalian introns and
to influence the splicing and evolution of tissue-specific exons
(Attig et al., 2018). The ability of evolutionarily young LINEs
to attract splice-repressive RNA binding proteins (e.g., MATR3,
PTBP1) contrasts with evolutionarily old LINEs, which possess
less repressive motifs but rather allow for the binding of
splice-promoting RNA-binding proteins. These latter LINEs
support lineage-specific splicing (Attig et al., 2018) and play an

important role in the development of neurons, making the brain
a hotspot of somatic mosaicism. Apparently, L1 mobilization
operates during the entire life-span of neurons, starting during
neurogenesis in neuronal precursor cells (NPC) (Muotri et al.,
2005, 2009; Coufal et al., 2011; Upton et al.,, 2011; Kurnosov
et al, 2015; Macia et al., 2017) and persisting into terminally
differentiated states (Baillie et al., 2011; Evrony et al., 2012, 2015;
Erwin et al., 2016).

Relevant to the above-mentioned generation of somatically
recombined transcripts is the ability of LINE-1 transcripts
to retrotranspose cellular mRNA in trans (Wei et al, 2001;
Figure 1B). To this end, both intact ORFlp- and ORF2p-
encoded proteins are necessary. Different data on the frequency
of pseudogene formation, between 0.01 and 0.05% of the rate
of L1 retrotransposition (Wei et al, 2001) and about 10%
(Esnault et al, 2000), were reported and suggested different
integration mechanisms with respect to L1-endonuclease (Wei
etal., 2001). However, in vitro mature neurons express detectable
L1 mRNA and ORFIp levels and exert efficiently engineered L1
retrotransposition (Macia et al., 2017).

WHAT IS NECESSARY FOR SOMATIC
RECOMBINATION OF RNA-BASED
TRANSCRIPTS IN TRANS?

The mechanism of retro-insertion of RNA-based transcripts in
trans has a number of prerequisites such as reverse transcriptase
activity, poly-adenylation, and DNA double-strand break. The
availability of these factors will determine the frequency and
efficacy of retro-insertion.

Reverse transcriptase (RT) activity has recently been detected
in normal human brain extracts (Lee et al., 2018) and blood
samples (Steele et al., 2005; MacGowan et al., 2007). Reverse
transcriptase activity seems phylogenetically of different origins,
with non-LTR reverse transcriptase, including group II intron
IEPs, telomerase, and human L1 reverse transcriptase, differing
from LTR enzymes, which include the HIV enzymes (Zhao and
Pyle, 2017). However, retrotransposons are potential sources
for reverse transcriptase activity in human neurons. The family
of human-specific LINE-1 retrotransposons is the only family
known so far that can actively and autonomously transpose
into the human genome, thereby using its own encoded protein
activities necessary for retrotransposition (e.g., endonuclease and
reverse transcriptase) (Kazazian and Moran, 2017).

Replacement studies demonstrated that a poly(A) sequence is
required for LINE-1 directed retrotransposition (Doucet et al.,
2015), where not only cis encoding L1 retrotransposons, which
end in a 3’ poly(A) sequence, are mobilized, but also cellular
mRNA in trans can be a target (Doucet et al., 2015).

The poly(A) tail of mRNA facilitates its export from the
nucleus, enhances protein synthesis, and stabilizes mRNA
by interacting with poly(A)-binding proteins to prevent
exonucleolytic degradation.

Interestingly, it has been reported that non-conserved
poly(A) sites are associated with transposable elements
to a much greater extent than conserved ones (Lee et al,
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FIGURE 1 | Synopsis of the proposed mechanism of genomic indexing by somatic gene recombination of mMRNA/NncRNA. (A) The restrotransposition competent
(RC) LINE-1 RNA and the encoded proteins are shown. (B) The process of LINE-1 directed retrotransposition and genomic indexing by somatic gene recombination
of mRNA is depicted: (I) transcription of retrotransposition competent (RC) LINE-1 controlled by endogenous promoter, (Il) transport of RC-LINE-1 transcript to
cytoplasm, (Ill) translation of ORF1 and ORF2 proteins, (IV) binding of ORF2 protein (and ORF1 protein, not shown) to their own mRNA (cis) or a cellular mRNA (trans)
(potentially representing a specific cellular context) by forming a ribonucleoprotein complex, (Va/Vb) transport of cis- or trans-generated ribonucleoprotein complex
into the nucleus, (Vla/b) retrotransposition is controlled by Target Primed Reverse Transcription (TPRT) in “VIb,” leading to indexing of a specific cellular context, and
(VII) recall of intronless RNA. (C) Proposed operational sequence leading to an increasing genomic index or memory trace by somatic gene recombination. E1, E2,
and ES represent events leading to increased index levels due to the insertion of RNA transcripts (generated within a definite temporal context) by somatic
recombination. Whether single events finally provide advantageous or deleterious indices depends both on the spatial/temporal context and whether the RNA
transcripts used for genomic recombination correspond to a correct or a mutated sequence.

life time

2008). This opens the opportunity for LINE-1 elements
to differently use alternative polyadenylation (APA) sites
of individual mRNA transcripts, which influence mRNA
stability, mRNA localization, or the amount and localization

of encoded proteins (Tian and Manley, 2017). Especially
for the brain, a wide variety of APA is known, which is
typically associated with a particular expression pattern
specific to a cell-type or even subcellular compartment
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(Miura et al, 2013; Taliaferro et al., 2016). For example,
for brain-derived growth factor (BDNF), a short isoform of
the mRNA is restricted to the cell body, whereas the long
isoform localizes to the dendrites, where it is translated
(An et al., 2008).

APAs could thus provide a broad basis for the incorporation
of selected transcripts into the genome of each single neuron
by somatic recombination according to their individual profile.
Additionally, a potential LINE-1 insertion candidate RNA can
possess poly(A) tails of different lengths, obtained by somatic
mutation, which are finally reverse-transcribed into the genome
(Evrony et al,, 2015). Data from the same study indicated
the existence of highly polymorphic poly(A) tails of varying
length, leading to many different somatic mutations, which
can contribute to manifestations of local and functional clones.
This might also contribute to the highly diverse mosaicism
observed in neurons.

While polyadenylation of RNA is required for labeling
RNAs to prevent degradation processes, the primordial
role of oligoadenylation is RNA tagging for subsequent
destabilization, which blurs the boundary between stabilization
and destabilization by adenylations (Tudek et al, 2018). It
might thus be tempting to speculate that truncated mRNA
transcripts, which are intended to be degraded and so are
oligoadenylated, might be at risk of being accidently included
in “normal polyadenylation processes.” This kind of potential
RNA “mislabeling” might trigger accidental translation and
protein synthesis or even lead to interaction with transposable
elements such as LINE-1, which in turn allow the integration
into the genome of individual cells and contribute to mosaicism.
TENT2, also known as GLD2, a non-canonical poly(A)
polymerase, is such a possible candidate, which; performs
both polyadenylation and oligoadenylation on many RNAs
(e.g., GluN2A RNA), is expressed in the hippocampus, can
co-localize with proteins relevant for synaptic plasticity, and may
be necessary for long-term potentiation (Rouhana et al., 2005;
Swanger et al., 2013). Other non-canonical poly(A) polymerases,
e.g, TENT4A/B are involved both in RNA decay and in the
stabilization of mRNAs (Gagliardi and Dziembowski, 2018;
Warkocki et al., 2018).

A further requirement for the generation of somatically
recombined transcripts and their DNA integration are
DNA double-strand breaks. Among others, DNA double-
strand breaks have been linked to tumorigenesis and
genetic instabilities (Aparicio et al, 2014; Mladenov et al,
2016). In addition, disturbances of the underlying repair
mechanisms, which involves a coordinated action of TDP2
(tyrosyl DNA phosphodiesterase 2) with enzymes of the
NHE] repair pathway, can lead to neurological diseases
associated with intellectual impairment or ataxia (Gomez-
Herreros et al., 2014). Moreover, corruption of epigenetically
modified DNA in the germline followed by errors in the
subsequent repair process could even lead to epigenetic
regulatory effects transmissible over generations as an
epigenetic memory of repair of DNA double-strand breaks
(Orlowski et al., 2011). While any insertion following DNA
double-strand breaks can be mutagenic through disrupting

coding sequences, it can also influence the expression of
adjacent genes by reorganizing the gene structure, providing
completely new features, and could therefore also be
physiologically relevant.

LINE-1 INTEGRATION IS INVOLVED IN
MEMORY FORMATION

Recently, it has been reported that DNA double-strand
breaks linked to neuronal activity are a common, basic, and
physiological phenomenon. Exploratory activity in mouse, for
example, which is associated with increased neuronal activity,
has been shown to cause a significant increase in neuronal
DNA double-strand breaks (Suberbielle et al., 2013). Moreover,
a variety of early-response genes, such as Fos, FosB, and Egrl,
other transcription factors, such as Olig2, and ncRNAs, such as
Malatl, are targets of activity-induced DNA double-strand breaks
in neurons (Madabhushi et al., 2015).

LINE-1 mobilization in brain uses functionally active DNA
double-strand breaks to jump into the genomic DNA. The linkage
of DNA double-strand breaks to neuronal activity (Suberbielle
etal., 2013) might thus provide a mechanism to index the specific
activity state of the neurons.

L1 insertions in neurons were proposed to be a mechanism
of “genomic plasticity” some years ago (Singer et al., 2010).
Accordingly, L1 elements alter the neuronal transcriptome by
their genomic integration, which eventually contributes to a
modified behavior of the affected individual (Singer et al,
2010). Moreover, the involvement of LINE-1 activation in
memory formation has recently been reported (Bachiller et al.,
2017). Immediately after a novel place exploration session
in mice, a short and temporarily limited increase of LINE-
1 orfl- and orf2- mRNA expression was observed in the
hippocampus. Remarkably, just 1 h after the exploratory session,
a permanently elevated copy number of orf2- insertions in
the hippocampal genome was measured, while the content of
orfl sequences did not change. The orf2 copy number increase
in genomic DNA could be blocked by the administration
of lamivudine, a retrotranscriptase inhibitor. Accordingly,
lamivudine application within a time window of 6 h after the
training session also impaired long-term memory formation.
Both memory formation and orf2 insertion in DNA was
also prevented by orfl antisense or orf2 antisense RNA
infusion into hippocampus (Bachiller et al., 2017; Wang et al,,
2018). Another study (Kokaeva et al, 2002) has shown that
inhibition of the expression of the LINE-1 reverse-transcriptase
gene in rats by antisense oligonucleotides disturbed the
formation of long-term memory, while short-term memory
was not altered.

Taken together, there is thus strong evidence that L1
retrotransposon insertions might be involved in the process of
long-term memory formation.

The majority of studies on the de novo genomic LINE-1
insertion has mainly focused on the alteration of mRNA/ncRNA
expression levels or relocation of splicing-variant-ratios.
However, the detection of hundreds of somatically recombined
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APP sequences in neurons of both the healthy and diseased
human brain (Lee et al, 2018) together with accumulating
evidence linking LINE-1 to memory formation, opens up
a completely new perspective on the role of transcribed
mRNA/ncRNA in indexing functional states of neurons.

We would thus like to further develop the hypothesis
that somatic recombination of intronless mRNA/ncRNAs
provides a mechanism to index a particular functional state
at the level of the individual neuron, a suggestion that
was similarly proposed by Lee et al. (2018). By insertion
of defined RNAs in a somatic recombination process, the
presence of specific mRNA transcripts within a definite
temporal context could be “frozen” and serve as an index
that can be recalled. This allows the fixing of information
related to a specific neuronal state of differentiation and/or
activity relevant to a memory trace. This process might
take place throughout the lifetime of each neuron and
will potentially have both advantageous and deleterious
consequences (Figure 1C).

In conclusion, it might thus be probable that
retrotransposition by LINE-1, which allows the use of defined
RNA to index a particular cellular state, represents a powerful
and versatile toolbox in somatic cells that can modify the DNA
sequence without affecting original gene structures.

ARE LINE-1 ACTIVITY AND gencDNA
GENERATION INVOLVED IN THE
PATHOMECHANISM OF AD?

While a definite involvement of LINE-1 and gencDNA in the AD
pathomechanism remains to be shown, several lines of evidence
clearly point in this direction. A recent analysis of more than
600 human cortical transcriptomes indeed revealed evidence for
a global transcriptional activation of LINE-1 in AD (Guo et al,
2018). Still, another study analyzing only a small number of AD
samples by target PCR failed to detect any differences in L1
genomic copy numbers (Protasova et al., 2017).

Global hypomethylation of DNA, accompanied by a
downregulation of neuronal DNA methyltransferase 1
(DNMT1), appears to be a characteristic feature of AD
(Mastroeni et al., 2010). At least in human neural progenitor
cells, a global DNA hypomethylation by deletion of DNMT1
leads to activation of evolutionarily young hominoid-specific
LINE-1 elements while the older L1s remain silent. Accordingly,
activated L1s provide alternative promoter activity for many
protein-coding genes that are relevant for neuronal functions.
This shows that evolutionarily young L1-specific elements are
controlled by a DNA methylation pattern (Jonsson et al., 2019).
This situation could be provoked in AD brain by dysregulation
of LINE-1 elements.

