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Preface to the Series

Experimental life sciences have two basic foundations: concepts and tools. The Neuromethods
series focuses on the tools and techniques unique to the investigation of the nervous system
and excitable cells. It will not, however, shortchange the concept side of things as care has
been taken to integrate these tools within the context of the concepts and questions under
investigation. In this way, the series is unique in that it not only collects protocols but also
includes theoretical background information and critiques which led to the methods and
their development. Thus it gives the reader a better understanding of the origin of the
techniques and their potential future development. The Newuromethods publishing program
strikes a balance between recent and exciting developments like those concerning new ani-
mal models of disease, imaging, in vivo methods, and more established techniques, includ-
ing, for example, immunocytochemistry and electrophysiological technologies. New
trainees in neurosciences still need a sound footing in these older methods in order to apply
a critical approach to their results.

Under the guidance of'its founders, Alan Boulton and Glen Baker, the Neuromethods
series has been a success since its first volume published through Humana Press in 1985.
The series continues to flourish through many changes over the years. It is now published
under the umbrella of Springer Protocols. While methods involving brain research have
changed a lot since the series started, the publishing environment and technology have
changed even more radically. Neuromethods has the distinct layout and style of the
Springer Protocols program, designed specifically for readability and ease of reference in
a laboratory setting.

The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new disci-
plines in the biological and medical sciences. For example, Physiology emerged out of
Anatomy in the nineteenth century by harnessing new methods based on the newly discov-
ered phenomenon of electricity. Nowadays, the relationships between disciplines and meth-
ods are more complex. Methods are now widely shared between disciplines and research
areas. New developments in electronic publishing make it possible for scientists that
encounter new methods to quickly find sources of information electronically. The design of
individual volumes and chapters in this series takes this new access technology into account.
Springer Protocols makes it possible to download single protocols separately. In addition,
Springer makes its print-on-demand technology available globally. A print copy can there-
tore be acquired quickly and for a competitive price anywhere in the world.

Saskatoon, Canadn Wolfgang Walz



Preface

A variety of techniques developed over many years of research have made it possible to
demonstrate that vertebrate neurons are not genomically homogeneous and that this
genomic mosaicism contributes to the cellular diversity that characterizes the vertebrate
nervous system. This volume summarizes the currently available methods for the analysis of
genomic variability in vertebrate neurons. These methods are continuously evolving to face
this challenging problem, and we foresee that future methodologies will surely improve our
knowledge about the actual genomic composition of vertebrate neurons. Another aim of
this volume has been to attract the attention of readers to a novel field of research that
opens new avenues in the way we understand the brain and its basic constituents: the neu-
rons. A deep knowledge of the mechanisms that trigger the enormous amount of variability
in the normal and pathological brain will surely facilitate the design in the future of previ-
ously unimaginable therapies against brain disease.

The first method that unequivocally demonstrated the existence of genomic variability
in neurons was fluorescence in situ hybridization (FISH). By using chromosome-specific,
composite probe pools, Jerold Chun’s laboratory showed in 2001 the existence of aneu-
ploid neurons in the adult brain [1]. This finding was confirmed by alternative FISH meth-
ods that used probes against whole chromosomes [2] or multiple probes recognizing
different regions from the same chromosome, such as those described by Montagna and
coworkers in this volume.

In addition to the FISH technology, other new techniques have improved our knowl-
edge about the variability in the genomic composition of vertebrate neurons. Next genera-
tion sequencing (NGS) applied to single-cell genomes, a technology initially developed for
the analysis of cancer cells [3], has been a major advance in the analysis of genomic vari-
ability in cells. This methodology has been rapidly adopted by neuroscientists, transforming
the way in which genomic mosaicism in neurons can be studied. Examples of two specific
methods for whole genome amplification of single cells followed by deep sequencing are
shown in Chaps. 6 and 7. Single-cell DNA sequencing has shown not only the existence of
gains or losses of full chromosomes from a euploid complement [4], thus confirming previ-
ous FISH analyses, but also the presence of subchromosomal copy number variation con-
sisting of relatively small deletions and duplications of genomic DNA [5, 6] as well as
variations in the distribution throughout the genome of LINE-1 sequences [7].

Single-cell NGS applied to single neurons requires a previous genome amplification step
that might introduce artifacts in the analysis. In addition, single probe FISH might misinter-
pret specific deletions or duplications as losses or gains of full chromosomes. Therefore, a
main goal in the field has been to develop improved protocols for unbiased analysis of neu-
ronal genomes; some ideas for this improvement are discussed in Chap. 1. Further develop-
ment of the protocols of single-cell sequencing will surely clarify current discrepancies about
the actual proportion of aneuploid neurons in the mammalian brain, which seems to differ
depending on whether FISH or single-cell sequencing is used for the analysis [4, 8].

Neither FISH nor single-cell genomic sequencing can identify the existence of full
genome duplications in neurons. Indeed, the presence of four FISH spots in a tetraploid
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viii Preface

neuron could be misinterpreted as an event of tetrasomy, and single-cell sequencing cannot
identify the ploidy level. Flow cytometry and slide-based cytometry have emerged as highly
useful methods that unambiguously detect hyperploidy in neurons [9-11]. These proce-
dures are often complemented with FISH to unequivocally demonstrate the existence of
tetraploidy. In this regard, Chap. 3 describes protocols for the use of cell nuclei sorting
tollowed by FISH, which would be useful for this kind of analyses.

The molecular mechanisms involved in retrotransposition are essentially known [12-141],
and the regulation of cell cycle progression in differentiating neurons leading to neuronal
tetraploidy is beginning to be understood [10, 11, 15]. In contrast, the mechanisms lead-
ing to deletions and duplication in specific genomic regions, as well as the way in which
chromosomal gains or losses appear in the developing and adult vertebrate nervous system,
remain obscure. The possibility that random mutagenesis is involved in these latter pro-
cesses cannot be ruled out. Indeed, a number of studies have reported massive cell death
during neural development in mouse models defective in DNA double-strand break (DSB)
repair [16-21], suggesting that stochastic DNA breaks occurring during development
could result in genomic mosaicism. Similarly, aneuploidy could also derive from randomly
occurring aberrant mitosis [1]. Nevertheless, both aneuploidies and other genomic altera-
tions occurring during the development of the vertebrate nervous system could also derive,
at least partially, from a developmental program aimed at generating genomic variability in
the nervous system. This view is supported by the observation that, during their last division,
S-phase is shortened in neural precursors committed to neuronal differentiation [22, 23].
This observation led [22] to suggest that terminally differentiating neuronal precursors
invest less time during S-phase in controlling the quality of replicated DNA, thus facilitat-
ing the existence of replicative stress and DSBs in their DNA. The known concatenation
checkpoint deficiency in neural progenitor cells [24] could facilitate mitosis entry prior to
chromosome disentangling, thus triggering genomic and chromosomal aberrations in
vertebrate neurons. This possibility is consistent with the observation that a substantial
proportion of terminally differentiating neuronal precursors contains altered DNA profiles
(both hyperploidy and hypoploidy) when studied by flow cytometry [23]. Different degrees
of genomic variability are expected to result from this process, and those neurons with
elevated levels of aneuploidy are then removed by apoptosis, as described by [25]. This
Darwinian-like process would be reminiscent of the apoptotic removal of neurons incor-
rectly innervating their targets during the neurotrophic phase [26].

In the adult brain, DSBs can be generated by oxidative stress and other genotoxic
agents [27], and deficiencies in DSB repair associated with neurodegeneration [28] or viral
infections [29] may be the basis of DNA copy variation in the adult brain. In addition,
aneuploidy [30], which may be derived from aberrant cell cycle events in neurons [31], is
increased in the adult brain. It is crucial, therefore, to develop methods for the evaluation
of cell cycle progression in the aging brain to decipher the events involved in the creation
of this type of mosaicism associated with aging and neurodegeneration.

We hope this volume has allowed readers to learn the most prominent techniques cur-
rently available for the analysis of genome and genetic mosaicism in vertebrate neurons and
other cell types. We also urge our readers to join us in this still developing enterprise to
describe the mechanisms and effects that genomic variability triggers in both normal and
pathological neurons.

Madrid, Spain José Mavria Frade
La Jolla, CA, USA Fred H. Gage
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Chapter 1

Principles and Approaches for Discovery and Validation
of Somatic Mosaicism in the Human Brain

Alexej Abyzov, Alexander E. Urban, and Flora M. Vaccarino

Abstract

Mosaic variants are by definition present in just some of the cells that make up a given tissue. The frequency
of such mosaic variants in that cell population depends on many factors, including when they originated
during development, and whether they affect rates or patterns of cellular proliferation or are subject to
selection of the cells carrying them. Their confident detection depends on combinations of the following
four factors: (1) frequency, type, and functional effect of a mosaic variant; (2) strategy utilized for the
discovery (single cell or bulk analyses); (3) applied experimental and analytical method (e.g., sequencing,
droplet digital PCR); and (4) funds and effort that can be invested into each experiment. Furthermore,
none of the existing strategies and techniques are universally applicable, nor cost effective, to find variants
of all types. Studies aimed at discovering mosaic variants should carefully balance strategy, experimental
and computational techniques, funds, and effort to carry out experiments and analyses that will allow the
aims to be achieved.

Key words Whole-genome amplification (WGA), Fluorescence in situ hybridization (FISH), Array
comparative genome hybridization (aCGH), Flow cytometry, Single-nucleotide polymorphism
(SNP) array, Whole-genome sequencing, DNA fragment capture, L1-enrichment, Amplicon-Seq

1 Spectrum of Mosaic Variants

Mosaic variants can differ in type, frequency, and functional effect.
They encompass variations in DNA sequence, such as single-
nucleotide variants (SNV), small insertions and deletions (indel),
and genome structural variations (SV), including mobile element
insertions (MEI), copy number alterations (CNA), losses of het-
erozygosity (LOH), inversions, translocations, chromosomal
aneuploidies, and multiploidies (Box 1). Not all experimental tech-
niques are equally well suited to discover variants of all types. In
fact, most of the techniques are capable of finding variants of just
one type. Whole-genome sequencing (WGS) could be seen as a
notable exception as it can potentially detect variants of all types.
However, as will be discussed below, only when combined with the

José Maria Frade and Fred H. Gage (eds.), Genomic Mosaicism in Neurons and Other Cell Types, Neuromethods, vol. 131,
DOI 10.1007/978-1-4939-7280-7_1, © Springer Science+Business Media LLC 2017
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Box 1 Mosaic Variants and Alterations

SNV —Single-nucleotide variant, a change in a nucleotide at a defined position, e.g., C to T.

Indel — Short insertion (in-) or deletion (-del) in the genome. There is no common consensus
about maximum indel size. Typically, an indel is defined as an insertion or a deletion
smaller than 50 or 100 bp. Several studies, however, consider insertions and deletions of
kbp size also as indels.

MEI—Mobile element insertion, an insertion of retrotransposon elements (endogenous
retroviruses) into the genome. In humans four elements are present and can retrotrans-
pose: ALU, LINE1, HERYV, and SVA.

CNA —Copy number alteration, a region that has a higher or lower number of copies compared
to other regions in the same genome, e.g., a deletion or duplication. This term is often used
for large somatic alterations in the genome but is applicable to any alterations larger than
indels.

LOH— Loss of heterozygosity, a normally diploid region where germline SNPs become homo-
zygous either as a result of loss of one haplotype or replacement of one haplotype with the
copy of another one. Regions of LOH are typically large, as, in order to be detected, they
must contain at least a few heterozygous SNPs. The loss of one haplotype, i.e., a heterozy-
gous deletion, is a CNA as well.

Inversion—Replacement of a sequence with its reverse complement. This term is applicable to
alterations larger than indels.

Translocation—Rearrangement leading to covalent connection of DNA from two different
chromosomes.

Chromosomal Aneuploidy —Change in the number of copies for a entire chromosome or
arm(s) of a chromosome.

Multiploidy — Global change in the genome ploidy.

SV —Structural variant, a general term to denote variations, alterations, and rearrangements in

the genome. SVs include CNAs, MEIs, inversions, translocations, chromosomal aneuploi-
dies, multiploidies, and complex rearrangements that bear signatures of multiple aforemen-
tioned types. Complex rearrangements are not very frequent but can be observed in
appreciable numbers as inherited variants, somatic variants in cancers, and mosaic variants
in normal cells. Highly complex and clustered rearrangements that may also involve mul-
tiple chromosomes are called chromothripsis.

appropriate experimental design and analytical components can
WGS be utilized to its full benefit.

All types of variants have common characteristics that are relevant
regarding options for their detection. Rare variants are harder to find
regardless of the utilized strategy and experimental technique. This
follows from the general logic that the more rare a variant is, the
smaller a contribution it will make to the measurable experimental
signal, regardless of what that signal is. Variants that may give selec-
tive advantage to a cell, for instance faster proliferation or better via-
bility, will have a higher frequency in a given tissue [1]. Conversely
mosaic variants can be disadvantageous for the cells that carry them,
for instance by lengthening the cell cycle or reducing cellular viability,
and could then be expected to have a lower frequency in the tissue.
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Some variants could reduce cell fitness under the experimental
approaches that may be used to detect them, for example cell trans-
formation and /or clonal culturing. This would preclude discovering
these mutations by using such approaches. And, obviously, mosaic
mutations leading to cell death by, for example, knocking out an
essential gene, will not be discovered by any approach.

2 Strategies for Mosaic Variant Discovery

2.1 Bulk Analysis

Two major strategies for mosaic variant detection are bulk analysis
and single-cell analysis (Fig. 1). When a tissue sample or cell type is
analyzed in bulk, the genomes of many cells or nuclei are assayed
together in a single experiment. In single-cell analysis the genome
of only an individual cell or nucleus is assayed in a single experi-
ment. Each strategy can be combined with multiple experimental
techniques for data generation and analysis such as sequencing and
FISH. And, in fact, almost all techniques for detection can be com-
bined with either of the strategies. Often, the DNA of analyzed
cells or tissue is prepared in a strategy- and technique-specific way
prior to analysis. A typical example is whole-genome amplification
(WGA) or clonal amplification of single cells. Because such manip-
ulations can introduce artifacts into the DNA, the discovery of
variants in such material does not necessarily imply their presence
in the original tissue. Experimental validation of the likely exis-
tence of a given variant call or set of variant calls is required prior
to reporting it, and it is essential that such validation is done in a
way that excludes being confounded by artifacts of DNA prepara-
tion. Therefore, we differentiate between technical validation, by
which we mean validation of variants present in manipulated (e.g.,
WGA treated) DNA, and biological validation, by which we mean
validation of variants in cells from the original tissue sample

(Fig. 1).

Bulk samples, i.e., populations of cells to be analyzed together, can
be directly obtained from primary brain tissue, e.g., from
postmortem tissue or from surgically resected material, in which
case they represent a mix of different cell types. DNA can be
extracted directly from this mix of cells. Alternatively, the bulk tis-
sue sample can be subjected to sorting for particular cell fractions,
such as neuronal nuclei positive for the NeuN marker, leading to a
relatively more homogeneous cell type of sample [2]; see also
Chaps. 3 and 4. Experimental techniques typically applied to bulk
tissue are WGS, SNP arrays, array comparative genome hybridization
(aCGH), oligomer-capture or PCR-based targeted high-depth
sequencing, regular PCR followed by Sanger sequencing, and digi-
tal PCR (the latter two approaches are of low throughput and typi-
cally used for validation rather than discovery).
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Sample Single cell or
W clonal colony

o —

\ wical validation
Biological validation .

Fig. 1 Conceptual strategies for mosaic variants discovery. In the first strategy a
sample is analyzed in bulk. At a standard sequencing depth of 30x, variants
below 20% allele frequency (AF) are not detectable and thus very rare variants
are unlikely to be found. In this strategy technical validation of calls in the original
sample is equivalent to biological validation. In the second strategy individual
cells are analyzed. Most experimental techniques will not work with DNA from
just a single cell and amplification of a cell’'s DNA is required. This is achieved
through either clonal expansion or in vitro whole-genome amplification (WGA).
Because of this, technical validation of a call on amplified DNA is not the same
as biological validation in the original sample. Extremely rare variants that can be
called correctly are challenging to validate in the original sample. Therefore, the
technique chosen for single-cell analysis must be one that gives high confidence
in variant detection

Analysis of bulk material is widely used, primarily because most
experimental techniques require large quantities of DNA (at least a
few thousand cells). Its main disadvantage is that it mostly discov-
ers only common variants (in modern studies typically only variants
with AF above 10-20% can be detected). Rare variants, such as
those present in only the two green cells in Fig. 1, are not likely to
be discovered. While an argument could be made that such rare
variants are unlikely to have a strong phenotypic effect on the stud-
ied tissue, this has not been proven. In fact, evidence exists that
variants with a frequency of just a few percent can result in pro-
found phenotypic effects [ 3—6]. Moreover, the definition of “rare”
differs between studies. Oftentimes, authors consider as “rare” those
variants that are beyond their detection limits; for WGS, standard
30x average genomic coverage typically will not detect variants at
AF below 20% [7]. Hence, when performing WGS on bulk tissue,
the sensitivity is a function of the amount of generated sequencing
data and limited by the depth of coverage by the DNA sequencing
reads—the higher the coverage, the higher the sensitivity will be.
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Table 1
Comparative characteristics of bulk and single-cell strategies for mosaic variant discovery

Bulk analysis Single-cell analyses
Discovery of variants with different ~Common variants in analyzed Variants of any frequency if
frequencies within tissue cells (typically above 10-30%) present in analyzed cell(s)
Comparison to other samples from  Beneficial but not essential Essential
the same individual
Determining the presence of Can be inferred in some cases Can be confidently
multiple variants in a single cell determined
Data-driven evaluation of analytics ~ Not possible Possible
Sample preparation and handling Straightforward, relatively More complex, relatively
affordable expensive
Technical validation Possible for all variants Possible for all variants
Biological validation Possible for all variants Possible for a subset of

variants, with frequency
above detection threshold
in primary tissue

For targeted deep-coverage sequencing of certain regions in the
human genome, sensitivity can be high enough to find variants at
0.1% AF [8]. However, carrying out high-depth analysis of the
entire genome is very expensive, which represents the second
essential limitation of bulk analysis. For other experimental tech-
niques, such as SNP arrays, the detection sensitivity is further lim-
ited by inherent noise, and variants below a frequency of 10%
cannot be detected [9, 10]. Improvement of discovery sensitivity
towards variants at lower AF and towards smaller sized CNVs can
be made by comparing tissues from the same individual or from
monozygotic twins, as such comparison allows for better control of
technical variability and noise [11, 12].

Advantages of bulk tissue as starting point are that the steps of
sample preparation and handling are typically easier, less time con-
suming, and cheaper than for single-cell analysis. Finally, technical
validation of calls in the original sample is equivalent to biological
validation (Fig. 1), relatively straightforward at least for higher
frequency variants, and can be done with techniques that are
orthogonal and much more sensitive than those used for discovery

(Table 1).
2.2 Single-Cell In single-cell analysis the genome of an individual cell or nucleus
Analysis is analyzed in each experiment (Fig. 1), and multiple individual

cells or nuclei can be analyzed in parallel to allow for statistically
significant findings. The fundamental strength of this strategy is
that it can discover variants present in a given cell, regardless of
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2.2.1 Direct Observation
of Mosaic Variants
in Single Cells

their frequency in a tissue. However, this also presents two fun-
damental challenges. Namely that for rare variants the analysis of’
a large number of individual cells or nuclei will be necessary, and
that most of the discovered variants may be so rare that validat-
ing them in the primary tissue or detecting them again in addi-
tional cells from the same source tissue can be very unlikely
[13-17]. Consequently, when conducting such experiments,
one has to rely on experimental techniques for the preparation of
DNA and for calling variants from such DNA that are robust and
produce a high-confidence call set. Unfortunately, for some of
the currently existing techniques (e.g., amplification of DNA
from single cells) there will have to be the development of exten-
sive improvements before one can say that they reached the nec-
essary level of maturation.

Another strength of single-cell analyses is that the majority
of mosaic variants are likely to be on only one allele out of the two
typically present in a cell (only sex chromosomes in male cells are
present in only one copy). This provides means for filtering out
false-positive calls that could be the result of DNA preparation
or data generation. For example, mosaic SNVs should be present
at roughly ~50% AF in single-cell sequencing experiments.
Additionally this feature makes mosaic variants similar to the
heterozygous germline variants present in a cell. And conse-
quently, germline variants detected from the same single-cell-
based sequencing data can be used to test, optimize, refine,
validate, and estimate the sensitivity of the analytical methodol-
ogy used for discovery of mosaic variants.

Because mosaic variants are indistinguishable in AF from germ-
line variants, single-cell analyses must compare the genome of a
single cell to a genome of some reference tissue (e.g., genome of
bulk DNA from polyclonal tissue such as blood) from the same
person in order to exclude germline variants. When analyzing cells
in bulk, reference tissue is not necessarily required, as mosaic vari-
ants can be distinguished from germline variants based on their AF.
Still, reference tissue can be analyzed in all cases to increase sensi-
tivity and specificity of discovery and confidence in discovered
variants.

Finally, an advantage of the single-cell strategy over bulk
sequencing is that the presence of multiple variants in one and the
same cell, and their sharing across cells, can be readily determined
(Table 1).

Direct observation of chromosomal aneuploidies in cells is possible
under the microscope but only during cell division. Therefore,
such cytogenetic analyses are only applicable to astrocytes or glia
cells in adult brain, or to fetal brain. Direct observation of whole-
chromosome aneuploidies or large CNAs is also possible with fluo-
rescent in situ hybridization (FISH) [18]. These classical although
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2.2.2 Single-Cell
Whole-Genome
Amplification (WGA)

low-resolution techniques are very reliable and often used as vali-
dations for newer and /or higher resolution techniques (see Chaps.
2,3, 14, and 16).

For all experimental techniques besides microscopic examination,
the amount of DNA extracted from a single cell is too small to
yield any observable signal. Therefore, the DNA of a cell has to be
amplified. Such whole-genome amplification is the key step in
single-cell analyses, since the quality of the amplified DNA is the
major determinant for finding mosaic variants in single cells (Fig. 1).
There are several enzymatic processes available for the amplifica-
tion of whole single-cell genomes. However, various errors and
biases are inherent to all of them, with the exact types of these
errors being different for different WGA processes.

The oldest WGA method is to degenerate oligonucleotide-
primed PCR (DOP-PCR) [19]. This PCR-based technique yields
the most uniform coverage across the genome and is therefore
recommended when aiming to discover mosaic CNAs and other
larger chromosomal aberrations [20-22]. More details are given
in Chap. 6. Multiple displacement amplification (MDA) on the
other hand [23] is an isothermal WGA technique which, while
suffering from drastically less uniform coverage and a relatively
high rate of allelic dropouts (i.c., regions of the genome where
none or only one out of two possible haplotypes is being ampli-
fied, Fig. 2), is advantageous in that it has a much lower rate of
error in the amplified DNA and also produces very long DNA
fragments (up to several kbp long), as opposed to the relatively
short amplicons produced by PCR-based WGA. Because of these
properties, MDA is often suggested as the WGA method of choice
for the discovery of certain types of mosaic variants, particularly
SNVs and MEIs [16, 24] (see Chap. 13). However, there is cur-
rently no universal agreement in the field about the utility of WGA

Bulk Single cell
01 03 05 07 09 01 03 05 07 09
AF AF

Fig. 2 Allele frequency (AF) distribution of heterozygous SNPs when sequencing
bulk samples (left) and MDA-amplified samples from a single cell to the same
coverage of 30x. The shape of the distributions can be described by Gaussian
function (black bell-shaped curve). While in both samples AF is centered on 0.5,
the distribution is much wider for the single-cell sample, reflecting uneven
amplification of one allele vs. the other. Regions with allelic dropout in the single-
cell sample contribute to bars at 0 and 1 AF
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2.2.3 Clonal Expansion

methods for the discovery of somatic mosaicism [13, 14, 17].
Other techniques for single-cell WGA, more recently developed
and currently not widely adopted, are based on DOP-PCR or
MDA and attempt to mitigate the earlier method’s weaknesses:
MALBAC [25], which is also described in details in Chap. 7;
PicoPLEX [26]; MIDAS [27]; TruePrime [28]; and cold MDA
{please insert reference to PMID:28319112}. A principally new
linear WGA approach has also been suggested {please insert refer-
ence to PMID:28408603}.

Single-cell whole-genome amplification is at the present state of
the field far less faithful than in vivo genome duplication in mitotic
cells. The reason is obvious: dividing cells use much more sophis-
ticated molecular machinery to precisely duplicate their entire
DNA and minimize errors by thorough proofreading and error
correction: machinery that is not recapitulated by in vitro enzy-
matic WGA procedures. To leverage the advantage of the high-
precision DNA amplification in dividing cells, the single-cell clonal
expansion strategy can be used to study mosaic variants (Fig. 1)
[13-15, 17, 29]. In this strategy single-cell colonies are cultured
until the number of cells in culture is large enough to extract the
amount of DNA necessary to apply an experimental technique for
discovery without enzymatic WGA.

Although the clonal expansion strategy bypasses some techni-
cal challenges related to discovery of mosaic variants in the context
of single-cell WGA, the clonal expansion strategy has its own limi-
tations. Depending on which methodology is used, ensuring clon-
ality of cell colonies from tissue culture can be challenging. In
many cases clonality is deemed very likely [15] and verified post
hoc using the generated DNA sequencing data [14].

Next, one has to filter out variants generated during cultur-
ing. In the ideal scenario, where all cells in a clonal colony survive
and divide at exactly the same pace, variants created during cul-
turing will have a small AF in the colony. For diploid chromo-
somes, variants created during the first division of the founder
cell will be present on only one haplotype out of four in the
daughter cells. Thus, their AF in the colony will be 25%, which is
significantly lower than the AF of 50% for heterozygous germline
variants or for mosaic variants in the founder cell. Similarly, for
haploid chromosomes such variants will have an AF that is half
that of the germline and of the mosaic variants. Variants created
during later cell divisions will be at even lower AF. Therefore,
separation of discovered variants by AF is an efficient way of
removing culturing artifacts. However, in the real world cells may
divide at different pace, experience positive or negative selection
and senescence, or die, all of which may increase AF of variants
created during culture, making them less distinguishable from
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2.3 Hybrid Strategies

mosaic variants in the founder cell. Variants that arose during the
first few cell divisions are the ones most likely to be indistinguish-
able from mosaic variants; therefore it is desirable to monitor
early stages of clonal expansions to ensure that there was no dis-
parity in cell proliferation.

The most fundamental limitation of the clonal expansion is
that only culturable cells (such as neuronal progenitors and glia)
can be analyzed, while terminally differentiated neurons are inac-
cessible to this strategy. Ability of a cell to proliferate may not
only be determined by its differentiation state but also by its
mosaic mutations. Thus, mosaic mutations that lead to a cell
being unculturable will not be discovered, and this represents a
fundamental and essential bias inherent to the clonal expansion
strategy.

There are a few strategies that have been suggested as options that
would diminish the disadvantages of single-cell amplification and
of clonal expansion. The most prominent is an adaptation of clonal
expansion for somatic cells, called somatic cell nuclear transfer
(SCNT) [30], discussed in details in Chap. 9. In this strategy, the
nucleus of a somatic cell is transferred to an enucleated oocyte,
which then, at low but appreciable rates, can proliferate and result
in a cell colony or, if transferred into the uterus of the matching
model organism, even lead to a living animal, as it has been done
in mouse. Another strategy utilizes cell cycle S-phase arrest with
in vitro amplification of the duplicated genome from the still undi-
vided cell [31]. This strategy can be useful for finding mosaic vari-
ants in cells with limited potential for proliferation and has the
advantage of starting DNA amplification from a larger DNA
amount than that in a single diploid cell. Finally, a somewhat dif-
ferent strategy involves sorting cells into different cellular subtypes
by using antibodies as lineage markers [32]. This could be particu-
larly advantageous for studying mosaicism in brain, a very complex
organ consisting of multiple types of neurons, microglial cells,
astrocytes, and oligodendrocytes. Since, theoretically, cells of each
type arise from only a few ancestor-founder cells in a local region
of the developing CNS, this avenue potentially provides better sen-
sitivity for resolving mosaic mutations present in the founder cells,
as such mutations will be at higher AF in the relevant sorted cell
fraction. However, the advantageousness of this strategy has not
yet been demonstrated.

3 Experimental Techniques for Mosaic Variant Discovery and Validation

3.1 FISH
(Fluorescent In Situ
Hybridization)

In classical FISH, fluorescent probes made from BAC clone
sequences, of typically around 100 kbp length, bind to the comple-
mentary regions of a chromosome [18]. The fluorescent signal is
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3.2 Flow Cytometry

3.3 Array
Gomparative Genome
Hybridization

then observed within individual cells under a microscope. Given
the large size of the probes, technical limitations on the number of
probes that can be used in each given experiment, and the necessity
to limit each experiment to probing a relatively small region of the
genome, FISH can typically detect only very large CNAs or SVs in
general. However, hybridization of probes is very strong and in
general FISH is widely considered a robust technique [33].
Application of FISH to brain cells is discussed in Chaps. 2, 3, 14,
15, and 16. There are also many methods derived from the original
BAC-based FISH, such as the use of a series of fluorescently labeled
oligomers as probes. For the most part, in the context of somatic
variation, FISH should be seen as a method to consider as a tool
for validation in some narrowly defined scenarios, but not so much
an option for genome-wide discovery of variants.

In the context of somatic variation, flow cytometry has been
reported as a tool for the discovery of highly aneuploid and poly-
ploid cells in brain, by measuring the total amount of DNA per cell
or nucleus. This method is being addressed in Chaps. 3 and 4.