A recent study showed wupregulation of the histone
demethylase KDM4B in AD brains (Park et al., 2019). This
histone demethylase had previously been identified to promote
LINE-1 expression and enhance LINE-1 copy number and
retrotransposition efficacy, while its depletion reduces LINE-1
expression (Xiang et al., 2019). In addition, SIRT6, a histone

deacetylase and powerful repressor of L1-activity by ribosylating
KAP1 (van Meter et al., 2014), a nuclear co-repressor protein of
LINE-1 (Rowe et al., 2010; Castro-Diaz et al., 2014), is reduced in
AD (Kaluski et al., 2017), which could further contribute to the
activation of LINE-1.

Many more mutated APP-RNA variants were detected
in single neuronal nuclei derived from prefrontal cortices
of sporadic AD brains than in control brains (Lee et al,
2018). Some of these APP sequences showed intra-exonic
junctions, and some even retained coding potential. Their
presence in gencDNA might contribute to manifest sporadic
AD cases. Since neurons are able to deliver linear and circular
RNAs through exosome-dependent mechanisms (Liu et al,
2019), the propagation of mutated APP RNA transcripts
to neighboring cells with the potential to be inserted as
gencDNA by LINE-1 elements should be considered as a
potential basis for pathology-spreading. Moreover, released
extracellular vesicles can also mediate the horizontal
transfer of active LINE-1 retrotransposons from one cell to
another (Kawamura et al, 2019). In summary, a complete
exchange of LINE-1 elements and trans RNAs like a tool
kit seems possible.

THERAPEUTIC IMPLICATIONS

If the proposed mechanism is indeed instrumental to the
AD pathomechanism, a moderate influence on LINE-1 activity
might ameliorate the deleterious insertion of AD-related and
mutated APP transcripts. The inhibition of reverse transcriptase
activity, as already proposed elsewhere (Lee and Chun, 2019),
might thus be a promising approach. Still, RT inhibitors would
not prevent the generation of mutated APP mRNAs or their
fragments. Moreover, since LINE-1 activity is necessary for
memory formation, inhibition of RT would have potentially
serious side effects that need to be considered.

Thus, it is necessary to accumulate more detailed knowledge
of these mechanisms before any interferences regarding this
mechanism can be envisaged.
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The recent identification of somatic gene recombination (SGR) in human neurons
affecting the well-known Alzheimer’s disease (AD) pathogenic gene, amyloid precursor
protein (APP), has implications for the normal and the diseased human brain. The
amyloid hypothesis has been the prevailing theory for sporadic AD (SAD) pathogenesis
since the discovery of APP gene involvement in familial AD and Down syndrome.
Yet, despite enormous scientific and clinical effort, no disease-modifying therapy
has emerged. SGR offers a novel mechanism to explain AD pathogenesis and
the failures of amyloid-related clinical trials, while maintaining consistency with most
aspects of the amyloid hypothesis and additionally supporting possible roles for tau,
oxidative stress, inflammation, infection, and prions. SGR retro-inserts novel “genomic
complementary DNAs” (gencDNAs) into neuronal genomes and becomes dysregulated
in SAD, producing numerous mosaic APP variants, including DNA mutations observed
in familial AD. Notably, SGR requires gene transcription, DNA strand-breaks, and reverse
transcriptase (RT) activity, all of which may be promoted by well-known AD risk factors
and provide a framework for the pursuit of new SGR-based therapeutics. In this
perspective, we review evidence for APP SGR in AD pathogenesis and discuss its
possible relevance to other AD-related dementias. Further, SGR’s requirement for RT
activity and the relative absence of AD in aged HIV -infected patients exposed to RT
inhibitors suggest that these Food and Drug Administration (FDA)-approved drugs may
represent a near-term disease-modifying therapy for AD.

Keywords: Alzheimer’s disease, mosaicism, somatic gene recombination, amyloid cascade hypothesis,
gencDNA, amyloid precursor protein, APP

GENOMIC MOSAICISM AT THE APP LOCUS

We first speculated that SGR might exist in the brain based upon the expression of
immunological recombination genes, as described over a quarter century ago for recombination
activating gene-1 (Chun et al, 1991) and later, non-homologous end-joining genes (Gao
et al, 1998). Subsequent studies to identify somatically generated genomic mosaicism
in the human brain identified chromosomal aneuploidies that represent large CNVs

Abbreviations: AD, Alzheimer’s disease; APP, amyloid precursor protein; CNV, copy number variation; DISH, DNA in situ
hybridization; gencDNA, genomic complementary DNA; PNA-FISH, peptide nucleic acid fluorescent in situ hybridization;
RT, reverse transcriptase; SAD, sporadic AD; SGR, somatic gene recombination.
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(Rehen et al, 2001). The application of newer technologies
including fluorescence-activated nuclear sorting (Rehen et al.,
2005; Westra et al., 2010) and single-cell sequencing expanded
the discovery of somatically arising genomic mosaicism forms,
revealing an immense diversity of DNA sequence differences
present among single cells (reviewed in Rohrback et al., 2018).
This includes Jackson Pollock-like displays reflective of enormous
single-cell transcriptome diversity in the brain (Lake et al., 2016,
2018) that is consistent with genomic mosaicism. Neuronal
genomic mosaicism takes many forms including aneuploidies,
CNVs, single nucleotide variations (SNVs), and long interspersed
nuclear element 1 (LINE1). Some of these have been associated
with neurodegenerative (including AD) and neuropsychiatric
disorders, which have been reviewed extensively and will not be
the subject of this perspective (Arendt et al., 2009; Leija-Salazar
et al., 2018; Rohrback et al., 2018; Shepherd et al., 2018; Iourov
et al., 2019; Potter et al., 2019).

Although the existence of genomic mosaicism is now
established, its functions are less clear. Roles in transcriptomic
regulation (Kaushal et al., 2003), cell survival (Peterson et al,
2012), and neural circuits (Kingsbury et al.,, 2005) have been
reported, and others have speculated on the importance of
genomic mosaicism in the creation of neuronal diversity (Rehen
et al, 2001, 2005; Muotri and Gage, 2006; Gericke, 2008),
yet these general phenomena did not reveal effects on specific
genes or DNA alterations that might be analogous to V(D)]
recombination in the immune system (Papavasiliou and Schatz,
2002). However, a candidate gene emerged when we observed
increases in a major sub-type of mosaicism called “DNA content
variation” (Westra et al., 2010) in SAD neurons of the prefrontal
cerebral cortex, where SAD neurons contained ~500 megabase
pairs more DNA than the non-diseased controls (Bushman
et al., 2015). We reasoned that the increase could affect APP,
a key gene in AD pathogenesis that is causal in familial AD
and Down syndrome through mutations and, in particular,
CNVs: mosaically increased APP CNVs in SAD brains may
drive pathology. This possibility was confirmed using multiple
approaches including PNA-FISH, small-population gPCR, and
single-neuron qPCR, which demonstrated that somatic and
mosaic changes to the APP locus were enriched in SAD neurons
over non-diseased controls and were not associated with trisomy
of chromosome 21 (Bushman et al., 2015). Interestingly, PNA-
FISH targeting individual APP exons and exon-exon copy
number discordance by single-cell qPCR suggested that the
physical arrangement of APP CNVs could be non-uniform
(Bushman et al., 2015).

Additional studies confirmed this possibility and revealed
SGR at the APP locus (Figure 1A), occurring as variant
APP coding sequences that lacked introns and were akin to
complementary DNA (cDNA) sequences except that they were
present in genomic DNA and were therefore termed “gencDNAs”
(Figure 1B) (Lee et al,, 2018). These novel gencDNAs were
further characterized by intra-exonic junctions with shared
microhomology regions between the two joined exonic regions.
Identical forms were also documented in mRNAs. The formation
of APP gencDNAs in vitro required APP transcription, DNA
strand breakage, and RT activity. Neuronal SGR represents

a novel mechanism to produce genomic mosaicism that
has functional implications, particularly for AD pathogenesis
and therapeutics, while suggesting a more general paradigm
underlying sporadic brain diseases through dysregulated SGR of
both known and unknown pathogenic genes.

SGR AFFECTING APP IS
DYSREGULATED IN SAD BRAINS

At least 12 distinct approaches, including non-targeted and
unbiased methods, were used to identify and validate somatic
mosaic events at the APP locus (Bushman et al., 2015; Lee et al.,
2018; Lee et al., 2019). SGR was identified in both normal and
diseased brains but appears to be dysregulated with disease,
resulting in dramatic increases to both the number and the form
of APP gencDNAs in SAD neurons. Novel approaches were
utilized, including DISH and high-fidelity, long-read sequencing
to establish disease alterations.

DISH was developed by modifying BaseScope (Advanced Cell
Diagnostics, Fremont, CA, United States) technology that can
detect SNVs (Baker et al., 2017) and exon:exon junctions in
RNA but was adapted for use on genomic DNA. Probes were
designed to target multiple gencDNA sequences, including the
exonl6:exonl7 junction and the intra-exonic junction formed by
the microhomology fusion of exon 3 to exon 16 (Figure 1B).
Several parallel approaches were employed, including sense
and antisense probes that demonstrated DNA specificity (vs.
RNA that is not recognized by sense-strand probes), targeted
restriction enzyme digestion that effectively destroyed the DNA
target locus and dependent signal, DISH double-labeling that
indicated that gencDNA loci are distinct from the endogenous
alleles, and the use of synthetic targets in cell culture that
confirmed probe specificity (Lee et al, 2018). SAD brains
exhibited an average of 1.2-1.8 gencDNAs per nucleus, with 60-
70% of prefrontal SAD cortical neuronal nuclei having at least
one signal. In contrast, the control brains averaged 0.4 gencDNAs
per nucleus, and only 25% of nuclei had at least one signal.
The three- to fourfold increase in SAD gencDNA number was
consistent throughout all biological and technical replicates (six
SAD and six non-diseased brains; three experiments per brain).
Notably, detection by this technique is limited to the targeted
exon:exon sequence or intra-exonic junction and, therefore, does
not capture the full diversity of possible gencDNAs, including
full-length or more complex structural variants.

The second novel approach to assess gencDNAs and
identify disease-related differences was high-fidelity, long-
read sequencing with Pacific Biosciences’ single-molecule real-
time circular consensus sequencing (SMRT CCS or “PacBio
sequencing”) (Eid et al., 2009; Hebert et al., 2018), which is
capable of identifying SNVs with 99.999999% confidence. APP-
targeted PCR products were amplified from neurons (five SAD
and five non-diseased brains) and sequenced. These experiments
revealed enormous gencDNA diversity involving thousands
of unique species. Importantly, gencDNA sequences changed
significantly with disease, despite identical PCR targeting that
involved amplification with exon 1 and 18 primers (myriad other
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FIGURE 1 | Structure of a gencDNA. (A) The APP genomic locus and the exons within a full-length cDNA. (B) Two types of gencDNAs were identified in both RNA
and DNA: full-length brain-specific isoforms (APP-751 and APP-695) and truncated sequences with intra-exonic junctions and microhomology domains (R3/16 and
R6/18). Known pathogenic SNVs were also identified in some variants (in-frame examples include Australian, London, French, Indiana, and A673V; shown in red).
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species may exist). The SAD brains had 10 times more unique
reads per neuronal nucleus, and we identified 45 unique intra-
exonic junctions in SAD brains, contrasting with just 20 unique
intra-exonic junctions found in non-diseased brains despite
using ~70% more neuronal nuclei. Most remarkably, PacBio
sequencing identified 11 mosaic SNVs in or around the AP
encoding region that are considered to be disease-causing in
familial AD, present only in SAD neurons. The results from
DISH and PacBio sequencing together confirm that normal
human neurons display a baseline level of APP gencDNAs that
is increased and fundamentally altered in number and form with
AD, including the formation of pathogenic SNVs. Independent
support for gencDNAs was recently published by an unrelated
laboratory (Lee et al., 2019; Park et al., 2019). Preliminary analyses
of these data identified diverse integration sites for gencDNAs on
multiple chromosomes (Lee et al., 2019) and are consistent with
DISH signals that were distinct from wild-type (chromosome 21)
alleles (Lee et al., 2018).

MOLECULAR DIVERSITY PRODUCED
BY SGR MAY LINK MULTIPLE AD
HYPOTHESES

Somatic gene recombination likely has normal functions;
however, it appears to be dysregulated in AD, most likely
during the proposed cellular phase of AD (critically reviewed
in De Strooper and Karran, 2016). SGR could create variant
APP sequences that become translated into heterogeneous
populations of APP variant and Af-like proteins—in addition to
serving as more classical secretase substrates to generate AB—
that could result in myriad downstream biochemical processes, as
was reported for AD. SGR of APP could have effects on primary,
secondary, tertiary, or quaternary protein structure and therefore
could have a vast array of functional effects, including those
related to prions. The heterogeneity of APP forms produced by
SGR invokes modification of the amyloid hypothesis to integrate
this new feature while still maintaining decades of supportive

observations. SGR also accounts for experimental discrepancies
and clinical trial failures. In doing so, it may unify other
hypotheses of SAD etiology and pathogenesis via a modified
amyloid hypothesis (Figure 2). Other pathogenic actions of SGR,
such as those produced by the integration of mobile elements,
may also be relevant. The initial views on the implications
of SGR in AD (Castro et al., 2019; Lee and Chun, 2019) are
expanded upon next.

Amyloid Cascade Hypothesis Modified

by Somatic Gene Recombination
The amyloid cascade hypothesis (or the amyloid hypothesis)
has been the predominant AD theory for decades (Hardy and
Higgins, 1992; Hardy and Selkoe, 2002; Selkoe and Hardy, 2016),
having emerged through the identification of amyloid-f (AB)
as the plaque-forming peptide from AD and Down syndrome
brains ~35 years ago (Glenner and Wong, 1984a,b), which
allowed the subsequent identification of APP as the gene locus
responsible for AB (Goldgaber et al., 1987; Tanzi et al., 1987b).
The strongest evidence for the involvement of APP and its
cleavage product Af in AD comes from familial AD and
Down syndrome studies. Familial AD exhibits typical Mendelian
inheritance of mutations or CNVs in APP or mutations in the
secretase genes, PSEN1 (Sherrington et al., 1995) and PSEN2
(Levy-Lahad et al,, 1995; Rogaev et al., 1995) that alter AP
processing and lead to early-onset AD. APP shows a clear gene
dosage effect, where three copies of APP in Down syndrome
(Wiseman et al., 2015) or rare familial AD cases (Rovelet-Lecrux
et al., 2006; Sleegers et al., 2006; Hooli et al., 2012) are sufficient
to produce AD neuropathology and/or symptomology. In the
amyloid hypothesis, the accumulation of AP in the brain and its
aggregation into plaques result in downstream processes that lead
to hyperphosphorylation of tau, resultant neurofibrillary tangles
(NFTs), synaptic dysfunction, cell death, and ultimately AD.

One major criticism of the amyloid hypothesis is the timing
of plaque deposition. Ap plaques do not necessarily correlate
well with cognitive impairment, and many individuals have
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FIGURE 2 | The somatic gene recombination (SGR) hypothesis for SAD. (1) Dysregulated SGR of APP through the insertion of reverse-transcribed mRNA leads to
mosaic genomic APP variants that result in variant proteins with a number of downstream effects. Other gene loci may also be impacted by SGR. (2) In keeping with
the AB-hypothesis, some variants would be transported to the cellular membrane, where wild-type, SNV-containing, and gencDNA variant proteins may or may not
be cleaved by the traditional secretase pathways to produce heterogeneous extracellular plagues and altered extracellular signaling pathways. (3) Intracellular
variants may also accumulate without the need for secretase cleavage. The accumulation of intraneuronal A variants likely increases cellular (oxidative) stress,
leading to an increase in DNA strand breaks, the insertion of gencDNAs, and the production of variants, creating a feed-forward loop that promotes a disease.

(4) Variant proteins may also act as “seeds,” which alter the conformation of wild-type APP or other gencDNA variant proteins to create more aggregates. These may
be propagated from cell-to-cell and cause prion-like transfer and neurodegeneration through the possible involvement of prion protein receptors (PrP). (5) Various
stimuli (e.g., APOE4, infection, and cellular stress) could promote SGR via actions at multiple steps, including increased APP transcription.

abundant AP deposits at death and yet were cognitively normal
antemortem (Crystal et al., 1988; Katzman et al., 1988; Troncoso
et al., 1996). These plaques tend to be more diffuse with lower
levels of AP oligomers (Esparza et al., 2013), which suggests that
pathogenic plaques sequester toxic oligomers (Selkoe and Hardy,
2016). Additionally, there is evidence that the duration of plaque
deposition is more predictive of SAD (Insel et al., 2017) rather
than the presence of plaques per se. Another major criticism of
the amyloid hypothesis has been its failure to yield any disease-
modifying therapies despite the many clinical trials targeting Af
components (Carlsson, 2008; Cummings et al., 2014; Anderson
et al,, 2017; Mehta et al., 2017; Burki, 2018; Egan et al., 2018).
These discrepancies and others have led to calls to abandon or

fundamentally rethink the amyloid hypothesis (Herrup, 2015;
Morris et al., 2018).

However, these major discrepancies may be explained by SGR.
SGR may generate diverse APP protein products, including Af
and ApP-like molecules, on a continuum of toxicity within plaques
and as soluble proteins. Therefore, SGR of APP incorporates
supportive data for the amyloid hypothesis in SAD by vastly
expanding the gene forms, including those containing pathogenic
SNVs, and resulting protein products associated with amyloid
(Figure 2). These products would access downstream pathogenic
cellular mechanisms observed in familial AD but doing so
mosaically and somatically in SAD. SGR affecting APP also
provides an opportunity to reconsider clinical trial failures. All
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therapeutic antibodies against AB are monoclonal, which target
distinct epitopes of a conserved amino acid sequence of Af
(Arndt et al.,, 2018), and many antibodies are effective at clearing
the plaques formed by this amino acid sequence. However,
SGR creates myriad different APP variant genes, transcripts,
and predicted amyloid proteins that may not be recognized
by mono-specific AB-antibodies. These variant species would
therefore remain in the brain in various potential forms (e.g.,
other plaques, fibrils, prions, and soluble products). Notably,
some forms arising from gencDNAs will share conserved epitopes
that may be accessed by mono-molecular agents to affect a
subset of gencDNAs providing partial efficacy. Similarly, SGR
may create products that do not require secretase cleavage, a
view supported by the small size of some variant genes and RNA
transcripts (Figure 2). Taken together, SGR maintains the central
genetic importance of APP in familial forms of AD and Down
syndrome but significantly extends it to account for SAD without
requiring germline changes in APP.

Any AD hypothesis must account for statistical relationships
to AD risk genes (Kunkle et al, 2019). In this regard, SGR
could be augmented by risk genes like APOE4, the major risk
allele for AD (Saunders et al., 1993; Strittmatter et al., 1993)
that has been shown to increase APP transcription and AP
deposition (Huang et al., 2017; Liu et al., 2017). This function
of APOE4 is highly consistent with the SGR hypothesis, where
APP transcription was shown to be required for gencDNA
formation in culture and in J20 mouse neurons. Increases in
APP transcription could therefore increase the probability of
APP SGR occurring, and gencDNA production could lead to
SGR-dependent “seeds” that promote toxic plaque deposition.
Other risk genes could similarly interface with SGR to produce
somatic, disease-promoting genomic changes. Notably, PSEN1
variants were not identified using the same detection pipeline
that identified APP gencDNAs. One possibility is that the gain-of-
function end-points that appear to occur for APP are not relevant
to the promotion of AD by PSEN1 mutations, a view consistent
with the scientific literature that identifies loss-of-function rather
than gain-of-function mechanisms (Kelleher and Shen, 2017;
Sun et al., 2017).

Tau Hypothesis Compatibility With SGR

Tau is a microtubule-associated protein that becomes
hyperphosphorylated in disease and can aggregate to
form NFTs, the second major pathological hallmark of
AD (Braak and Braak, 1991; Braak et al, 2006). Tau
pathology is closely correlated with neurodegeneration
and clinical symptoms (Ossenkoppele et al, 2016; Scholl
et al, 2016; Okamura and Yanai, 2017) and may be a key
initiator of stressors leading ultimately to cell death in
both the AP and tau hypotheses (Selkoe and Hardy, 2016;
Kametani and Hasegawa, 2018).

Somatic gene recombination is consistent with the tau
hypothesis in two distinct and non-mutually exclusive ways.
First, SGR generates APP protein variants that could alter tau
phosphorylation and processing: a function proposed for Af
(Rapoport et al., 2002; Dolan and Johnson, 2010; Jin et al., 2011;

Moore et al., 2015). Second, SGR might act on the gene for tau—
MAPT—in the same manner as APP, thereby creating myriad
and mosaic MAPT variants (Figure 2). MAPT mutations are
known to cause autosomal dominant forms of frontotemporal
lobar degeneration (FTLD) and Parkinson’s disease (PD), with
over 40 pathogenic mutations identified to date (Rademakers
et al., 2004; Ghetti et al., 2015), and SGR could generate
related SNVs. There is some debate on whether germline MAPT
mutations also represent an increased risk for developing AD;
however, a recent meta-analysis of a subset of SNVs reported
a significantly increased risk for AD that was furthered by
APOE4 carrier status (Zhou and Wang, 2017). If MAPT were
mosaically altered in SAD brains, but perhaps in different cells
or brain regions, it might contribute to AD progression, and
importantly, explain the high co-morbidity between AD and
PD/other proteinopathies (Kovacs et al., 2013; Brenowitz et al.,
2017; Kapasi et al., 2017); further study is warranted.

Prion Hypothesis Relevance to SGR

Prions are misfolded proteins that are able to transmit disease
in a fashion similar to an infection, via transfer of proteins
from cell to cell (Watts and Prusiner, 2018). Evidence has
been steadily mounting for the involvement of prions in SAD
and other neurodegenerative diseases (e.g., PD and FTLD) in
which misfolded proteins are prone to accumulation. Both
AP (Jaunmuktane et al., 2015; Olsson et al., 2018) and tau
(Holmes and Diamond, 2014; Alonso et al., 2016; Kaufman
et al., 2016) have been implicated as prion proteins in AD. The
enormous potential protein heterogeneity encoded by SGR gene
variants is well suited to create DNA sequences encoding mutant
prion-like proteins (Figure 2). Such proteins may have seeding
effects, leading to the misfolding of normal APP and AB—or
other SGR-derived proteins—which could then act as prion-
like transmissible agents. Were this to occur, SGR variants may
impact neighboring cells, perhaps via the prion protein receptor
itself (Lauren et al., 2009; Gimbel et al., 2010), thereby amplifying
the spread of pathogenic SGR products. This mechanism might
enable propagation throughout the AD brain to promote the
documented neuroanatomical progression of plaques and tangles
(Arnold et al., 2013). SGR might also enable the identification of
key pathological amino acid sequences in prion-like proteins.

Inflammation and Cellular Stress

Hypotheses and SGR

There are multiple hypotheses for SAD that incorporate
some component of the inflaimmation pathway, oxidative
stress, biometal accumulation, and/or  mitochondrial
dysfunction. These mechanisms likely combine to accelerate
neurodegeneration. However, there is debate about whether
these processes cause neurodegeneration or are the result of it
(Andersen, 2004). Indeed during an inflammatory response,
glia produce high levels of free radicals that promote cellular
damage and augment neuroinflammation (Solleiro-Villavicencio
and Rivas-Arancibia, 2018); thus, the mechanisms underlying
such hypotheses are likely to involve a multifaceted, cyclical
mechanism of neurodegeneration.
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As a class, transposable elements have complex roles in cellular
stress (Horvath et al., 2017) that may be emulated or impacted
by gencDNAs. Cellular stress causes nucleic acid oxidation which
often results in strand breaks. DNA strand breaks were shown
to be required for SGR retro-insertion and gencDNA formation
in cell culture (Lee et al., 2018). It is therefore possible that a
feed-forward mechanism exists where cellular stress causes the
strand breaks that enable SGR of APP gencDNAs, whose products
would, in turn, increase oxidative stress (Figure 2). Additionally,
both DNA and RNA oxidation occur in AD brains (Nunomura
etal., 1999, 2012); the resultant DNA strand breaks may promote
dysregulated gencDNA retro-insertion and could contribute to
the formation of intra-exonic junctions.

Trisomy 21 Hypothesis and SGR

Trisomy of chromosome 21 has long been associated with AD
through Down syndrome and the first identification of APP,
leading to early hypotheses that SAD might be caused by
trisomy 21. This hypothesis was rigorously tested in 1987 and no
duplication of chromosome 21 (St George-Hyslop et al., 1987) or
the APP gene (Tanzi et al., 1987a) was found in bulk samples of
SAD brains. Reports on linkage between global mosaic trisomy 21
and SAD have been reviewed elsewhere (Potter, 1991; Potter et al.,
2016, 2019). It is notable that mosaic aneuploidies involving all
chromosomes are found throughout the normal vertebrate brain,
including humans, independent of AD (reviewed in Arendt et al.,
2009; Leija-Salazar et al., 2018; Rohrback et al., 2018; Shepherd
et al., 2018; Iourov et al., 2019; Potter et al., 2019). While some
studies have reported an increase in brain aneuploidies associated
with AD (Iourov et al., 2009; Arendt et al., 2010; Yurov et al.,
2014), others have not identified disease associations (Thomas
and Fenech, 2008; Westra et al., 2009; Bushman et al., 2015).
Critically, sampling issues affect all studies of aneuploidy because
of the minute fraction of interrogated cells utilized compared to
the total number of cells within the brain. Interestingly, increased
gene transcription could theoretically increase the probability of
SGR for a given gene, in support of a link between chromosomal
gains that promote transcription and SGR.