Array comparative genome hybridization (aCGH) relies on
hybridization of DNA from two samples (the test sample and a
reference sample) to a set of several hundred thousand, 50-100 bp
long, oligonucleotide probes that represent the genome sequence
and are arrayed on a glass slide [34, 35] {Haraksingh et al., this
paper is now out in print, please insert it as reference number 36:
PMID 28438122, Haraksingh, Abyzov, Urban, BMC Genomics
2017 (and move all the other references down one in number
accordingly, i.e. the current 36 is now 37 and so on). DNA from
the two samples is each labeled with a different fluorescent dye. By
comparing differential fluorescence intensities for a given probe or
a set of probes, one can infer a relative change in the number of
copies in the two analyzed samples. The number of probes in
aCGH experiment can be very large. While typically arrays contain
a few million probes or less, custom arrays can have up to 42 mil-
lion probes [36]. Probes are designed based on the reference
genome and may cover the entire genome or some portion. The
studied DNA can be either from a bulk of cells or whole-genome
amplified from a single cell. aCGH is in general a very robust
method for detecting genomic copy number changes from large
chromosomal aneuploidies to relatively small CNAs (i.e., millions
bp to tens of thousands bp for standard whole-genome oligomer-
chip-based aCGH). It has been used successfully in the context of
somatic genome variation [11, 37, 38]. One limitation is that for
the analysis of DNA extracted from bulk tissue this technique is
not very sensitive, and one should not expect to be able to detect
variants that are present in less than a considerable fraction of the
cells of this tissue.
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3.4 SNP Arrays

3.5 DNA Sequencing

SNP arrays are glass chips carrying oligonucleotide probes that
represent hundreds of thousands to millions of known single-
nucleotide polymorphisms (SNPs) [39] (Haraksingh et al., this
paper is now out in print, please insert it as reference number 36:
PMID 28438122, Haraksingh, Abyzov, Urban, BMC Genomics
2017 (and move all the other references down one in number
accordingly, i.e. the current 36 is now 37 and so on)). For each
targeted SNP there are oligomers representing the two alleles,
commonly referred as A and B. Fluorescently labeled DNA from
the test sample is then hybridized to the array and differential sig-
nal strength from the oligomers representing the various alleles
makes it possible to determine which of the SNPs included in a
given array design are present in the sample. At each SNP locus the
sample’s genotype is determined, i.c., heterozygous or homozy-
gous for a certain SNP. Reanalyzing the data by integrating the
signal intensity of all oligos for a given SNP also allows detecting
copy number changes [35, 40]. This technique does not require
comparative hybridization of DNA from a reference sample.
Furthermore, careful analysis of A and B allele frequencies can be
used to detect mosaic copy number changes from bulk tissue DNA
with greater sensitivity than when using aCGH. Other than that,
similar considerations apply as for aCGH—the method is robust
for the detection of medium- to large-sized copy number changes
and can be applied to DNA from a bulk of cells or to whole-
genome-amplified DNA from a single cell [9, 10, 21, 41].

DNA sequencing methods, in particular the now-available and revo-
lutionary “next-generation” technologies, hold the promise of being
able to discover all types of mosaic variants across the entire genome.
From a sequencing library prepared from a sample of genomic DNA,
DNA sequencing instruments generate outputs in the form of mil-
lions and even billions of shorter stretches of nucleotide sequence,
called sequencing reads. Those reads are then computationally
mapped to the reference genome and by using algorithms that detect
inconsistencies or imperfections in the mapping, like mismatches for
SNVs and gaps in reads for indels, one can discover variants present
in the analyzed sample and absent from the human reference genome.
Comparing two samples to each other allows discovering variants
that are present in one sample and absent from the other. A current
standard read length is 100-150 bp and the read output is typically
generated as pairs of reads that are separated by a stretch of sequence
of about 250 bp that is not read out. Sequencing reads in pairs
improves the mapping to the reference genome and contains addi-
tional information (i.e., the expected distance and orientation of the
reads) that can be used to discover structural variation in the genome
under analysis (i.e., when observing discordance in pairs of reads
from the expectation). DNA sequencing can be applied to single
cells, clonally expanded colonies, as well as bulk samples.



14 Alexej Abyzov et al.

3.5.1 Whole-Genome
Sequencing (WGS)

3.5.2 DNA Fragment
Capture and Sequencing

WGS is the most comprehensive and least biased way to analyze
genomes. Its efficiency for single-cell analyses is currently dependent
on evenness and errors during whole-genome DNA amplification,
while the efficiency of bulk cell analyses by WGS depends on the
depth of coverage after mapping the sequencing reads onto the refer-
ence genome. At coverages of 30x—40x, which is currently consid-
ered the adequate standard to find germline SNPs by WGS, only
mosaic variants at an AF of 15-20% or higher can be discovered with
confidence. Therefore, much deeper sequencing coverage is neces-
sary for finding low-frequency variants. WGS is still relatively costly
and obtaining a coverage of, for example, 500x to analyze mosaic
SNVs and indels is for the most part still prohibitively expensive.
However, for an analysis of the genome of single cells or clonal colo-
nies such high coverage is not necessary, since 30x—40x coverage
already allows discovering a majority of germline and mosaic variants
[16,42,43]. The efficiency of applying WGS for finding SVs depends
on physical coverage, i.¢., when counting unsequenced bases between
paired reads [44, 45]. Therefore, custom libraries with long spans of
DNA sequence (2-20 kbp between reads) could be an efficient way
of finding mosaic SVs, as physical coverage will be several fold larger
than sequencing coverage.

Another advantage of WGS is that generated reads cover the
genome proportionally to its copy number; that is, an increase or a
decrease in copy number of a particular region of the genome will
be reflected, respectively, in an increase or a decrease in read cover-
age. Biases in this type of read-depth analysis do exist but their
sources are for the most part known and can be corrected for, so
that depth of coverage by sequencing reads can be used to find
large aneuploidies and CNA [46]. Even at moderate coverage, the
depth of coverage method is sensitive enough to find CNA of few
kbp in size and larger in clonal colonies and single cells, where the
CNA will most likely be present at 50% of AF [21, 46]. However,
in bulk tissue, read-depth analysis will only work if'a mosaic CNA
is either present in a large fraction of the cells in the tissue under
analysis. Combined with a special library preparation that separates
reads by DNA strands one can observe genomic rearrangements at
extremely shallow coverage [47].

Enrichment for particular regions of the genome during the produc-
tion of a sequencing library can be used to increase sequencing cover-
age of those targeted regions and consequently boost sensitivity for
finding low-frequency variants. DNA capture library preparation
begins with hybridizing DNA fragments from a sample to a pool of
oligomer baits that have been designed to be complementary to the
targeted regions in the genome. The oligomer baits carry a chemical
label, typically a biotin moiety, which is used to extract the baits from
the hybridization reaction and with it the captured target DNA, which
is then prepared as library and sequenced. This approach has been
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3.5.3 Amplicon-Seq
and L1 Enrichment by PCR
Amplification

used to perform high coverage sequencing (>200x) of a panel of can-
didate genes implicated in intellectual disability in blood samples,
allowing several somatic mutations to be detected and validated by
subcloning [48]. The targeted capture approach is most commonly
used to sequence only the coding portion of the genome, so-called
exome sequencing. As the coding portion of the genome is only about
1-2% of the entire genomic sequence and generally regarded as being
the place where most variants with strong and direct phenotypic
effects can be expected to reside, even an off-the-shelf exome sequenc-
ing may provide a relatively cost-eftective option for discovering
mosaic variants and not just germline variants, for which exome-
sequencing was originally developed [49]. However, the capture step
introduces bias into the coverage across the captured regions.
Particularly regions with indels are not well captured, and, generally,
coverage across the genome is not uniform. While read-depth analysis
is still possible, it is only sensitive to large CNAs that span multiple
exons or genes. And lastly, this approach would miss variants that
occurred in any regions of the genome that are not exonic in nature
but may well be functionally relevant, such as gene-distal regulatory or
enhancer sequence elements.

Custom capture libraries can be made to target certain ele-
ments in the genome, as was described for retrotransposon families
in the human genome [50, 51]. Sequencing of the captured DNA
library will yield reads that mostly map on or around retroelements
across the entire genome, independent of their location, allowing
for discovery of germline and mosaic retroelements. Further details
are described in Chap. 12. However, because of the biases in cap-
ture referred to above, this method cannot give a reliable quantita-
tive estimate of mosaic retroelements, and should be validated with
an orthogonal technique.

As an alternative to targeted sequence capture, PCR-amplified DNA
from multiple target regions can be pooled and sequenced in the
same experiment, an approach called amplicon-seq. Because of the
need to conduct separate amplification reactions for each target
region this technique can only be used for a relatively limited num-
ber of regions at a time, for example for the analysis of the exons of
a handful of genes. On the other hand, given that the targeted
regions represent only a tiny fraction of the entire genome, even
producing only a few million sequence reads from these pooled
amplicons can result in extremely deep coverage of the regions to be
analyzed, which often will allow detecting or confirming even low-
frequency mosaic variants [52]. One major caveat is that the DNA
polymerase can introduce errors into the amplified DNA that would
look like mosaic variants and thereby cancel out the advantage of
having deep sequence coverage. Therefore the use of high-fidelity
polymerase and a careful estimation of its background error rate are
necessary to reliably find mosaic variants with this technique.
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In addition to using amplicon-seq for the analysis of specific tar-
get regions, PCR amplification can also be employed as a tool for
genome-wide discovery to generate amplified DNA from, in theory,
all loci where a particular genomic sequence element resides. For
example, one way to study mosaic retrotransposition of L1 elements
was by semi-targeted PCR where one of the primers contains the
3’-ends of active L1 elements [53-55]. Sequencing of such PCR
amplicons will yield reads that mostly map on or around both germ-
line and mosaic L1 elements. Comparison with the reference tissue
from the same individual then allows distinguishing mosaic L1s from
germline Lls and from background noise. Just as for the targeted
capture sequencing approach, this approach is advantageous in that
with significantly fewer sequencing reads than for WGS the targeted
genomic loci are covered significantly deeper. The disadvantage is
that PCR amplification can result in chimeric sequences, particularly
for loci that are rich in repeat sequences common in the human
genome, such as L1, which can lead to false discoveries. Additionally,
the absence of a global view of variations in genomes can lead to
misinterpretation of SVs as mosaic L1 insertions [55]. Various aspects
of studying L1 retrotransposition activity in brain cells are discussed
in Chaps. 10 through 13.

4 The Concept of Validation

Validation, in the context here meaning confirming the existence
of'a discovered somatic variant in the original tissue or source DNA
(Fig. 1) by using methods that are orthogonal to those used for
discovery, is crucial for establishing the validity of mosaic calls.
Methods for validation can differ drastically in their sensitivity,
throughput, required labor, and cost (Table 2). It is also important
to understand that the entire concept of validation and, in particu-
lar, the interpretation of its results depend on the strategy chosen
tor the discovery of mosaic variants. When conducting discovery in
bulk tissue one only needs to conduct validation in the original

Table 2
Comparative characteristics of validation methods

Capture Amplicon-seq ddPCR
Throughput >1000 Hundreds Dozens
Sensitivity ~0.5% ~0.1% ~0.01%
Turn around Month Weeks Weeks
Labor Little Moderate High

Price per site Low Moderate High
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4.1 Validation
by PCR/qPCR

tissue with, preferably, an orthogonal experimental technique. For
a straightforward interpretation of validation results one should
also use a technique that is more sensitive than the one used for
discovery (typically, targeted capture and sequencing or digital
droplet PCR). In such a case only two outcomes for a tested vari-
ant call are possible: validated or not validated.

However, additional considerations regarding validation apply
when analyzing mosaic variants from discovery in single cells or
clonally expanded colonies. One can conduct validation in the origi-
nal tissue; however, none of the available techniques is more sensi-
tive than single-cell or clonal expansion analysis itself. In the most
extreme scenario, one can have a variant present in a single cell and
only in this cell, found during the discovery phase; but this variant
could never be validated in the tissue, as it is not present there any-
more: the cell in which it was present having been removed and
destroyed for the purpose of discovery. Therefore, biological valida-
tion in the original tissue may provide limited results and not validat-
ing a call could both mean that the call is incorrect or that the variant
is too rare in the tissue to be validated. Nevertheless, carrying out
biological validation is essential as the validated calls provide a solid
“lower boundary” for counts of mosaic variants.

Technical validation in the DNA sample used for discovery,
i.e., in the DNA resulting from WGA of a single cell or from the
clonal expansion culture as opposed to from the original tissue, is
also necessary and crucial. For this, one can use the same tech-
niques used for biological validation, i.e., targeted capture and
sequencing or digital droplet PCR. The limitation of technical vali-
dation is that errors introduced in the DNA during preparation
(e.g., during single-cell WGA or clonal expansion culture) may
result in a false call that would then be validated. Thus, in such
cases special actions need to be taken in order not only to validate
a call but also to demonstrate that it is not likely an introduced
artifact. For example, the AF of true mosaic variants on a diploid
chromosome should be around 50% in the amplified DNA from a
single cell, with strong or systematic deviation from this value
being indicative of a given call or call set not representing true
mosaic variants in the original tissue.

PCR is a classical technique that, especially when combined with
Sanger sequencing, can be applied for validating SNVs, indels, and
SVs (if their breakpoints are predicted with near-bp resolution).
Validation of SNVs can only be done on a coarse-grained scale, i.e.,
validating presence or absence. Determining the AF or even defining
whether a given variant is present at high or low AF is either impos-
sible or at best very subjective. However, when using PCR for the
validation of indels there can be a good degree of sensitivity and
objectivity. The amplified sequence containing an indel will contain a
set of secondary peaks in the Sanger sequencing trace. Even if peaks
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4.2 Validation
by ddPCR

are small and can be compatible with just random noise, consistency
of the secondary peaks with the expected sequence downstream from
the indel will validate it (Fig. 3). As such, PCR can validate indels
with an AF in analyzed tissue as low as 1%. For validation of SVs,
PCR may produce even greater sensitivity. PCR primers flanking SV
breakpoints (in case of a deletion) will yield amplicons for haplotypes
harboring an SV and yield no amplicon or a different amplicon for
the haplotype without the SV. Thus, presence of a dual band or just
one band with the expected size for the SV haplotype would validate
the SV down to an AF of less than 1% [15]. Sequencing amplicons
will provide ultimate proof and also resolve the SV breakpoints at
base pair resolution [15].

Quantitative PCR (qPCR) is a laboratory technique that
monitors in real time the amplification of a targeted DNA sequence
during the reaction. For mosaic variant analysis it can be applied
to estimate the number of copies of an amplified region in a given
sample. The quantification is rather crude and its application for
validation of CNAs has the same limitations as the application of
PCR to the validation of mosaic SNVs.

Droplet digital PCR (ddPCR) is a recently developed technique that
allows for the precise quantification of a target allele in a given DNA
sample. In brief, the DNA sample is diluted into nanoliter-scale
droplets in such a way that it is unlikely to have more than one mol-
ecule of the target allele in a given droplet. Then a PCR reaction
with fluorescent tags marking the targeted region is run in each
droplet. The readout for each droplet is whether it does or does not
color. The reaction can be run simultaneously on multiple regions so
regions with known copy number can be used as baseline to quantify
the frequency of other regions. With optimization and large input
DNA amounts the technique is sensitive to validate mosaic variants
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Fig. 3 Validation of indels with Sanger sequencing. The upper trace shows the reference sequence. An indel
deletion is show in small letters, starting after the vertical line in the Sanger trace. The lower part shows the
effect of the indel upon the sequence of the chromatogram, which could be inferred from a set of double
peaks. PCR can validate indels with a frequency in analyzed tissue as low as 1%
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down to an allele frequency of 0.01% in the analyzed sample. It can
be applied to validation of SNVs, indel, and SVs, provided that the
latter are known with breakpoint resolution. Arguably, ddPCR is
considered as the gold standard validation technique for mosaic vari-
ants. However, ddPCR is a laborious technique that is hard to apply
to large numbers of predicted variants.

4.3 Validation Re-sequencing after DNA capture or amplification can be used for
by Re-sequencing both biological and technical validations of large numbers of pre-
dicted variant loci. In each case candidate mosaic variants are sub-
jected to sequencing at a depth that is much greater than the depth
used for variant discovery. For biological validation in the original
sample, deep coverage is necessary to get support for low-frequency
variants. At a coverage of 1000x and above, variants with AF of a
fraction of percent could be validated and their frequency can be
precisely quantified. Such coverage is relatively easy to obtain even
for many thousand sites. For example, 1000 sites with mosaic vari-
ants captured and sequenced to a depth of about 1000x are equiv-
alent in terms of total reads to whole-genome coverage at a
sequencing depth of less than 0.5x. For technical validation in
DNA from a clonal colony or from DNA amplified from a single
cell, high coverage is necessary to precisely establish the frequency
of mosaic candidates because, as was discussed above, AF can be
used as indirect but very strong evidence for the mosaic nature of
candidate variants. For example, at 1000x coverage, the uncer-
tainty in calculated AF of mosaic variant is only about 5%, meaning
that for variants on diploid chromosomes their AF should typically
be within a range of 50 = 2.5%. Note that although whole-genome
amplification will alter AF of mosaic variants, the distribution for
many variants should still be centered around 50% (Fig. 2).
Re-sequencing can be conducted after DNA capture or PCR
amplification (amplicon-seq) techniques as discussed above.
Similarly as for variant discovery, application of these techniques to
validation has certain drawbacks, the major of which is the differ-
ential efficiency of capture and amplification for alleles with and

without mosaic variants, leading to a biased estimate of AF for
indels and SVs.

5 Finding the Balance

When designing an experiment to detect mosaic variants and
choosing a strategy and an experimental technique one has to
consider characteristics of the variants to be found (i.e., type
and frequency in studied cells), expected location of variants,
practical limitations of dealing with the sample (i.e., whether
isolation or culturing of single cell /nuclei is possible), and bud-
get restrictions.
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Chapter 2

FISH-Based Assays for Detecting Genomic (Chromosomal)
Mosaicism in Human Brain Cells

Yuri B. Yurov, Svetlana G. Vorsanova, llia V. Soloviev, Alexei M. Ratnikov,
and Ivan Y. lourov

Abstract

Genomic or chromosomal mosaicism in human brain cells is considered a source for neuronal diversity and
a mechanism for neuropsychiatric diseases. However, there is still a lack of consensus concerning the extent
and effects of mosaic chromosome abnormalities (i.e., aneuploidy) in the normal and diseased human
brain. To solve this problem, a need for detailed description of single-cell techniques for chromosomal
analysis of human brain cells appears to exist. In this chapter, FISH-based techniques for detecting genomic
(chromosomal) mosaicism in the human brain are described.

Key words Human brain, Chromosomal mosaicism, Chromosome, Aneuploidy, Fluorescence in situ
hybridization, Single cell, Molecular cytogenetics

1 Introduction

The human brain has long been found to show appreciable rates of
chromosomal or genomic mosaicism [1, 2]. However, despite the
achievements in molecular cytogenetics and single-cell biology, there
are still a number of technical limitations hindering the evaluation of
the intrinsic rates of somatic mosaicism in human postmitotic cells
[3-5]. Alternatively, interphase molecular cytogenetics does provide
a basis for uncovering chromosomal or genomic variations at molec-
ular resolutions, at all stages of cell cycle and at single-cell level [6—
9]. As a result, it has been repeatedly reported that the human brain
appears to be highly affected by mosaic aneuploidy (gain or loss of
chromosomes in a cell) [10-17]. Furthermore, it seems that these
types of somatic genomic variations or chromosomal mosaicism are
an integral component of the human brain development, neuronal
diversity, and brain functioning [10-12, 14, 17-20]. However, tak-
ing into account the devastating effect of aneuploidy or similar types
of chromosomal mosaicism (losses/gains of large chromosome
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parts, polyploidy—a gain of a haploid chromosome set) on cellular
phenotype, it is considered that these somatic genome variations are
likely to be candidate mechanisms for brain malfunctioning in neu-
rological and psychiatric diseases [1-3, 15, 20]. To test it, advanced
and specific molecular cytogenetic methodology for uncovering
chromosomal mosaicism in the human brain is required. In a single-
cell context, fluorescence in situ hybridization (FISH) appears to be
a reliable basis for eftective visualization approaches to detect chro-
mosomal abnormalities in interphase.

Actually, schizophrenia [21-23], Alzheimer’s disease [ 15, 24—
291, Lewy body diseases [30], and ataxia-telangiectasia (including
murine models and postmortem human brain samples) [15, 31—
33] are considered to be associated with FISH-detectable somatic
genomic variations in the affected brain. Additionally, autism is
also hypothesized to result from brain-specific chromosomal mosa-
icism in an appreciable proportion of cases [ 34-37]. In the light of
these studies, it was hypothesized that such genomic variations are
likely to possess a kind of a general effect on behavior [38].
Furthermore, it appears that chromosomal mosaicism (mosaic
aneuploidy) mediates aging of the brain [39—43] similarly to other
human tissues [44—46]. Nonetheless, the incidence and conse-
quences of somatic chromosome and gene mutations in the human
brain remain a matter of debate, which can shape new paradigms in
neuroscience and neurogenomic research. Still, there is a need for
protocols of FISH-based assays with special reference to brain
single-cell molecular cytogenetic analysis associated with specific
technical and analytical (interpretational) problems [47-49].
Among these, a striking one is referred to the definition of non-
pathogenic (background) levels of somatic mutations [1, 50-53].
Since chromosomal abnormalities are not unique type of somatic
genome variations in the human brain detectable /confirmable by
FISH [51, 52, 54-56], this problem becomes even more actual.

Here, we describe an interphase FISH protocol respecting
technical and analytical (interpretational) problems arbitrarily des-
ignated as a molecular neurocytogenetic technology. The protocol
describes basic procedure including brain sample preparation,
DNA probe hybridization /detection, and microscopic visualiza-
tion. Moreover, additional approaches to enhance the interpreta-
tion of FISH results and to increase the efficiency of interphase
FISH (i.e., quantitative FISH (QFISH)) are mentioned.

2 Materials and Solutions

To perform FISH-based experiments standard molecular cytoge-
netic equipment, reagents, and solutions are required. For more
details, please refer to [57-59].
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13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

. Ethanol 100, 96, and 70%, water-diluted ethanol.

. Glass tube and Teflon pestle (Cole-Parmer International; cat.

Nos. A-04368-32 for Teflon pestle and A-04368-33 for glass
tube).

. EBBS (Earle’s buffered saline solution).
. PBS (phosphate-buftered saline; pH 7.3, containing 0.1%

(w/v) of Nonidet P-40): Stored at room temperature. Prepare
10x stock water solution with 1.37 M NaCl, 27 mM KCI,
100 mM Na,HPOy,, and 18 mM KH,PO, (pH 7.4 is adjusted
by 1 N HCI).

. PBS/MgCl, solution: 1 volume of 2 M MgCl, in 38 volumes

of 1x PBS.

. Formaldehyde /PBS /MgCl, solution: Add 2.7 mL of formal-

dehyde (37%) in 100 mL of PBS /MgCl, solution (to produce
1% of formaldehyde in PBS /MgCl, solution).

. Acetic acid glacial 60% (w/v).
. SSC (20x saline-sodium citrate): 3 M sodium chloride, 0.3 M

trisodium citrate stored at room temperature. The solution is
prepared by dissolving one volume of 20x SSC in four volumes
of water and adding Tween-20 to 0.5%.

. Fixative solution of methanol: Glacial acetic acid (3:1, v:v)

freshly prepared and stored at —20 °C. Attention: methanol is
exceedingly toxic.

Pepsin solution as required (freshly prepared): Pepsin solution
10% (w/v) (stored at =20 °C) is diluted in prewarmed (37 °C)
solution of 0.01 N HCI (chlorohydric acid).

NaSCN (sodium isothiocyanate) 1 M (w/v) for disruption of
DNA-protein complexes. Attention: NaSCN is toxic.

Solution of Sudan black and ethanol-water (dissolve 0.7 g of
Sudan black in 100 mL of 96% ethanol, then add and stir with
50 mL of water, stored at room temperature).

DAPI (Sigma).

Propidium iodide (Sigma).

Vectashield (antifade solution).

Rubber cement.

Xylene 100%.

RNase 0.5% (w/v).

Coplin jar (50 mL).

Microscope slides, 25 x 75 x 1 mm, plain.
24 x24 mm and 20 x 40 mm cover slips.
15-mL sterile plastic (or glass) tube.
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23. Epifluorescence Microscope Zeiss Axioskop (Carl Zeiss) with
x40 and x100 Plan Fluo objectives and a kit with x40 and
x100 Plan Fluo objectives and a triple filter (B/G/R filter).

24. Charge-coupled device (CCD) camera mounted on a fluores-
cence microscope equipped with a set of specific filters used for
FISH (CoolCube 1; Meta Systems).

25. Image acquisition software (Image]; https: //imagej.nih.gov/ij /).

3 Methods

3.1 Brain Tissue
(Cell Suspension)
Preparation for FISH
Assays

3.1.1  Cell Suspension
from Fresh-Frozen Tissue

Here, we describe basic FISH protocol that underlies almost all
targeted /multicolor FISH-based assays for studying either specific
chromosomal loci or whole homologous chromosomes in their
integrity. The general outline of interphase FISH is depicted in
Fig. 1.

The preparation of brain cells for a molecular cytogenetic analysis
of chromosome complement and genome variations has special
peculiarities quite different from the protocols used in interphase
molecular cytogenetics. Here, we describe brain tissue processing
to be used for FISH-based assays to study chromosomal mosaicism
in interphase nuclei as proposed in [60].

1. Put the brain tissue in a dish and rinse it in 2 mL of Earle’s
buffered saline solution.

2. Take a part of the brain tissue of an approximate size of
3 x 3 x 3 mm (3 mm?) and place it into the homogenizer glass
tube. Use the Teflon pestle to homogenize the piece of brain
tissue by intensive rotating of pestle to produce the liquid-like
material.

3. Append into glass tube, containing homogenized tissue, 2 mL
of PBS and homogenize until the substance in the tube
becomes a homogenous suspension.

4. Put the substance into a 15-mL plastic (or glass) tube and add
1 mL of 60% (w/v) glacial acetic acid. Leave the obtained mix
for 3-5 min at room temperature.

5. Add 9 mL of fixative solution of methanol and centrifuge at
1000 g during 5 min.

6. Decant supernatant and add fixative mixture to 10 mL of total
solution volume. Centrifuge at 3000 g for 8 min.

7. Repeat steps 5 and 6 three times.
8. The suspension can be stored for 6-12 months at —20 °C.

9. Place 100 pL of obtained suspension on microscope slide and
leave to dry for 15-20 min.
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Tissue Preparation

Suspension preparation

Slide pretreatment

Quality Control

FISH

Denaturation (70-77 °C)

Hybridization (37 °C)

Micriscopy/Digital analysis

Qualitative Quantitative
Analysis Analysis

(visual/digital) (QFISH)

Fig. 1 A general schematic outline of a FISH-based assay (partially according to [60])

10. Put slides into pepsin solution (20-100 pL of pepsin) for
3-5 min.
11. Put slides into PBS for 5 min.

12. Dehydrate through a series of ethanol (100, 96, and 70%,
3 min each) and leave to dry (see Note 1).

3.1.2 Cell Suspension 1. Put fixed brain section slides (se¢ Note 2) in 100% xylene at
from Formalin-Fixed and room temperature for 5 min.

Paraffin-Embedded Sections 2. Refresh xylene and repeat step 1.

3. Rehydrate sections in a series of ethanol (100, 96, and 70%,
2 min each) and wash them in SSC/detergent solution for
20 min mixed by inversion periodically at room temperature.
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3.1.3 Quality Control
(see Note 5)

3.2 DNA Probes
for FISH

4. Put the slides into Coplin jar with 1 M NaSCN for 3-5 h (see
Note 3).

5. Rinse slides in water for a few seconds (sec Note 4).

6. Add 100 pL of RNase solution in 2x SSC to mount under
coverslip and incubate at 37 °C for 15-30 min.

7. Putslides in pepsin solution (20-100 pL of pepsin) for 3—5 min.
8. Put slides in 2x PBS.
9. Put slides in PBS /MgCl,.

10. Put slides in formaldehyde /PBS /MgCl,.

11. Put slides in 1x PBS, subsequently each for 5 min.

12. Dehydrate through a series of ethanol (100, 96, and 70%,
3 min each) and leave to dry.

1. Drop 5-12 pL of the suspension on the microscope slide and
leave it to dry.

2. Check the distribution of nuclei through the light microscope
using phase contrast.

3. If the distribution of nuclei is satisfactory, ignore next two
steps.

4. If the distribution of nuclei is too low, centrifuge at 3500 g for
7 min and decrease the volume twice.

5. Mix by inversion and repeat steps 1-3. If the distribution of
nuclei is satisfactory, ignore the next step.

6. If the distribution of nuclei is too dense to analyze, centrifuge
at 3500 g for 7 min and decrease the volume twice.

7. Add 0.3-0.7 mL of fixative solution.

To succeed in FISH-based analysis of chromosomal mosaicism
in the human brain, a rigorous selection of DNA probes is man-
datory. There are two types of probes that were found efficient
for uncovering chromosomal mosaicism in neural cells: chromo-
some enumeration and microdissection-derived DNA probes
[6-8, 13, 15, 19, 22, 28, 33, 62]. Chromosome enumeration
(chromosome-specific) DNA probes (D171, D2Z1, D3Zl,
D471, D6Z1, D771, D8Z2, D9Z1, D10Z1, D11Z1, D127Z3,
D137Z1/D217Z1, D147Z1,/D227Z1, D157Z4, D16Z3, D1771,
D18Z1, D20Z2, DXZ1, DYZ3; the number after “D” corre-
sponds to chromosome designation number, i.e., D1Z1 is a probe
for chromosome 1, D27 1—for chromosome 2) are generally used
for studying human chromosomes in interphase painting chromo-
some-specific pericentromeric DNAs [6, 8, 12, 57-59]. An exam-
ple of multicolor interphase FISH using chromosome enumeration
probes is given in Fig. 2. However, the use of DNA probes for spe-
cific chromosomal loci limits the potential of interphase FISH due
to the lack of a view of the integral chromosome.
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Fig. 2 Multiprobe interphase FISH using enumeration/centromeric probes for chromosomes 1, 18, X, and Y;
upper left nucleus: a presumably normal nucleus with two chromosomes 18, one chromosome X, and one
chromosome Y; upper right nucleus: an aneuploid nuclei with two chromosomes 18, two chromosomes X,
and one chromosome Y; lower left nucleus: an aneuploid nuclei with two chromosomes 1 and one chromo-
some X; lower right nucleus: an aneuploid nuclei with two chromosomes 1 and three chromosomes X

Microdissection-based DNA probes designed for multicolor
chromosomal banding (MCB) originally developed by Dr. Thomas
Liehr and his colleagues [61] were also shown to be applicable for
interphase molecular cytogenetics as shown in Fig. 3 [6, 7, 13, 15,
19, 22, 28, 33, 62]. These probes offer an opportunity for simul-
taneous visualization of all chromosome regions at once [13, 58,
61, 62]. FISH-based assays using MCB probes are known as inter-
phase chromosome-specific multicolor chromosomal banding
(ICS-MCB) [62].
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3.3 Basic FISH
Procedure

Fig. 3 ICS-MCB with DNA probes for chromosomes 9 and X showing monosomy
of chromosome 9 in a nucleus of the developing human brain in the upper left
nucleus, disomy (presumably normal nucleus) of chromosome 9 in a nucleus of
the developing human brain in the upper right nucleus, trisomy of chromosome
9 in a nucleus of the developing human brain in the lower left nucleus, and
disomy of chromosome X in the nucleus of the Alzheimer disease brain (from [16,
28], open-access articles distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0)

Basic FISH procedure is aimed at granting two key FISH processes
(denaturation and hybridization). Here, a basic FISH procedure is
described (for more details see books and articles dedicated to
technical aspects of FISH [8, 57-59]).

1. Put 5 mL of the DNA probe on the pretreated slide and cover
the suspension with an 18 x 18 mm coverslip.

2. Put the slide on a warming plate at 72-76 °C for 2—7 min.

3. Use rubber cement for sealing the sample.

4. Relocate it into a humid chamber at 37 °C overnight (se¢ Note 6).


http://creativecommons.org/licenses/by/2.0
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5.

6.

9.
10.

11.

12.

Take oft'the coverslip by putting distilled water or 2x SSC/0.2%
Tween 20 on its edges (see Note 7).

Put the slide in 50% formamide solution in 2x SSC at 4245 °C
for 5-15 min.

. Swap the washing solution for 2x SSC/Tween20 at 3742 °C

and leave it for 10-15 min in a 100 mL Coplin jar.

. Append FITC solution on the slide and cover the whole slide

with a coverslip.
Incubate the slides in a humid chamber at 37 °C for 40 min.

Put the slides in 2 x SSC/0.2% Tween for 20 min at room
temperature.

Counterstain the slide by 24 mL of DAPI solution and cover
the slide with a corresponding coverslip.

Proceed to microscopic analysis under fluorescence microscope.

QFISH combines FISH and digital quantification of microscopic
images for a variety of purposes. A detailed interphase QFISH pro-
tocol for evaluating signals for differing between false-positive sig-
nal appearance and chromosome loss [63, 64] is given below.
Regardless of a variety of software for quantification microscopic
images, we suggest Image] (see Note 8), inasmuch as it appears to
represent one of the most familiar free software for these research
purposes [65]. Figure 4 gives an example of QFISH on interphase
nuclei derived from human brain cells.

1.

N Ul A~ W

10.

Acquire FISH image by a CCD camera of a fluorescence micro-
scope using a 100x (63x) objective and available software.

. Capture the images using separate filters for each fluorochrome

separately.

. Save the images in 8-bit black and white images.
. Load each FISH image into Image] software.
. Selected FISH signal area by the “rectangular” selection tool.

. Attribute the area to the First Lane using “Select First Lane,”

Analyze /Gels/Select First Lane, or simply press Ctrl + 1.

. Obtain the signal appearance with reduced background by

“Threshold” (Image/Adjust/Threshold...) or pressing Ctrl +
Shift + T.

. Obtain the plot of image containing the graph depicting inten-

sity profiles (see Note 9) using “Plot profile” (Analyze/Plot
Profile) or simply pressing Ctrl + K.

. Remove the grid from the plot of image; Threshold is used

(Image/Adjust/Threshold... or Ctrl + Shift + T).

Define graph borders corresponding to a signal (select area to
be measured) by drawing a line (Draw -Edit/Draw or simply
press Ctrl + D).
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Fig. 4 QFISH with using enumeration/centromeric probes for chromosomes 1
(red signals/D1Z1) and X (green signals/DXZ1): nucleus A demonstrates a green
signal with a relative intensity of 2120 pixels—true X chromosome monosomy;
nucleus B demonstrates a green signal with a relative intensity of 4800 pixels—
two overlapping chromosome X signals, but not a chromosome loss [partially
according to Fig. 1 of [28], an open-access article distributed under the terms of
the Creative Commons Attribution License)

11. Select the area resulting from drawing during the previous step
by Wand (tracing) tool.

12. Measure the selection by Measure—Analyze /Measure or simply
press Ctrl + M.

13. Output numerical values of the area (perimeter) in a separate
window.

14. Compare numerical values of these different signals from the
same image (Fig. 4).

4 Discussion

Technical solutions for studying chromosomal mosaicism in the
interphase nuclei of the human brain are available in the biomedical
literature [1, 3-5, 25, 33, 42, 48]. However, in regard to the
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problem of irreproducibility of data on chromosomal variations in
the unaffected and diseased human brain, it appears that general-
ized /unified protocols are required. Furthermore, there is a need
for determining the intrinsic rates of chromosomal mutations in
human brain cell populations in the light of a panel of studies dem-
onstrating a number of processes occurring in the human brain,
which are likely to result in brain-specific chromosomal mosaicism
[66-71]. Since it has been shown that genomic and chromosomal
pathology confined to the brain is a mechanism for a variety of psy-
chiatric and neurological disorders [21-33], there is a strong need
for continuing single-cell analysis of the human brain aiming at the
definition of cellular genome variability. Despite relatively high effi-
ciency of current molecular cytogenetic techniques for diagnosing
chromosomal mosaicism in postmitotic human cell populations
[72, 73], interpretation and definition of a sample as a mosaic
remains a challenge hard to manage, especially in case of neurocy-
togenetic studies [1, 47, 70, 72]. Nevertheless, developments in
interphase molecular cytogenetics provide a basis for solving these
problems [8] demonstrating the relevance of molecular neurocyto-
genetic studies to neuroscience (i.e., suggesting of molecular thera-
pies for neurodegenerative diseases on the basis of molecular
neurocytogenetic studies [48, 74] and uncovering molecular and
cellular mechanisms for brain diseases [1, 8, 48, 70, 75]). Thus,
chromosomal studies of the human brain (molecular neurocytoge-
netics) using FISH-based assays are to be recognized as an integral
part of surveying genome variability that mediates interindividual /
intercellular neuronal diversity in health and disease.

5 Notes

. Cell suspensions are to be stored at —20 °C (for at least 1 year).
. Brain tissue size is supposed to range from 7 to 20 pM.
NaSCN is highly toxic (wearing of gloves is indispensable).

. Do not allow drying of slides.

. Quality control procedure can be applied to cell suspensions only.

N Ul N

. Larger chromosomal DNA sequences require longer periods of
incubation (up to three nights relying on the experiment type).

7. This stage is mandatory if rubber cement was used to seal the
sample.

8. https://imagej.nih.gov/ij/.

9. Itis possible to measure relative DNA content in chromosomal
loci painted by FISH, inasmuch as signal intensities are pro-
portional to the DNA content within these chromosomal loci

[59, 63, 64].
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Chapter 3

Flow Cytometric and Sorting Analyses for Nuclear DNA
Content, Nucleotide Sequencing, and Interphase FISH

Gwendolyn E. Kaeser and Jerold Chun

Abstract

The study of genomic mosaicism among human brain cells is challenging. The human brain contains
hundreds of billions of cells that are intricately connected and difficult to separate as intact, single cells.
Additional challenges are encountered when interrogating small, seemingly random changes within single-
cell genomes. Flow cytometric analysis (FCM), and fluorescence-activated nuclear sorting (FANS), has
expanded our assessment capabilities for global and specific genomic and transcriptomic changes in human
brain cells. The general approach is being utilized in a variety of downstream applications by many labora-
tories. Here we provide detailed methods of nuclear DNA content assessment and sorting that reports
population averages as well as single-cell nuclear DNA content from cells of the human brain. We highlight
protocol modifications that allow the same nuclear preparation to be used for subpopulation-specific
FANS (also see chapter “Single-Cell Whole Genome Amplification and Sequencing to Study Neuronal
Mosaicism and Diversity”) in downstream analyses such as fluorescent in situ hybridization (FISH) (see
chapters “FISH-Based Assays for Detecting Genomic (Chromosomal) Mosaicism in Human Brain Cells,”
“FISH Analysis of Aging-Associated Aneuploidy in Neurons and Non-neuronal Brain Cells” and “Using
Fluorescence In Situ Hybridization (FISH) Analysis to Measure Chromosome Instability and Mosaic
Ancuploidy in Neurodegenerative Diseases”), and single-cell genomic and transcriptomic sequencing (see
chapters “Flow Cytometric Quantification, Isolation, and Subsequent Epigenetic Analysis of Tetraploid
Neurons,” “Single Cell CNV Detection in Human Neuronal Nuclei,” “Multiple Annealing and Looping-
Based Amplification Cycles (MALBAC) for the Analysis of DNA Copy Number Variation,” and “Single-
Cell Whole Genome Amplification and Sequencing to Study Neuronal Mosaicism and Diversity”). Other
downstream techniques include, but are not limited to, single-cell QPCR (see chapter “Competitive PCR
for Copy Number Assessment by Restricting dNTPs”) and estimation of line-1 copy number (see chapters
“Analysis of LINE-1 Retrotransposition in Neural Progenitor Cells and Neurons,” “Estimation of LINE-1
Copy Number in the Brain Tissue and Isolated Neuronal Nuclei,” and “Analysis of Somatic LINE-1
Insertions in Neurons”).

Key words DNA content variation, Flow sorting, Flow cytometry, Neuron, Nuclei, NeuN,
Sequencing, Fish, Genomic mosaicism, Somatic, Aneuploidy, Aneusomy
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1

Introduction

The initial demonstration that single neurons from the same,
normal brain can show somatic genomic variability [1] has been
expanded in subsequent years to encompass a vast range of genomic
changes, including aneuploidy [2-10], other smaller copy number
variations (CNVs) [11-15], and single-nucleotide variants (SNVs)
[16, 17]. This led to the understanding that the vertebrate brain is
a genomic mosaic, wherein each neuron—perhaps extending to
non-neuronal cells—may be genomically distinct within a single
brain. The functional roles for somatic genomic mosaicism are not
yet known, but have been linked to pathological changes in spo-
radic Alzheimer’s disease [15], and may contribute to high levels
of transcriptional diversity [2] in human neurons of the cerebral
cortex [18]. Genomic mosaicism may therefore contribute to the
complex and poorly understood cellular diversity in the brain.

Each neuron in the human brain is thought to communicate
via thousands of synaptic connections, creating an intermixed net-
work that is virtually impossible to separate into single, complete
cells. This high degree of complexity and inability to isolate intact
brain cells make the study of genomic mosaicism especially chal-
lenging. Earlier interrogation methods that identified DNA
changes in cells of the brain were primarily limited to fluorescent in
situ hybridization (FISH), where whole chromosomes or specific
chromosomal loci were interrogated using chromosome paints or
point probes. These methods are labor intensive, limited by the
number of cells that can be assessed, and are not easily adaptable
for studying subpopulations of brain cells. By adapting methods
used for the detection of cell cycle progression [19], apoptosis
[20], and speciation changes in plants and animals [21] (reviewed
in [22, 23]), our laboratory established methods for isolating and
determining variable DNA content of brain nuclei. Use of this
method led to the discovery that human cortical cells—particularly
neurons—possess high levels of DNA content variation (DCV)
compared to other cell types such as lymphocytes and cells of the
cerebellum [11], and more recent analyses identified statistically
significant DNA content increases in neurons of Alzheimer’s dis-
ease (AD) brains compared to controls [15].

The first use of DNA content assessment of brain cell genomic
mosaicism was employed to confirm relative levels of hypoploidy in
developing mouse neuroblasts [1]. This approach was later modi-
fied to allow the first use of the neuronal nuclear antigen (NeuN)
[24] with fluorescence-activated cell sorting (FACS) to isolate and
study neurons by FANS [5]. We have since used this approach for
multiple applications including the quantification of nuclear DNA
content [11, 15], quantification of aneuploidies in developing
mouse cerebral cortices [1, 10], single-cell DNA sequencing [12],
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and most recently, single-cell RNA sequencing in both mouse [25]
and human [18] brain. Other groups also used similar methods for
human single-cell DNA sequencing [13, 14, 26, 27] (also see
Chaps. 4, 6, 7, and 13) and human DNA content measurements
[28, 29] (also see Chap. 5).

The use of isolated nuclei is an important development for four
reasons: (1) we are able to isolate intact nuclei from postmortem
human brain tissue that possesses high-quality RNA and DNA, (2)
nuclei are easily accessible to DNA dyes and antibodies and do not
require fixation or cell permeabilization, (3) nuclei are free of other
cytoplasmic components that may cause nonspecific DNA dye
binding, and similarly (4) nuclei are free of mitochondria that pos-
sess DNA and therefore may alter DNA content.

DNA content assessments described here are based upon stoi-
chiometric staining by DNA dyes. Multiple dyes can be used, each
possessing its own strengths and weaknesses. We will focus on
three DNA intercalators; 4',6’-diamidino-2-phenylindole (DAPT),
DRAQ5™, and propidium iodide (PI). Both DAPI and DRAQS5
are minor groove intercalators that bind strongly to A-T-rich
regions of DNA, while PI is an intercalating agent that binds with
no sequence preference at a stoichiometry of 1 molecule per 4
bases. Both DAPI and DRAQ5 can be used to establish DNA con-
tent in the presence of RNA. In contrast, pretreatment with RNase
A must be used when PI is the dye chosen for quantitative DNA
assessment. Additionally, when comparing among multiple species
to calculate DNA content, it is important to consider the GC con-
tent ratios that can differ among species before choosing DRAQ5
or DAPI. The unbiased binding of PI makes it an ideal tool to
measure DNA content linearly, and therefore, it will predominantly
be used throughout this protocol; however it is recommended that
total DNA content be established using multiple dyes.

Most importantly, intercalators do not bind covalently, but are
reversible. Therefore, the intensity of the stain depends on the
number of available binding sites and the number of available
labeling molecules [22]. For accurate assessment of DNA content,
there must be an equilibrium, or saturation point, where there are
excess dye molecules compared to the number of DNA-binding
sites. Therefore, it is of vital importance that each researcher inde-
pendently determines the saturation point for their nuclear
preparation.

For total DNA content determinations, it is also important to
use appropriate reference samples and other controls. Chicken
and/or trout erythrocytes that are nucleated (CEN and /or TEN)
have become common internal reference standards for calculating
DNA content [30]. Unlike mammalian erythrocytes, chicken and
trout erythrocytes contain a nucleus and are commercially available
as a flow cytometry standard (e.g., BioSure, Grass Valley, CA). We
found that human blood lymphocytes/nuclei can also serve as a
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reference control for human brain cell nuclei; lymphocytes are
approximately of the same size, and show a consistently low coet-
ficient of variation and consistent levels of total DNA content.

The nuclear isolation method presented here for DNA content
assessment differs from FANS for downstream sequencing, and
FANS for downstream FISH in several key ways: use of fixation,
composition of staining solutions, and sorting parameters. We
present a detailed method protocol in four sections: (1) nuclear
extraction from human brain cerebral cortices, (2) use of an iodixa-
nol gradient, (3) nuclear staining, and (4) flow cytometry/FACS
and gating. We also provide the equations necessary to calculate
total DNA content in a population. Each step will note modifica-
tions of the protocol for different downstream applications.

2 Materials

2.1 Materials

2.2 Solutions

. Human brain tissue.

. Ice bucket.

. Cryostat.

. Optional: Cut-resistant work gloves.

. Weigh boats.

. Razor blade.

. Angled forceps.

. Optional: Optimal cutting temperature (OCT) compound.

O 0 N O\ Ul W N~

. 1.5 mL Eppendorf tubes.

—
()

. 40-50 um Cell strainer.

—
—

. 5 mL Dounce homogenizer with Teflon pestle.
. 15 mL Conical tubes.

. Optional: 96- or 384-well PCR plates.

. Chicken erythrocyte nuclei (CENSs) (BioSure).

—
[S 20N NNV I 8

. Appropriate safety gear, precautions, and IRB approvals,
including use of BSL-2 facilities.

1. NEB buffer [20 mM Tris (pH 8), 320 mM sucrose, 5 mM
CaCl,, 3 mM MgAc,, 0.1 mM EDTA, 0.1% Triton X-100].

2. 1x PBSE [1x PBS, 2 mM EGTA].

3. 6x Tricine stock [120 mM Tricine-KOH (pH 7.8), 150 mM
KCl, 30 mM MgCl,].

4. Solution D [0.25 M sucrose, 1x Tricine].

. OptiPrep™ or other iodixanol solution.

AN G

. 50% Iodixanol [5 volumes Optiprep, 1 volume 6x Tricine].
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7. 35% lodixanol [ 1 volume 50% iodixanol, 2.3 volumes solution D].

. 10% Iodixanol [ 1 volume 50% iodixanol, 4 volumes solution D].

9. 2% BSA (fatty acid free) in 1x PBSE.

10.
11.

12.
13.
14.

15.
16.

DAPI (4',6-diamidino-2-phenylindole).
NeuN antibody (recommended: rabbit anti-NeuN monoclo-
nal, MABN140, Millipore at 1:1500).

Propidium iodide (PI) 5 mg/mL stock solution.
RNase A.

Diethylpyrocarbonate (DEP-C)-treated water, or commer-
cially available nuclease-free water (NFW) (see Note 1).

Neutral buffered formalin (NBF).
4% Paraformaldehyde.

. Refrigerated centrifuge with swinging buckets.
. Transilluminator.

. For DNA content analysis: BD Biosciences LSRII, or

comparable.

. For FACS: BD Biosciences FACS Aria IT, ITI, Beckman Coulter

Astrios, or comparable.

. FlowJo or comparable software.
. Statistical software (Excel, GraphPad Prism, etc.).

3 Methods

3.1 Before You Begin

3.2 Nuclear
Extraction from Fresh-
Frozen Human
Cortices

N I S

. All solutions should be cold.
. Samples should be kept on ice as much as possible.
. All spins are at 4 °C for 5 min unless otherwise noted.

. All researchers must be trained in the proper safe handling of

human tissues and all IRB and related approvals must be in
place, along with access to BSL-2 or above safety environment,
and related facilities for disposal of waste and sharp items.

. Human brain tissue stored at —80 °C should first be allowed to

equilibrate within the cutting box for 5-15 min at —25 to
—28 °C to prevent fracturing during cutting. A cryostat system
works well for this. It is recommended that you use cut-resistant
gloves and care, while working in the cryostat with human speci-
mens, along with appropriate eye and clothing protection.

. Place the brain tissue in a weigh boat, hold the tissue in place

with angled forceps, and use a razor blade to cut the desired
piece of tissue. Alternatively, tissue can be frozen to a cutting
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3.3 lodixanol
Gradient (Note 4)

block using optimal cutting temperature (OCT) compound
and thickly (50-60 pm) sectioned.

. Place the isolated frozen tissue into 1 mL of ice-cold NEB

buffer in a 1.5 mL Eppendorf tube and incubate for 10 min
on ice.

. Cut the tip from a p1000 filtered tip and transfer the tissue and

1 mL of NEB into an ice-cold, 5 mL glass Dounce homoge-
nizer with Teflon pestle (sec Note 2).

. Extract nuclei with 10-20 gentle up-and-down strokes of the

pestle; be cautious not to introduce bubbling.

. Pass the homogenate through a 40-50 pm cell strainer into a

15 mL conical. Wash the glass homogenizer with 4 mL of
NEB bufter and pass this through the same cell strainer.

. Pellet nuclei at approximately 600 x g at 4 °C for 5 min (see

Note 3).

. Discard the supernatant and resuspend the pelletin 5 mL of 1x

PBSE.

. Pellet nuclei by spinning at approximately 600 x g at 4 °C for

5 min.

. Prepare solutions for the iodixanol gradient. For each sample,

use approximately 2 mL of solution D, 700 pL of 50% iodixa-
nol, 500 pLL of 35% iodixanol, and 2.2 mL of 10% iodixanol see
Note 5.

. Discard the supernatant, resuspend nuclei in 200 pL solution

D, and then mix with 200 pL of 10% iodixanol. Allow mixture
to equilibrate while you prepare the gradient tubes.

. For at least one sample, make a control tube by combining

100 pL of resuspended nuclei in 100 pl, of DAPI (1:2000) in
solution D.

. Ina 12 x 75 mm tube (one per sample) prepare the gradient

(Fig. 1) by first adding 400 pL of 35% iodixanol directly to the
bottom of the tube. Mark the volume height on the side of the
tube; this is where your nuclei will separate. Then, slowly and
without mixing, layer 2 mL of 10% iodixanol, followed by
300-500 pL of resuspended sample, to the top. If you have
multiple samples, complete the first two layers for all tubes
before adding the resuspended mixture.

. Centrifuge at 1700 x g for 15 min at 4 °C.

6. Visualize the DAPI control samples on transilluminator to ver-

ify nuclear separation and location.

. Save the nuclei at the 35%|10% boundary into new 15 mL con-

ical and add 5 mL of 1x PBSE to wash nuclei.

. Pellet nuclei at 780 x g at 4 °C for 5 min.
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a b
Sample”
Spin for 15
minutes at Debris
1600 X g i
10%
lodixanol
e «— Cleaned
35 % Nuclei

Fig. 1 Depiction of iodixanol gradient prior to separation (a) and after separation
(b). (a) First, the sample containing both nuclei (colored in blue for depiction) and
debris (grey clouds) is layered on top of a layer of 10% iodixanol and 35% iodixa-
nol. The tubes are then centrifuged at 1700 x g at 4 °C for 15 min. (b) Nuclei are
now located above the 35% iodixanol layer, while debris remained above or
within the 10% iodixanol layer

9.

10.

11.

12.

1.

Check to ensure that nuclei have pelleted, and then discard the
supernatant.

For downstream sequencing or DNA content assessment without
Sfixation: Resuspend in 1 mL of 2% BSA in PBSE and block for
at least 20 min (can go up to 2 h) on ice with rotation.

For downstream FISH: Resuspend nuclei in 1 mL of neutral
buffered formalin and fix for 5 min at room temperature with
rotation. Next, add 9 mL of 1x PBSE and pellet nuclei at
780 x g at 4 °C for 5 min. Resuspend in 1 mL 2% BSA in 1x
PBSE and block for at least 20 min (can go up to 2 h) on ice
with rotation.

For DNA content assessment with fixation: Resuspend nuclei in
1 mL of 1x PBSE followed by 1 mL of' 4% PFA added dropwise
while gently vortexing. Fix for 40 min with rotation. Next, add
8 mL of 1x PBSE and pellet nuclei at 780 x g for 5 min.
Resuspend in 1 mL 2% BSA in 1x PBSE and block for at least
20 min (can go up to 2 h) on ice with rotation (se¢ Note 6).

Prior to pelleting nuclei, separate unstained and single-color
controls where necessary. Pellet nuclei at 780 x g at 4 °C for
5 min. Discard the supernatant and resuspend in 500 pL of
primary antibody staining solution (se¢ Note 7). If samples
typically have a low yield, primary antibody staining solution
can be added to blocking solution with final concentrations
listed below.



50 Gwendolyn E. Kaeser and Jerold Chun

3.5 Flow Cytometry
Gating Strategy

3.6 DNA Content
Assessment

For downstream RNA sequencing or FISH: Primary NeuN anti-
body; 20-60 min on ice with rotation.

For downstream DNA sequencing, FISH, or DNA content assess-
ment with PI. RNase A, 50 pg/mL; primary NeuN antibodys;
20-60 min on ice with rotation.

2. Add 9.5 mL of 2% BSA in 1x PBSE and rinse on ice with rota-
tion for 10 min. Pellet nuclei at 780 x g at 4 °C for 5 min.

3. Resuspend in 500 pL of secondary antibody solution. The
concentration of secondary antibody should be determined
in-house.

4. Add 9.5 mL of 2% BSA in 1x PBSE and rinse on ice with rota-
tion for 10 min. Pellet nuclei at 780 x g at 4 °C for 5 min.

5. Discard the supernatant and resuspend in appropriate volume
of 2% BSA in 1x PBSE containing the appropriate DNA /RNA
counterstain for flow cytometric analysis or sorting.

For DNA content analysis with PI. Add 1 mL of propidium
iodide staining solution with 50 pg,/mL of PI and the internal
reference standard, CENs (see Note 8). Incubate for 1-3 h
prior to FCM (see Note 9).

1. The gating strategy (Fig. 2) should be the same for nearly all
applications, except that filter sets will change according to
your selected secondary antibody and DNA counterstain.

2. For DNA content assessment: Record a minimum of 10,000
nuclear events after gating.

3. Sorting for FISH: Bulk sort nuclei into Eppendort tubes con-
taining 50 pL of 2% BSA in 1x PBSE. Following the sort pro-
cedure, drop ~20,000 nuclei on positively charged slides. Dry
nuclei on a heating block at 55 °C for 5 min. Proceed with
FISH protocol fixation and staining.

Sorting for DNA sequencing: For small population or single-
cell sequencing which will require DNA amplification (see
Note 10), sort samples into PCR tubes or 96-well plates con-
taining a minimum of 2 pL of storage buffer (or more as rec-
ommended from amplification protocol) (see Note 11).
Following sorting, centrifuge briefly and store nuclei at =80 °C
for up to 4 months.

Sorting for RNA sequencing: For RNA sequencing of bulk
samples, or downstream microfluidic assessment of single cells,
nuclei are sorted into 1.5 mL Eppendorf containing 50 pL of
2% BSA in PBSE (see Note 11).

The DNA index of a sample is calculated by taking the mean fluo-
rescence intensity of each population and taking a ratio compared
to reference standards and control populations (Table 1). Controls
may be another species (CENs or trout erythrocyte nuclei (TENS)),
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Fig. 2 Gating strategy for DNA content assessment and nuclear sorting. (a, b) Traditional doublet gating is used
to eliminate debris and two nuclei stuck together. (a) Side scatter area (SSC-A) versus side scatter width (SSC-
W) and (b) forward scatter area (FSC-A) and forward scatter width (FSC-W) are both used to eliminate most of
the doublet nuclei. (¢) The PI (PerCP-Cy5—5-A) positive singlet population is selected. The right part of this popu-
lation is likely two nuclei stuck together. (d) NeuN+ and NeuN- populations (FIT-C) are selected. Pacific Blue-A
is an unused filter with low levels of background, enabling accurate drawing of NeuN+ and NeuN- gates

other tissue types (lymphocytes (LYM) or cerebellum), or other
cell types (NeuN negative nuclei). The mean fluorescence intensity
of DNA in your sample can be calculated using FlowJo or other
comparable software. DNA index can be represented as a fraction,
or may be converted to the average pg of DNA per nucleus, total
megabase change, or percent of change.

4 Notes

1. Solutions for downstream RNA sequencing should be made
with DEP-C-treated water or commercially available NFW.

2. Our group has used both 1% NP40 [11, 15] and NEB bufter
[18] to analyze and sort human tissue. No differences have
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Table 1
Example calculation of the DNA index

Mean Pl internal  Mean PI DNA index DNA index  Average pg/

reference CENs of sample to CEN to LYM nucleus (pg)
Human cortex 1 164.8 458.1 2.780 1.014 6.794
Human cortex 2 169.7 489.6 2.885 1.052 7.048
Human LYM 168.6 462.3 2.742 1.000 6.700

In this example calculation, the mean CEN and mean sample fluorescence were determined following the gating strat-

Mean sample

—— — — . The
Mean CEN

. The approximation of average picograms per

egy demonstrated in Fig. 2 using the FlowJo software. The DNA Index-to-CENs is determined by
DICEN Sample
DICENLYM

nucleus is determined using 6.7 pg/nucleus as a standard for lymphocytes

DNA index-to-lymphocytes (LYM) is determined by

been detected for DNA content assessment; however, NEB
tends to have less clumping of more dense brain tissues like the
cerebellum.

3. This protocol can also be used for nuclear isolation from mouse
brain tissue. However, we find that adult mouse nuclei need to
be pelleted at a speed of 650 x g for this first step, and all non-
iodixanol gradient steps.

4. The iodixanol gradient will greatly improve your nuclei-to-
debris ratio by removing excess lipid and white matter. This
step is not required for all analyses and is frequently skipped for
DNA content assessment. Extensive studies have shown that
this does not impact the average total DNA content of a sam-
ple. Additionally, this step can generally be skipped for fresh
fetal and adult mouse brain tissue.

5. Optiprep (Sigma) is a commercially available stock of 60%
iodixanol.

6. Fixation of nuclei for DNA content assessment allows for
nuclei to be collected and stored before analysis up to a few
months. However, we have found that the preferred precipitat-
ing fixatives (e.g., alcohols) [22] often interfere with quality
antibody staining. Cross-linking fixatives (e.g., formaldehyde)
cross-link chromatin and compromise the stoichiometry of
intercalating dyes [22], but preserve NeuN staining. It is
therefore recommended to analyze total DNA content with-
out fixation and post-fix for long-term storage.

7. This staining is tested to be optimal with 1-5 x 10° nuclei. For
larger preparations, experimenters will need to optimize stain-
ing parameters.
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Fig. 3 Visualization of DAPI uptake in nuclear DNA. Flow cytometry scatter plot
demonstrating DAPI uptake into human brain nuclei. (7 ) Nuclei were first
recorded prior to incubation with DAPI. (2) The same sample was removed, and
DAPI was added at a final concentration of 1 pg/mL, vortexed for 5 s, and placed
back on the machine to record. (3) Next, the sample was removed, and DAPI was
added to a final concentration of 5 pg/mL, vortexed for 5 s, and placed back on
the machine to record events. This experiment demonstrates that DAPI uptake
and saturation occur extremely quickly. However, Pl (not shown) can require up
to 1 h to reach equilibrium

8.

10.

11.

Do not use internal reference standards when sorting. If neces-
sary, standards can be run in separate tubes for gate setup and
DNA content determination.

. Other DNA content dyes may also be used. All dyes must be

stained to saturation (equilibrium). The optimal concentration
and staining time can be determined by keeping the number of
cells with a sample constant, and fluctuating the concentration
of PI (or other DNA counterstain) and the time of staining. A
concentration of 50 pg/mL is sufficient for up to 1-5 x 10°
human nuclei that must be stained at least for 1 h. Figure 3
demonstrates saturation of DAPI at 1 pg/mL within 5 min (it
is suggested to stain for 20-30 min prior to analysis).

Downstream protocols (DNA amplification or library prepara-
tion) could either benefit from, or be impaired by, the presence
of BSA or EGTA. It is the experimenter’s responsibility to
assess if 1x PBS, 1x PBSE, or 1% BSA will produce more con-
sistent results with their specific protocol.

Take care that the PCR tubes and buffer are clean and sterile,
and minimize the length of time the tubes are exposed to open
air during the sort to minimize contamination artifacts.
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5 Concluding Remarks

This protocol presents a detailed method for human brain cell
nuclei extraction, DNA content assessment, and flow sorting for
downstream sequencing or FISH. The use of flow cytometry and
FACS in neuroscience has greatly increased our ability to study
new aspects of cellular diversity and function, including the occur-
rence and significance of somatic genomic mosaicism in the devel-
oping and adult brain.
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Chapter 4

Flow Cytometric Quantification, Isolation, and Subsequent
Epigenetic Analysis of Tetraploid Neurons

Noelia Lopez-Sanchez, Iris Patifio-Parrado, and José Maria Frade

Abstract

Different forms of genomic mosaicism can be detected in vertebrate neurons, including copy number
variation, L1 transposition, and aneuploidy. In addition, some populations of vertebrate neurons can also
show double the normal amount of DNA, a condition referred to as somatic tetraploidy. These neurons
are generated during early stages of development, as they migrate to their adult locations in the adult ner-
vous system, and constitute subpopulations of projection neurons. We have previously shown that neuro-
nal tetraploidy can be characterized by flow cytometry using isolated cell nuclei from different mammalian
and avian structures. In this chapter, we describe this procedure using a different model system: the
rhombencephalic derivatives from adult zebrafish. In addition, tetraploid neuronal nuclei can be isolated
by fluorescence-activated cell sorting and their genomic DNA used for further analyses, either used directly
or after whole-genome amplification. Here we show as an example how to perform epigenetic analyses to
characterize CpG methylation in differentially methylated regions controlling the RaggrfI-imprinting
domain in mice.