Infection Hypothesis and SGR

The infection or pathogen hypothesis proposes that viral, fungal,
and/or bacterial infections may trigger AD. These hypotheses
are based on reports of the presence of viruses, fungi, or
bacteria (or their remnant signatures) within the SAD brain
(Hill et al, 2014; Itzhaki et al, 2016; Harding et al, 2017).
Some viruses, including human immunodeficiency virus (HIV)
and hepatitis B virus (HBV) (Mastroeni et al., 2018), as well as
certain bacteria (Lampson et al.,, 2005), possess demonstrated
RT activity—a requirement for SGR. In addition, the vast
diversity of APP gencDNAs could conceivably produce proteins
that could bind to and possibly neutralize infectious agents by
analogy to immunoglobulins in the immune system (Eimer et al.,
2018). However, the causality, specificity, and presence of these
infectious agents require further study, as underscored by reports
of bacterial contamination as artifacts in human microbiome
studies (reviewed in Eisenhofer et al., 2019).

The SGR Hypothesis in AD

The preceding discussion outlines concepts and hypotheses
that could be accessed by SGR. Normally, APP SGR acts first
upon mRNAs transcribed from the wild-type locus producing
varied APP gencDNAs via an RNA intermediate and RT
activity, requiring DNA strand breaks to enable retro-insertion.
These gencDNA sequences then retro-insert into genomic DNA,
generating cDNA-like sequences that lack introns. They may be
full-length DNA copies of known APP splice variants (APP 571
and 695) or appear as truncated forms containing intra-exonic
junctions. The insertion sites appear most commonly outside
of wild-type loci, based upon DISH and initial insertion site
analyses, with relatively few cells containing one or more copies.
Normal SGR may represent a form of cellular memory, where
activity-dependent transcription and DNA breaks of multiple
etiologies enable the incorporation of gencDNAs, particularly
as preferred and already-spliced forms that could later be re-
expressed using similar or different promoters.

In disease, dysregulation of SGR occurs. It appears to involve
coordinate actions of at least three SGR components: gene
transcription, RT activity, and DNA strand breaks. Dysregulation
then produces myriad numbers and forms of gencDNAs that
could be neurotoxic via retro-insertion (as documented for
other mobile elements; Horvath et al., 2017), other non-
coding disruptions of RNA and DNA, and/or pathogenic APP
proteins with altered primary, secondary, tertiary, or quaternary
structure that would impact the functionality of APP, AP, and
prion-like proteins. Known risk genes could be involved, for
example, with APOE4 increasing APP transcription (Huang
et al, 2017) that would, in turn, increase SGR. In this
view, some classes of risk factor genes would promote SGR
actions on AD “driver” or causal genes. Similarly, increased
inflammation or oxidative stress would increase DNA strand
breaks, resulting in more gencDNA retro-insertions into new,
potentially deleterious genomic locations. Additional risk factors
would increase pathogenic gencDNA variants in a feed-forward
loop to increase gencDNA production that includes pathogenic
SNVs known from familial cases, passing through a disease
threshold. Other pathogenic SNVs not compatible with life
(and familial AD manifestation)—and other genes—could also
be produced in SAD, while familial AD and Down syndrome
pathology may also involve SGR, which could explain the decades
of life still required to produce AD in these genetic disorders.
SGR could generate prion-like sequences producing toxic protein
accumulations in neuroanatomically defined patterns. Critically,
SGR utilizes RT that appears to create SNVs through imprecise
template copying and also identifies an accessible therapeutic
strategy using Food and Drug Administration (FDA)-approved
RT inhibitors (Lee and Chun, 2019).

SGR AND OTHER BRAIN DISEASES

The existence of SGR in the normal and the AD brain could
potentially unify mechanisms for neurological and possibly
neuropsychiatric sporadic brain diseases, where somatic, mosaic
changes in DNA sequences generate pathogenic loci. Most other
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neurodegenerative and neuropsychiatric disorders, including
AD-related dementias like FTLD and PD dementia/Lewy body
dementia, present most commonly as a sporadic disease. SGR
in theory could act on any number of gene loci, including
those identified in familial disease to produce mosaic genomic
variations that drive sporadic disease. Notably, new mutations
in known pathogenic genes as well as in unrecognized genes
could be somatically and mosaically altered in the brain,
which again might be incompatible with life if present in the
germline. SGR dysregulation could also explain the multiple
decades it takes for most neurodegenerative diseases to progress
as well as patient-to-patient variability in disease progression,
wherein the generation and the accumulation of pathogenic
gene variants occur mosaically over time. Similarly, SGR can
explain the comorbidity of mixed dementias, where ~50-
75% of patients with dementia have neuropathology from
at least two of the AD-related dementias (Kovacs et al,
2013; James et al., 2016; Brenowitz et al, 2017; Kapasi
et al., 2017). In this scenario, SGR could act on different
genes within the same brain, affecting various cell types and
neuroanatomical regions.

SGR AND REVERSE TRANSCRIPTASE
ACTIVITY

The origin of brain RT activity is not yet clear. RTs were
first discovered in retroviruses (Baltimore, 1970; Temin and
Mizutani, 1970). However, a more likely source of endogenous
RT activity in humans resides in the genome, within what
was once called “junk DNA” (Ohno, 1972) and includes
LINE1 sequences, human endogenous retrovirus (HERVs), and
sequences encoding telomerases. LINE1 sequences account for
~17% of the human genome and include over 500,000 copies
(Lander et al., 2001). Two open reading frames within LINE1
are ORF1, thought to encode a high-affinity RNA binding
protein, and ORF2 that encodes an RT and an endonuclease.
A vast majority of these sequences are thought to be inactive;
however, some have been shown to enable retro-transposition
in cancer and have been implicated as a driver of evolution
(Lee et al, 2012). LINE1 has also been hypothesized to
contribute to neuronal diversity by disrupting existing genes or
DNA elements upon re-insertion of LINEI sequences during
neurogenesis (Muotri et al, 2005), a concept that remains
under active investigation (Evrony et al, 2012 wvs. Upton
et al, 2015). Another 8% of the genome is made up of
HERVs that contain a possible RT within its pol gene, albeit
with limited expected activity in the human genome (Nelson
et al,, 2003, 2004; Thomas et al., 2018). Human telomerase
(encoded by the TERT gene) also has RT activity (Leao et al,
2018) and may further provide an RT source, as could other
unknown enzymes.

The Clinical Potential of SGR Inhibition in

AD and Other Brain Diseases
The demonstrated involvement of RT activity in SGR implicates
its inhibition as a possible AD preventative and/or therapeutic

intervention. Critically, multiple FDA-approved RT inhibitors
have been developed for the treatment of HIV (and later,
HBV), with over three decades of continuous use as part
of combination anti-retroviral therapies, which may provide
real-world evidence of their efficacy in the prevention and/or
treatment of AD. The number of treated HIV-infected patients
who are also at risk of SAD (being ~65 years or older) currently
number up to ~80,000-100,000 patients in the United States
(CDC, 2018), which would yield an expected AD prevalence in
the thousands (10% of all persons age 65 or older have AD;
Alzheimer’s Association, 2019). A surveillance of these patients
has occurred for over a decade in anticipation of an increase
of AD in HIV-infected patients (Alisky, 2007), yet only one
documented AD/HIV-infected case has appeared in the peer-
reviewed literature (Turner et al., 2016). The limitations of
post hoc epidemiology are acknowledged, and prospective AD
clinical trials are needed. However, even if confounders resulted
in these numbers being off by a factor of 100, there would still
be a significant difference between the number of reported HIV-
infected SAD cases vs. the expected prevalence of SAD in this age
group. Since approved RT inhibitors have over 30 years of real-
world human safety data, legal, off-label prescription by a licensed
physician represents a promising option for AD patients where
no effective and safe therapy currently exists.

CONCLUSION

Genomic mosaicism in the human brain is a biological fact that
manifests through multiple forms of DNA sequence changes
within single cells, from aneuploidies through SNVs. The recent
discovery of SGR acting on APP provides functionality for
genomic mosaicism through actions on a single gene, with
both normal and disease implications. Normally, SGR may act
as a form of cellular memory (Crick, 1984; Davis and Squire,
1984), where transcriptional activity and resulting DNA breaks
may enable the retro-insertion of gencDNAs ready for re-
expression as pre-spliced and varied mRNAs and diverse protein
products: a form of long-lasting memory. SGR may also resemble
forms of genomic “streamlining” that have been documented
through phylogeny and contribute to species evolution (Roy
and Gilbert, 2006). The dysregulation of SGR produces disease
through increased numbers and forms of toxic gencDNAs, as
illustrated by somatic, genomic changes documented in SAD
brains. Importantly, the SGR hypothesis in AD does not reject
the amyloid hypothesis outright but rather incorporates major
features to modify the hypothesis while also accommodating
other distinct hypotheses and explaining discrepancies in the
scientific and clinical trial literature through the generation of
APP variants and downstream molecular diversity. SGR presents
a new source of potential therapeutics, some with near-term
implications for the treatment and/or prevention of AD by use
of FDA-approved medicines targeting endogenous brain RTs, an
approach supported by human epidemiological data on older
HIV-infected patients. SGR and its roles in AD represent a new
step toward understanding the functions of genomic mosaicism
in the normal, aging, and diseased brain.
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The retrotransposon long interspersed nuclear element-1 (LINE-1) can autonomously
increase its copy number within a host genome through the retrotransposition process.
LINE-1 is active in the germline and in neural progenitor cells, and its somatic
retrotransposition activity has a broad impact on neural development and susceptibility
to neuropsychiatric disorders. The method to quantify the genomic copy number of LINE-1
would be important in unraveling the role of retrotransposition, especially in the brain.
However, because of the species-specific evolution of LINE-1 sequences, methods for
quantifying the copy number should be independently developed. Here, we developed a
quantitative PCR (qPCR) assay to measure the copy number of active LINE-1 subfamilies
in mice. Using the assay, we investigated aging-associated alterations of LINE-1 copy
number in several brain regions in wild-type mice and Polg*P?" mice as a model for
accelerated aging. We found that aged Polg*??*”4 mice showed higher levels of the type
Gfll LINE-1 in the basal ganglia than the wild-type mice did, highlighting the importance
of assays that focus on an individual active LINE-1 subfamily.

Keywords: retrotransposition, mitochondrial DNA, non-LTR, basal ganglia, somatic mosaicism, POLG, aging

INTRODUCTION

Long interspersed nuclear element-1 (LINE-1) is a retrotransposon with a length of approximately
6 kb. It occupies approximately 17 and 19% of the human genome and mouse genome,
respectively (Lander et al, 2001; Mouse Genome Sequencing Consortium et al, 2002).
Full-length LINE-1 is composed of a 5' untranslated region (UTR), open reading frame (ORF)
1, ORF2, a 3'UTR, and a poly-A tail. ORF1 encodes an RNA-binding protein (Holmes et al., 1992;
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Hohjoh and Singer, 1997), and ORF2 encodes the protein with
reverse transcriptase and endonuclease activity (Mathias et al.,
1991; Feng et al,, 1996). LINE-1 can increase its copy number
within the host genome autonomously by a process called
retrotransposition, which involves transcription of LINE-I,
translation of ORFs, and translocating LINE-1 transcripts to
the nucleus for their reverse transcription (Hohjoh and Singer,
1997; Cost et al., 2002). Retrotransposon activity is known to
occur in germline cells and during early embryogenesis. When
the newly transcribed copy of LINE-1 is inserted into genomic
regions, it often affects genome stability and gene expression,
resulting in a number of Mendelian diseases (Goodier and
Kazazian, 2008; Cordaux and Batzer, 2009; Hancks and Kazazian,
2016). In addition to germline cells, recent findings suggest
that LINE-1 is also active in neural precursor cells during early
neurodevelopment and adult neurogenesis in the hippocampus,
resulting in somatic mosaicism in brain cells (Erwin et al., 2014;
Evrony et al, 2016; Faulkner and Billon, 2018; Saleh et al,
2019). Somatic LINE-1 retrotransposition in neurons is considered
to be involved in the pathophysiology of neuropsychiatric disorders
(Muotri et al, 2010; Coufal et al., 2011; Bundo et al., 2014;
Iwamoto, 2019; Saleh et al., 2019).