Key words Cell sorting, FACS, Tetraploid neuron, Cell nuclei, Zebrafish, Genomic imprinting,
DNA methylation, Pyrosequencing

1 Introduction

Polyploidy can be defined as the presence in a cell of multiple copies
of the haploid chromosome complement, which is usually referred
to as N. This condition can affect all the cells in the body (i.e., “ger-
minal polyploidy”), a strategy adopted by several organisms to
increase their size. This type of polyploidy is widespread in plants
[1-3], and it can often be observed in animals [4 ], including proto-
zoa [ 5], insects [6], fishes [ 7], amphibians [ 8, 9], and reptiles [10].

With the occurrence of multicellularity and the acquisition of
the soma, specific cell types or tissues can show changes in the
amount of DNA proportional to the haploid complement, thus
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Haploid Gametes

N (number of chromosomes)

C (DNA content)

Somatic Cell (G,)

2C (DNA content)
2N (number of chromosomes)

Somatic Cell (G,/M)

4C (DNA content)
2N (number of chromosomes)

Tetraploid Neuron

4C (DNA content)
4N (number of chromosomes)

4C (DNA content)
2N (number of chromosomes)

Fig. 1 Cvalue and N value in germinal cells (gametes), somatic cells in G1 and G2/M phases of the cell cycle,
and in tetraploid neurons. Cvalue refers to the amount of DNA present in the gametes whereas Nvalue denotes
the chromosomal complement that characterizes the gametes. Since chromosomes may contain one or two
chromatids the C values is duplicated during G2 while the N value is unaltered as the cell progresses through
the cell cycle. Since neurons cannot divide, the number of chromosomes of those with 4C DNA content cannot
be identified and they are referred to as somatic tetraploid neurons sensu /afo

resulting in “somatic polyploidy.” This term is used in a generic
meaning since, in the absence of mitosis, the identification of the
actual number of chromosomal sets is not feasible. In this case,
somatic polyploid cells are usually referred to the amount of DNA
that is present in their nuclei (measured in terms of the C value,
i.e., the amount of DNA present in the haploid complement). It is
important not to confound the C value with the N value: while the
former increases during S phase and remains duplicated during G2,
N is unaltered as the cell progresses through the cell cycle (Fig. 1).

Somatic polyploidy can affect different tissues in both verte-
brates and invertebrates, where it may serve as a means to increase



1.1 Somatic
Tetraploidy
in Vertebrate Neurons

Tetraploid Neuron Analysis by Flow Cytometry 59

cell size and to promote gene expression and metabolic activity
[11], which could facilitate better adaptation to metabolic and /or
genotoxic stress and a lower sensibility to apoptotic stimuli [ 12—
16]. In invertebrates, somatic polyploidy can be detected for
instance in the glial cells making the blood-brain barrier [17] and
in oocyte nurse cells [ 18] in Drosophila, and in Malpighian tubules
and silk glands in the flour moth [19]. In mammals, a number of
cell types have been shown to be polyploid, including megakaryo-
cytes [20], trophoblast giant cells [21], hepatocytes [22 ], keratino-
cytes [23], vascular smooth cells [24], and cardiomyocytes [25].

As other tissues, the nervous system can also contain somatic
polyploid cells. In invertebrates, several examples of somatic poly-
ploid neurons have been described [26, 27]. The augment in the
size of these neurons is likely required for increasing the speed at
which action potentials move along their axons [28]. In some
instances, the levels of ploidy may be really enormous as it is the
case for nuclei of giant neurons from Aplysia californica, which has
been shown to contain 200,000-fold the normal amount of hap-
loid DNA (i.e., 200,000C) [29].

For decades, it has been assumed that the vertebrate nervous sys-
tem is homogenous from a genomic point of view, being consti-
tuted by diploid neurons (i.e., neurons showing 2C DNA content)
[30]. This belief was challenged in the 1968 when Lapman [31]
proposed that Purkinje cells contain tetraploid nuclei. This ques-
tion has been readdressed, and current evidence indicates that a
small proportion of neurons in the vertebrate nervous system con-
tain tetraploid neurons (i.e., neurons with 4C DNA content)
(Fig. 1). By using state-of-the-art techniques, Thomas Arendt’s
laboratory has shown that around 1% of neurons are tetraploid in
the cerebral cortex of normal individuals [32]. In addition, we and
others have demonstrated that tetraploid neurons exist in the nor-
mal vertebrate retina [33-35], as well as in the chick forebrain and
mouse cerebral cortex [36]. In the chick retina, tetraploid neurons
constitute subpopulations of horizontal cells [34, 35] and RGCs,
the latter innervating lamina F at the stratum-griseum-et-fibrosum-
superficiale of the tectal cortex [33]. These neurons are generated
during the early stages of retinal development, soon after they
acquire initial neuronal markers. In this regard, a subset of migrat-
ing RGCs expressing the transcription factor E2F1, and lacking Rb
protein, undergoe S phase and remain in a permanent G2-like
state, due to the inactivation of Cdkl in these cells [37]. In these
cells, p27%P! expression prevents further round of replication, thus
keeping these neurons in a tetraploid state [38]. Therefore, endo-
reduplication, but not alternative mechanisms such as aneuploidy
or cell fusion [39, 40], seems to represent the major mechanism
generating tetraploid RGCs in the vertebrate nervous system.
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1.2 Methods

to Characterize
Tetraploidy

in Vertebrate Neurons

As indicated above, the initial attempts for DNA content quantifi-
cation in vertebrate neurons took place in the late 1960s [31]. At
this early period, DNA quantification was performed by using a
histochemical method, the Feulgen stain [41]. This colorimetric
procedure is based on the acid hydrolysis of DNA, which produces
free aldehyde groups that are subsequently detected [42]. Then,
the intensity of the Feulgen reaction, which is proportional to the
DNA concentration, can be measured using microdensitometric
procedures [43]. Although many laboratories were focused on the
analysis of neuronal tetraploidy using this technology [44—46], no
clear conclusion was reached at that time due to the limitations
inherent to the Feulgen technique applied to cells with low levels
of polyploidy [47].

More recently, a number of methods based on fluorescent
labeling of DNA have been developed to identify and characterize
neuronal tetraploidy. These methods allow the identification
through fluorescent labeling of the cell types that become tetra-
ploid in the vertebrate nervous system. In Chap. 5, Thomas Arendt
and colleagues describe a procedure for DNA quantification in
single cells in brain slices based on image cytometry. This method
relies on laser scanning cytometry-based technology applied to tis-
sue sections labeled with fluorescent DNA dyes such as
4’ 6-diamidino-2-phenylindole (DAPI) or propidium iodide (PI)
[48], which stoichiometrically bind to DNA. By using this method,
these authors showed a positive correlation between the fluores-
cence intensity signal and both the number of dots detected with
chromogenic in situ hybridization (CISH) using chromosome-
specific probes and the amplification levels of a/u repeats obtained
by real-time PCR amplification in microdissected neurons [32].

A robust method for the analysis of neuronal tetraploidy is flow
cytometry, a technique that allows the analysis of DNA content,
protein expression, and other functional parameters in isolated
cells or organelles in suspension [49-52]. An initial attempt for
DNA content analysis in cerebral tissue using this technique was
performed using fluorescent labeling of DNA through the
acriflavine-Feulgen method [53]. This protocol uses formalin-fixed
cell nuclei subjected to the acidic treatment inherent to the Feulgen
stain, which includes acriflavine to provide fluorescence. This prim-
itive protocol leads to a high frequency of nuclear doublets that
cannot be removed from the analysis, thus impeding reliable quan-
tification of 4C nuclei. Furthermore, the acriflavine-Feulgen
method is too aggressive to allow parallel labeling to identity the
nature of the tetraploid cell nuclei.

An important improvement for DNA analysis using flow
cytometry derived from the use of fluorescent DNA dyes, such as
PI[54]. The subsequent development of methods to remove dou-
blets from the analysis, such as the standard pulse processing
method [55] which we routinely use in our studies (see [36], for
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example), was an additional advance for the quantitative power of
flow cytometry. Many studies have been performed since the devel-
opment of this improved methodology. Embryonic neurons can be
isolated through controlled trypsin digestion of developing neural
tissues following a protocol similar to that used for cell culture.
Cell suspensions are then subjected to a number of steps including
ethanol fixation, cell immunolabeling with specific neuronal mark-
ers, RNA removal with RNase, and stoichiometric DNA labeling
with PI, prior to flow cytometric analysis [56]. In the past, our
laboratory has used this procedure for the analysis of neuronal tet-
raploidy in cell suspensions from different neural tissues obtained
from the chick embryo [33, 57].

A further improvement to perform quantitative analyses by
flow cytometry was the use of fresh cell nuclei isolated by tissue
grinding [58]. This approach eliminates the need for fluorescent
DNA dyes to cross a permeabilized plasma membrane and reduces
nonspecific dye binding to cytoplasmic components, allowing very
accurate DNA cell cycle analysis. Most protocols for cell nuclei
analysis by flow cytometry use fixed cell nuclei, either by ethanol or
formaldehyde [59, 60], although examples of flow cytometric
analysis using fresh cell nuclei are also available in the literature
[61]. It is important to point out that the analysis of DNA content
with fresh cell nuclei avoids the disadvantages of formaldehyde,
which triggers chromatin cross-linking that impairs stoichiometric
analysis of DNA content [62], and of ethanol, which may lead to
cell or organelle aggregation [63].

In our laboratory we have developed a flow cytometric method
for DNA content quantification that uses fresh cell nuclei from
neural tissues obtained with minimal manipulation [36, 64, 65].
This protocol, which is described in detail later in this chapter,
results in narrow coefficients of variation that allows accurate DNA
quantification in our samples. For additional information, see
Chap. 2 in which this technology is used for nuclear DNA content
analysis, nucleotide sequencing, and interphase FISH.

A simple way to isolate cell nuclei from hyperploid neurons relies
on the use of laser capture microdissection from tissue sections, as
shown by Mosch et al. [32]. Nevertheless, this method is time
consuming, thus precluding its use for the analysis of a high num-
ber of cell nuclei. Therefore, other preparative procedures based
on flow cytometry have been developed. Fluorescence-activated
cell sorting (FACS) is a technical development of flow cytometry
that enables sorting of a mixture of organelles or cells into two or
more fractions using the scatter and fluorescence signals of each
particle [66]. This methodology has been used by our laboratory
to isolate neural precursors in different stages of the cell cycle [67]
or live neurons out of cortical cells [68].
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Immunolabeling of fresh cell nuclei with antibodies against
nuclear markers specific for neuronal subtypes allows the isolation
of rather pure neuronal cell populations through FACS. This
approach yields sufficient amount of genomic DNA from cell pop-
ulations enriched in tetraploid neurons, which can be used for
genomic analyses either directly or after whole-genome amplifica-
tion. Nascent RNA can also be obtained from these nuclear prepa-
rations, thus resulting in a convenient method for the analysis of
gene expression in tetraploid neurons.

In this chapter, we describe the protocol routinely performed
in our laboratory to reliably quantify the proportion of tetraploid
neurons in specific neural tissues as well as a method for the purifi-
cation of diploid and tetraploid nuclei to perform further analyses
with their genomic DNA.

2 Materials

2.1 Mice
and Zebrafish

2.2 Oligonucleotides

2.3 Reagents

Postnatal day 15 (P15) mice (C57BL/6] background) and
20-month-old zebrafish (WIK line) were used in this study to
obtain cerebral hemicortices and rhombencephalic derivatives,
respectively. These tissues were frozen and stored at —80 °C.

Primers used in this chapter are those named as “inside forward”
(TAGAGAGTTTATAAAGTTAG) and “inside reverse” (ACTAA
AACAAAAACAACA) in the study by Li et al. [69]. For pyrose-
quencing, the inside forward primer was biotinylated at the 5" end,
and the pyrosequencing primer was TAATACAACAACAACAA
TAACAATC. PCR reactions were performed as described in [69].

— Triton X-100 (Sigma-Aldrich).

— DProtease inhibitor cocktail tablets (cOmplete, Mini, EDTA-
free) (Roche).

— Bovine serum albumin (BSA) (stock 30 mg/mL in PBS)
(Sigma-Aldrich).

—  Fetal calf serum (Life Technologies).

— Mouse Anti-NeuN antibody (clone A60) (EMD Millipore).

— Rabbit monoclonal Anti-NeuN antibody [clone A60] (Abcam).

—  Alexa Fluor 488 Goat Anti-Mouse IgG (H + L) Antibody (Life
Technologies).

— Alexa Fluor 488 Donkey Anti-Rabbit IgG (H + L) Antibody
(Life Technologies).

—  Propidium iodide (stock: 1 mg/mL) (Sigma-Aldrich).
—  DAPI (stock 200 pg/mL) (Sigma-Aldrich).
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— RNase A (10 mg/mL, inactivated by boiling as indicated by
the manufacturer) (Sigma-Aldrich).

—  PyroMark Gold Q26 reagents (Qiagen).

— DNeasy Blood & Tissue Kit (Qiagen).

—  EpiTect Bisulfite Kit (Qiagen).

— DNA Clean & Concentrator-5 Kit (ZymoResearch).
— pGEM-T Easy (Promega).

—  DPureYield Plasmid Miniprep System (Promega).

— Phosphate-buffered saline (PBS).

— Nuclear isolation buffer (NIB): DNase-free PBS containing
0.1% Triton X-100 and 1x complete Protease Inhibitor
Cocktail (Roche).

— 15 mL tube (Falcon).

— 1.5 mL Standard and DNA LoBind tubes (Eppendorf).
— 0.5 mL Protein LoBind tubes (Eppendorf).

— 7 mL Dounce homogenizer (WHEATON).

— Epifluorescence E80i Nikon microscope equipped with a
DXM 1200 digital camera.

—  Centrifuge 5415 R (Eppendort).

— Autoclaved 40 pm nylon filters.

— FACSAria cytometer (BD Biosciences) equipped with a
488 nm Coherent Sapphire solid-state and 633 nm JDS
Uniphase HeNe air-cooled laser [emission filters: BP 530,/30
(FITC), BP 616,/23 (PE-Texas Red) and BP 660,20 (APC)
for Alexa 488, PI, and Alexa 647, respectively].

—  PSQ96MA pyrosequencer (Biotage).

— FACSDiva (BD Biosciences).
—  Pyro Q-CpG software (Biotage).
-  QUMA software (http://quma.cdb.riken.jp).

Sanger sequencing results were analyzed for change in methylation
pattern with the quantification tool for methylation analysis
(QUMA) [70]. Data are shown as mean + s.e.m. For pyrosequenc-
ing, statistics were calculated over all CpGs with passed quality.
Statistical significance was determined using two-tailed Student’s
¢ test.


http://quma.cdb.riken.jp

64 Noelia Lépez-Sanchez et al.

3 Methods

3.1 Flow Cytometric
Characterization

of Tetraploid Neurons
in Vertebrates: General
Considerations

The development of a flow cytometric procedure for the character-
ization of both cells and organelles based on size and /or fluores-
cent labeling has been a major scientific breakthrough in biological
sciences. This technology was initially developed for the analysis of
isolated cells that can easily be passed through a laser beam. This
includes unicellular organisms [71], dissociated cell lines [72], or
biological samples containing single cells including blood [73],
sperm [74], gynecologic samples [75], or bladder washings [76].
Nevertheless, further developments of the technique made flow
cytometry also useful for the analysis and isolation of cells or cell
organelles derived from compact tissues, provided that they are
previously dissociated through enzymatic and /or mechanic proce-
dures. This was not an exception for the brain, and protocols for
the analysis of DNA content were initially described already in the
late 1970s, using formalin-fixed cell nuclei obtained by tissue
grinding from solid brain tumors [77].

We routinely use flow cytometry for DNA quantification in
isolated cell nuclei of neural origin and in living cells [33, 36, 57,
64, 65, 68, 78]. In this section, we describe the procedure devel-
oped by our laboratory for the quantification of tetraploid neurons
in vertebrate neural tissues using unfixed cell nuclei immunola-
beled with antibodies specific for nucleus-located neuronal mark-
ers [36]. The use of unfixed cell nuclei results in low coefficients of
variation, thus facilitating the identification of low-abundance
nuclear populations. By using this procedure, we have been able to
detect a small proportion of tetraploid neurons in several neural
structures from different species, including human (unpublished
results), mouse [33, 36], chick [33, 57], and zebrafish (see below).

Our method is based on tissue grinding with a Dounce homog-
enizer followed by two centrifugation steps to first remove undisso-
ciated tissue and then to isolate fresh cell nuclei. These cell nuclei are
subsequently immunolabeled with an anti-NeuN antibody to iden-
tify those that are derived from neurons. This method has the advan-
tage of allowing the characterization of any neuronal type provided
that it can be identified by a nuclear marker. We have used this
method to show that the major population of tetraploid neurons in
the mouse cerebral cortex express CTIP2 [36], a known marker of
subcortical projection neurons located in layers V and VI [79]. This
observation, together with the finding that retinal tetraploid neu-
rons are mainly a subpopulation of retinal ganglion cells, indicates
that neuronal tetraploidy is mainly associated with projection neu-
rons. The use of antibodies against the early-response genes c-Fos
and Erg-1, known to be expressed in active neurons, also allowed us
to demonstrate that tetraploid neurons are functional [36].

Along this section we explain our protocol for the identifica-
tion and quantification of tetraploidy in neurons using the
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rhombencephalic derivatives of the zebrafish brain as a model sys-
tem. In addition, we describe an optimized protocol for the isola-
tion by FACS of cell nuclei from diploid and tetraploid neurons
obtained from P15 cerebral cortex. Then, we describe how to
obtain genomic DNA from these neurons and, finally, we present
an example of the genomic analysis that can be performed in these
neurons. For this aim we have chosen the analysis of CpG methyla-
tion in genomic imprinting (i.e., monoallelic expression of genes
depending on parental origin). Most imprinted genes are located
in clusters distributed throughout the whole genome [80], and
they are co-regulated by cis-acting imprinting control elements
that contain chromosome-specific DMRs. Epigenetic methylation
of the CpGs constituting these DMRs is established in the germ-
line and then this methylation pattern is tightly maintained in all
somatic tissues during adulthood [81, 82]. In this chapter we
describe how to study the methylation pattern of the Raggrfl-
imprinted domain [69] in diploid versus tetraploid cortical neu-
rons from P15 mice.

Our analyses using freshly isolated cell nuclei have mainly been
focused on the mouse cerebral cortex, but they can also be applied
to other neural structures such as the hippocampus and the olfac-
tory bulb in this species. In addition, we have succeeded in the
characterization of tetraploid neurons in brain tissue from other
species including zebrafish and chick as well as from postmortem
human cerebral tissue using minor modifications of the basic pro-
tocol (see Fig. 2). In this section, we describe the protocol for the
characterization of tetraploid neurons using the neural structures
derived from the rhombencephalon in zebrafish as a model system.
Whenever required, indications of the necessary modifications for
other species are described in the Notes section.

There are a number of variables to consider when cell nuclei sus-
pensions are being prepared, including the species, age, and neural
tissue under analysis. In the case at hands, experiments are per-
formed with the rhombencephalon-derived tissue from one
20-month-old zebrafish (one neural structure per sample), previ-
ously snap-frozen on dry ice and stored at —80 °C. The tissue is
placed in 0.4 mL of ice-cold, nuclear isolation buffer (NIB) see
Note 1), and cell nuclei are then released by mechanical disaggre-
gation using a Dounce homogenizer (with sequential use of both
loose and tight pestles). The characteristics of zebrafish brain allow
a complete mechanical dissociation and the obtention of very clear
nuclear suspensions, but removal of small amounts of undissoci-
ated tissue could be necessary for other tissues using a centrifuga-
tion step (see Note 2). In some instances, small debris present in
the supernatants obtained after this centrifugation step can be
removed through subsequent washes with NBT (see Note 3).
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Zebrafish Chick Mouse Human
20m P7 E17 P15 ADULT ADULT
| } } | | }
1 rhombencephalon 1 telencephalic 1 hemicortex 1 hemicortex 1 hemicortex Cerebral cortex
(0.4 ml NIB) vesicle (1.0 mINIB) (2.0 mINIB) (3.0 mI NIB) 125-500 mm?
(1.0 mI NIB) (3.0 ml NIB)
Tissue Tissue Tissue Tissue Tissue Tissue
grinding grinding grinding grinding grinding grinding
| | }
+1.5mINIB + 1.5 ml NIB + 1.5 mlNIB
| ) }
200 xg 200 xg 200 xg 200 xg 200 xg
1.5 min 1.5 min 1.5 min 1.5 min 1.5 min
4°C 4°C 4°C 4°C 4°C
Pellet Pellet Pellet Pellet
|
+1.5mINIB +1.5mINIB { +1.5mINIB +1.5mlI NIB
| ) | |
100 xg 100 xg 100 xg 100 xg
1.5 min 1.5 min 1.5 min 1.5 min
}“C ;’C }"C }"C
Supernatant  Supernatant Supernatant Supernatant Supernatant
} } | }
+ 3 ml NIB +4mINIB  +7.5mlNIB +31.5mlINIB
| | | }
400 xg* 400 xg* 400 xg 400 xg 400 xg
1.5 min 1.5 min 1.5 min 1.5 min 1.5 min
4°C* 4 °C* 4°C 4°C 4°C
| | | | |
Pellet** Pellet** Pellet** Pellet** Pellet**
| } | ) }
+ 150 ul NIB +50 uINIB + 150 I NIB +0.8-1.0mINIB  +1.0-1.2 mINIB
} | } | |
Incubation Incubation Incubation Incubation Incubation
20-30 min 20-30 min 20-30 min 20-30 min 20-30 min
4°C 4°C 4°C 4°C 4°C
| | | | |
Gentle Gentle Gentle Gentle Gentle
swirling swirling swirling swirling swirling
| | | | |

Immunostaining

*This step can be eliminated if the supernatan lacks cell debris
**Confirm absence of nuclei in supernatant through DAPI staining

Fig. 2 Flow diagram describing the protocol for the isolation of fresh cell nuclei from the indicated tissues.
These cell nuclei can be used for immunostaining with neuronal markers with nuclear location and flow

cytometry analysis



3.2.2 Flow Cytometric
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Once the nuclear preparation is obtained, cell nuclei are immu-
nostained with antibodies against specific nuclear markers (NeulN
in this case). For this purpose, we recommend to use commercially
available antibodies known to work for chromatin immunoprecipi-
tation as they are likely to recognize the native structure of the
antigen. An improvement of our methodology is that both primary
and secondary antibodies are added together to the cellular prepa-
rations (optimal dilutions have to be empirically deduced). This
avoids unnecessary washing steps that may result in bias or general-
ized loss of cell nuclei. This makes our protocol highly accurate
and yielding representative results, something that is crucial for
this type of analysis. As a first approximation, primary antibodies
should be diluted around 0.5-1.0 times the recommended dilu-
tion for immunohistochemistry. Secondary antibodies are usually
employed at 1,/500 dilution (see Note 4). For the example illus-
trated in Fig. 3, an anti-NeuN rabbit monoclonal antibody was
used at 1,/600 dilution and an Alexa 488 anti-rabbit antibody was
diluted 500 times. Immunostaining is performed in an Eppendorf
tube containing the isolated unfixed nuclei described above plus
5% fetal calf serum (FCS) and 1.25 mg/mL bovine serum albumin
(BSA) (final concentrations). In this way, labeling is specific as
blocking proteins are co-added with the antibodies. It is important
to prepare control samples in which the primary antibodies are
excluded. When the availability of the samples is limited, this con-
trol can be obtained by taking small aliquots from the experimental
points, which are then joined together. Nuclear suspensions with
antibodies are finally incubated O/N at 4 °C in the dark.

NeuN-immunostained nuclei are filtered through a 40 pm nylon
filter, and the volume adjusted to 0.5 mL (se¢e Note 5) with PBS
containing PI and DNase-free RNase I at a final concentration of
40 and 25 pg/mL, respectively, and then incubated for 30 min at
room temperature (RT'). The quality of the nuclei and specificity of
immunostaining signal have to be checked by fluorescence micros-
copy (Fig. 3a).

In our experiments, the analysis by flow cytometry is per-
formed with a FACSAria cytometer. Nevertheless, any flow cytom-
eter available in the market would be equally efficient for this kind
of analysis. Immunostained samples are passed through the cytom-
eter and data are collected. In our case, we use Alexa 488 to label
NeuN and PI for DNA quantification. Therefore, the analysis is
performed with the BP 530,/30 and BP 616,23 emission filters
(used for Alexa 488 and PI, respectively). Data are then analyzed
with the FACSDiva package. To this aim, gating is adjusted to
remove cellular debris, which is easily differentiated from nuclei
due to its inability to incorporate PI. Aggregates are then removed
after plotting DNA pulse area versus its corresponding pulse height
following the procedure described in [55] (Fig. 3b). Then, the
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Fig. 3 Electronic gating method for zebrafish cell nuclei immunostained with NeuN and analyzed by flow
cytometry. (@) NeuN-positive nuclei (white arrows) and NeuN-negative nucleus (yellow arrow ) labeled with
DAPI are shown. Ph: phase contrast. Bar: 10 pm. (b) Fresh cell nuclei were isolated from neural tissues derived
from the rhombencephalon of 20 m zebrafish, stained with propidium iodide (Pl), and subjected to flow
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3.3.1 Isolation of Cell
Nuclei from Diploid
and Tetraploid Cortical
Neurons
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NeuN-positive nuclear population is selected and plotted against
PI intensity to quantify the proportion of neuronal tetraploid
and diploid nuclei (Fig. 3¢). A histogram is finally created for the
quantification of the tetraploid neuron population. Figure 3d illus-
trates a representative result obtained from this analysis, indicating
that 4.21 + 0.41% (mean * s.e.m.) of neurons are tetraploid in
the neural tissues derived from the rhombencephalon in the adult
zebrafish (n = 8).

Besides the common use of flow cytometry for the characterization
and quantification of tetraploid neurons in specific tissues, FACS
technology can also be used for the isolation of genomic DNA
from these neurons (i.e., 4C NeuN-positive cell nuclei). To this
aim, we usually employ a nozzle with a 100 pm diameter, a size
that does not perturb nuclear integrity. It is important to point out
that cell sorting is a challenging approach when the abundance of
the target population is low, as it is the case for tetraploid neurons.
A single round of cell sorting is able to enrich the tetraploid nuclear
population to around 20% as a maximum. Therefore, two rounds
of cell sorting are required to enrich the tetraploid population to
80-90%. As a consequence, the final number of tetraploid nuclei
that are obtained is quite low. Another reason for a reduced yield
of tetraploid neuronal nuclei is the necessity of checking its pro-
portion within the enriched sample. This analysis results in the loss
of a significant number of'isolated nuclei, which are passed through
the flow cytometer following the protocol described above. As an
average, we usually recover around 1000-9000 tetraploid nuclei
out of four P15 mouse hemicortices, and about 100-500 cell
nuclei are used for this validation step. The rest can be used for
genomic DNA extraction. The isolation of basically pure diploid
neurons is easier, as this population represents around 98-99% of
total neurons and around half of all cell nuclei in the cerebral cor-
tex. Therefore, a single round of FACS is sufficient for the isolation
of highly enriched diploid neuron populations. We usually isolate
genomic DNA from 200,000 diploid cell nuclei.

For the isolation of cortical neurons of diploid and tetraploid DNA
content, one cortical hemisphere from P15 mice is homogenized
using a Dounce homogenizer in 2 mL of'ice-cold NIB (see Fig. 2).
Undissociated tissue is then removed by centrifugation at 200 x g4

<
<

Fig. 3 (continued) cytometric analysis. After gating on forward scattering area vs. side scattering area (not
shown), DNA content was Fig. 3 (continued) assessed by plotting Pl (Pe-Texas Red-H) vs. PI (Pe-Texas Red-A)
levels. Diploid and tetraploid nuclei were subsequently gated from these plots (singlets), while the doublets of
diploid nuclei were discarded (aggregates). (¢) DNA content from the gated cell population containing both
diploid (2C) and tetraploid (4C) events, plotted against Neu immunolabeling levels (FITC-A), is shown. A control
analysis performed with nuclei labeled with secondary antibodies is also shown. (d) A histogram showing the
count numbers of diploid (2C) and tetraploid (4C) nuclei is shown
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3.3.2 Genomic DNA
Isolation

3.3.3 Bisulfite Treatment
of Genomic DNA

from Diploid and Tetraploid
Neurons

for 1.5 min (4 °C) as described above. The supernatant is then
diluted with 4 mL of NIB, while the pellet is resuspended with
1.5 mL NIB and centrifuged at 100 x g for 1.5 min at 4 °C, and
the resulting supernatant is added to the previous one (see Fig. 2).
The mixed supernatant is then distributed in five Eppendort tubes
and centrifuged at 400 x g to isolate cell nuclei and remove the cell
debris from the sample. Each pellet is then incubated for 30 min
with 30 pL NIB on ice, resuspended by gently swirling, joined into
one single Eppendorf tube (150 pL in total), and directly used for
immunolabeling. To this aim, the cell nuclei are incubated O /N in
the dark at 4 °C with a mouse monoclonal antibody against NeulN
diluted 1,/1000 and a secondary Alexa 488 anti-mouse antibody
used at a 1/500 dilution in NIB containing 5% fetal calf serum
(FCS) and 1.25 mg/mL bovine serum albumin (BSA). In parallel,
control samples are prepared lacking the primary antibody. After
the incubation period, immunostained nuclei are filtered through
a 40 pm nylon filter and, then, DNA staining is performed with
40 pg/mL PI, while RNA is removed with 25 pg/mL DNase-free
RNase I, which is incubated for 30 min at RT. After analyzing the
quality of the nuclei and the specificity of the immunostaining by
fluorescence microscopy, cell nuclei are sorted through a FACSAria
cytometer. Gating is set as described above to isolate diploid and
tetraploid NeuN-positive nuclei on DNA LoBind and Protein
LoBind Eppendorf tubes, respectively. Diploid neuronal cell nuclei
are selected for further analysis while the tetraploid enriched frac-
tion is subjected to a second round of cell sorting to isolate tetra-
ploid neuronal cell nuclei. In this case, tetraploid events are
collected in DNA LoBind tubes.