In the other cell types and in most of the developmental
stages, LINE-1 activity is strictly suppressed by multiple
mechanisms, including genetic, epigenetic, posttranscriptional,
and posttranslational regulation, depending on the type and
evolutionary origin of LINE-1 (Goodier and Kazazian, 2008;
Goodier, 2016). However, in addition to cancer (Rodic, 2018),
accumulating evidence suggests that aging may be associated
with increased LINE-1 activity (Saleh et al., 2019). The expression
level and copy number of LINE-1 are increased with aging
in liver and muscle tissue in mice (De Cecco et al., 2013;
Min et al, 2019) and in senescent cells (De Cecco et al.,
2019). An increase in LINE-1 copy number was also reported
in the brains of adult rats compared to those of younger rats
(Giorgi et al., 2018), and a similar increase was observed in
mice with a deficiency in SIRT6, which is a regulator of
longevity (Liao and Kennedy, 2016; Simon et al., 2019). Whether
LINE-1 in nondividing mature neurons exhibits retrotransposition
remains unclear, a study showed that engineered LINE-1 can
retrotranspose in human neurons (Macia et al., 2017).

Estimation of the active LINE-1 copy number in human
and model animals will provide important information for
understanding the role of retrotransposition. For this purpose,
a quantitative PCR (qPCR)-based estimation technique has
been used, because it allows high-throughput measuring in a
cost-effective manner. However, the structure and evolutionary
characteristics of LINE-1 differ between humans and model
animals, such as mice. In humans, only the most evolutionarily
young LINE-1 subfamily, Hs, retains retrotransposition activity
(Skowronski, et al., 1988), while at least three subfamilies
(A, Gf, and Tf) retain activity in mice (Sookdeo et al., 2013).
These three subfamilies are further classified into three A types
(AI, AIL and AIII), two Gf types (GfI and GfII), and three
Tf types (TfI, Tfll, and TfIII). In addition, in mice, LINE-1
contains repeat sequences called monomers in the 5'UTR,
which are not present in human LINE-1. Given that different

active subfamilies in mice have different transcriptional activity
and epigenetic profiles (DeBerardinis and Kazazian, 1999;
Bulut-Karslioglu et al., 2014; Murata et al., 2017), detailed
analysis of specific subfamilies is critically important.

Here, we developed a qPCR-based assay to quantify the
copy number of active LINE-1 subfamilies in mice. Using this
assay, we investigated aging-associated LINE-1 copy number
change in Polg”’®*"* mice, which we considered an animal
model of chronic progressive external ophthalmoplegia (CPEO)
that exhibits a premature aging characterized by accumulation
of deleted mtDNA and motor dysfunction (Fuke et al., 2014).
POLG is a nuclear-encoded mitochondrial DNA (mtDNA)
polymerase, and its mutations are known to cause CPEO and
associate with psychiatric disorders (Kasahara et al., 2017; Kato,
2019). Mice carrying a D257A knock-in mutation in Polg
(PolgP*7AP374) Jost proofreading activity of mtDNA and showed
drastic accelerated aging phenotypes, including weight loss,
reduced subcutaneous fat, hair loss, curvature of the spine,
osteoporosis, and a reduced life span (Trifunovic et al., 2004;
Kujoth et al., 2005). Although the mice carrying the heterozygous
Polg®>7 (Polg*’®**) were reportedly normal (Trifunovic et al,
2004; Kujoth et al., 2005), we previously found that they showed
age-dependent increased accumulation of mtDNA deletions
and behavioral alterations, including motor dysfunction (Fuke
et al,, 2014). In this study, we found a subfamily-specific increase
in the LINE-1 copy number in the basal ganglia of aged
Polg*P>7 mice, showing the importance of a specific assay
focusing on an individual member of the LINE-1 subfamilies.

MATERIALS AND METHODS

Primer Design

Consensus sequences of LINE-1 subfamilies in mice, including
active subfamilies (Tf, A, and Gf) were retrieved from Repbase
(Bao et al, 2015; Kojima, 2018). We designed both forward
and reverse PCR primers with unique sequences for each active
subfamily at their 3' ends. Primer sequences were searched for
homologous consensus sequences using GENETYX ver.13
(GENETYX, Tokyo, Japan) to rule out the possibility of incorrect
annealing. For the purpose of quality control, initial PCR was
performed using rTaq DNA Polymerase (TOYOBO, Osaka,
Japan) with a total of 5 ng of mouse genomic DNA as a
template. PCR conditions were as follows: 1 min at 94°C followed
by 40 cycles of 15 s at 95°C and 45 s at 65°C. Electrophoresis
was performed on 2% agarose gel and visualized using GelGreen
(COSMO BIO, Tokyo, Japan). Direct Sanger sequencing of PCR
products was performed on all the candidate products after
ExoSAP-IT Express PCR Cleanup Reagents (Thermo Fisher
SCIENTIFIC, Waltham, Massachusetts, United States) were used
to purify the DNA (Eurofins Genomics Inc., Tokyo, Japan).

Quantitative PCR

qPCR was performed using THUNDERBIRD SYBR qPCR mix
(TOYOBO) and a total of 500 pg of genomic DNA as a
template; reactions were carried out on a Quantstudio® 5
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Real-Time PCR System (Thermo Fisher SCIENTIFIC). All
primer pairs were used at a 5 uM concentration. gPCR conditions
were the same as those listed above. The melting curve analysis
conditions were as follows: 15 s at 95°C, 15 s at 60°C, and
15 s at 95°C. LINE-1 copy number was adjusted using internal
control, 5srRNA, used previously (Muotri et al., 2010; Bundo
et al, 2014). Quantification was performed in triplicate per
sample. Raw Ct data are available upon request.

TA Cloning and Sequencing of Single
Colonies

PCR products amplified with the GfII_ORF1 and GfI_5'UTR-ORF1
primer pairs (Table 1) were TA-cloned into a pCR4-TOPO
vector using a TOPO TA cloning kit (Thermo Fisher SCIENTIFIC).
We then transformed a DH5a strain with the vector samples
and sequenced plasmids derived from single colonies.

Dendritic Tree

Dendritic trees were drawn using the mouse LINE-1 consensus
sequences, using NJplot (Perriere and Gouy, 1996) based on
maximum likelihood phylogenetic tree by PsyML (Dereeper et al.,
2008). The tree of PCR amplicons (N = 65 for GFII_ORF1 and
N =49 for GfI_5'UTR-ORF1) was derived from TA-cloning, using
GENETYX ver.13 based on neighbor joining method and a Kimura
2-parameter model. Three consensus sequences (LIMM_E L1VL1_5,
and L1VL2_5) were removed from these analyses because they
did not have a corresponding sequence to the target region.

Animal Model

PolgP*”* mice were described previously (Kujoth et al., 2005;
Fuke et al., 2014). In brief, Polg""*™ mice (Kujoth et al., 2005)

TABLE 1 | List of primer pairs used in this study.

. Primer , ’
Subfamily ame Sequence (5' -> 3)
msUTR F  TAAGAGAGCTTGCCAGCAGAGA
R GCAGACCTGGGAGACAGATTCT
Universal mORF F  TGGAAGAGAGAATCTCAGGTGC
R  TTGTGCCGATGTTCTCTATGG
mORE2 F  CTGGCGAGGATGTGGAGAA
R CCTGCAATCCCACCAACAAT
F  CACTTTAGTAAAGCTCAAAGCAT
Al Al A-ORF2_1 R ATGTTCTGTAGATATCTGTCAGG
A ORF1 F  GACCAAACCTACGGATAATAGGAATT
AlL Al Alll - R GATCATGGGCATCTCTTTTTTTAT
A ORF2 2 F  TTGGCGTGACTCTAACTAAGGAG
- - R CCTAGGTTTTTTGTTATTCCAGACA
G Gf_5'UTR- F AGAGAGCTTGTCTCCCACGC
ORF1 R CATGAGATATGCTTTTAAATCCAGGTCTAC
Gl Gfil_ORF1 F  AACCCAAAGTGAGGCAACAG
R CATCCACTCCTA TTATCCGTAGGTTC
T TH_3UTR F  GGGATCCACCCCATAATCAGCTTCCAAAT
R  TCCCCTGTACCGGGGCACAC
Internal mBSIANA F  ACGGCCATACCACCCTGAA
control R GGTCTCCCATCCAAGTACTAACCA

Universal and internal control pairs were previously reported (Muotri et al., 2010;
Bundo et al., 2014).

were backcrossed with C57BL/6JJcl mice for more than six
generations (Fuke et al., 2014). Five brain regions, frontal lobe,
hippocampus, posterior cortex, basal ganglia, and cerebellum
were dissected, and genomic DNAs were extracted from them
as described (Fuke et al., 2014).

Statistical Analysis

Welchss t-test was employed for comparison between two groups.
p < 0.05 was considered significant. We considered a robust
change to occur only if changes in both tissues were supported
by statistical significance (Welch’s t-test, p < 0.05 in both tissues).

RESULTS

Establishment of qPCR Assays for
Individual Active LINE-1 Subfamilies in
Mice

We retrieved a total of 34 mouse LINE-1 consensus sequences
from Repbase, which is a database of repetitive DNA elements
(Bao et al, 2015; Kojima, 2018). Based on the consensus
sequences, primer pairs that can specifically amplify the active
LINE-1 subfamily (A, Gf, and Tf) were designed. Because each
active subfamily was further divided into subtypes, i.e., A for
Al AIL and AIIIL, Gf for GfI and GflII, and Tf for TfI, TfII,
and TfIII (Supplementary Figure S1), we first tried to design
primer pairs for each type and then designed primers to include
several types within the same subfamily. After excluding the
primer pairs that may incorrectly anneal to other LINE-1
locations, we designed a total of 28 primer pairs, including
four pairs for Al, AIl, and AIIl, one pair for Al and AII,
four pairs for Gfl, eight pairs for GfIl, two pairs for Tfl, one
pair for TfII, three pairs for TfIII, and five pairs for Tfl and
TfII. We then determined whether the designed primer pair
produced a single amplicon by agarose gel electrophoresis
(Figure 1A), followed by direct Sanger sequencing. Representative
data of Gf_II ORF1 were shown in Supplementary Figure S2.
Primer pairs were then tested using a melting curve analysis
in a qPCR context (Figure 1A). Amplicons from the primer
pairs, GfII_ORF1, and GfI_5UTR-ORF1 (Figures 1B,C and
Table 1) were further analyzed by TA-cloning. In GfII_ORF1,
sequences obtained from 65 individual bacterial colonies revealed
that 81.5% (53/65) of amplicons showed high similarity with
the GfII consensus sequence. Other amplicons (12/65) were
also considered to be GfII variants because all of them contained
unique GfII-specific sequences (Supplementary Figure S2).
Similarly, in GfI_5'UTR-ORF1, sequences obtained from 49
individual bacterial colonies revealed that 79.6% (39/49) of
amplicons showed high similarity with the GfI consensus
sequence. All other amplicons (10/49) were also considered
to be GfI variants because they contained unique Gfl-specific
sequences (data not shown). Finally, we obtained a total of
six primer pairs that were highly specific for the target active
LINE-1 subfamilies. They included two pairs for all three active
type A (I, II, and III), one pair for AI and All, and one pair
each for Gfl, GfIl, and TfII (Figure 1C and Table 1).
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FIGURE 1 | PCR primer pairs specific for individual active long interspersed nuclear element-1 (LINE-1) subfamilies. (A) Agarose gel electrophoresis of PCR
products, left. Melting curve analysis of PCR products in the quantitative PCR (qPCR) context, right. M, molecular size markers. (B) Sequences of the Gfll_ORF1
primer pair. Primer sequences aligned with the consensus sequence of Gfll are shown. The unique sequence in Gfll is highlighted in gray. *Indicates the unique
sequence used for sequencing analysis of PCR products. (C) Location of the validated primer pairs. Monomer sequencers are omitted from the illustrations.

Subfamily-Specific LINE-1 Copy Number
Analysis of Various Brain Regions of
Polg*'®*™ Mice

We measured LINE-1 copy number in various brain regions
(basal ganglia, cerebellum, frontal lobes, hippocampus, and
posterior cortex) from the aged Polg""*"* mice; these mice
were shown to exhibit accumulation of mtDNA deletions during
aging (Fuke et al., 2014). We examined the LINE-1 copy number
in aged mice (84 weeks old) with conventional primer pairs
that do not target specific LINE-1 subfamilies (Muotri et al.,
2010; Bundo et al, 2014) and those we developed in this
study (Table 1). Due to the multiple statistical testing methods
and the limited number of samples, we used two different
tissues, heart and skeletal muscles, as references. We considered
a robust change to occur only if changes in both tissues were
supported by statistical significance (Welch’s t-test, p < 0.05 in
both tissues). We found that the conventional primer pairs
did not detect copy number changes in the tested brain regions
from Polg*®*™ mice (Figure 2A). However, among the developed
primer pairs, we found consistently higher GfII LINE-1 copy

numbers in the basal ganglia in Polg""*"* mice than in wild-

type mice (Figures 2A,B). All the comparisons were listed in
Supplementary Figure S3.

DISCUSSION

Here, we developed subfamily-specific LINE-1 copy number
assays in mice and investigated age-related changes in LINE-1
copy number in the brains of Polg"P*"* mice. We found that
aged Polg"™*"* mice showed an increase of GfII in the basal
ganglia over what was seen in wild-type mice, highlighting
the importance of specific assays focusing on individual active
LINE-1 subfamilies.