To obtain genomic DNA from diploid and tetraploid neurons, the
isolated cell nucleus suspensions are centrifuged at 20,000 x 4 for
5 min, and then most of the supernatant is removed (just 200 pL
is kept). The genomic DNA is then isolated from this pellet by
using the DNeasy Blood & Tissue Kit, a procedure that requires
no phenol extraction and involves minimal handling. To this aim,
20 pL of the proteinase K solution and 200 pL of buffer AL (both
included in the kit) are added to the remnant volume and then the
mix is vortexed to assure cell nuclear lysis. This bufter allows selec-
tive binding of DNA to the DNeasy membrane located within a
spin column also included in the kit. After two wash steps, DNA is
eluted with 40 pL of the buffer AE included in the kit. This vol-
ume is optimal for DNA vyields below 1 pg.

The genomic DNA isolated in the previous step can be used for
several types of analysis. In this chapter we used CpG methylation
analysis in imprinting. The most common technique for the analy-
sis of CpG methylation is the treatment of genomic DNA with
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bisulfite followed by sequencing [83]. Bisulfite converts cytosine
residues to uracil, but leaves 5-methylcytosine residues unaffected.
Therefore, only methylated cytosines are retained when genomic
DNA has been treated with bisulfite.

For this analysis, 20 pL of the genomic DNA obtained in the
previous step is bisulfite-converted using EpiTect Bisulfite Kit. To
this aim, the DNA solution is combined with 85 pL of bisulfite mix
solution and 35 pL of DNA protect bufter, and then the protocol
is performed as indicated in the specifications of the kit.

The Sanger sequencing procedure is the classical method for the
analysis of CpG methylation [83]. For this analysis, a representa-
tive DNA sequence within the DMR of interest is PCR amplified
from the bisulfite-converted DNA using specific oligonucleotides
designed for the bisulfite-converted sequence (i.e., cytosines sub-
stituted by thymines). As a general rule, whenever possible the
presence of GpGs should be avoided from the oligonucleotide
sequences. In case this cannot be applied, degenerate oligonucle-
otides recognizing both cytidines and thymines should be used. In
addition, when the CpG methylation levels are studied by pyrose-
quencing (see below) one of the oligonucleotides should be bioti-
nylated in its 5’ end. If possible, primers should be designed
flanking a single-nucleotide polymorphism (SNP), which is used to
determine the parental origin of the specific strand when analyzed
by Sanger sequencing. In this case, the analyzed tissue should be
derived from mice obtained by crossing of two genetic back-
grounds carrying the mentioned SNP. Finally, the analysis of the
sequencing data is performed with the QUMA software [70],
using its standard settings.

To study the CpG methylation levels of the DMR control-
ling the imprinted RasgrfI region [69] (Fig. 4a) in diploid and
tetraploid neurons, two primers flanking this DMR (see Fig. 4b)
are used. These primers are specific for the bisulfite-converted
sequence, and they encompass 29 CpQG sites within the Rasgrfl-
imprinted domain. PCR amplification is then performed using
the PCR conditions described in [69], and the amplification
product is cleaned with the DNA Clean & Concentrator-5 Kit.
After PCR product subcloning into the pGEM-Teasy vector, a
significant number of positive clones are subjected to miniprepa-
ration of plasmids with the PureYield Plasmid Miniprep System,
and these plasmids are subsequently sequenced through the
Sanger method. Figure 5 illustrates the result obtained from this
analysis, which indicates that at P15 both diploid and tetraploid
neurons seem to show more than the expected 50% of methyl-
ated CpGs.
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B Rasgrf1 imprinting center
CAGAGAGTTTATAAAGCCAGCGCTGTGCTGCTGCCGCGCTTCGCGGCTGCACTTCGCTACCGTT
P
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TCGCGGCCGCGCTGCTGCTCCCACATCCATCCGTGGCTACCGCTATTGCTGTTGCTGCACCGCT
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Fig. 4 Scheme showing the genomic structure of murine Rasgrf7-imprinted domain and the sequence ana-
lyzed within the Rasgrfi-imprinting center. (@) Genes constituting the Rasgrf1-imprinting domain are shown.
These genes show paternal allele-specific expression. The Rasgrfi-imprinting center is 30 kb upstream of
these genes. Methylated CpG sites from this imprinting center are represented by solid circles, while open
circles represent non-methylated CpGs from the Rasgrfi-controlling DMR. (b) Genomic DNA sequence corre-
sponding to the region analyzed in this chapter. Solid arrows : primers used for amplification (for pyrosequenc-
ing, the forward primer was 5’-biotinylated). Dashed arrow : primer used for pyrosequencing

3.3.5 Analysis of CoG Sanger sequencing depends on random incorporation of selective
Methylation Levels dideoxynucleotides lacking a 3’-OH group required for the DNA
in Imprinting Control extension reaction, thus leading to products of different lengths
Regions of Diploid that can be assigned to a particular sequence [84]. In contrast to
and Tetraploid Neurons this method, which needs a relatively limited number of clones that
through Pyrosequencing are then sequenced, pyrosequencing has a superior quantitative

capacity based on the detection of the levels of pyrophosphate that
is released when a deoxyribonucleotide triphosphate is added to
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Fig. 5 Sanger sequencing methylation analysis of the Rasgrfi-imprinting control region shown in Fig. 4.
Results were analyzed for change in methylation pattern with the QUMA software, which generates a panel of
solid and open circles indicating methylated and unmethylated CpGs, respectively

the end of a nascent strand of DNA [85]. Although this technique
can be used to reveal unknown DNA sequences, it is not as effi-
cient as other available sequencing procedures. Nevertheless, pyro-
sequencing has proved to be highly efficient and sensitive for the
analysis of single-nucleotide mutations in short DNA sequences
(usuallylessthan80nucleotidesinlength)[86]. Deoxyribonucleotide
triphosphates are added to the reaction following the expected
sequence. This results in the release of pyrophosphate (PPi), whose
concentration can be monitored as a peak of light emission. This
allows the quantification of the mutations that are present in the
DNA sequence (see scheme in Fig. 6). This procedure is therefore
quite convenient for the quantification of the proportion of cyti-
dine conversion to thymine in bisulfite-treated DNA. The propor-
tion of CpG methylation present within the DMRs of an imprinting
DNA domain is therefore easily quantified by this procedure when
DNA fragments initially enriched in CpGs are generated by PCR
amplification from bisulfite-converted genomic DNA.
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Fig. 6 Scheme illustrating the pyrosequencing method. A PCR amplicon generated with a pair of primers, one
of them biotinylated at its 5" end, is denatured, and then the biotinylated strand is immobilized through its
biotinylated 5’ end. Asterisks indicate CpGs that may be methylated: if C is not methylated, C should be sub-
stituted by T (in the complementary strand, G should be substituted by A). This template is hybridized to a
sequencing primer and then incubated with DNA polymerase, ATP sulfurylase, and luciferase together with the
substrates adenosine 5’ phosphosulfate (APS) and luciferin. The addition of the deoxynucleoside triphosphate
complementary to the one present in the template sequence (dCTP in this example) initiates the pyrosequenc-
ing reaction. dATPaS is used instead of dATP to avoid noise, since the former is not a substrate for a luciferase.
The incorporation by DNA polymerase of the correct, complementary dNTP releases pyrophosphate (PPi).
Then, ATP sulfurylase converts PPi to ATP in the presence of APS, and this ATP acts as a substrate for lucifer-
ase, which converts luciferin to oxyluciferin and generates light in proportion to the amount of ATP. This light is
detected by a camera and shown as a pyrogram. Finally, the presence of apyrase results in the degradation of
the unincorporated nucleotides and ATP, and the reaction can restart with another nucleotide. As an internal
control of the pyrosequencing method, a reaction step can be performed with a noncomplementary nucleotide
(dGTP in this example), thus resulting in lack of light signal. When the template contains more than one identi-
cal nucleotide (the pair TT in the example), the peak of light is proportional to the number of identical nucleo-
tides present in the sequence. The percentage of methylated CpGs is calculated after successive addition of
dGTP and dTTP (in the example 50% of the CpGs are methylated since the peak of light is similar for both dGTP
and dTTP)
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To confirm the observation that the RaggrfI DMR contains a
high proportion of methylated CpGs, bisulfite-treated DNA is
PCR amplified using the same primers as above, the forward primer
being biotinylated at the 5’ end. The PCR product is then bound
to streptavidin-coated Sepharose beads (GE-Healthcare) through
the biotin tag and denatured to generate single-stranded DNA to
allow annealing of an internal sequencing primer (16 pmol of each
per reaction) (see Materials). Pyrosequencing is then performed
with a PSQ™96MA instrument using 25 pL of amplified DNA
product and PyroMark Gold Q96 reagents. Pyrosequencing data
analysis is finally done using the Pyro Q-CpG sottware. This tech-
nique can only resolve an average of 80 nucleotides upstream from
the sequencing primer. Therefore, only five CpGs could be quanti-
fied with this technique (Fig. 7). This analysis indicated that
78.31 £ 3.88% (n = 4) of CpGs were methylated in diploid neu-
rons whereas this proportion was 75.07 £ 4.77% (»n = 3) in tetra-
ploid neurons (Fig. 7). This result, which indicates that tetraploid
neurons show similar proportion of methylated CpGs in the DMR
of the Raggrfl-imprinting domain, is consistent with the results
obtained through Sanger sequencing illustrated in Fig. 5. For some
unknown reason, this domain seems to be overmethylated in P15
cortical neurons.

4 Notes

1. This volume should be increased to 1 mL for one telencephalic
hemisphere from P7 chick or E17 mouse embryos, to 2 mL for
one hemicortex of P15 mice, and to 3 mL for either one hemi-
cortex of adult mouse or one cube of 5-8 mm edge of human
brain (see Fig. 2).

2. The standard procedure for the removal of the undissociated
tissue (mainly fibers and blood vessels) is by centrifugation
(200 x g for 1.5 min at 4 °C in 1.5 mL minifuge tubes) dis-
carding pellet. If tissue from either adult mouse or human
brain is processed, 1.5 mL of cold NIB should be added prior
to the centrifugation step (see Fig. 2). Additionally, when
quantification or high recovery is needed, the pellet of this
centrifugation step can be resuspended with 1.5 mL of cold
NIB, and then centrifuged at 100 x g for 1.5 min at 4 °C to
remove any dissociated cell nuclei that may remain among the
undissociated tissue. The supernatant is then added to the pre-
vious one (see Fig. 2 for details).

3. For postnatal and adult mouse tissues the supernatant is fur-
ther diluted with NIB (see Fig. 2 for details). In all cases
(except for zebrafish rhombencephalon-derived neural struc-
tures) tissues are centrifuged at 400 x g4 for 4 min at 4 °C.
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Fig. 7 Representative pyrograms from diploid (a) and tetraploid (b) neuronal cell nuclei, corresponding to the
Rasgrfi-imprinting control region shown in Fig. 4, are shown. Blue boxes: Percentage of methylation in any
particular CpG analyzed. This value is calculated as the ratio between the G peak (complementary to the
bisulfite-protected MC) and the G + A peaks (complementary, respectively, to the bisulfite-protected M*'C plus
the bisulfite-unprotected C)
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Supernatants containing cellular debris are then discarded and
the pellet is then incubated at 4 °C in cold NIB for at least 1 h,
before mechanical resuspension by gentle swirl of the vial. The
volume for this resuspension step differs from tissue to tissue
(see Fig. 2 for details). A quality control that is required at this
stage is the analysis under the microscope of a small aliquot of
the isolated nuclei stained with 100 ng/mI DAPI. This analy-
sis informs about the quality and purity of the nuclear prepara-
tion. It is convenient to use only cell nuclear preparations in
which cell debris are kept to a minimum.

4 Fluorophores are chosen depending on the flow cytometer. It is
imperative that both absorption and emission spectra of the
fluorophores are compatible with the laser and filters of cytom-
cter and that their emission spectra do not overlap.

5. This volume can be adjusted to 1-3 mL in other tissues to avoid
high-concentrated cell nucleus suspensions.
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Chapter 5

A Cytomic Approach Towards Genomic Individuality
of Neurons

Thomas Arendt, Birgit Belter, Martina K. Briickner, Uwe Ueberham,
Markus Morawski, and Attila Tarnok

Abstract

Here, we describe an approach for the DNA quantification of single cells in brain slices based on image
cytometry (IC) that allows mapping the distribution of neurons with DNA content variation (DCV) in the
context of preserved tissue architecture. The method had been optimized for DNA quantification of iden-
tified neurons but could easily be adapted to other tissues. It had been validated against chromogenic in
situ hybridization (CISH) with chromosome-specific probes and laser microdissection followed by quan-
titative PCR (qPCR) of alu repeats. It can be combined with immunocytochemical detection of specific
marker proteins which allow for further specification of cellular identity in the context of defined brain
pathology. The method can be applied in a high-throughput mode where it allows analyzing 500,000
neurons per brain in a reasonable time. The combination of cytometry with molecular biological charac-
terization of single microscopically identified neurons as outlined here might be a promising approach to
study molecular individuality of neurons in the context of its physiological or pathophysiological environ-
ment. It reflects the concept of cytomics and will forward our understanding of the molecular architecture
and functionality of neuronal systems.

Key words Ageing, Alzheimer’s disease, Aneuploidy, Cell death, Cellular individuality, Cytomics,
DNA content variation, Genomic mosaic, Neurodegeneration, Polyploidy, Single-cell analysis

1 Introduction: DNA Content Variation in Neurons

All somatic mammalian cells with very few exceptions have
conventionally been assumed to contain identical genomes corre-
sponding to a diploid set of chromosomes [1]. More recent studies
in the human brain, however, have indicated that structural varia-
tions in the human genome due to loss or gain of whole chromo-
somes or fragments thereof are a constant finding in both the
healthy and diseased human brain [2-17].

A more than diploid level of neuronal DNA was first reported
about 50 years ago in the cerebellum of rat [18] and human
brain [19]. These initial observations, made on Purkinje cells [18]

José Maria Frade and Fred H. Gage (eds.), Genomic Mosaicism in Neurons and Other Cell Types, Neuromethods, vol. 131,
DOI 10.1007/978-1-4939-7280-7_5, © Springer Science+Business Media LLC 2017
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and neurons of the cerebellar dentate nucleus [19], prompted a num-
ber of subsequent studies, reporting on similar findings for a large
variety of neurons of different mammalian species, including cerebel-
lar Purkinje cells of human [20, 217, cat [22], mouse [23], rat [24—
34], and chick [35]; hippocampal and cortical pyramidal cells of cat
[22, 36], rat [37-39], and guinea pig [40]; nerve cells of the upper
cervical ganglion in rabbit [41]; cat spinal motoneurons [22]; as well
as neurons of the human cholinergic basal forebrain system (Arendt,
unpublished observations) and bat olfactory bulb [42].

After a protracted controversy as to whether the DNA content
of'a very large part of neurons [30, 31] or even all neurons [32, 43,
44] exceeds the diploid level or not [45-50], consensus was
reached eventually that the majority of neurons are diploid.
Discrepant results were attributed to various technical limitations
and cytophotometric artifacts of heterochromatin in interphase
nuclei of postmitotic neurons [51-53] but also to large individual
variations [54]. Still, a small but constant fraction of a few percent
of neurons continuously escaped the diploid DNA amount, irre-
spectively of the analytical method or other confounding factors of
tissue sampling and preparation. This argues in favor of the pres-
ence of a “low-frequency” somatic aneuploidy in neurons giving
rise to a genomic mosaic in the brain [16, 17, 54-56].

Different experimental approaches have been developed to
detect aneuploidy, chromosomal copy number variation (CNV),
single-nucleotide variance (SNV), and DNA content variation
(DCV). Thus, high-resolution genome-wide microarrays of small
tissue samples [57] or next-generation sequencing (NGS) of even
single cells allow a comprehensive genome-wide analysis [16]. In
addition, more classical techniques for evaluating chromosome
numbers in brain cells using multicolor fluorescence in situ hybrid-
ization (FISH) or chromogenic in situ hybridization (CISH) with
site-specific and centromeric DNA probes [2—4, 58], or interphase
high-resolution chromosome-specific multicolor banding (ICS-
MCB) for the visualization of whole chromosomes [6-8, 10], have
been constantly improved [59] and take advantage of in situ
characterization of defined neurons.

Chromosome number variations (CNV) appear to be well tol-
erated in the normal brain, and might even be beneficial [60, 61].
Alternatively, DCV may contribute to pathogenetic cascades and
thus promote neurodegenerative disease progression, particularly
if it exceeds a certain level (8,9, 12,58, 62-67].

To address questions such as the functional significance of
physiological CNV, how it can be distinguished from its pathologi-
cal form, and what are the modes of its generation and its func-
tional sequelae, more systematic studies both on its distribution
throughout the brain and its potential changes over lifetime are
required. Here, we describe an approach for the DNA quantifica-
tion of single cells in brain slices based on image cytometry (IC)
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that allow to map the distribution of neurons with DNA content
variation (DCV) [11] in the context of preserved tissue architec-
ture. The method have been optimized for DNA quantification of
identified neurons but could easily be adapted to other tissues.
It have been validated against chromogenic in situ hybridization
(CISH) with chromosome-specific probes and laser microdissec-
tion followed by quantitative PCR (qPCR) of alu repeats [5, 58,
68, 69]. It can be combined with immunocytochemical detection
of specific marker proteins which allow for further specification of
cellular identity in the context of defined brain pathology. The
method can be applied in a high-throughput mode where it allows
to analyze 500,000 neurons per brain in a reasonable time.

2 Materials

2.1 Tissue Probes
and Neuropathological
Diagnosis

Brains from patients with Alzheimer’s disease (AD) and from age-
matched healthy controls died without any history of neurological
or psychiatric illness were used. All study protocols, including
case recruitment, autopsy, and data handling, were performed in
accordance with the ethical standards as laid down in the 1964
Declaration of Helsinki and its later amendments as well as with
the convention of the Council of Europe on Human Rights and
Biomedicine, and were approved by the responsible local Ethics
Committee. Informed consent had been obtained from legal
representatives of the patients.

The diagnosis of AD was made on the basis of both clinical and
neuropathological evidence according to the criteria of the
International Working Group (IWG) for New Research Criteria
for the diagnosis of AD [70, 71] in the revision of 2014 (IWG-2)
[72], the NIA-AA diagnostic criteria in the revision of 2011 [73-76],
and the NIA-AA guidelines for the neuropathological assessment
of AD [77, 78]. Only cases with typical AD according to the
IWG-2 criteria were included. All cases had undergone neuropsy-
chological assessment during the final 6 months of their lives.
Clinical Dementia Rating (CDR) scale scoring was based on neu-
ropsychological testing (CERAD) [79], MMSE [80], and rating
scales [81]. The CDR scale score was used to identity patients with
mild dementia (CDR 1) [82]. All cases were neuropathologically
assessed for NFT stage according to Braak and Braak [83] and
Braak et al. [84], for Ap/amyloid plaque score according to Thal
etal. [85], and for neuritic plaque score according to CERAD [86].
NFTs and AB/amyloid plaques were detected by immunocyto-
chemical labeling of phosphotau (anti-human PHEF-tau mono-
clonal antibody AT8; Thermo Scientific) and AP (beta-amyloid
monoclonal antibody, 6E10; Biolegend), respectively. Severity of
AD pathology was staged following the consensus guidelines for
the neuropathologic evaluation of AD according to Hyman et al. [77]
and Montine et al. [78].
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2.2 Equipment o

Freezing microtome (microtome Reichert-Jung with
Frigomobil freezing unit, Leica Microsystems, Germany).

Orbital or horizontal shaker (Carl Roth GmbH & Co. KG,
Karlsruhe, Germany).

Microwave oven.

Laser scanning cytometer (CompuCyte Corporation,
Cambridge, MA, USA); the argon laser (wavelength 488 nm)
was used for the excitation of PI and the helium-neon laser
(633 nm) for the excitation of Cy5. Emission signals were
detected with long-pass filters (650EFLP) for PI and Cy5.
Analyses were performed with the 20x objective and the fol-
lowing software settings: “threshold” set to 1200 and adjusted
individually for each section, “minimum area” set to 8 pm?,
“add pixels to threshold” set to 10.

Thermal cycler (OmniGene, Hybaid GmbH, Heidelberg,
Germany).

Humidified chamber.

Fluorescence microscope (Axiovert 200 M), equipped with
10x objective (Plan-Neofluar 10x) and 63x oil immersion
objective (Apochromat 63x) and with the appropriate software
AxioVision 4.7 with the MosaiX module (Carl Zeiss AG, Jena,
Germany).

Laser microdissection system (PALM microBeam, PALM
Microlaser Technologies, Bernried, Germany); “laser focus”
was set to 25 and “laser energy” set to 90 and both were
adjusted individually for each section.

Real-time PCR system (Rotor-Gene 2000, Corbett Research,
Sydney, Australia).

BioPhotometer (Eppendorf Vertrieb Deutschland GmbH,
Wesseling-Berzdorf, Germany).

3 Methods

A detailed process chart illustrating the experimental procedures
and potential points of entry and exit as described in the methods
section is provided in Fig. 1.

3.1 Tissue Tissue blocks about 3 x 3 cm in size were cut from the region of
Preparation interest (entorhinal cortex, Brodmann area 28; frontal cortex,
Brodmann area 10; parietal cortex, Brodmann area 7; temporal
cortex, Brodmann area 22; occipital cortex, Brodmann area 17).
Blocks were fixed in 4% phosphate-buffered paraformaldehyde (4%
PFA in PBS), pH 7.4, for 9 days, with the fixation buffer renewed
every second day. For cryoprotection, tissue was soaked in 30%
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3.2 Immunohisto-
chemistry

SMI 311

sucrose for 2—4 days. Sections of 30 pm thickness were cut on a
freezing microtome. A section thickness of 30 pm proved to be
optimal for subsequent IC analysis (see below). A section thickness
below 20 um increases the likeliness that nuclei will be cut, which
results in an underestimation of cellular DNA content. A section
thickness above 30 pm, on the contrary, increases the risk of cells
lying on top of each other resulting in overestimation of cellular
DNA content.

To this end, the holder of the freezing microtome was pre-
cooled and the tissue was fixed with 10-20 drops of Tissue-Tek®
O.C.T.™ Compound (Sakura, Japan). Cut sections were trans-
ferred with a dry brush into TBS and immediately processed
for immunofluorescence or stored until further processing in
TBS,/0.1% NaNj; at 4 °C to prevent microbial activity. If sections
were stored in TBS/0.1% NaN; the NaNj; needs to be carefully
washed out with TBS for at least 3 h or overnight as residual NaN;
can interfere with the antibody reaction.

To allow for an identification of neurons, and a clear discrimination
between neuronal and non-neuronal origin of the IC signal, slices
were immunocytochemically processed with monoclonal mouse-
anti-pan-neuronal neurofilament antibody (SMI-311, Sternberger
Monoclonals, Baltimore, MD) prior to IC [5] (Fig. 2). The immu-
nocytochemical protocol was performed in a standard 12-well
plate with the sections floating free in the respective solutions.
While incubating, 12-well plates were placed on an orbital or a
horizontal shaker (10 rpm). Tissue was transferred carefully from
one well to the other using a brush.

For epitope retrieval after PFA fixation, sections were initially
pretreated in 10 mM citrate buffer (pH 6.0) heated by microwave
(~85 °C), followed by three washing steps in TBS 10 min each.
Depending on which primary antibodies will be used prior to 1C,
investigators should determine which pretreatment provides the

Fig. 2 Confocal image of a brain slice used for IC analysis (human entorhinal cortex). Immunohistochemical
reaction with the neurofilament marker SMI 311 (Cy5; blue), combined with propidium iodide reaction (P, red)
for DNA staining. Scale bar: 200 pm. Modified after Mosch et al. [58]
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strongest signal in their assay system. As an alternative, pretreat-
ment can be performed using 50% formic acid in PBS or TBS
pH 9.0 [87]. After blocking of unspecific binding sites with 0.3%
milk powder, 0.1% gelatine, 1% bovine serum albumin, and 0.05%
Tween 20 in 10 mM Tris-buftered saline (TBS, pH 7.4) for about
1 h, sections were incubated with the SMI-311 antibody (dilution
1:750) overnight at 4 °C in blocking solution. Sections were
washed three times 10 min each in TBS-T between the single incu-
bation steps. The SMI-311 antibody was labeled with a secondary
cyanine 5 (Cy5™)-conjugated goat anti-mouse antibody (Dianova,
Hamburg, Germany, 1:300). For DNA labeling, sections were
subsequently treated with 50 pg/mL propidium iodide (PI) in
TBS containing 100 pg/mL ribonuclease A (Sigma, St. Louis,
MO), for 30 min at 37 °C in the dark (Fig. 2). Sections were
mounted onto slides using DAKO fluorescent mounting medium,
and covered and stored at 4 °C in the darkness until analysis.
Uncoated slides were found to be best suited for the subsequent
IC analysis, as they give rise to rather low background values for
the PI staining [68].

Slices for microdissection and chromogenic in situ hybridiza-
tion were processed with an avidin-biotin system. Bound SMI 311
antibody was labeled with secondary biotin-conjugated goat
anti-mouse antibody (1:500; Dianova, Hamburg, Germany).
Subsequently, sections were processed with ExtrAvidin® —
Peroxidase conjugate (1:500; Sigma) and 0.04% 3,3’-diamino-
benzidine (DAB)/0.015% H,O, (Sigma) as chromogen. Finally,
sections were mounted onto slides (MembraneSlide PEN 2.0 pm
(Leica)), air-dried for microdissection, or further processed using
CISH.

IC was performed using a laser scanning cytometer (LSC,
CompuCyte, Cambridge, MA) with the software WinCyte version
3.4. The instrument settings were optimized by analysis of DNA
content (low coefficient of variance values for the GO peak) using
peripheral blood lymphocytes for the present application as
described [5, 68]. For excitation the 488 nm line of the argon laser
(forward scatter, PI) and the 633 nm line of the helium-neon
(HeNe) laser (Cy5) were used. The 650 EFLP (long-pass edge
cut-on filter, 650 nm) filter was used for the detection of fluores-
cence light (Cy5 & PI). Triggering signal for cell detection was the
PI signal. Threshold was typically set to 2000. Analysis was per-
formed with 20x objective, numeric aperture 0.5. The minimum
area to be necessary for a nucleus to be accepted was set to 8 pm in
order to exclude debris and other smaller artifacts (e.g., cut nuclei)
from the analysis. 10 pixels were added to threshold in order to
include cytoplasm data and to avoid that only data of nuclei were
gained which very likely may result in an underestimation of SMI-
Cy5-positive cells.
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Fig. 3 Data acquisition by IC. To exclude doublets, artifacts, and cell debris from the analysis, a gating cascade
was applied. Fluorescence events were gated by means of the area (a), the maximal pixel intensity (b), and the
perimeter of single-fluorescence events (c). Using this gating strategy ensures that only single cells will be
included in the analysis. To clearly discriminate the specific fluorescence signal from background fluores-
cence, control slices without primary antibodies were used to define a background fluorescence threshold (d).
Applying this threshold to the fully stained slice allows the identification of neurons as Cy5-positive events (e).
For each cell population, a PI histogram can be generated (f) and used to analyze the distribution of neurons
according to their DNA content with lymphocytes serving as standards

The baseline for the threshold values was determined on
sections labeled with PI and the secondary Cy5-labeled antibody
alone in the absence of the primary antibody. PI generally produced
a bright easily detectable nuclear signal. Here, the PMT (photo-
multiplier) signal was set so that all pixel values were below satura-
tion. The Cy5 signal of the control was set by adapting the PMT
voltage so that the background signal was above 0 value. From then
on all instrument settings were not changed. Data acquisition was
started and the scan data images which were produced for Cy5 and
PI were checked for proper recognition of the software. If not all
cells were recognized or too many cells were merged into one
object, the threshold value was changed accordingly. Each fluores-
cent event was recorded with respect to size, perimeter, X—y position
on the object slide, maximum (maximum pixel), and overall inte-
gral fluorescence intensity. To exclude doublets and other artifacts
from the analysis, a gating cascade was created (Fig. 3a—c). Using
the WinCyte software, a first window was created (Area vs. DNA-PI



A Cytomic Approach Towards Genomic Individuality of Neurons 89

398

318

238

159

79

Count

o=
3200000

DNA-PI Integral

Fig. 4 DNA-PI histogram of cells, identified as neurons, gated from SMI-Cy5-
positive events as displayed by WinCyte™. Cells in area 1 were considered as
containing @ DNA amount corresponding to 2n (diploid). Cells in area 3 were
considered as containing a DNA amount corresponding to 4n (tetraploid). Cells in
area 2 were considered as containing a DNA amount between 2n and 4n

Integral; Fig. 3a) to exclude artifacts, debris, and doublets. Singlets
were gated into a second window (DNA-PI Max Pixel vs. DNA-PI
Integral, Fig. 3b). From this window, cells were gated into a third
window in order to exclude further doublets (Perimeter? vs.
DNA-PI Integral, Fig. 3¢). With the perimeter? feature it was pos-
sible to exclude further doublets and multiple events. To clearly
discriminate the specific fluorescence signal from background fluo-
rescence, control slices without primary antibodies were used to
define a background fluorescence threshold (Fig. 3d, ¢). Only
neurofilament-immunoreactive cells were considered for IC analy-
sis. For each cell population, histograms of integral PI fluorescence
values were generated (Figs. 3f and 4). These histograms were
exported to the software ModfitL'T (version 2.0; Verity Software
House, Topsham, ME; USA) and used to analyze the distribution
of neurons according to their DNA content with lymphocytes serv-
ing as standards.

The entire cortical depth of the respective cortical area was
scanned with 80,000-120,000 cells analyzed for each specimen.
Analyses were restricted to neurons with an amount of DNA cor-
responding to a diploid level or above. Neurons with a reduced
amount of DNA were not considered for quantification, as a loss of
DNA due to partial sectioning of nuclei is difficult to control for.
A DNA content exceeding the mean value for diploid cells by two
standard deviations was considered DNA content variation (DCV).
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Fig. 5 Recording of the x-y position of each specific fluorescence event above background threshold allows to
image the distribution of neurons (SMI-Cy5; color coded in blue) together with their Pl value corresponding to
the DNA amount (human parahippocampal gyrus, Alzheimer’s disease). Distribution of neurons with a Pl signal
corresponding to a diploid (middle, area 1, blue arrow) or tetraploid (right, area 3, red arrow) amount of DNA

3.4 Chromogenic
In Situ Hybridization

The numerical neuronal density was determined as a reference
value using the tool of WinCyte to record the x—y position of each
fluorescence event (Fig. 5). A square region with a side length of
1 mm was created and the number of neurons within this region
randomly placed ten times through the entire cortical depth was
determined.

The method used to quantify DNA using IC was validated by
chromogenic in situ hybridization (CISH) on a subset of micro-
scopically identified neurons from randomly selected cases of AD
[12, 14, 58]. The specimens were initially processed for immuno-
fluorescence and analyzed by IC. Subsequent sections were pro-
cessed for chromogenic in situ hybridization (CISH) with a
ZytoDotCEN 17 probe (ZytoVision, Bremerhaven, Germany),
which targets alpha-satellite sequences of the centromere of
chromosome 17. The digoxigenin-labeled probe was immunohisto-
chemically visualized using peroxidase-conjugated Fab fragments of
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an anti-digoxigenin antibody from sheep (Roche Diagnostics,
Mannheim, Germany) and nickel ammonium sulfate /DAB /0.015%
H,0, as chromogen. Fixed human lymphocytes dropped on object
slides and Hel a cells cultured under standard conditions and grown
on coverslips were used as controls.

Subsequent to IC, coverslips were carefully removed by soak-
ing the object slide in a petri dish with pre-warmed PBS. Sections
were incubated with “Heat Pretreatment Solution” (Zytovision)
for 15 min at 45 °C and subsequently rinsed two times in 2x SSC
for 30 s at room temperature. After additional washing steps with
2x SSC, PBS, and aqua dest., sections were dehydrated in alcohol
(70%, 85%, 96%, 99%) and quickly air-dried. 15 pL of the probe
(ZytoDot CEN 17 Probe) was mixed with 5 pLL hybrisol, pipetted
in the center of an appropriate coverslip (e.g., round @ 22 mm)
and everted onto the section. Coverslips were sealed with Fixogum
(Marabu, Tamm, Germany) and left at 37 °C for 5 min. Slides
were subsequently transferred into a thermal cycler (OmniGene)
where they were incubated for 10 min at 94 °C, followed by an
overnight incubation at 37 °C in a humidified formamide cham-
ber. The next day, coverslips were carefully removed, and slides
were washed in 50% formamide/2 x SSC (two times each 15 min
at 45 °C), followed by 0.5 x SSC (30 min, at 40 °C) and PBS
(10 min at room temperature). Endogenous peroxidase was
quenched by incubation with 1% H,O, in PBS for 30 min, sections
were washed three times in PBS (each 10 min), and unspecific
binding sites were blocked with 2% sheep serum in PBS.
Subsequently, sections were incubated with the HRP-conjugated
anti-digoxigenin antibody (Abcam, ab6212) diluted 1:200 for 1 h
at room temperature, washed in 50 mM Tris, pH 8.0, and incu-
batedwith 10 mM nickelammoniumsulfate (NH,),Ni(SO,),,/0.04%
DAB/0.015% H,O, to visualize the secondary antibody reaction
under microscopic control. Incubation longer than 3 min should
be avoided as nickel could precipitate and thus feign false-positive
CISH signals. Slides were rinsed in 50 mM Tris, pH 8.0, followed
by aqua dest.

To visualize the cytoarchitectonic context of both the PI/Cy5
and CISH signals, slides were counterstained according to Nissl.
Sections were incubated in Cresyl (echt) violet acetate solution for
7 min with moderate shaking (20 rpm) and staining was differenti-
ated by incubation in alcohol (70%, 80%, 96%). To avoid immod-
erate decoloration incubate only for a few seconds in 96% alcohol.
Slides were rehydrated, washed in aqua dest., coverslipped with
Aqua Poly Mount (Polyscience), and stored at 4 °C in the dark
until analysis.

Regions of interest on tissue sections were imaged with the cell
observer system (Axiovert 200 M, equipped with a motorized
scanning table, with the AxioVision Software 4.7 containing the
MosaiX module, Zeiss, Jena, Germany). Hybridization spots were
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Fig. 6 Hybridization signals in lymphocytes, HeLa cells, and neurons of the entorhinal cortex in AD detected by
CISH using a chromosome-specific probe for chromosome 17 which targets satellite sequences of the centro-
mere (ZytoDotCEN probes, ZytoVision, Germany). (A) Two spots are present in 99% of all lymphocytes. (B)
Proliferating HeLa cells show either two or four spots, indicating a diploid and tetraploid set of chromosome
17. (C—F) Pyramidal neurons in the brain of a patient with AD showing one, two, three, or four spots (arrows).
Scale bars, 10 pm. Modified after Mosch et al. [58] and Arendt et al. [12]

recorded with a 63x oil immersion objective (Fig. 6). Cells were
labeled in a digitized image by a color code according to their
number of spots (Fig. 7). This image was used as “template image”
for the subsequent laser microdissection. In total, 400-500 neuro-
nal nuclei were analyzed.
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Fig. 7 Laser capture microdissection of microscopically identified neurons. (a) Color coding of neurons after
CISH, according to the number of hybridization spots, serving as “template image” for subsequent sampling
by laser capture microdissection. (b) Image after laser microdissection of marked single neurons. Scale bar:

100 pm

3.5 Laser Capture
Microdissection
of Identified Neurons

3.6 Quantitative PCR
of Alu Repeats

Single neurons, identified by immunoreactivity for neurofilaments
(SMI 311-Cy5) and labeled by CISH, were cut from brain slices
with alaser microdissector (PALM MicroBeam; P.A.L.M. Microlaser
Technologies, Bernried, Germany) and subsequently subjected to
DNA quantification by qPCR of alu repeats. Individual microscop-
ically identified neurons were sampled according to the number of
hybridization spots, obtained by CISH and recorded on the “tem-
plate image.”

Coverslips of brain slides were carefully removed by soaking
the object slide in a petri dish with pre-warmed PBS. Slides were
rinsed in fresh PBS, dehydrated in alcohol (70%, 85%, 96%, 99%),
and air-dried. 200 pL PCR tubes were prepared for cell sampling
by pipetting 10 pL. PCR reaction buffer for laser microdissection in
the center of the cap. Tubes were placed in the holder of the PALM
system and neurons were captured according to their number of
CISH spots recorded on the “template image” (Fig. 7). For each
case, at least 20 SMI 311-immunoreactive cells were captured.
Each single neuron was sampled into an individual PCR tube.
Tubes were incubated at 37 °C for 24 h and proteinase K was inac-
tivated by incubation at 90 °C for 10 min. Samples were further
processed by quantitative PCR or stored at —20 °C until further
analysis.

DNA content of individual neurons was quantified through
real-time PCR amplification of alu repeats [88], a class of short
interspersed elements in the eukaryotic genome, which reach a
copy number of one million in primates [89, 90]. Alu repeats were
chosen because of their high copy number and low level of poly-
morphism compared with other short interspersed elements in the
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CT value

0 2 4 6 8 10 12
concentration [pg DNA]
Fig. 8 Principle of the determination of the DNA content of single neurons using
quantitative real-time PCR. Black dots show the DNA concentration and the cor-
responding CT value of the standard probes. The black line represents a linear

regression through the standard probes with r= 0.9855. Using the CT value of
the samples (white squares) the DNA concentration can be calculated

eukaryotic genome [91]. The residual risk of an artificial influence
by different copy numbers or single-nucleotide polymorphisms in
several individuals was avoided by the intraindividual comparison
of two different brain areas of each patient. Alu oligonucleotide
primers alu-for 5'-GTGGCTCACGCCTGTAATCCC-3’ and alu-
rev 5-ATCTCGGCTCACTGCAACCTC-3’, localized in con-
served regions of the alu repeats, were designed using the Primer3
program  (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_
WWW.CEI).

Real-time PCR quantification was accomplished in a Rotor-
Gene 2000 (Corbett Research, Sydney, Australia). A master mix
was prepared for the appropriate number of samples containing 1x
PCR reaction buffer, 0.5 pM each primer, 100 pM dNTP mix,
SYBR Green diluted 1:40,000, and 0.5 U DyNAzyme II DNA
Polymerase and 10 pL of it was added to each sample. Samples
containing genomic DNA from lymphocytes were used as internal
standards. PCR was run with the following settings: initial dena-
turation 95 °C, 10 min; 45 cycles with each 95 °C, 30-s denatur-
ation; 72 °C, 45-s primer annealing and extension, 86 °C, 5-s
detection of the fluorescence signal. A final extension step with
72 °C, 7 min, and products melted from 50 to 90 °C with 2 °C/
min can be added. Melt curves and the CT values were analyzed by
the Rotor-Gene 2000 software Rotorgene, version 4.6, and statis-
tics were performed using PlotIT 3.2 (SPE Software, Ville de
St-Georges, Quebec, Canada). The amount of DNA in pg was
calculated for each sample by means of the CT values of human
lymphocytes treated identically to human brain tissue and used as
standard probes (Fig. 8). A DNA amount of 2.07 + 0.6 pg
(mean + SD) and 4.06 + 0.5 pg was obtained for one single and
two lymphocytes, respectively.
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To confirm our experimental approach we cross-validated the three
methods of single-cell DNA quantification, i.e., IC, CISH, and
qPCR, through subsequent application one by one to a subset of
microscopically identified neurons and obtained a remarkably high
intermethod reliability (Fig. 9) [12, 14, 58]. The specimen was
initially processed for immunofluorescence and analyzed by 1C
with a laser scanning cytometer. Subsequently, the slice was
subjected to CISH, combined with conventional Nissl staining.
Thereafter, identified cells were captured with laser microdissec-
tion and subjected to quantitative PCR. For each cell, the PI inte-
gral obtained by LSC was plotted against the number of spots and
the amount of DNA calculated from the PCR (Fig. 9). The com-
bination of the three methods in a row can be easily adapted to
other issues. When the PI integral (IC) is plotted against the num-
ber of hybridization spots (CISH), a highly significant correlation
will be obtained (Fig. 9a). Similarly, the PI integral shows a highly
significant correlation with the DNA content determined by PCR
amplification of alu repeats (Fig. 9b). The DNA amount deter-
mined by PCR amplification of alu repeats also correlates highly
significantly with the number of hybridization spots (Fig. 9¢).

Based on these correlations, the DNA amount (mean + SD) of
a single diploid neuron identified by two hybridization spots was
determined as 2.52 + 0.87 pg, while the DNA content of a neuron
with four spots amounts to 5.94 + 1.28 pg. For comparison, the
mean single-cell DNA content (+£SD) of lymphocytes treated iden-
tically to brain tissue and used for control experiments was deter-
mined at 2.07 pg + 0.6 pg. Comparable values for single-neuron
DNA content were obtained by qPCR of alu repeats.
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Fig. 9 Intermethod reliability of three independent methods for single-cell DNA quantification. A set of 48
microscopically identified neurons of the entorhinal cortex in a patient with early AD was evaluated through
subsequent application of IC, CISH, and PCR amplification of alu repeats. Tissue sections were first processed
for IC, followed by hybridization with a chromosome 17-specific probe. Subsequently, identified neurons were
captured through laser microdissection and subjected to PCR amplification of alu repeats. Regression analyses
reveal correlation coefficients according to Bravais-Pearson of (A) r= 0.92 for the IC data versus hybridization
results (CISH), (B) of r=0.80 for LSC versus PCR amplification, and (G) r= 0.78 for PCR amplification versus
hybridization. All correlation coefficients are significant at p < 0.001. Modified after Mosch et al. [58]
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As in our examples the DNA content of single neurons
determined by IC is far better correlated to CISH (Fig. 9a) than is
the qPCR measurement (Fig. 9b, ¢), we conclude that IC is a very
reliable technique for studies on the single-cell DNA content in
tissue sections.

4 Application of the Cytomic Analysis of Single-Cell DNA Content to the Healthy
and Diseased Human Brain

4.1 The Normal

Human Brain Is

a Genomic Mosaic

28

The DNA content of single neurons was quantified by IC in frontal,
temporal, parietal, entorhinal, and occipital cortices of mentally
healthy individuals aged 75.8 + 8.2 years (Fig. 10). For each brain,
the DNA content of about 500,000 neurons was analyzed [14].

In all cortical areas, DNA analysis by IC identified the vast
majority of neurons as containing an amount of DNA correspond-
ing to a diploid set of chromosomes. Still, on average about 10-12%
of' neurons showed a DNA content above the diploid level [14, 15,
58] (Fig. 10). No indications for an effect of gender were observed
(mean values + SD, men: 11.41 + 2.95%; women: 11.59 + 2.57%)
[15]. After chromogenic in situ hybridization (CISH) with a chro-
mosome 17 probe, two hybridization spots were obtained for the
majority of neurons in the entorhinal cortex of control brain [58].
In addition, a constant number of about 6-7% of neurons con-
tained three hybridization spots while a small number of less than
0.4% contained four hybridization spots or more (Figs. 6 and 11).

Brodmann area
22 10 7 17

60

40 |

20 |

relative frequency of neurons with DCV (%)

0

1

60 60 60 60

40 | 40 |

i

20

ol 0 o L—28 oL

Fig. 10 Relative frequency of neurons with an amount of DNA exceeding the diploid level (DCV) in five different
cortical areas in the normal human brain (n = 16 normal elderly, mean age: 75.8 = 8.2 years; quantification of
single-neuron DNA content by IC; mean values + SD). Modified after Arendt et al. [14]
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Fig. 11 Quantification of CISH signals in neurons (entorhinal cortex) of the normal
human brain (hatched column: PFA-fixed lymphocytes treated identically to brain
slices served as standard; mean values + SEM). Modified after Mosch et al. [58]

The frequency of neurons with a DNA content above the diploid
level showed regional differences and varied between 7% (primary
visual cortex) and 12% (entorhinal cortex) (Fig. 10). When cortical
regions were arranged according to their frequency of DCV in
decreasing order, the following sequence was obtained: area
28 > area 22 > area 10 > area 7 > area 17 (Fig. 10). The values
obtained for the two regions with the highest frequencies of DCV
(area 28 and area 22) were significantly different (p < 0.01;
Student’s 7 test) from those obtained for the two regions with the
lowest frequencies of DCV (area 7 and area 17).

Individual mean values of DCV, averaged over five cortical areas,
showed an age-related decline between 30 and 90 years of age
(Fig. 12a) [15]. When individuals were grouped according to their
age of either below or above 60 years, mean values differed by 21%
(Fig. 12b). When age-related changes were analyzed separately for
each region, there was a similar tendency for most regions (Fig. 13).
This age-related decline was most pronounced in the occipital cor-
tex while hardly present, however, in the entorhinal cortex.

In AD, a significant increase in the number of neurons with DCV
above the levels in brains of normal elderly can be observed
throughout the entire cortex [5, 14] (Fig. 14). Compared to age-
matched elderly, the frequency of neurons with DCV was roughly
doubled in AD. Still, the frequency of DCV showed constant
regional differences, ranging from about 10% in the primary visual
cortex to above 30% in the entorhinal cortex. It showed intermedi-
ate values in the temporal, frontal, and parietal association cortices.
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Fig. 12 Age-related changes in the relative frequency of cortical neurons with an amount of DNA exceeding the
diploid level. (A) Changes in individual mean values, averaged over five cortical areas in persons between the
fourth and ninth decades of life. (B) Age-related alterations are displayed as mean values for subjects below
(light grey) and above (dark grey) 60 years of age (group size: nine subjects; + SD). r Pearson’s product—
moment correlation coefficient, p level of significance (t-test). Modified after Fischer et al. [15]

When regions were arranged according to their relative increases in
the frequency of DCV in decreasing order, the following sequence
was obtained: area 28 > area 22 > area 10 > area 7 > area 17
(Fig. 14).

In agreement with data obtained by IC, the number of nuclei
with three hybridization spots was about doubled in AD compared
to controls (controls: ~7%; AD ~12%; Fig. 6). The relative number
of these neurons with four spots or more was increased almost by
factor four (control: 0.4%; AD: ~1.5%). This increase in the num-
ber of neurons with DCV in AD could further be validated by PCR
amplification of alu repeats after laser capture microdissection of
identified neurons [58].

The frequency distribution of single-cell DNA content
obtained by this method is displayed in Fig. 14. While the distribu-
tions obtained from normal brains show a single maximum at 2.5-
3.5 pg per cell which corresponds a 2n DNA content, AD patients
show a second maximum at 6.5-7.5 pg per cell corresponding to a
4n DNA content (Fig. 15) [58].
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Fig. 13 Age-related changes

in the relative frequency of cortical neurons with an amount of DNA exceeding the

diploid level, analyzed separately for frontal (Brodmann area 10, r=0.19; p = 0.46), temporal (Brodmann area
22, r=0.28; p=0.26), parietal (Brodmann area 7, r= 0.29; p = 0.24), entorhinal (Brodmann area 28, r= 0.00;
p=0.97), and occipital (Brodmann area 18, r= 0.40; p = 0.10) cortices. r, Pearson’s product—-moment correla-
tion coefficient; p, level of significance (#-test). Modified after Fischer et al. [15]

4.5 Elevation

of the Number

of Neurons with DCV
in AD Is an Early Event
that Occurs

at Preclinical Stages

The AD-associated increase in the number of neurons with DCV
can be observed already at very early, i.e., preclinical stages of the
disease. The number of neurons with DCV was found more than
doubled in the entorhinal cortex of patients at preclinical AD
stages, defined as CDRO, Braak stages I-11/B, rated “possible”
on CERAD criteria and “low to intermediate” on NIA criteria
(Fig. 16). While neurons with DCV were also significantly elevated
in patients with mild AD, their number decreased significantly dur-
ing progression of the disease, remaining only marginally different
from controls at most severe stages of AD. This decrease in the
number of neurons with DCV from early to more advanced stages
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Fig. 14 Relative increases in the frequency of neurons with DCV in five different
cortical areas in AD patients (grey columns) as compared to normal elderly (black
columns, mean values + SEM). Modified after Arendt et al. [14]
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Fig. 16 Quantification of neurons with DCV in the entorhinal cortex by IC in
healthy controls and cases with preclinical, mild, and severe AD (mean val-
ues + SEM). Modified after Arendt et al. [12]

of AD can only be explained by a loss of these neurons during pro-
gression of AD as generation of DCV most likely is an irreversible
process.

To analyze the fate of neurons with DCV in the entorhinal cortex
during progression of the disease, we plotted the changes in the
number of these neurons against the total loss of neurons (Fig. 17).
The regression analysis for the number of neurons with a 2n con-
tent of DNA against the total neuronal number did not reveal a
significant relationship, indicating that the numerical density of
diploid neurons remained stable during the process of cell loss.
The loss of neurons with a DNA content above 2n (hyperploid
neurons), however, correlated significantly with the total loss of
neurons. This indicates that 89.5% of the total loss of neurons in
the entorhinal cortex might be explained by a loss of neurons with
DVC. At the next step, we analyzed the transition between healthy
controls and preclinical and mild AD in more detail. To visualize
the relationship to cell death, the number of hyperploid neurons was
plotted against total neuronal number (Fig. 18). At preclinical
stages of AD, the elevation of neurons with DCV was not associated
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with neuronal loss. First cell loss became detectable at the transition
from preclinical to mild AD. Neurons with DCV remained stable
in number at this point and subsequently decreased during disease
progression from mild towards severe AD indicating a decreased
viability of these neurons (Fig. 18).
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Chapter 6

Single-Cell CNV Detection in Human Neuronal Nuclei

Margaret B. Wierman, lan E. Burbulis, William D. Chronister,
Stefan Bekiranov, and Michael J. McConnell

Abstract

Genomic mosaicism is prevalent throughout human somatic tissues and is much more common than previ-
ously thought. Here, we describe step-by-step methods to isolate neuronal nuclei from human brain and
identify megabase-scale copy number variants (CNVs) in single nuclei. The approach detailed herein
includes use of CellRaft technology for single-nucleus isolation, the PicoPLEX approach to whole-genome
amplification and library preparation, and a pooled library purification protocol, termed Gel2Gel, which
has been developed in our laboratory. These methods are focused toward neuroscience research, but are
adaptable to many biomedical fields.

Key words Copy number variation, Whole-genome amplification, Single-cell genome sequencing,
Neurons, And somatic mosaicism

1 Introduction

Somatic mosaicism refers to the presence of two or more genetically
distinct cell lines constituting the somatic tissues of a monozygotic
individual. The original observation that genotype can vary between
cells of an individual animal was reported by Curt Stern in 1931
when he showed variable recombination events between tissues of
the same fruit fly [1]. He also demonstrated that genetic recombi-
nation can take place during mitosis in addition to meiosis [ 1-4].
When these events occur, it results in clonal lineages of unique gen-
otypes distributed throughout somatic (body) tissues, i.e., an
organism that contains two or more genetically distinct cell lin-
eages. The term “somatic mosaicism,” used to describe organisms
in which genomic content varies on a cell-to-cell basis, was first
used by C. W. Cotterman in his seminal 1956 paper on antigenic
variation [ 5], fairly remarkable given that these findings were postu-
lated before the karyotype for humans was determined in 1956 [6].
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Somatic mosaicism is prevalent in human tissues [7-11]. In the
brain, where long-lived neurons control behavior, the conse-
quences of somatic mosaicism might be significant, making brain
somatic mosaicism a growing area of research [8-10, 12-19].
Collectively, these studies indicate that every human neuron is
likely to have a unique genome [20]. Each neuron’s genome con-
tains ~1000 somatic single-nucleotide variants and 1 de novo ret-
rotransposon insertion [21, 22]. In addition, between 10 and 40%
of neurons contain at least 1 megabase (Mb)-scale de novo copy
number variant (CNV) affecting >10 genes [23-25]. Given these
findings and their potential physiological impact, single-cell
approaches, such as whole-genome amplification [26-29 ], are vital
to continue the study of brain somatic mosaicism [30-32].

A variety of molecular biology techniques may be applied to
individual cells or nuclei depending on the biological question.
Where single-nucleus sequencing is concerned, whole-genome
amplification (WGA) is applied to create quantities of DNA suffi-
cient for preparing sequencing libraries. We have had success using
both homemade and commercial whole-genome amplification
recipes to detect CNVs. Here, we recommend the PicoPLEX sys-
tem (a hybrid of the common DOP-PCR and MDA genome
amplification techniques) for routine CNV detection because of
the ease of use and consistent data quality. The PicoPLEX protocol
amplifies genomic material and appends the i5 and i7 index adap-
tors to library fragments necessary for sequencing in a simple
three-step process that takes less than 3 h. Overall, the biochemis-
try of this approach reduces the frequency of technical artifacts
known to distort genomic data and reduce confidence of CNV
detection.

We found that the stringency of size selection applied during
library cleanup affected sequence quality and data usability. Size
selection of DNA fragments and purification of libraries are critical
steps in the workflow. Even the best made libraries may yield
unreadable data if the cleanup steps are not done correctly. To this
end, we present a polyacrylamide-based size selection method that
we term “Gel2Gel,” which has routinely produced more readable
DNA fragments than the commonly used Ampure magnetic bead
system recommended by Illumina. Sequence data are processed
using one or more publicly and/or commercially available plat-
forms for data mining and hypothesis testing. Here we present our
lab-developed analytics to detect and visualize genome-wide CNVs
in single-cell human data sets in relation to these other platforms.

These procedures yield data with excellent bioinformatic statis-
tics and are suitable for many types of sequencing projects beyond
the scope of single-cell analysis. The DNA libraries are sequenced
on the Illumina platform in pools designed to produce at least 10°
reads per cell. Meeting this threshold typically ensures sufficient
genomic coverage to accurately identify copy number states at loci
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across the genome and avoid distortion of the copy number profile
of the original genome that can be caused by smaller, and more
highly variable, read counts. Following sequencing, we used a cus-
tom bioinformatics pipeline to carry out read alignment, read bin-
ning, and copy number segmentation, the details of which are
described in this chapter. This analysis generates copy number esti-
mates from read depth for several thousand genomic bins into
which reads are mapped; however, the number of bins varies
depending on bin size, which is determined by the bioinformati-
cian. These are then used to identity CNV regions. As an alterna-
tive or a complementary approach, the online tool Ginkgo can also
be employed to detect CNVs following the creation of BED files.
Ginkgo’s analysis is performed in a similar fashion to ours but with
a few key differences that are explained in section “CNV Detection
Using Ginkgo.”

2 Materials

2.1 Nuclei Isolation
and Immunostaining

Innovation in our laboratory is focused on developing methods for
achieving better, faster, and cheaper isolation, amplification, and
analysis of single-neuronal genomes. As such, the materials required
to complete these procedures through data analysis have been
selected from an inventory of basic equipment and common sup-
plies that even modest labs possess.

Several buffer solutions are required to perform these methods that
include nuclei isolation media (NIM): 25 mM KCl, 5 mM MgCl,,
10 mM Tris-Cl (pH 8.8), 250 mM sucrose, and 1 mM dithiothrei-
tol (DTT). Throughout the procedures, the use of proteinase
inhibitors will be routine. We recommend using complete EDTA-
free protease inhibitor cocktail by dissolving 1 tablet in 1 mL H,O
to yield a 50x stock solution (available in glass vials from Roche,
Basel, Switzerland). During the isolation of nuclei we used OptiPrep
Diluent for Nuclei (ODN): 150 mM KCI, 30 mM MgCl,, 60 mM
Tris-Cl (pH 8.8), and 250 mM sucrose. For distinguishing live
from dead cells we used a trypan blue solution of 0.4% (Thermo
Fisher Scientific, Waltham, MA). We stored isolated nuclei in nuclei
storage buffer (NSB): 5 mM MgCl,, 50 mM Tris-Cl (pH 8.8),
166 mM sucrose, and 1 mM dithiothreitol (DTT). We blocked
nonspecific binding sites in samples from interfering substances by
using blocking buffer (BB): 1x PBS, 1.0% bovine serum albumin
(BSA), and 0.1% Tween 20. We used the mouse monoclonal anti-
NeuN IgG (clone A60) antibody conjugated to Alexa Fluor 555
(MAB377A5, EMD Millipore) to detect neuronal nuclei. We used
SYTO 13 green fluorescent nucleic acid stain (Thermo Fisher
Scientific, Waltham, MA) at a final concentration of 500 nM to
visualize DNA inside nuclei. This measurement ensures that the
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2.2 Nuclei Capture,
Whole-Genome
Amplification,

and Library
Preparation

genomic material is intact within the isolated nuclei. We preferred
using a Triton X-100 stock pre-diluted to a 10% solution for accu-
rate measure. We used OptiPrep Density Gradient Medium
(ODGM; 60% iodixanol solution; Sigma-Aldrich, St. Louis, MO)
to cushion nuclei during centrifugation. We used the following
equipment and supplies to perform these investigations: polypro-
pylene Falcon tube (5 mL; round bottom), Polytron PT 1300 D
Manual Disperser (handheld tissue homogenizer; Kinematica Inc.,
Bohemia, NY), Dounce tissue grinder set (2 mL, glass, 2 pestles;
Sigma-Aldrich, St. Louis, MO), 1 mL syringe without needle, ultra-
centrifuge with compatible rotor, and 3-5 mL, transparent, round-
bottom tubes (Our lab uses a Beckman L8-M ultracentrifuge with
SW55 Ti rotor and 5 mL polyallomer, thin-wall tubes, but any
ultracentrifuge with swinging buckets accommodating 3-5 mL
round-bottom tubes will suffice).

A standard thermocycler suitable for routine PCR is sufficient to
perform these experiments. We generally use 48-well PCR plates
or thin-wall PCR strip tubes with plastic covers or caps, respec-
tively. For imaging fluorescently stained nuclei, we used the EVOS
FL Cell Imaging System (Thermo Fisher Scientific, Waltham,
MA). The 100 pm x 100 pm CellRaft arrays are available from Cell
Microsystems Inc. (Research Triangle Park, NC). The CellRaft
array release device is affixed to an inverted benchtop microscope
with 4x or 10x objective according to the manufacturer’s instruc-
tions (Cell Microsystems Inc.). The magnetic raft retrieval wand
and release platform are available from Cell Microsystems Inc. as
part of their standard platform kit. The PicoPLEX DNA sequenc-
ing kit is required for some of the library preparation steps described
in this protocol: cell extraction buffer—green cap, extraction
enzyme dilution buffer—violet cap, cell extraction enzyme—yel-
low cap, pre-amp buffer—red cap, pre-amp enzyme—white cap,
amplification buffer—orange cap, amplification enzyme—-blue cap,
nuclease-free water—clear cap, and dual-index plate (Rubicon
Genomics, Ann Arbor, MI). For procedures requiring vertical
polyacrylamide electrophoresis we used the Mini-Protean Tetra
Handcast system (10-well, 0.75 mm thickness) with the Mini-
Protean Tetra Handcast Vertical Electrophoresis Cell (Bio-Rad
Laboratories, Hercules, CA). Any well-functioning gel electropho-
resis power supply may suffice for both vertical and horizontal gel
electrophoresis. We composed acrylamide gels according to the
following recipe: 1 x TAE buffer (40 mM Tris, 20 mM acetic acid,
1 mM EDTA), 7.5% acrylamide, 0.05% ammonium persulfate, and
0.002% TEMED. We used Tracklt Cyan/Orange 6x DNA
Loading Buffer (Thermo Fisher) to gauge electrophoresis in real
time. We routinely used the 100 bp DNA ladder from New
England BioLabs during electrophoresis, but any standard DNA
ladder may be used for this purpose. We recommend using 500 nM
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SYBR gold nucleic acid gel stain (10,000x in DMSO; Thermo
Fisher Scientific, Waltham, MA) to visualize DNA in polyacryl-
amide gels during the Gel2Gel procedure. This dye yields superior
signal-to-noise compared to other DNA stains; however it is
important not to over-stain the gel (>5 min) and to wash away the
talcum powder used during the manufacture of disposable latex (or
nitrile) gloves before handling the gel because this dusty residue
will leave fingerprints on the gel surface that cannot be removed. A
UV light (either a handheld UV light or a stationary UV transil-
luminator box will work) will be required for visualizing DNA in
gels. We used the wide Mini-Sub Cell GT horizontal electrophore-
sis system, 15 cm x 7 cm tray with casting gates (15 wells; Bio-Rad
Laboratories, Hercules, CA) for casting horizontal agarose gels.
The agarose gel composition we used throughout this investiga-
tion was 1.0% ultra-pure low-melting-point agarose (Thermo
Fisher Scientific, Waltham, MA), 1 x TAE buffer (see above), and
0.2 pg/mL ethidium bromide. For isolating DNA from low-melt
agarose slices we used QIAquick PCR columns and the “gel extrac-
tion” method described in the standard instructions for these col-
umns from Qiagen (Hilden, Germany). Stock solutions of general
chemical reagents and common disposable lab equipment can be
found at Sigma-Aldrich (St. Louis, MO) or Thermo Fisher
Scientific (Waltham, MA).

High-performance computing environment with at least 10 GB of
memory is recommended. More memory may be required when
working with larger files.

For full details on specific computer programs, please refer to
Table 1.