We successfully generated a total of six primer pairs that
were highly specific to target subfamilies. Copy number and
expression analyses specifically targeting active LINE-1 subfamilies
in mice were previously reported (Jachowicz et al., 2017; Bedrosian
et al,, 2018). However, the primers in those studies were designed
to amplify conserved regions among three active subfamilies
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Universal mORF1 1.01 0.96 1.01 1.03 0.96 1.02 0.97 1.02 1.04 0.97
mORF2 1.03 1.03 1.01 1.06 0.94 1.05 1.04 1.01 1.07 0.94
A ORF1 0.97 1.06 0.97 1.00 1.06 0.86 0.94 0.94
A ORF2_1 1.08 1.12 1.08 1.01 1.09 0.94 0.97 0.94 0.89 0.95
Subfamily A ORF2_2 1.09 1.14 1.07 1.04 0.96 0.99 1.03 0.97 0.94 0.88
specific  GfI_5'UTR-ORF1| 1.00 1.04 1.05 1.01 1.04 0.93 0.97 0.99 0.94 0.97
Gfl_ORF1 106 22 109 108 113 | 101 [EZ 104 103 107
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FIGURE 2 | LINE-1 copy number detected in 84-week-old Polg*??°”* mouse brain. (A) Changes in LINE-1 content in Polg*??”* mice (n = 4) and wild-type mice
(n = 4). The fold change relative to wild-type mice is shown in each reference tissue. Color indicates the extent of fold change with a nominal significant difference
(Welch’s t-test, p < 0.05). *Indicates a robust change defined as significant in both references (Welch’s t-test, p < 0.05 in both tissues). Fl, frontal lobe; Hp,
hippocampus; Pc, posterior cortex; Bg, basal ganglia; Ce, cerebellum. (B) LINE-1 copy number in the basal ganglia measured using the primer pair Gfll_ORF1. The
copy number in the brain was normalized to the number in the heart (left panel) or skeletal muscle (right panel). Data are represented as the mean + standard
deviation. WT, wild-type mice. All the comparisons were listed in Supplementary Figure S3.

(Bedrosian et al., 2018) or monomer regions (Jachowicz et al., 2017),
which were located in the upstream region of the 5-UTR of
LINE-1; thus, those regions were not suitable for measuring
somatic retrotransposition because the reverse transcription
process usually stops prematurely.

In quantifying repetitive sequences such as LINE-1 by qPCR,
the sequence specificity has been the critical confounding factor
(Evrony et al., 2016). Based on previous reports, the total target
LINE-1 copy numbers are estimated to be 3,466 for type A, 615
for Gfl, 368 for GfII, and 1,282 for TfII in the full-length context
(Sookdeo et al., 2013). Moreover, subfamily specificity of LINE-1
is important from a functional point of view. Transcriptional
level of LINE-1 is proportional to the number of monomers in
the 5'UTR (DeBerardinis and Kazazian, 1999), which are different
in each subfamily. Epigenetic status, including DNA methylation
and histone markers, is distinct in each LINE-1 subfamily (Bulut-
Karslioglu et al., 2014; Murata et al., 2017). The subfamily specificity
found in this study further supports the distinct regulation of
LINE-1 retrotransposition activity in mouse brain cells.

It is noteworthy that in the protocol described here, we used
500 pg of genomic DNA as a template for qPCR. However,
we confirmed that stable quantification data can be obtained
from 100 pg of genomic DNA. Thus, the analysis is possible

in more specific anatomical brain regions or in smaller cell
populations. We also confirmed that the described primer pairs
can be used for measuring subfamily-specific expression levels
(Murata et al., unpublished data).

Several limitations should be kept in mind in applying the
primers, however. First, because we put the highest priority in
selecting primer sequences with high specificity for a target
subfamily, some types within a subfamily were not assessed, or
they were measured together. In the A subfamily, we obtained
primer pairs common to Al, AlIl, and AIll, and a primer pair
common to Al and AIL In the Gf subfamily, the primer pairs
specific for GfI or GfII were independently established. In the
Tf subfamily, the established primer pair measured TfII but not
TfI or THIIL Therefore, the results should be interpreted depending
on the covered types. Second, the locations of the amplified
regions differed among the primer pairs. Considering that the
reverse transcription process is immaturely ended in general,
the primer pairs targeted for the 3' end of LINE-1 would have
more sensitivity for detecting retrotransposition events, whereas
those targeting the upstream region of LINE-1 could examine
more functional retrotransposition. Therefore, the sensitivity of
the measured data will be different based on the target location
of the primers. Third, although SYBR-based qPCR has been
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widely used for LINE-1 copy number assay (Muotri et al., 2010;
Bundo et al., 2014), other quantification approaches such as the
Tagman-probes, the peptide nucleic acid-probes, and the droplet
digital PCR technique (Newkirk et al, 2020) will improve the
sensitivity and the specificity of LINE-1 copy number assay.

Increased activity of LINE-1 in aging and senescent cells
has been reported (De Cecco et al, 2013, 2019; Liao and
Kennedy, 2016; Giorgi et al., 2018; Min et al., 2019; Saleh
et al., 2019; Simon et al., 2019). Our data showing an increased
GfII copy number in the basal ganglia of aged Polg""*"*
mice seemed to be in accordance with these previous reports.
PolgP»74P274 mice showed a severe phenotype of premature
aging, resulting in premature death starting at 40 weeks
(Trifunovic et al., 2004; Kujoth et al., 2005), so we analyzed
the heterozygous mutant in this study. Although the phenotypes
of Polg"™*’* mice were reportedly normal, we previously
observed the presence of mild motor dysfunction at 34 weeks
and the accumulation of deleted mtDNAs from 48 weeks in
the basal ganglia without reducing the life span.

Among the various brain regions we analyzed, we detected
robust LINE-1 copy number change in the basal ganglia.
Basal ganglia have a relatively higher number of mtDNAs
compared to other brain regions (Fuke et al., 2014); thus, it
may be a susceptible brain region to aging-related LINE-1
copy number change. Each active LINE-1 subfamily harbors
unique structures of monomers, tandem repeats in the promoter
regions and different epigenetic status in brain (Murata et al.,
2017). These suggested that they have different expression
pattern and distinctive roles. Therefore, increased GfII in basal
ganglia during aging suggests that there might be GfII-specific
regulators in basal ganglia, whose expressions were altered
during aging.

We detected 1.1-fold change in GfII by qPCR. The standard
curve analysis indicated that Ct values showed a linear relationship
around this magnitude of change (data not shown). By roughly
estimation, this change corresponds to increase of about 37
copies of GfII per cell. The copy number change of this magnitude
has been often reported by qPCR analyses of LINE-1 (Coufal
et al.,, 2009, for example). However, genome analyses of single
neurons reported much smaller extent of changes that cannot
be theoretically detected by qPCR (Evrony et al, 2012, 2016;
Sanchez-Luque et al, 2019). Other approaches such as deep
sequencing analysis will help to interpret the possible discrepancy.

Accumulation of deleted mtDNA has been observed in
heart and skeletal muscles (Fuke et al., 2014). Because
we used these tissues as references in this study, our copy
number estimation in brain may be confounded, if these
tissues showed altered LINE-1 activities. However, we did
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Identification of de novo copy number variations (CNVs) across the genome in single
cells requires single-cell whole-genome amplification (WGA) and sequencing. Although
many experimental protocols of amplification methods have been developed, all suffer
from uneven distribution of read depth across the genome after sequencing of DNA
amplicons, which constrains the usage of conventional CNV calling methodologies.
Here, we present SCCNV, a software tool for detecting CNVs from whole genome-
amplified single cells. SCCNV is a read-depth based approach with adjustment for
the WGA bias. We demonstrate its performance by analyzing data obtained with
most of the single-cell amplification methods that have been employed for CNV
analysis, including DOP-PCR, MDA, MALBAC, and LIANTI. SCCNV is freely available
at https://github.com/biosinodx/SCCNV.

Keywords: single-cell whole-genome sequencing, single-cell whole-genome amplification, amplification bias,
copy number variation, software development

INTRODUCTION

Each single cell in a tissue or cell population has its own unique genome due to accumulating
de novo mutations, such as single-nucleotide variations (SNVs), structural variations (SVs), copy
number variations (CNVs) and aneuploidies. The frequency and spectrum of the mutations reflect
the loss of genome integrity of a cell population, critically important to cancer and aging (Vijg and
Dong, 2020). To detect the mutations unique to a single cell, single-cell whole-genome sequencing
(SCWGS) is necessary. SCWGS requires whole-genome amplification (WGA), which is often
biased, leading to uneven distribution of DNA content across the genome or differences between
alleles. This essentially constrain the usage of variant callers designed for non-amplified bulk DNA.
We recently developed a new software tool, SCcaller, that uses heterozygous SNPs to correct for the
allelic bias hampering SNV calling (Dong et al., 2017).

CNV calling is typically based on variation of sequencing depth across the genome. However,
for a single cell amplicon, variation of sequencing depth increases dramatically due to the
locus-specific amplification bias (Navin et al., 2011; Zong et al,, 2012; Chen et al, 2017).
To solve this issue computationally, we developed SCCNYV, a software tool to identify CNVs
from SCWGS. SCCNV is also based on a read-depth approach: it controls not only bias
during sequencing and alignment, e.g., bias associated with mappability and GC content,
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but also the locus-specific amplification bias. We demonstrate
the performance of SCCNV using SCWGS data of multiple
experimental  protocols, ie., DOP-PCR (degenerative-
oligonucleotide =~ PCR), MDA  (multiple displacement
amplification), MALBAC (multiple annealing and looping-
based amplification cycles), and LIANTI (linear amplification
via transposon insertion) (Navin et al., 2011; Gundry et al., 2012;
Zong et al,, 2012; Chen et al., 2017; Dong et al., 2017).

MATERIALS AND METHODS
SCCNV

Our software tool for analyzing single-cell copy number variation
(SCCNYV) was written in Python. Its source code is freely available
with a usage description and an example at Github' under the
GNU Affero General Public License v3.0. It uses SCWGS data
after alignment as input (i.e., a bam file per single cell). Of note,
SCCNV cannot take sequencing data of a pool of single cells (a
bam file composed of thousands of single cells data), e.g., the 10x
Genomics single-cell copy number data, as input.

First, SCCNV divides the genome into bins of equal size
(500 kb as default), and counts the numbers of reads per bin
of a cell. This step is relatively time-consuming, and we suggest
users to use samtools on a high-performance computer cluster
in parallel for all samples to be time-efficient (see instructions
on Github). The remaining major steps of SCCNV do not
require much computational resources — most modern desktop
computers should work well.

SCCNV then normalizes mappability, which indicates the
efficiency of the alignment to a genomic region. For a bin b of a
cell, SCCNV adjusts the raw number of reads, denoted by NR,4,,,
by dividing over the mappability M,

NRmap,b = NRraw,b/Mb (1)

where mappability M is a value ranging from 0 to 1. SCCNV uses
Encode Align100mer mappability score, downloaded from the
UCSC genome browser, and calculates the mappability of each
bin by using their weighted average.

Then, SCCNV normalizes for GC content. For a cell, SCCNV
calculates the percentile of GC content of each bin. For a bin
b of the cell, its number of aligned reads after normalizing GC
content, NRgc p» is,

NRGC p = NRpmapp x NRmap.genome /\rn )

map, b, percentile
where NRynap, genome is the average NRyyqp per bin of all bins from
the cell; NRynapsb, percentile is the average NRyqp per bin of bins in
the same GC percentile as bin b.

After normalization for mappability and GC content, a pattern
of sequencing read depth emerges that is consistent across
different cells amplified using the same experimental protocol,
i.e., the locus-specific amplification bias. Therefore, the bias is
normalized across all cells in a particular batch and experiment.
First, to make the NRgc; comparable across cells, SCCNV

Thttps://github.com/biosinodx/SCCNV

converts it to a raw copy number estimate, denoted by CN g4, 1,
for bin b of cell ¢, as follows,

CNiaw be = NRGC,b,c/N

RGC,genome,c X plOidy (3)

where NRGc, genome, is the median NRgc, ¢ per bin in the genome
of cell ¢; ploidy is 2 by default. Second, the adjusted copy number
is estimated as,

CNadjusted,b,c = CNraw’ b.e

CNraw.b.—c x ploidy (4)
where CN,,,, . — denotes the average CN,,, for bin b across all
cells except cell c. Of note, with this step SCCNV aims to discover
the difference between the cell ¢ and the other cells. When
analyzing CNVs of multiple tumor cells, it is not appropriate to
use all tumor cells as input of SCCNV; instead, one should use
one tumor cell with two or more normal diploid cells as the input.