Table 1
Bioinformatics software and programs

Software Version used in pipeline Most recent version
Bedtools 2.17.0 2.26.0

BWA 0.75a 0.7.15

FastQC 0.11.3 0.11.5

FASTX Toolkit 0.0.13 0.0.13

Java 1.6.0_43 Sul2l

Picard Tools 1.105 282

Python 2.6.6 2.7.13 / 3.6.0*

R 3.0.2 3.32

Samtools 0.1.18 1.3.2
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3 Methods

Single-cell CNV detection in neurons is a multistep process with
many technical challenges. First, many cell types comprise neural
tissue, necessitating means of clearly distinguishing neuronal from
non-neuronal nuclei. Second, limited availability of primary tissue
necessitates methods that isolate nuclei from extremely small biop-
sies. Third, nuclear contents must be enzymatically amplified via
whole-genome amplification (WGA) to generate enough material
for constructing DNA libraries. Fourth, WGA must be even across
genome space and efficient so as to limit generation of CNV arti-
facts that distort genomic contents. Fifth, compatibility with
multiplex-based platforms is necessary for sequencing large num-
bers of samples simultaneously. Sixth, WGA products must be
cleaned and selected to make fragment libraries conducive to maxi-
mizing the amount of usable data. Seventh, information must be
extracted from the sequencing data to visualize genomic structure,
interpret measurements in the context of the tissue, and yield useful
conclusions about the biological system. The methods we detail
herein (Fig. 1) provide a step-by-step analysis of human

Isolation of nuclei from whole brain tissue (3.1.1)
Identification of neuronal nuclei by
immunostaining (3.1.2)

Nuclei selection by CellRaft (3.2.1)

Genome amplification by PicoPLEX DNA seq kit,
a hybrid amplification method (3.3)

Sample pooling and library preparation by
Gel2Gel, a dual gel-based cleanup (3.4-3.5)

lllumina NGS and data cleanup (3.6.1)

McConnell Lab CNV detection by
bioinformatic pipeline GINGKO, a publicly
for CNV detection available web tool
(3.6.2a) (3.6.2b)

Fig. 1 Flowchart: broad overview of workflow. Specific subsections of the proto-
col are noted in parentheses
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3.1.1  Disruption
of Tissue and Isolation
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postmortem neurons, but are applicable to many lines of research.
These methods are complementary to other molecular-based
approaches to assess CNVs in single neurons as described in Chaps.
7 and 8.

Long neural processes and abundant extracellular material pre-
clude high-efficiency isolation of intact single neurons from frozen
brain samples. Fortunately, our capture and amplification methods
sequence individual nuclei as effectively as whole cells. This facili-
tates CNV analysis in single-neuronal genomes in that whole-cell
isolation, per se, is not necessary to sequence the genome of indi-
vidual neurons. Due to the limited availability of human neuronal
material, we maximized nuclei yield per mass brain sample when
developing our protocol, a stepwise mechanical disruption of brain
tissue to release nuclei.

To begin, transfer 50-100 mg of tissue to a 1.5 mL microcentri-
fuge tube containing 1 mL of nuclei isolation media (NIM). It is
important that all reagents and samples be kept on ice throughout
the protocol. Using a razor blade, cut off the end of a disposable
1000 pL pipette tip to create an opening large enough to allow the
tissue to be taken up. Gently triturate the NIM solution to reduce
the tissue to smaller pieces. If needed, the process can be repeated
with another pipette tip cut to a slightly smaller size to further dis-
sociate the tissue. Proceed once the tissue can be transferred with
an uncut 1000 pL pipette tip to a 5 mL round-bottom, polypro-
pylene Falcon tube. After transferring the entire volume of tissue
and NIM, homogenize the sample with a Polytron tissue homog-
enizer. The sample solution should appear opaque and homoge-
neous by this point. Add 10 pL 10% Triton X-100 solution to the
sample to attain a 0.1% final concentration and transfer to a Dounce
homogenizer. It is ideal to use a Dounce with two pestle sizes, one
small enough to disrupt tissue further and the other large enough
to lyse individual cells. After using the Dounce homogenizer,
transfer the sample to a new 1.5 mL microfuge tube and spin at
1000 x g for 8 min at 4 °C. Remove the supernatant and resuspend
pellet in 1 mL 6:5:1 NIM: OptiPrep Density Gradient Medium:
OptiPrep Diluent for Nuclei. This will yield a final concentration
of 25% iodixanol. To separate the nuclei from other cell compo-
nents, layer the sample onto 1 mL 29% iodixanol solution (29:31
ODGM:ODN) in an ultracentrifuge tube. To avoid mixing the
different layers during loading, use a 1 mL syringe without a nee-
dle to slowly load and suspend the sample on top. Centrifuge the
tube at 10,300 x g for 20 min at 4°. After the spin, remove the
supernatant, being sure to remove the visible residual cell debris
near the interface and leaving ~50 pL in the bottom of the ultra-
centrifuge tube. The pelleted nuclei may not be visible to the naked
eye, but are easily disturbed; be careful not to disrupt the pellet.
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3.1.2  Immunostaining
for the Identification
of Neuronal Nuclei

3.2 Single-Nuclei
Isolation

Depending on the immediacy of use, the bulk of the nuclei can be
resuspended in either blocking buffer for immunostaining
(described below) or nuclei storage buffer (NSB). To confirm the
presence of nuclei and check the purity of the prep by microscope,
a vital dye such as trypan blue can be used. In NSB and stored at
4° intact nuclei can be preserved for several weeks.

To ensure that the isolated nuclei contain genomic material and
distinguish neuronal from non-neuronal nuclei, the preparation
is stained for DNA content and a neuron-specific nuclear splicing
factor, NeuN [33-35]. Specifically, suspend the bulk nuclei in
PBS containing 0.1% Tween and 1.0% BSA and incubate for 1 h
at 4 °C with gentle agitation. Add syto-13 nucleic acid stain
(50 nM) and AF555-conjugated anti-NeuN antibody (1:500,
20 pg/mL) and incubate with gentle agitation overnight at
4 °C. It should be noted that this combination of fluorophores
was chosen for its compatibility with the GFP and RFP filter
modules of the EVOS FL Cell Imaging System, allowing for
independent determination of both DNA content and presence
of NeuN by fluorescent visualization. We have also used other
compatible fluorophore combinations and other filter modules
for the same purpose, such as AF488-conjugated anti-NeuN anti-
body (1:500, 20 pg/mL) and DAPI (10 pg/mL). Nuclear mark-
ers for cell types in other lines of research may be used here
according to research needs.

The standard approach to obtain single cells is fluorescence-
activated cell sorting (FACS); in the case of nuclei sorting this pro-
cess is sometimes referred to as fluorescence-activated nuclei
sorting (FANS). Regardless, the instrument and procedure are the
same. There are additional descriptions of nuclei isolation method-
ologies in Chaps. 3, 4, and 13. Given the broad familiarity with
FACS, we prefer to avoid confusion and use the more general
term. FACS is a straightforward approach to obtain single cells or
nuclei dispensed into a 96- or 384-well microtiter plate. This works
well when the experimental design requires hundreds of samples.
However, it also requires excess sample as 50,000 cells or nuclei
must be expended to establish sorting parameters. Furthermore,
FACS is not practical in assay development experiments requiring
small numbers of samples or multiple, sequential experiments in
the course of a day.

To reduce cost, increase flexibility, and maximize the number of
nuclei captured from a single-nuclei prep, we adapted the CellRaft
system from Cell Microsystems (Research Triangle Park, NC).
Briefly, the CellRaft is a petri dish-sized annotated array made of
thousands of magnetic microwells designed to disperse and capture
single cells (Fig. 2a). These microwells can be released one at a time
through a release device which can be affixed to most inverted lab
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Fig. 2 The CellRaft is an effective method of single-nuclei isolation. (a) The
CellRaft (100 um x 100 pum array) is an annotated grid made up of individual
magnetic, polystyrene bins. Consisting of 40,000 rafts total, these bins are easily
visible by 10x objective of a benchtop microscope under bright field. (b) Once a
nuclei suspension has been dispersed over the surface of the CellRaft, individual
nuclei settle into bins and are identifiable by immunostaining. This photo shows
a composite image (GFP and RFP fluorescence) of an individual well containing
a single-neuronal nuclei that has been stained with SYTO 13 green nucleic acid
stain and Alexa Fluor 555-conjugated anti-NeuN antibody

microscopes with a 4x or 10x objective. The raft with the nuclei of
interest is then manually retrieved and removed by a small magnetic
probe. It can then be released into a buffer,/tube of choice (described
in greater detail below). Although the sizes of the wells can vary
depending on the array, the 100 pm x 100 pm array contains 40,000
individual wells and is ideal for separating and isolating single cells
or nuclei. Unlike FACS, the CellRaft system can be used to select
single samples from as few as 2000 total nuclei.

Additionally, the ability to visualize and selectively pick single
nuclei (or cells) holds great advantage over methods like flow sort-
ing or limiting dilution because there is an extra level of quality con-
trol in choosing which nuclei get sequenced. With microscopic
observation, the experimenter may directly see if there are any
defects in the subject or whether cell debris has been mistaken as a
nucleus due to similar forward and side scatter. This approach also
affords application of immunofluorescence to increase discriminat-
ing cell types. Lastly, this path does not obligate the researcher to
handle 100s to 1000s of nuclei; just a few nuclei may be analyzed to
determine which experimental treatments are most appropriate for
the subject material. In this manner, the costs of troubleshooting
methods are highly reduced. However it should be mentioned that
the methods detailed here are not mutually exclusive. Nuclei that
have been flow-sorted based on any number of immuno-epitopes,
or separated/enriched based on other morphological features, may
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3.2.1 Nuclei Capture
by CellRaft

be collected first and then hand-picked as a second level of visual
scrutiny to ensure analysis of the desired cellular subtype. An addi-
tional advantage of using the CellRaft system compared to tradi-
tional flow sorting, or limited dilution, is that each individual nucleus
may be photographed and curated during the experimental proce-
dure. These photographic inventories are extremely helpful during
retrospective analysis of sequencing data in regard to unanticipated
results obtained after sequence analysis is finished.

To prepare the rafts for nuclei, a protective layer of glucose must
first be removed. Cover and incubate the raft with 1 mL of ddH,O
for 5 min at room temperature. Remove the water and repeat the
rinse twice. It should be noted that unlike adherent cells that spon-
taneously attach to the polystyrene rafts after application and
remain attached upon release, nuclei must be “adhered” to the raft
so as not to fall off during the transfer to individual tubes. We cre-
ate a “sticky” surface on the rafts by building a layer of purified
recombinant protein adhesive, originally discovered to “glue” bar-
nacles to solid surfaces and now commercialized by Corning as
Cell-Tak cell and tissue adhesive. Apply the Cell-Tak to the raft in
1 mL alkalized PBS (PBS, 2.5 mM NaOH, 15 pg/mL Cell-Tak)
according to the basic absorption coating protocol detailed by
Corning and incubate at room temperature for 45 min. Remove
the Cell-Tak solution and rinse the raft three more times with
ddH,0O. Nuclei should then be applied to the raft. Pipette any-
where between 2,000 and 40,000 nuclei in 2 mL of PBS onto the
raft to achieve a workable distribution. Spreading less than 2,000
nuclei results in too sparse a distribution to efficiently locate and
retrieve microwells with single nuclei (Fig. 2), and spreading over
40,000 results in multiple nuclei per well. Incubate for an hour at
4 °C to allow the nuclei to settle. Stored at 4 °C, the nuclei are
stable on the raft for 1-2 weeks.

To transfer nuclei from the raft surface to a PCR tube, identity
a well containing a neuronal nucleus using the appropriate fluores-
cent filters (Fig. 2b) and position the raft over the point of the
release device. Under bright field, move the magnet-containing
plastic retrieval wand over the microwell. Activate the needle on
the release device to free the microwell from the raft. The raft will
then attach to the tip of the retrieval wand. To release the well
from the wand, place the tip of the wand holding the well into a
PCR tube containing the appropriate buffer. (For use with the
WGA method described below, the appropriate buffer will be the
cell extraction buffer (5 pL) from the PicoPLEX DNA-seq kit.)
Move the wand and tube over an opposing magnet to push the
wand magnet away from the tip and release the well into the buf-
fer. Leaving the tube over the magnet, remove the wand from the
buffer. Confirm the presence of the well visually by microscope.
Rinse the wand tip in sterile PBS before selecting the next well.
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Consisting of approximately 6.3 pg of DNA, the genomic content
of a single human cell must be amplified before it can undergo
NGS. Most methods of creating Illumina-compatible sequencing
libraries require >1 ng of total DNA. Whole-genome amplification
can be achieved by three different general methods—MDA (mul-
tiple displacement amplification) [36], DOP-PCR (degenerate-
oligonucleotide-PCR) [37-39], or hybrid methods such as
PicoPLEX and multiple annealing and looping-based amplification
cycles (MALBAC) [40], which are combinations of the first two.
Each method has its own technical challenges and pitfalls [41-43].

MDA begins with random priming and then utilizes a proot-
reading, strand-displacing polymerase with high processivity to
exponentially replicate genomic DNA. The entire process is iso-
thermal with the amount of product yielded determined primarily
by the availability of additional nucleotides and incubation time
[36]. Although this method yields product with a low mutation
rate and covers the majority of the genome (~80-90%), it is prone
to genomic distortion. Specifically, successive rounds of amplifica-
tion result in an overabundance of copies of genomic loci that were
replicated first. This makes determining the original copy number
difficult, if not impossible [41]. DOP-PCR methods are based on
the thermal cycle-regulated PCR amplification of randomized
parts of the genomes. Although relatively well suited for evenly
amplifying small sections of DNA, total genome coverage is poor
(~10%) and replication less accurate at a base pair level.

The hybrid methods, PicoPLEX and MALBAC (Chap. 7), are
less susceptible to genome distortion than the MDA protocols
and, in the case of MALBAC, the low coverage of the DOP-PCR
protocols [40, 41]. Both techniques are based on three steps: lysis,
linear pre-amplification, and exponential amplification. During the
lysis step, the genomic DNA is freed from its nuclear conforma-
tion. The linear pre-amplification step then amplifies the DNA by
using quasi-random primers that bind at numerous loci across the
genome. In addition to the genomic sequences, these primers are
also designed with complementary ends that allow the amplified
DNA to form loops after being released from the nuclear template.
These loops are unable to be copied in subsequent annealing and
elongation cycles, leaving the sample DNA as the primary template
and eventually resulting in an evenly amplified library. The final
exponential step denatures the looped amplicons and further PCR
amplifies the library using the common primer sequences [40].

For our purposes, we have found the PicoPLEX system, spe-
cifically applied with the PicoPLEX DNA-seq Kit, to be an efficient
and accurate method of WGA for the reasons described above as
well as its formulated compatibility with Illumina NGS platforms.
As stated above, after enzymatic lysis individual nuclei are sub-
jected to a two-step thermocycle-based protocol. The first amplifi-
cation step generates copies of genomic elements that accumulate
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3.4 Multiplex Pooling
of Individual WGA
Product Overview

linearly with each thermocycle. The second step attaches Illumina
adaptor sequences to the termini of products from the initial step
and exponentially amplifies these chimeras. The adaptor elements
appended in this step are necessary for hybridization and cluster
formation on the Illumina chip surface. These adaptors also con-
tain the i5 and i7 index elements to create 48 unique dual-index
barcode combinations to facilitate multiplex sequencing. In short,
the genomic fragments derived from individual nuclei are appended
with one of the unique i5 and i7 combinations in 2.5 h without
tagmentation, fragmentation, or additional thermocycling. The
instructions for the PicoPLEX recipe are well described by the
manufacturer and will not be discussed further here. However,
each successtul PicoPLEX reaction should yield approximately
1-5 pg of DNA (primarily consisting of barcoded DNA fragments
sized 200-2000 bp) in 50 pL which should be confirmed by aga-
rose gel visualization before proceeding to the library pooling and
cleanup.

Pooling individual WGA products together for sequencing in mul-
tiplex is necessary to maximize the number of cells analyzed per
operation of the Illumina platform. Before libraries can be
sequenced, individual samples with compatible indexes are com-
bined in mixture, size-selected, and purified. The PicoPLEX
DNA-seq Kit contains 48 unique barcode combinations, allowing
for the construction of pooled libraries containing 2—48 individual
samples. However, to ensure collection of adequate genomic data
per sample, the specific Illumina platform utilized should dictate
the quantity and exact combination of index-coded nuclei to be
sequenced and should be chosen prior to size selection and purifi-
cation. Usually 10 pL of'a 4 nM solution of library is required by
the Illumina platform to produce sequence information; thus the
quantities and volumes of individual WGA products are chosen
accordingly.

For any bioinformatic pipeline, it is crucial to have enough
mappable reads per individual genome to detect CNVs with high
statistical confidence. We discovered that roughly a minimum of
one million mapped reads is necessary to detect copy number
across all chromosomal regions. To achieve this minimum on
Illumina platforms such as the NextSeq system, with capacities of
producing over 400 million reads per sequencing run, pooling and
sequencing 48 unique samples is both more cost eftective and suf-
ficient to produce the amount of raw data required. However, for
more limited systems such as the MiSeq (25 million maximum
reads), we have found that exceeding 16 samples per multiplexed
library greatly increases the amount of variability within our data
pipeline. For pools containing less than 48 samples, Illumina tech-
nical manuals provide guidelines for assembling compatible bar-
code combinations. Since the sequences of the index adaptors have
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3.5 DNA Fragment
Size Selection

and Library Cleanup
Overview
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been carefully chosen to consist of balanced ratios of purine and
pyrimidine bases, sequencing efficiencies of these terminal ele-
ments are considered to be equivalent. The recommended Illumina
bar-coding strategies should be followed for the specific sequenc-
ing machine and chip chemistry; some of these products are not
compatible between machines and must first be verified.

To combine individual WGA products into one multiplex mixture
for size selection, combine 10 pL of each selected crude PicoPLEX
amplification product in a single 1.5 mL microfuge tube and briefly
vortex. Be sure to label the tubes containing the remaining vol-
umes of the crude WGA products (the leftover 40 pL) and store
individually at —20 °C for later analysis if needed. These curated
samples may be re-sequenced as necessary.

For optimal sequencing results using Illumina NGS platforms, it is
recommended that libraries be composed of DNA fragments rang-
ing from 200 to 500 bp (not including adaptors which add an
additional 100 to 150 bp (depending on the specific adaptors) to
each DNA amplicon) to promote efficient bridge-PCR and cluster
formation. Although this size range can be exceeded slightly,
sequencing accuracy begins to decrease with inserts greater than
600 bp because of reduced bridge-PCR efficiency. The PicoPLEX
DNA-seq Kit produces fragments with total lengths ranging from
200 to 2000 bp (insert size ~100-1900 bp) and recommends a
magnetic bead-based cleanup to enrich for fragments that fall in
the specified size range. However, the control of size selection with
magnetic beads is inefficient and often varies from day to day.
Fragments above and below the desired size range do contaminate
preparations. These fragments display i5 and 17 sequence, and as a
result, compete for annealing sites on the Illumina chip surface
leading to (1) clusters containing detection cycles with Q-scores
below 30, (2) sequencing data of very short reads that map to ret-
erence genomes with low confidence, or (3) failed bridge-PCRs.
To maximize the amount and quality of sequence data measured
per operation, we developed a polyacrylamide-to-agarose gel elec-
trophoresis technique that is used to first size-select and then purify
DNA fragments (Fig. 3). Our method, referred to as Gel2Gel,
outperforms magnetic bead-based size selection by stringently
enriching optimally sized (300400 bp) DNA fragments from
sample pools (Fig. 3). This method increases the number of map-
pable reads per individual sample and decreases the variability of
the MAD scores used to identify CNVs within single genomes
(discussed in further detail in the bioinformatics section below)
(Fig. 3¢).

Gel2Gel is a two-step process (Fig. 3a). First, stoichiometric
amounts of crude single-nucleus, dual-indexed libraries are com-
bined into a single mixture providing equivalent representation of
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Fig. 3 Gel2Gel is a more effective protocol for cleaning up and size-selecting sequencing libraries, resulting in
reduced data variability. (a) Pictures of the same representative sequencing library DNA pool as it is processed
through Gel2Gel—showing the pool after first separation by polyacrylamide gel, after removal of the gel por-
tion containing the desired DNA fragments, and finally after the fragments have been transferred to agarose
gel. (b) Bioanalyzer analysis of sequencing library pools cleaned up by either Ampure beads or Gel2Gel. (c)
Distribution of MAD scores from CNV plots generated from single-neuronal genomes of a neurotypical 26-year-
old male from sequencing libraries prepared using Ampure beads (n = 76) or Gel2Gel (n=73)

3.5.1  Polyacrylamide-
Based Size Selection
of DNA Fragments

each registered genome. Remember that the combinations of
indexes must be compatible for the application and platform. The
DNA in this mixture is then fractionated via electrophoresis
through the polyacrylamide. Second, fragments of the desired size
are excised from the polyacrylamide gel and electrophoresed into a
low-melt agarose gel where they are easily purified using any com-
mercially available kit made for this purpose. The polyacrylamide
step achieves size selection of library fragments and also purifies
library away from contaminating primers, enzymes, and salts.
However, DNA is not efficiently purified out of polyacrylamide
matrices, and thus electrophoretic mobilization of DNA into low-
melt agarose facilitates high-efficiency recovery of library frag-
ments. This approach offers greater resolution than can be achieved
through traditional separation by agarose gel alone.

The volume of the combined libraries may exceed the maximum
volume that the well of the polyacrylamide gel will accommodate.
In this case, we recommend precipitating the DNA and resuspend-
ing in a smaller volume that can easily be loaded into the well of
the gel. Here, precipitate total DNA using 0.22 M NaCl and 75%
ethanol (final concentration) at —20 °C for 1 h. Pellet the DNA at
16,000 x g for 10 min at 4 °C. Remove the supernatant and dry
the DNA pellet briefly at room temperature (do not overdry).
Solubilize the pellet in 20 pL. of TE buffer (10 mM Tris-Cl pH 8.0,
1 mM EDTA), heat at 65 °C for 5 min, and briefly centrifuge to
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collect total volume. Add 4 pL of 6x DNA loading buffer (TrackIt
Cyan/Orange) and keep on ice until loaded into gel. Prepare a
polyacrylamide gel composed of 1 x TAE buffer and 7.5% acryl-
amide using the BioRad Mini-Protean Tetra Handcast system (10-
well, 0.75 mm). Acrylamide polymerization is catalyzed by the
addition of ammonium persulfate and TEMED and is well
described by BioRad. Assemble the BioRad’s Mini-Protean Tetra
Handcast Vertical Electrophoresis Cell and fill with the appropriate
volume of 1 x TAE buftfer. Load 20 pL of pooled library into a
single well. For size reference, load 2 pL of 100 bp DNA ladder
into an adjacent well, leaving the immediate wells bordering the
sample-containing well empty to prevent cross-contamination.
Run the gel at 75 mA until the leading visible band, the Orange-G
dye within the loading buffer corresponding to the ~50 bp marker,
reaches the full length of gel. To visualize the nucleic acids, remove
the gel from the cell and glass casting plates and incubate in 25 mL
1 x TAE buffer and 1 x Sybr gold nucleic acid gel stain. Using a
UV light, scalpel or razor blade, and the 100 bp ladder, remove the
portion of polyacrylamide gel containing DNA fragments from
300 to 700 bp (Fig. 3a). This should yield a small rectangular piece
of polyacrylamide.

Transfer DNA from the polyacrylamide slice into low-melt agarose
by electrophoresis. Insert the slice of polyacrylamide horizontally
into a large well of a low-melt agarose gel. In an empty well (not
immediately adjacent to the sample) load 2 pL of the DNA ladder.
For thorough transter of DNA, there should be complete contact
between the broadest surface area of the polyacrylamide section
and the wall of the agarose gel well. This point is critical to the suc-
cess of this procedure. Any bubbles or liquid-filled gap between
the polyacrylamide gel slice and the wall of the low-melt agarose
gel could result in loss of sample. Once the polyacrylamide has
been inserted and the ladder loaded, run the agarose gel at 10 V/
cm length between electrodes until it is obvious that all the visible
dye within the DNA ladder has completely entered the gel. This
will usually take about 20 min. Because the size selection has
already taken place, it is neither necessary nor desirable to run this
second gel too far (Fig. 3a). The intent of the agarose gel is to
facilitate efficient elution of DNA from the polyacrylamide. Once
the DNA fragments have completely entered the low-melt agarose,
the electrophoresis may be stopped. Once again, using a UV light
and razor or scalpel, extract the portion of gel containing DNA
(Fig. 3a).

The DNA electrophoresed into the low-melt agarose may be effi-
ciently purified using any commercial product. We successfully
used the QIAquick gel extraction kit (Qiagen) and the QIAquick
PCR columns (Qiagen) to recover size-selected pools. These
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Fig. 4 Flowchart: Bioinformatics Overview. Right-hand panels show expected CNV profiles from trisomic male
fibroblasts (+Chr21, —X) in a custom pipeline (fop) or Ginkgo (bottom)

3.6 Bioinformatic
Pipeline

for the Identification
of Large CNV Overview

3.6.1 Quality Control
and Trimming of Sequence
Data

Qiagen products are easy to use and reasonably efficient. For the
methods detailed herein, we used the QIAquick PCR columns for
agarose gel applications according to Qiagen’s instructions.

The wet bench protocols are carried out with the goal of ensuring
an accurate, informative final product: a CNV profile summarizing
the copy number states across the genome of the single cell from
which the DNA was extracted. However, good execution of the
previous steps is no guarantee of success; to obtain the desired end
result, the sequencing data must be first properly quality-checked
and then carefully monitored for any irregularities as it passes
through the analyses described below (Fig. 4).

The pool of DNA libraries is sequenced on an Illumina platform
sequencer in accordance with the guidelines discussed in Sect. 3.4.
After sequencing, de-multiplexing typically follows as an auto-
mated step in which all of the sequences read by the sequencer are
separated by barcode and written to individual FASTQ files corre-
sponding to each sample in the pool. Either one or two FASTQ
files will be generated for each sample depending on whether
single-end or paired-end sequencing was carried out. If library
preparation, sample pooling, and sequencing were successtul, these
files will contain upwards of one million unaligned sequence reads
per sample.

The first step after receiving FASTQ files is to perform FastQC
(http://www.bioinformatics.babraham.ac.uk /projects /fastqc/);
see Table 1 for all software versions. This is a tool that checks each
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file for a variety of possible sequence quality problems, such as low-
quality scores (indicating that the sequencer had difficulty making
conclusive base calls) or sequence content bias (indicating that the
frequencies of A, C, G, and T were not consistent across each base
position in the reads). FastQC flags these errors as either a “warn-
ing” or a “failure” depending on severity according to preset
thresholds. If a FASTQ file grades poorly across several metrics,
this typically portends poor mapping to the genome and precludes
downstream analysis. While it is not uncommon for one or two
libraries to grade poorly, it FastQC consistently flags problems in a
single pool or across multiple pools, the issues could be due to a
systemic problem. Errors that cause repeated FastQC failures can
include everything from adaptor contamination during library
preparation to debris inside the flowcell lane.

Next, reads are trimmed to remove amplification primers and
other irregularities in relative nucleotide abundance at the ends of
reads. Trimming is accomplished using the Trimmer tool from the
FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/),
wherein a specified range of bases is kept while the remainder of
each read is removed. FastQC generates a plot of nucleotide fre-
quency for each position across all reads which can serve as a guide
for identifying bases for trimming. For PicoPLEX WGA, this plot
will show irregular nucleotide frequencies for roughly the first 14
bases unless dark cycles were pre-programmed for these bases dur-
ing the sequencing run.

Once trimmed, the FASTQ files are ready for our CNV pipeline, a
Python wrapper that coordinates a series of genomic operations on
the input data, ultimately resulting in detection of CNVs. First, the
reads are aligned to the reference human genome (hgl9/GRCh37)
using the Burrows-Wheeler Aligner (BWA) [44]. For this, we use
the BWA “aln” command with standard options. The output SAI
files are converted to BAM format using BWA “sampe” and
Samtools [45] “view” commands. Next, the BAM file is sorted by
reference genome position using Samtools “sort,” which allows
subsequent operations on the data to be more efficient. Then, all
duplicate reads (reads that have the same start and end mapping
location as another read) are removed using Picard Tools
“MarkDuplicates.jar” (http://broadinstitute.github.io/picard/).
At this point, alignment statistics are calculated using Samtools
“flagstat,” which provide information on the number and percent-
age of mapped reads. Typically, we see mapping percentages of
~95%; mapping rates that fall below 85-80% are often the result of
problems that can be identified by FastQC, as discussed above.
Before the final steps of the pipeline, the BAM file is translated
to BED format using Bedtools [46] “bamToBed.” At this point,
there are two possible routes to generate CNV profiles: our custom
protocol or uploading to Ginkgo, an online tool (http://qb.cshl.
edu/ginkgo/) [47]. The following sections discuss each option.
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CNV Detection Using
Custom Protocol

Our protocol carries out CNV detection in a read depth-based
fashion by binning mapped reads into custom-generated, large,
nonoverlapping genomic windows of uniquely mappable sequence.
First, nonunique regions of the genome (which can be determined
using the hgl9,/GRCh37 “wgEncodeCrgMapabilityAlign40mer.
bigWig” track, available from UCSC Genome Browser) are masked
(i.e., changed to “N”) from the full reference genome using
Bedtools “maskfasta” to create a modified reference genome
FASTA file representing only uniquely mappable sequence. Next, a
script can be written to generate sequential bins (typically contain-
ing 500 kb) of non-N bases and generate a BED file containing
genomic coordinates for the start and end of each bin. There are
many ways to script this step; in calculating these bin ranges, our
Python script makes use of the pysam module (https://github.
com/pysam-developers/pysam) to work quickly with the masked
FASTA file, which must first be indexed using Samtools “faidx.”
The script also records the GC percentage of each genomic bin,
which is used in later steps. The resulting bins vary widely in size
due to repetitive, “unmappable” features like centromeres and
telomeres; thus, the average size is ~665 kb but certain bins can
reach megabases in size. Smaller or larger window sizes can be
generated if desired.

The BED file from each sequenced cell is then intersected
(Bedtools “intersectBed”) with the BED file containing bin coor-
dinates. Then, Bedtools “coverageBed” is run to generate a file
containing counts of reads mapping to each genomic bin. Using R,
read counts are converted to estimated copy number states in a GC
content-normalized manner. This process involves separating
genomic bins by their GC content in the reference genome. Our
script assigns each genomic bin to 1 of 16 groups, designed to
contain roughly equal numbers of bins: <34% GC content, 34-35,
35-36, 36-37, 37-38, 38-39, 3940, 40-41, 4142, 4243,
43-44, 44-45, 45-47, 4749, 49-53, and >53%. For each GC
group, the bin with the median read count is assigned a copy num-
ber state of 2. Then, the other bins in the same GC group are
normalized around the median read count and a corresponding
copy number value is assigned. For example, if, among genomic
bins with GC content between 42 and 43%, the median number of
reads is 500, any 42—43% GC bin with 500 reads will be estimated
to have a copy number state of 2. Likewise, the median read count
in the 47-49% GC bin may be 600 reads and also represent a copy
number state of 2.