Then SCCNV uses a sliding window approach to further
minimize amplification noise. By default, a window includes
11,500-kb bins, i.e., 5.5 Mb of DNA sequence in total, with a
500-kb step size between two neighboring windows,

1 b+5
CNsmoothed,b,c = H Z CNadjusted,i,c (5)
i=b—5

SCCNYV then models the distribution of CNgygthed b, of all bins
in autosomes of a cell ¢ as a normal distribution N(j, 6.2). The
=2, and o is estimated as,

Oc = |CNsmoothed,30.9%,c — |+ |CNsmoothed,69.1%,c -l (6)

where CNpoothed>30-9%,c and CNguoothed,69-1%,c are the 30.9
and 69.1% percentiles of the CNgyoothedsp,c Of all bins in the
autosomes, corresponding to the w - 0.50 and p + 0.50
percentiles, respectively. Here, we did not use the observed s.d. of
CNmoothed, b,c of all the bins because the normal distribution was
to estimate amplification noise, not real variation in copy number
across the genome. When a cell has several large CNVs, the s.d.
will be high, even if its amplification noise remains low.

Assuming equally likely priors, for a bin b and a given possible
copy number k € {0, 1, 2, 3, 4}, its posterior probability is,

P(Hx) =) /51 0 @

where x is the CNgpoothed, b,c» and fi(x) is the probability density
function of a normal distribution,

=k

2
20;

fito) =

xp( ) (8)

1
02T
where the variance o~ is calculated according to Eq. (5). We only
used k € {0, 1, 2, 3, 4} because the final copy number call was after
multiple testing correction, i.e., Eq. (9) below, and we wished to
minimize the number of hypotheses tested, i.e., five for a copy
number of 0-4. However, this will result in an underestimation
if the real copy number exceeds four. To resolve this issue, for
bins with copy numbers >4 and <100, SCCNV reports the closest
integer to the CNoothed, b,c-

2
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SCCNV allows <1 false positive per cell. Therefore, it
determines bin b as a copy number variant when,

1
GenomeSize(3.2 GB)/
WindowSize(5 Mb)

P(Hglx) = 1 — =0.998

)

Sensitivity and False Positive Rate

To determine copy number, SCCNV is based on a statistical
test described in equations (8) and (9) for a normal distribution
and multiple testing correction separately. With a given value
of coefficient of variation (CV) of CN00thed, b,c» SenSsitivity and
FPR can be estimated as follows. Sensitivity equals the difference
between two cumulative distribution functions (CDFs) of Eq. (8)
at the upper and lower boundaries, which SCCNV provides the
correct CNV call after the correction in Eq. (9). The percentage
of FP out of all bins is equal to the sum of (a) CDF at the lower
boundary of SCCNV providing an incorrect CN gain call; and (b)
1 - CDF at the upper boundary of SCCNV providing an incorrect

CN loss call. Then FPR was estimated as the ratio of % of FP to
the sum of % of FP and % of TN.

For example, under the assumption that the true copy number
is 2, if SCCNV calls CN = 2 when CNgygothed, b, i between 1.8
and 2.2, sensitivity = CDF(x = 2.2, 0 = 2) - CDF(x = 1.8, b = 2),
in which CDF is the cumulative distribution function of Eq. (8). If
SCCNV calls (a) CN = 1 when CNy,00thed. b.c is between 0.8 and
1.2, and (b) CN = 3 when CNgyoothed, b, is between 2.8 and 3.2,
then%FP = CDF(x = 1,2, 0. =2) + 1 - CDF(2.8, i = 2).

Testing Datasets and Preprocessing of
Data

Four SCWGS datasets were obtained for demonstrating and
validating the performance of SCCNV (Zong et al., 2012; Lodato
et al., 2015; Chen et al,, 2017; Dong et al., 2017). The datasets
included 8.2 TB SCWGS of 63 single human fibroblasts, neurons
and cells of a tumor cell line amplified using eight different
protocols, i.e., DOP-PCR (Sigma), Rubicon, MALBAC, LIANTI,
and MDA (including Qiagen, GE, Lodato et al's MDA and

A

Raw sequencing depth
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FIGURE 1 | Major steps in SCCNV. A example of copy number estimates of (A) Raw sequencing depth; (B) after normalizing mappability and GC content; (C) after
normalizing amplification bias; and (D) final results is presented. The example is a normal neuronal nucleus amplified with MDA (SRA id: SRR2141574). Each dot
presents a 500 kb bin in the genome. Red and blue colors indicate bins of different chromosomes in Red and blue colors present bins of different chromosomes in
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SCMDA). Supplementary Table 1 lists all the single-cell data
used in this study.

Sequence alignment was performed using BWA and GATK
as follows (Li and Durbin, 2009; McKenna et al., 2010). Raw
sequencing data of each sample (single cell and bulk DNA) were
obtained from the SRA database and subjected to quality control
using FastQC (version 0.11.4;%) and trimming using Trim Galore
(version 0.4.1;’) with default parameters. Then they were aligned
to the human reference genome (version hgl9) using BWA
MEM (version 0.7.12; option: -t number of CPUs -M reference
genome fasta file) (Li and Durbin, 2009). PCR duplications were
removed using picard tools (version 1.119;*). The alignments
were subjected to indel realignment and basepair recalibration
using GATK (version 3.5; using options, RealignerTargetCreator,
IndelRealigner, BaseRecalibrator, and PrintReads) (McKenna
et al,, 2010). The step above was used for generating an analysis-
ready bam file for other types of variants, e.g., single nucleotide
variants, small insertions and deletions, and this step is optional
for large CNVs or aneuploidies using SCCNV. Reads with
mapQ < 30 were discarded. The number of reads per bin of
each sample was calculated using samtools (version 1.3; option:
bedcov) (Li et al., 2009). SCCNV (version 1.0) was used to
estimate CNV of each cell.

RESULTS
Major Steps in SCCNV

As illustrated in Figure 1, SCCNV is composed of four major
steps. It first calculates sequencing depth of the genome in bins
of equal size (500-kb by default). Second, it normalizes the
depth based on two features of the reference genome, including
mappability and GC content. These two features are usually
also considered by conventional CNV callers for bulk DNA
sequencing. Next, it does further normalization across single cells
of a same experimental batch. This step minimizes locus-specific
bias due to WGA. Finally, it smooths the data (5 Mb by default)
and infers copy number of each bin. Intermediate results between
any two connecting steps can be generated by SCCNV for users
to monitor its performance. We provide an example about the
intermediate results of a normal neuronal nucleus amplified with
MDA (SRA id: SRR2141574) in Supplementary Figures 1-4.

Performance on Real Datasets

To evaluate the performance of SCCNV, we obtained four
SCWGS datasets from the SRA database, which includes 8.2 TB
high-depth WGS data of 63 single human fibroblasts, neurons
and cells of a tumor cell line amplified using eight different
protocols, i.e., DOP-PCR (Sigma), Rubicon, MALBAC, LIANTI,
and MDA (including four MDA protocols, Qiagen, GE, Lodato
et al's MDA and SCMDA) (Supplementary Table 1; Zong et al.,
2012; Lodato et al., 2015; Chen et al., 2017; Dong et al., 2017). The
data were processed as described in the Materials and Methods.

Zhttps://www.bioinformatics.babraham.ac.uk/projects/fastqc/
3https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
“http://broadinstitute.github.io/picard/index.html

We used the CV of sequencing depth across all genomic bins
on autosomes as an indicator of performance, because it directly
determines sensitivity and FPR of copy number calling step in
SCCNV. We show sensitivity and FPR of the copy number calling
in Figures 2A,B, respectively. As the CV decreased from 0.135
to 0.041, the sensitivity increased from 0 to 100% and the FPR
decreased from 3.8 x 1073 t0 3.9 x 10711,

For the real datasets, we calculated the CV of raw data and
normalized data after each step to demonstrate the performance
of normalization in SCCNV (Figure 3). Almost all raw data (CV:
0.475 &£ 0.135, avg. =£ s.d.) are beyond the detection threshold,
i.e., CV = 0.135. Each step of normalization decreased the CV
by a significant fraction: on average, mappability normalization
by 5%, GC content normalization by 33% percent, across-cell
normalization by 22%, and smoothing by 55%. This shows the
contributions of each normalization step to performance increase
in the final variant calling. After all the normalization steps,
the CVs are 0.107 £ 0.076 (avg. £ s.d.), corresponding to a
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FIGURE 2 | Sensitivity (A) and False positive rate (B) of SCCNV. Y-axis value
represents the coefficient of variation of the sequencing read depth (or
normalized read depth) of all 500 kb bins across a single-cell genome (see
section “Materials and Methods”).
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—@—LIANTI (n=3)
—®— Rubicon (n=3)

-— DOP-PCR (n=3)

MALBAC_Zong (n=3)

—&— MALBAC_Yikon (n=3)
—o— MDA_GE (n=3)
—@— MDA _Lodato (n=36)
—®— MDA_Qiagen (n=3)

—e— MDA_SCMDA (n=6)

FIGURE 3 | Decreased coefficient of variation by normalization steps in SCCNV. Each line presents the average CV of normalized sequencing depths of multiple
single cells amplified using the same experimental procedures. See Supplementary Table 1 for citations and SRA ids of each experimental batch.

sensitivity of 68.6% and an FPR of 3.6 x 10~ on average. Of
note, different amplification protocols have significantly different
performance when using SCCNYV, likely due to differences in
DNA amplification linearity among the protocols. As expected,
LIANTTI outperformed all the others (Chen et al., 2017). Protocols
that included PCR steps, i.e., DOP-PCR, MALBAC and Rubicon,
ranked in the middle. Although known as suffering from the
least artifactual SNVs (Dong et al., 2017; Zhang et al., 2019),
MDA-based protocols were ended last (Figure 3).

DISCUSSION

Identification of copy number variation and aneuploidy has
been one of the major areas of genomics methods development.
Several statistical models have been developed for analyzing
initially microarray data and later sequencing data of bulk DNA,
for example, Circular Binary Segmentation (CBS), Mean Shift-
Based (MSB) model, Shifting Level Model (SLM), Expectation
Maximization (EM) model, and Hidden Markov Model (HMM)
as discussed in Zhao et al. (2013). Based on these models, multiple
computational software tools have been developed, e.g., CBS,
Copynumber, CNVnator, and HMMcopy (Olshen et al., 2004;
Abyzov et al., 2011; Ha et al,, 2012; Nilsen et al., 2012). To call
CNVs, most of the methods rely on assessing either sequencing
read depth or alternate allele fraction at heterozygous SNPs across
the genome of one sample, i.e., across-genome normalization.
Some of the methods have been applied directly for analyzing
single-cell sequencing data with specific filtering for cells with too
much bias after WGA.

A few new tools for single cell data were also developed
recently under the same rationale (assessing one sample at a
time, or across-genome normalization), such as AneuFinder,
baseqCNV, Ginkgo and SCOPE (Garvin et al, 2015; Bakker
et al,, 2016; Fu et al., 2019; Wang et al., 2019). SCCNV was
developed based on our observation that the locus-specific
amplification bias is often the same in different cells within one
experimental batch and amplified using the same protocol (e.g.,
Supplementary Figure 3); and we showed that normalization
across multiple samples (cells) significantly contributed to
the increase in variant calling performance for single cells
amplified using most WGA protocols (Figure 3). Following the
same across-sample normalization rationale, another software
tool, SCNV, was developed (Wang et al., 2018). It differs
from SCCNV that SCCNV performs normalization based on
empirical data directly (Eq. 4) without any assumption on its
distribution. Of note, with across-sample normalization, SCCNV
essentially aims to identify differences among different cells
in one input batch and, therefore, it is important to input
cells of interest (e.g., tumor cells) together with cells with a
standard diploid genome.

CONCLUSION

We developed SCCNV to identify copy number variations from
whole-genome amplified single cells. We demonstrated its step-
wise performance using most of the recent SCWGS datasets
generated with 8 different amplification protocols.

Frontiers in Genetics | www.frontiersin.org

November 2020 | Volume 11 | Article 505441


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Dong et al.

SCCNV

DATA AVAILABILITY STATEMENT

Raw sequencing data of each sample were obtained from SRA
database (SRA SRP067062, SRA SRA060929, SRA SRP102259,
SRA SRP041470, and SRA SRP061939).

AUTHOR CONTRIBUTIONS

XD, LZ, and JV conceived the study. XD and TW developed the
method. XD and XH analyzed the data. XD, LZ, and JV wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work has been supported by the NIH grants P01 AG017242,
P01 AG047200, P30 AG038072, K99 AG056656, U01 HL145560,

REFERENCES

Abyzov, A., Urban, A. E., Snyder, M., and Gerstein, M. (2011). CNVnator: an
approach to discover, genotype, and characterize typical and atypical CNVs
from family and population genome sequencing. Genome Res. 21, 974-984.
doi: 10.1101/gr.114876.110

Bakker, B., Taudt, A., Belderbos, M. E., Porubsky, D., Spierings, D. C., De Jong,
T. V., et al. (2016). Single-cell sequencing reveals karyotype heterogeneity in
murine and human malignancies. Genome Biol. 17:115.

Chen, C, Xing, D, Tan, L., Li, H., Zhou, G., Huang, L., et al. (2017). Single-
cell whole-genome analyses by linear amplification via transposon insertion
(LIANTTI). Science 356, 189-194. doi: 10.1126/science.aak9787

Dong, X., Zhang, L., Hao, X., Wang, T., and Vijg, J. (2019). SCCNV: a software
tool for identifying copy number variation from single-cell whole-genome
sequencing. bioRxiv [Preprint], doi: 10.1101/535807

Dong, X., Zhang, L., Milholland, B., Lee, M., Maslov, A. Y., Wang, T., et al.
(2017). Accurate identification of single-nucleotide variants in whole-genome-
amplified single cells. Nat. Methods 14, 491-493. doi: 10.1038/nmeth.4227

Fu, Y., Zhang, F., Zhang, X, Yin, J., Du, M, Jiang, M., et al. (2019).
High-throughput single-cell whole-genome amplification through centrifugal
emulsification and eMDA. Commun. Biol. 2:147.

Garvin, T., Aboukhalil, R., Kendall, J., Baslan, T., Atwal, G. S., Hicks, J., et al. (2015).
Interactive analysis and assessment of single-cell copy-number variations. Nat.
Methods 12, 1058-1060. doi: 10.1038/nmeth.3578

Gundry, M., Li, W., Magbool, S. B, and Vijg, J. (2012). Direct, genome-wide
assessment of DNA mutations in single cells. Nucleic Acids Res. 40, 2032-2040.
doi: 10.1093/nar/gkr949

Ha, G., Roth, A., Lai, D., Bashashati, A., Ding, J., Goya, R., et al. (2012). Integrative
analysis of genome-wide loss of heterozygosity and monoallelic expression
at nucleotide resolution reveals disrupted pathways in triple-negative breast
cancer. Genome Res. 22, 1995-2007. doi: 10.1101/gr.137570.112

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with burrows-
wheeler transform. Bioinformatics 25, 1754-1760. doi: 10.1093/bioinformatics/
btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009).
The sequence alignment/Map format and SAMtools. Bioinformatics 25, 2078
2079. doi: 10.1093/bioinformatics/btp352

Lodato, M. A., Woodworth, M. B, Lee, S., Evrony, G. D., Mehta, B. K., Lee, E., et al.
(2015). Somatic mutation in single human neurons tracks developmental and
transcriptional history. Science 350, 94-98. doi: 10.1126/science.aab1785

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky,
A., et al. (2010). The genome analysis toolkit: a MapReduce framework for

and UO01 ES029519, and the Paul F. Glenn Center for the
Biology of Human Aging.

ACKNOWLEDGMENTS

This manuscript has been released as a Pre-Print at https:// www.
biorxiv.org/ content/ 10.1101/ 535807v1 (Dong et al., 2019).

CODE AVAILABILITY STATEMENT

The source code of SCCNV can be found in the https://github.
com/biosinodx/SCCNV.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2020.505441/full#supplementary- material

analyzing next-generation DNA sequencing data. Genome Res. 20, 1297-1303.
doi: 10.1101/gr.107524.110

Navin, N., Kendall, J., Troge, J., Andrews, P., Rodgers, L., Mcindoo, J., et al. (2011).
Tumour evolution inferred by single-cell sequencing. Nature 472, 90-94. doi:
10.1038/nature09807

Nilsen, G., Liestol, K., Van Loo, P., Moen Vollan, H. K., Eide, M. B., Rueda, O. M.,
etal. (2012). Copynumber: efficient algorithms for single- and multi-track copy
number segmentation. BMC Genom. 13:591. doi: 10.1186/1471-2164-13-591

Olshen, A. B., Venkatraman, E. S., Lucito, R., and Wigler, M. (2004). Circular
binary segmentation for the analysis of array-based DNA copy number data.
Biostatistics 5, 557-572. doi: 10.1093/biostatistics/kxh008

Vijg, J., and Dong, X. (2020). Pathogenic mechanisms of somatic mutation and
genome mosaicism in aging. Cell 182, 12-23. doi: 10.1016/j.cell.2020.06.024

Wang, R,, Lin, D.-Y,, and Jiang, Y. (2019). SCOPE: a normalization and copy
number estimation method for single-cell DNA sequencing. bioRxiv [Preprint],
doi: 10.1101/594267

Wang, X., Chen, H., and Zhang, N. R. (2018). DNA copy number profiling using
single-cell sequencing. Brief Bioinform. 19, 731-736. doi: 10.1093/bib/bbx004

Zhang, L., Dong, X., Lee, M., Maslov, A. Y., Wang, T., and Vijg, J. (2019). Single-
cell whole-genome sequencing reveals the functional landscape of somatic
mutations in B lymphocytes across the human lifespan. Proc. Natl. Acad. Sci.
U.S.A. 116,9014-9019. doi: 10.1073/pnas.1902510116

Zhao, M., Wang, Q., Wang, Q.,, Jia, P., and Zhao, Z. (2013). Computational tools
for copy number variation (CNV) detection using next-generation sequencing
data: features and perspectives. BMC Bioinform. 14(Suppl. 11):S1. doi: 10.1186/
1471-2105-14-511-S1

Zong, C., Lu, S., Chapman, A. R, and Xie, X. S. (2012). Genome-wide detection
of single-nucleotide and copy-number variations of a single human cell. Science
338, 1622-1626. doi: 10.1126/science.1229164

Conflict of Interest: XD, LZ, and JV are co-founders of SingulOmics Corp.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Dong, Zhang, Hao, Wang and Vijg. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

November 2020 | Volume 11 | Article 505441


https://www.biorxiv.org/content/10.1101/535807v1
https://www.biorxiv.org/content/10.1101/535807v1
https://github.com/biosinodx/SCCNV
https://github.com/biosinodx/SCCNV
https://www.frontiersin.org/articles/10.3389/fgene.2020.505441/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2020.505441/full#supplementary-material
https://doi.org/10.1101/gr.114876.110
https://doi.org/10.1126/science.aak9787
https://doi.org/10.1101/535807
https://doi.org/10.1038/nmeth.4227
https://doi.org/10.1038/nmeth.3578
https://doi.org/10.1093/nar/gkr949
https://doi.org/10.1101/gr.137570.112
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1126/science.aab1785
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1038/nature09807
https://doi.org/10.1038/nature09807
https://doi.org/10.1186/1471-2164-13-591
https://doi.org/10.1093/biostatistics/kxh008
https://doi.org/10.1016/j.cell.2020.06.024
https://doi.org/10.1101/594267
https://doi.org/10.1093/bib/bbx004
https://doi.org/10.1073/pnas.1902510116
https://doi.org/10.1186/1471-2105-14-S11-S1
https://doi.org/10.1186/1471-2105-14-S11-S1
https://doi.org/10.1126/science.1229164
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Advantages
of publishing
In Frontiers

o

OPEN ACCESS

Articles are free to read
for greatest visibility
and readership

90

FAST PUBLICATION

Around 90 days
from submission
to decision

L

HIGH QUALITY PEER-REVIEW
Rigorous, collaborative,
and constructive
peer-review

TRANSPARENT PEER-REVIEW
Editors and reviewers
acknowledged by name
on published articles

Frontiers
Avenue du Tribunal-Fédéral 34
1005 Lausanne | Switzerland

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact

OO

REPRODUCIBILITY OF
RESEARCH

Support open data
and methods to enhance
research reproducibility

E

DIGITAL PUBLISHING
Articles designed
for optimal readership
across devices

uil

IMPACT METRICS

Advanced article metrics
track visibility across
digital media

FOLLOW US
@frontiersin

EXTENSIVE PROMOTION
Marketing
and promotion
of impactful research

©

LOOP RESEARCH NETWORK
Our network
increases your
article’s readership



http://www.frontiersin.org/

	Cover
	Frontiers eBook Copyright Statement
	Somatic Genomic Mosaicism & Human Disease
	Table of Contents
	Editorial: Somatic Genomic Mosaicism & Human Disease
	Author contributions
	Conflict of interest
	Publisher’s note
	References

	Chromosome Instability and Mosaic Aneuploidy in Neurodegenerative and Neurodevelopmental Disorders

	﻿Introduction

	﻿Mosaic Aneuploidy in Alzheimer’s Disease

	﻿Mosaic Aneuploidy in Frontotemporal Lobar Degeneration

	﻿Mosaic Aneuploidy in Neurodevelopmental Disorders

	﻿Mechanisms by Which Neuronal Aneuploidy and Apoptosis Can Arise

	﻿Linking Development and Aging: A Role for Catalysts in Age-Associated Proteinopathies

	﻿Constitutional Aneuploidy in the Normal Brain

	﻿Summary


	﻿Data Availability Statement

	﻿Author Contributions

	﻿Acknowledgments

	References


	Mosaicism: Reason for Normal Phenotypes in Carriers of Small Supernumerary Marker Chromosomes With Known Adverse Outcome. A Systematic Review

	﻿Introduction

	﻿Materials and Methods

	﻿Literature Search


	﻿Results

	﻿Discussion

	﻿Data Availability Statement

	﻿Author Contributions

	References


	The X Files: “The Mystery of X Chromosome Instability in Alzheimer’s Disease”
	Introduction
	The X Chromosome Is Unique

	Brain and the X Chromosome
	X-Linked miRNA and the Brain

	PCDH11X
	Does PCDH11X Escape X Inactivation?
	PCDH11X Asynchronous Replication

	Sex Chromosome Dosage (SCD): an Engine of Stability
	Summary
	Author Contributions
	Funding
	References

	Pathological Aspects of Neuronal Hyperploidization in Alzheimer's Disease Evidenced by Computer Simulation
	Introduction
	Results and Discussion
	Morphological Changes Induced by Cell Cycle Reentry in Cortical Neurons
	Simulation of Neural Networks Containing Silent Hyperploid Neurons

	Conclusion
	Materials and Methods
	Neuronal Soma and Dendritic Tree Analysis
	Neural Network Simulation
	Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Somatic Genomic Mosaicism in Multiple Myeloma
	Background
	A High Degree of Somatic Genomic Mosaicism, A Necessary and Sufficient Condition for Evolution, is Common in MM
	The Main Mechanism of Somatic Genomic Mosaicism is ``Fuzzy Inheritance'' Which is Coded by Living Systems to Adapt to Microenvironmental Dynamics
	The Importance of Somatic Genomic Mosaicism for New Emergent Genomes
	The Clinical Implications of Genomic Somatic Mosaicism and System Constraint
	Author Contributions
	Funding
	Acknowledgments
	References

	Genomic Indexing by Somatic Gene Recombination of mRNA/ncRNA – Does It Play a Role in Genomic Mosaicism, Memory Formation, and Alzheimer's Disease?
	The Individuality of Neurons
	A Very Large Part of the Human Genome Might Be of Retro-Transposable Origin
	Intronless Genes
	Intronless Genes Can Contribute to the Genomic Diversity of Cells
	Intronless Genes Are a Likely Consequence of Somatically Recombined Transcript Incorporation Into the Genome and Are Potentially Generated by Line-1 Retrotransposition
	What Is Necessary for Somatic Recombination of Rna-Based Transcripts in Trans?
	Line-1 Integration Is Involved in Memory Formation
	Are Line-1 Activity and gencdna Generation Involved in the Pathomechanism of Ad?
	Therapeutic Implications
	Author Contributions
	Funding
	Acknowledgments
	References

	Mosaic Somatic Gene Recombination as a Potentially Unifying Hypothesis for Alzheimer's Disease
	Genomic Mosaicism at the App Locus
	Sgr Affecting App Is Dysregulated in Sad Brains
	Molecular Diversity Produced by Sgr May Link Multiple Ad Hypotheses
	Amyloid Cascade Hypothesis Modified by Somatic Gene Recombination
	Tau Hypothesis Compatibility With SGR
	Prion Hypothesis Relevance to SGR
	Inflammation and Cellular Stress Hypotheses and SGR
	Trisomy 21 Hypothesis and SGR
	Infection Hypothesis and SGR
	The SGR Hypothesis in AD

	Sgr and Other Brain Diseases
	Sgr and Reverse Transcriptase Activity
	The Clinical Potential of SGR Inhibition in AD and Other Brain Diseases

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References

	Establishment of Quantitative PCR Assays for Active Long Interspersed Nuclear Element-1 Subfamilies in Mice and Applications to the Analysis of Aging-Associated Retrotransposition
	Introduction
	Materials and Methods
	Primer Design
	Quantitative PCR
	TA Cloning and Sequencing of Single Colonies
	Dendritic Tree
	Animal Model
	Statistical Analysis

	Results
	Establishment of qPCR Assays for Individual Active LINE-1 Subfamilies in Mice
	Subfamily-Specific LINE-1 Copy Number Analysis of Various Brain Regions of Polg +/D257A Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References

	SCCNV: A Software Tool for Identifying Copy Number Variation From Single-Cell Whole-Genome Sequencing
	Introduction
	Materials and Methods
	SCCNV
	Sensitivity and False Positive Rate
	Testing Datasets and Preprocessing of Data

	Results
	Major Steps in SCCNV
	Performance on Real Datasets

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Code Availability Statement
	Supplementary Material
	References

	Back Cover


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