CNVs are identified by segmentation using the R package
DNAcopy [48]. This tool uses a circular binary segmentation
(CBS) algorithm to detect statistically significant “change-points”
in copy number state across the genome. Other R packages used
for segmentation include HMMcopy [49] and copynumber [50],
which use alternative statistical approaches. In our standard
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approach, the estimated copy number values are run through a
“CNA.smooth” step to moderate any outlier values, and then the
“segment” command is run using the parameters alpha = 0.001,
min.width = 5, and default settings otherwise. These parameters
ensure that for a change-point to be called, it must have a p-value
<0.001, and each changed segment must be 5 genomic bins in
length. Our experience is that these parameters consistently per-
form well in protecting against false segmentation calls while
retaining sensitivity to real CNVs.

Data are visualized by plotting copy number state versus
genomic position. Segmentation output from DNAcopy is then
superimposed on these data. The median absolute deviation
(MAD) is calculated and plotted above and below the median copy
number state to provide a general idea of the data’s variation.
Analytical approaches to distinguish high-confidence calls from
low-confidence calls are always improving, but a default threshold
that we recommend is 2 + 2 MADs, as used previously [24]. Once
the final CNV calls are made, further analysis of the duplicated or
deleted regions can be explored.

CNVs can also be identified using Ginkgo [47]. A minimum of
three BED files, each no more than one gigabyte in size, can be
uploaded to the Ginkgo website (http://qb.cshl.edu/ginkgo) and
analyzed for CNVs. Customizable options are available for various
parameters; for direct comparison with our pipeline, the bin type
parameter should be set as “variable”; bin size as 500 kb; binning
simulation read lengths as 48 bp (the closest option to our own 40
base mappability track); mapping algorithm as “BWA”; segmenta-
tion method as “Independent (normalized read counts)”; and all
other options left at their default settings.

Following analysis, which can take minutes to hours depend-
ing on file number and size, Ginkgo outputs CNV profiles in addi-
tion to a clustering tree that tries to identify related samples,
heatmaps highlighting any key similarities or differences between
the cells analyzed, and several data tables containing bin read
counts and CNV calls made, among other statistics.

We have found Ginkgo to be a useful “second opinion” in
analyzing our data. An important feature of Ginkgo’s analysis is its
strict adherence to integer copy number states; that is, unlike
DNAcopy, which allows segmentation calls at values like 2.4 and
1.3 to be made, Ginkgo’s algorithm forces each segment to con-
form to a whole-number state. We think both approaches have
merit; while it is clear that each genomic locus in a single cell can-
not exist partway between two integer copy numbers, it is also
conceivable that CNVs smaller than the size of a genomic bin
could cause an apparent intermediate copy number state; that is, if
40% of a bin is at copy number 3 while 60% is at copy number 2,
then 2.4 becomes an accurate copy number state.
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Generally, we prefer our custom protocol for CNV detection
given its ease of customizability and modification, but Ginkgo pro-
vides a powerful and easy-to-use alternative for copy number anal-
ysis. In ideal cases, the techniques will yield similar results, as
indeed they have in the past with 99.7% bin-level agreement [47].

4 Conclusions
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Chapter 7

Multiple Annealing and Looping-Based Amplification
Cycles (MALBAC) for the Analysis of DNA Copy Number
Variation

Chenghang Zong

Abstract

The genomes of even close kindred cells are not identical due to various forms of genomic variations.
To discover the uniqueness of each genome, we need to examine the genome at single-cell resolution.
Here we describe the recent progress in the development of single-cell whole-genome amplification
methods and the state of art for analyzing one of the major forms of genomic variations—copy number of
variations (CNVs). Robust detection of CNVs in single cells has allowed successful clinical applications
such as prenatal genome screening and diagnosis.

Key words Single-cell sequencing, Single-cell WGA, MALBAC, MDA, Copy number variations

1 Introduction

The development of single-cell whole-genome amplification
(WGA) methods has made it feasible to examine the genomic vari-
ations at single-cell resolution [1-12]. However, WGA methods in
general are still prone to amplification bias, which cause some
regions of the genome to be overrepresented while some others
underrepresented in the final amplified products. Sequencing of
the biased products therefore will lead not only to the low genome
coverage because that many reads are consumed in covering the
overamplified regions, but also to the distorted representation of
the original genome of the single cell. Such distortions will make it
challenging for the reliable detection of copy number variations as
well as single-nucleotide variations in single cells.

The first generation of single-cell whole-genome amplification
methods are mainly polymerase chain reaction (PCR)-based reac-
tion. However, limited by the priming efficiency and randomly
introduced PCR bias at the initial stage of amplification, significant
portion of genomes (over 50%) are not covered. The development
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of multiple displacement amplification (MDA) method has resolved
the priming issue with @29 polymerase performing the extension
at 30°, which allows the efficient random hybridization between
hexamers to the genome [1]. As the result, MDA can robustly
cover 80% of the genome using the recently developed alkaline-
based scheme for cell lysis and DNA melting before amplification
[8]. However, MDA reaction depends on the production of dis-
placed single-stranded DNA, which will randomly hybridize with
each other at 30° and the products form DNA “nanoball” with the
complex hyper-branched structures. The size of the DNA nano-
balls varies and leads to the considerable regional bias in genome
coverage, and therefore makes MDA unsuitable for reliable detec-
tion of copy number variations [7]. It is worth noting that MDA is
essentially a nonlinear amplification with the exponential depen-
dence of DNA vyield on the time of reaction, which makes it diffi-
cult to accurately detect single-nucleotide variations.

To overcome both priming and amplification bias, we recently
developed a new WGA method, multiple annealing and looping-
based amplification cycles (MALBAC), which introduces multiple
cycles of low-temperature annealing to promote efficient priming
and quasilinear preamplification with the looping strategy [7].
With the production of >10 copies of amplicons by the preamplifi-
cation, the initial-stage PCR bias with single copy of DNA frag-
ments can be significantly reduced.

To allow the efficient annealing at low temperature, we design
the primers with G, A, and T nucleotides only for the common
27-nucleotide sequence plus an 8-variable nucleotide (5N3G and
5N3T) at 3’ end. We start the amplification with these primers,
which can evenly hybridize to the templates at 0 °C. At an elevated
temperature of 65 °C, DNA polymerases with strand displacement
activity (Bst polymerase) are used to generate semiamplicons with
variable lengths (0.5-1.5 kb), which are then melted off from the
template at 94 °C. Amplification of the semiamplicons gives full
amplicons that have complementary ends. The temperature is
cycled to 58 °C to allow the looping of full amplicons, which pre-
vents the amplification of the amplicons in the following cycle. Five
cycles of preamplification are followed by exponential amplification
of the full amplicons by PCR to generate micrograms of DNA
required for next-generation sequencing (Fig. 1). In the PCR, oli-
gonucleotides with the common 27-nucleotide sequence are used
as the primers.

In the recent study, we performed the single-cell amplification
with single-SW480 cancer cells using both MDA and MALBAC.
With ~25x mean sequencing depth, we consistently achieved ~85%
and up to 93% genome coverage at >1x depth on either strand
(Fig. 2a). As a comparison, we performed MDA on a single cell from
the same cancer cell line. At 25x mean sequencing depth, MDA
covered 72% of the genome even at low depth (~1x). Substantial
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Fig. 1 Overview of MALBAC. Low-bias single-cell whole-genome amplification (WGA). Lysis of a single cell is
followed by melting genomic DNA into single-stranded DNA molecules. MALBAC preamplification prior to
additional PCR amplification is performed for high-throughput sequencing. First, MALBAC primers anneal ran-
domly to single-stranded DNA molecules and are extended by a polymerase with displacement activity, which
creates semi-amplicons. In the next cycle, single-stranded amplicons with complementary sequences on both
ends are generated. The 3’ ends are protected by loop formation at intermediate temperature, which prevents
the formation of chimeras and further amplification. The above cycles are repeated five times to generate
amplicons with overlapping genome coverage that contain universal complementary sequences on both ends
for subsequent PCR amplification. Reprinted from Science 338, Zong C, Lu S, Chapman R. A., Xie X. S.,
“Genome-Wide Detection of Single-Nucleotide and Copy-Number Variations of a Single Human Cell,” 1622—

1626, 2012, with the permission from Science
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Chromosome 1

Fig. 2 Profile of sequencing coverage over the entirety of chromosome 1 of a single cell and zooming into a 2
kilobase region (zoomed in region). Reprinted from Science 338, Zong C, Lu S, Chapman R. A,, Xie X. S.,
“Genome-Wide Detection of Single-Nucleotide and Copy-Number Variations of a Single Human Cell,” 1622—
1626, 2012, with the permission from Science

variations of the coverage have been reported for MDA [5, 12, 13].
In contrast, MALBAC coverage is highly reproducible.

Lorenz curves and power spectrum can be used to evaluate
coverage uniformity along the genome. To plot Lorenz curves, the
sites of the whole genome are first ranked based on the depth of
coverage. The cumulative fraction of the total reads is plotted
against the cumulative fraction of genome that the reads covered
(Fig. 3). The diagonal line indicates a perfectly uniform distribu-
tion of reads, and deviation from the diagonal line indicates an
uneven distribution of reads. The Lorenz curves of bulk sequenc-
ing, MALBAC, and MDA at ~25x mean sequencing depth are
compared (Fig. 3). It is evident that MALBAC outperforms MDA
in uniformity of genome coverage.

The power spectrum of read density variations shows the spa-
tial scale at which the variations take place (Fig. 4). For MDA,
large amplitudes at low frequencies (inverse genome distance) were
observed, indicating that large contiguous regions of the genome
are over- or underamplified. In contrast, MALBAC has a power
spectrum similar to that of the unamplified bulk.

CNVs due to insertions, deletions, or multiplications of
genome segments are frequently observed in almost all categories
of human tumors (13, 24, 25). MALBAC’s lack of large-scale bias
makes it amenable to probing CNVs in single cells. We determined
the digitized CNVs across the whole genomes of three individual
cells from the SW480 cancer cell line (Fig. 5a—c). CNVs of five cells
are included in the supplementary materials. The chromosomes
exhibit distinct CNV differences among the three individual cancer
cells and in the bulk result (Fig. 5d), which are difficult to resolve
by MDA (Fig. 5¢). For the MALBAC data, a hidden Markov
model is used to quantify CNVs. The gross features of CNVs
detected by MALBAC are consistent with karyotyping data (data
not shown). Although the majority of copy numbers are consistent
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Fig. 3 Lorenz curves of MALBAC, MDA, and bulk sample. A Lorenz curve gives
the cumulative fraction of reads as a function of the cumulative fraction of
genome. Perfectly uniform coverage would result in a diagonal line, and a large
deviation from the diagonal is indicative of biased coverage. The blue and green
arrows indicate the uncovered fractions of the genome for MALBAC and MDA,
respectively. All samples are sequenced at 25x depth. Reprinted from Science
338, Zong C, Lu S, Chapman R. A,, Xie X. S., “Genome-Wide Detection of Single-
Nucleotide and Copy-Number Variations of a Single Human Cell,” 1622—1626,
2012, with the permission from Science

between single cells, we also observe cell-to-cell variations as
labeled by the dashed boxes in Fig. 3.

For noninvasive prognosis and diagnosis of cancer, it is desir-
able to monitor genomic alterations through the circulatory sys-
tem. MALBAC can be used to profile the copy number variations
in circulating tumor cells. Interestingly, with the analyses of the
whole genome of single CTCs, Ni et al. discovered the reproduc-
ibility of the CNV patterns among five patients with lung cancer
adenocarcinoma, in contrast to the patients with a mixture of ADC
and SCLC (Fig. 6) [14]. This data indicates that copy number
variations (CNVs), one of the major genomic variations, can be
specific to cancer types, reproducible from cell to cell, and even
from patient to patient. The high degree of similarity in CNV pat-
tern has been reported in the recent large scale of Pan-Cancer
Analysis [15].

The reliable detection of CNV in single cell by MALBAC has
also enabled its application in preimplantation genetic diagnosis or
screening (PGD or PGS) in IVFE with the goal of selecting a normal
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Fig. 4 Power spectrum of read density throughout the genome (as a function of
spatial frequency). MALBAC performs similarly to bulk, whereas the MDA spec-
trum shows high amplitude at low frequency, demonstrating that regions of sev-
eral megabases suffer from under- and overamplification. Reprinted from
Science 338, Zong C, Lu S, Chapman R. A., Xie X. S., “Genome-Wide Detection of
Single-Nucleotide and Copy-Number Variations of a Single Human Cell,” 1622—
1626, 2012, with the permission from Science

fertilized egg [16]. If the genetic disorders are from the father, one
can sequence one or a few cells from the blastocyst stage of the
embryo, and if the genetic disorders are from the mother, sequenc-
ing polar bodies can be used to deduce the genome of the haploid
female pronucleus, information regarding aneuploidy, as well as
SNVs in disease-associated alleles. With the high coverage of
MALBAC, Hou et al. have successfully demonstrated that the
aneuploidy of female pronucleus can be accurately deduced from
the genomes of two polar bodies. As the result, whole-genome
analyses of single-human oocytes based on MALBAC allow accu-
rate and cost-effective embryo selection for in vitro fertilization
(Fig. 7). In Fig.7a, the two polar bodies are isolated and MALBAC
WGA is performed. The copy number profiles are determined by
sequencing and the CNVs of the pronucleus are predicted and
compared with the direct experimental measurement. The consis-
tent result proves that MALBAC can provide reliable detection of
copy number variations for PGD or PGS.
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Fig. 5 CNVs of single-cancer cells. Digitized copy numbers across the genome are plotted for three single cells
(a—c) as well as the bulk sample (d) from the SW480 cancer cell line. The bottom panel shows the result based
on MDA amplification (e). Green lines are fitted CNV numbers obtained from the hidden Markov model (see
supplementary materials). The single cells are sequenced at only 0.8x depth, whereas the bulk and MDA are
done at 25x. The regions within the dashed box exhibit the CNV differences among single cells and the bulk,
which cannot be resolved by MDA. The binning window is 200 kb. Reprinted from Science 338, Zong C, Lu S,
Chapman R. A., Xie X. S., “Genome-Wide Detection of Single-Nucleotide and Copy-Number Variations of a
Single Human Cell,” 1622-1626, 2012, with the permission from Science
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Fig. 6 Statistical significance of gain and loss regions among single circulating tumor cells of six patients with
lung cancer adenocarcinoma. Reprinted from PNAS 110(52), Ni X, Zhuo M, Su Z, Duan J, Gao Y, Wang Z, Zong
C, Bai H, Chapman AR, Zhao J, Xu L, An T, Ma Q, Wang Y, Wu M, Sun Y, Wang S, Li Z, Yang X, Yong J, Su XD, Lu
Y, Bai F, Xie XS, Wang J. “Reproducible copy number variation patterns among single circulating tumor cells of
lung cancer patients,” 21,0838, 2013, with the permission from PNAS
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Fig. 7 (@) Number of chromosomes of pronucleus can be deduced by its polar bodies. (b) Influence of sequenc-
ing depth on aneuploidy deduction. Three levels of sequencing depth (0.1x, 0.01x, and 0.001x) were ana-
lyzed, and the results suggest that 0.01x data are sufficient for aneuploidy deduction at megabase resolutions.
Reprinted from Cell 155, Hou Y, Fan W, Yan L, Li R, Lian Y, Huang J, Li J, Xu L, Tang F, Xie XS, Qiao J, “Genome
Analyses of Single Human Oocytes,” 1492—-1506, 2013, with the permission from Elsevier”
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Chapter 8

Competitive PCR for Copy Number Assessment
by Restricting dNTPs

Luming Zhou, Robert A. Palais, Yotam Ardon, and Carl T. Wittwer

Abstract

Copy number variation (CNV) reflects a gain or loss in the number of copies of DNA fragments in a
genome. CNV is common in genetic diseases and is known to cause particular neurodegenerative diseases.
We developed a dNTP-limited, competitive PCR technique to identify relative copy number differences
between a reference and one or more target genes. Suitable fragments with single melting domains, well-
separated melting temperatures, and no common homologs were identified by uMelt melting curve pre-
diction software. Relative product amounts were maintained during multiplex PCR into the plateau phase
by limiting dNTPs. After PCR, fluorescent melting curve analysis was automatically performed with the
saturating DNA dye, LCGreen® Plus. Exponential background was removed, melting curves were plotted
as negative derivative melting peaks, and the reference peak was normalized by both position (tempera-
ture) and height of each peak. With the reference peak normalized, the height of the target peaks estab-
lished the copy number order that can be quantified against standards. Using chromosome X variation, the
best ANTP concentration to distinguish copy numbers was about 6 pM each and CVs of about 1% were
obtained with high-resolution melting analysis. The method was applied to spinal muscular atrophy, triso-
mies 13, 18, and 21, and cystic fibrosis gene deletions. The method is rapid, economical, and closed tube,
and can be used for diagnosis or confirmation of copy number differences identified by high-throughput
screening methods.

Key words Copy number variation, CNV, High-resolution melting analysis, HRMA, Melting tem-
perature, Tm, Spinal muscular atrophy

1 Introduction

Copy number variation (CNV) is a common type of genetic varia-
tion. About 13% of the genes in the human genome have variation
in their copy number [1]. Deletions, duplications, and unbalanced
translocations all affect the diploid status of an individual [2]. Many
neurogenic diseases are caused by the loss or gain of large segments
of DNA sequence. For example, spinal muscular atrophy (SMA) is
very common worldwide. SMA is the second most common fatal
genetic disease, after cystic fibrosis, in people of European descent.
SMA affects voluntary muscle movement through the central

José Maria Frade and Fred H. Gage (eds.), Genomic Mosaicism in Neurons and Other Cell Types, Neuromethods, vol. 131,
DOI 10.1007/978-1-4939-7280-7_8, © Springer Science+Business Media LLC 2017
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nervous system. Approximately 95-98% of SMA cases are caused by
a homozygous deletion of the survival motor neuron 1 (SMNI)
gene [2]. Duchenne muscular dystrophy (DMD) is another genetic
disorder characterized by progressive muscle degeneration and
weakness. DMD is caused by an absence of dystrophin, a protein
that helps keep muscle cells intact. Approximately 65% of mutations
causing DMD are deletions or duplications of one or more exons,
clustered in two hotspot regions [ 3—-6]. Charcot-Marie-Tooth neu-
ropathy type 1 (CMT1) is a demyelinating peripheral neuropathy
characterized by distal muscle weakness and atrophy, sensory loss,
and slow nerve conduction velocity. It is a slowly progressive disor-
der often associated with deformity and bilateral foot drop.
Approximately 70-80% of all CMT1 cases involve duplication of
the PMP22 gene [7]. Neurofibromatosis type 1 (NF1) causes
tumors throughout the nervous system. Approximately 5-20% of
all NF1 patients carry a heterozygous deletion in NFI of approxi-
mately 1.4 Mb [8, 9]. Cystic fibrosis is the most prevalent genetic
disease in Western populations. Approximately 1-3% of cystic fibro-
sis cases are caused by deletions in CFTR that may cover either the
entire gene or one or more exons [10, 11]. Down syndrome is
caused by an additional copy of an entire chromosome (trisomy
21), and trisomies 13 and 18 also occur.

In addition to causing neurologic disease, copy number vari-
ants also affect many other disease processes. For example, large
deletions in BRCAI or BRCA2 may predispose individuals to
breast cancer [12-14]. Increased CCL3LI copy number is associ-
ated with susceptibility to HIV infection [15, 16]. Many somatic
copy number changes are correlated to cancer; for example, high
EGFR copy number is related to colon cancer and non-small-cell
lung cancer [17-20].

Clinically, the most commonly used method for CNV detec-
tion is fluorescence in situ hybridization (FISH) [21, 22]. This
technique, popular among pathologists, visualizes each copy as a
colored spot that can be viewed through a fluorescent microscope.
FISH adequately identifies the copy number of DNA segments
that are 1-100 kb or longer; however, CNVs involving shorter seg-
ments are more difficult to detect. In the past decade following the
sequencing of the human genome [23], several molecular tech-
niques that can detect shorter CNVs have revealed a remarkable
degree of structural variation among normal individuals. The most
popular of these techniques are single-nucleotide polymorphism
(SNP) arrays, real-time qPCR, multiplex ligation-dependent probe
amplification (MLPA), and massively parallel sequencing (MPS).
Array-based techniques are the most efficient for high-resolution
scans of genome-wide variation [24-27]. The resolution of
high-density targeted arrays can now approach tens of base pairs.
Massively parallel sequencing can also be used for CNV detection
where the resolution is only limited by the complexity of the DNA
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[28, 29]. Additional methods for assessing copy number variants,
often from single cells, include flow cytometry (Chap. 4, this vol-
ume), quantitative reverse transcriptase PCR (Chap. 11, this vol-
ume), and others (Chaps. 6 and 7, this volume). Although
extraordinary in their genomic coverage, these methods are time
consuming and/or require costly equipment and reagents.

Real-time qPCR can calculate relative copy number from the
change in quantification cycle (ACq) [30, 31]. qPCR is simple,
and relatively rapid, and the equipment and disposables are not as
expensive as arrays or MPS. However, the throughput and copy
number resolution of qPCR are limited. In the human genome,
typical germline copy number ratios (sample to reference) range
from 1:2 to greater than 5:1. The 3:2 ratio indicating trisomy (e.g.,
Down syndrome) is especially common. Theoretically, qPCR can
detect 1:2 CNVs (the deletion of 1 out of 2 copies), but consider-
able care is required in practice for reliable results, and it is very
difficult to distinguish ratios nearer to 1.0 by qPCR. While qPCR
is the gold standard for gene expression, it is less commonly used
in copy number assays.

Digital PCR is useful for both relative and absolute quantifica-
tion. Digital PCR partitions PCR into small droplets so that, on
average, there is only about one template molecule per partition,
and thousands of partitions are read out as either negative (no tem-
plate) or positive (one or more templates). The ratio of positive to
negative reactions determines how many copies are present [32].
Although elegant in design, digital PCR requires expensive equip-
ment and careful preparation is critical for accurate results.

MLPA is another method that has been widely used to detect
CNVs associated with genetic disease. MLPA can detect large dele-
tions, duplications, and complex rearrangements in genes [33,
34]. It is often used to complement sequencing for full gene analy-
sis by assessing the copy number of multiple exons. For each exon
tested, two probes ligate when the complementary target is pres-
ent, forming probes of different lengths and colors that are easily
distinguished by capillary electrophoresis. Over 50 exons can be
tested simultaneously using MLPA; however, MLPA requires a
long ligation time and the customized oligonucleotide probes can
be expensive and difficult to design. All of the approaches described
above except real-time and digital PCR require more than a day to
complete.

High-resolution melting analysis for genotyping and scanning
is simple, fast, accurate, and inexpensive [35]. As is the case with
sequencing, however, large deletions or duplications that encom-
pass the primers are not identified unless the deletion is X-linked
[36]. Recently, high-resolution melting techniques have been
applied to targeted copy number assessment. In some protocols,
homologous sequences are required to identify a common primer
pair. These methods are based on competitive PCR to amplify both
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a target and a competitor with the same primer set so as to retain
their quantitative relationship [37]. In addition, melting analysis
requires an internal sequence difference between reference and tar-
get that provides distinguishable melting temperatures (Tms).
Duplex melting with a single primer set that amplifies segmental
duplications can quantity trisomies [38], and a similar method
using homologous sequences, can identify microdeletions or
microinsertions [ 39]. The reference and target PCR products must
lie on different chromosomes, with distinct Tms so their melting
peaks can be distinguished and compared. These methods enable
relative quantification because identical primers ensure equal effi-
ciencies of amplification.

We have developed a technique for CNV detection that does
not require identical primer sets. Usually, different primers amplify
with different efficiencies while approaching the PCR plateau,
resulting in a loss of relative quantification. However, the efficiency
of different primer sets can be maintained by (1) limiting the num-
ber of cycles, (2) limiting the concentration of DNA polymerase,
or (3) limiting the amount of dNTPs [40]. Achieving relative
quantification by limiting dNTP concentrations is simple, fast, less
expensive, and more precise than other current copy number varia-
tion detection methods. There is no need to adjust template con-
centrations or design specialized oligonucleotides. Only a PCR
instrument and fluorescent DNA melting acquisition are required.
Real-time PCR is not necessary, and melting analysis requires less
than 5 min on some dedicated melting instruments. Applications
of this targeted technique include not only direct diagnosis, but
also confirmation of specific copy number variants suspected by
screening techniques such as arrays and MPS.

2 Materials
2.1 Human Whole

Blood and Genomic
DNA Samples

2.2 Primers

One and two copies of chromosome X DNA (male and female)
were purified from laboratory volunteers. DNA from human cell
lines with 3 (NA03623),4 (NA11226), and 5 (NA 06061) cop-
ies of chromosome X were obtained from the Coriell Institute
for Medical Research, as well as DNA from a patient affected
with spinal muscular atrophy (SMA) (NA00232), an SMA car-
rier (NA003814), and a cystic fibrosis carrier with a heterozy-
gous deletion of exons 2 and 3 (NA18668). Excess DNA from
50 clinical products of conception including trisomies of chro-
mosomes 13, 18, and 21 was obtained from ARUP Laboratories
under IRB 7275.

Primers were synthesized on a 40 nmol scale at the University of
Utah core facility with cartridge purification. One hundred pL of
TE’ buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0) was added to
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Primer sequences and Tms, chromosome numbers and regions, and PCR product sizes, Tms and
associated Figures®

Chromosome

7

X

7

13

18

21

5

5

21

7

7

Region

CFTR exon 6
CYBB exon 10
CFTR exon 7
.76560967-1048°
TPGS2 exon 4
g.19181856-964°
SMN1 exon 7
SMN?2 exon 7
FTCD exon 6
CFTR exon 2

CFTR exon 3

Primers PCR Product

Primer 1 Tm (°C)° Primer2 Tm (°C)°  Size (bp) Tm (°C)°  Figure
CTCCTCATGGGGCTAATCTG 63 AAGTCCACAGAAGGCAGACG 66 54 82 1,2,4,5
CCTTCAGGATAGCGGTTGAT 63 CTTGAGAATGGATGCGAAGG 62 121 88 1,2,3,4,5
TTGTGATTACCTCAGAAATGATTGA 62 CATTGCTTCTTCCCAGCAGT 64 68 78 3,6,7
AACGGGAGGGGTGTATGTTT 65 GCAGACTAGGTGCCCAACTT 66 82 85 7
ACATCATTCCACTGGGAAGC 64 CCAGAGTGGGTGCATTAGGA 65 99 84 7
TCAGACTTGGACAGCCACAC 66 CACTTGGGGAATTGACTCACA 64 109 84 7
TTCCTTTATTTTCCTTACAGGGTTT 62 CCTTCCTTCTTTTTGATTTTGTCTG' 62 58 74 6
TTCCTTTATTTTCCTTACAGGGTTT 62 CCTTCCTTCTTTTTGATTTTGTCTA' 61 58 73 6
AGCCAGGTTCTTCTCATCCA 64 GCCAGGACGTCTGAAGAAAG 64 61 82 8
TCTGTTGATTCTGCTGACAATCT 63 TGAACATACCTTTCCAATTTTTCA 61 50 73 8
GGGATAGAGAGCTGGCTTCA 65 GCCGAAGGGCATTAATGAGT 64 54 77 8

‘Reference PCR targets are shown in red. The copy number target(s) are shown in black below the corresponding refer-

ence target
"Predicted Tms (see text)

‘Observed Tms
4Genomic bounds of the PCR product on chromosome 13, GRCh38 primary assembly, (NC_000013.11)

¢Genomic bounds of the PCR product on chromosome 21, GRCh38 primary assembly (NC_000021.9). The PCR
product is near to the short tandem repeat D21S11

SSMNI and SMN2 are differentiated by allele specific amplification determined by the 3'-base

2.3 Equipment

2.4 Assay Design
Software

dissolve the oligonucleotides. Two pL was used to measure the
oligo concentration, which was adjusted with TE' to 50 pM and
stored at —20 °C. Primer sequences and Tms, PCR amplicon
lengths, and amplicon Tms are shown in Table 1.

A NanoDrop™ spectrophotometer (Thermo Scientific) was used
to measure DNA concentration. A real-time thermocycler with
high-resolution melting analysis (LightCycler 480, Roche) was
used for PCR amplification and high-resolution melting, unless
otherwise specified, to produce melting data from which copy
number variation was identified by subsequent analysis.

Primer3 web version 4.0.0 from the University of Massachusetts
was used to design primers (http: //bioinfo.ut.ee /primer3/). The
University of California Santa Cruz (UCSC) Genome Browser
(https://genome.ucsc.edu/) and the National Center for
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.
gov/) were used to check for variants in the amplicons. DNA
uMelt software (https://www.dna.utah.edu/index.html) from
the University of Utah was used to predict target and reference
amplicon melting curves and Tms.


http://bioinfo.ut.ee/primer3/
https://genome.ucsc.edu/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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2.5 Melting Analysis

and Quantification
Software

Custom melting analysis software (MeltWizard 6, available from
RAP for research use) was used to analyze and quantity the refer-
ence and target peaks for relative DNA quantification. The algo-
rithms used are described below under Sect. 3.4.

3 Methods

3.1 Genomic DNA
Extraction

3.1.1 Genomic DNA
Extraction from Whole
Blood

3.1.2 DNA Extraction
from Fetal Villi

3.2 Primer
and Multiplex PCR
Amplicon Design

DNA was extracted using commercial kits specific to the tissue
type. The DNA was quantified on a NanoDrop spectrophotometer,
using its absorbance at 260 nm. DNA was stored at 4 °C for up to
1 week, with longer storage at —20 or —80 °C.

Three mL whole blood was drawn into EDTA vacuum tubes. The
contents of each tube were mixed by gently inverting five times.
The EDTA-treated whole blood was stored at room temperature
(15-25 °C) for 1 day, or at 4 °C tor up to 5 days. The DNA was
extracted using a Gentra Puregene Blood Kit (QTAGEN®).

Fitty fresh products of conception samples with fetal villi, including
trisomies of chromosomes 13, 18, and 21, were macro-dissected
away from maternal tissue, and metaphase karyotypes were
obtained after growth by ARUP. DNA was extracted from residual
fetal tissue by a 5 PRIME™ ArchivePure™ DNA purification cell
and tissue kit (Fisher Scientific).

Human genome databases NCBI and UCSC genome browsers
were used to check the reference and target sequences for unique-
ness and variation. The reference sequence must not have homo-
logs in the genome, and both reference and target sequences
should have minimal internal variation.

Primer3 and uMelt were used in combination to design refer-
ence and target multiplex PCR primers. The primer design soft-
ware Primer3 was used to adjust primer Tms and the length of the
PCR product. The multiplex PCR primer Tms were designed to be
as close as possible to 60 °C. The lengths of amplicons were opti-
mally in the range 0f 50-120 bp. The reference and target sequences
were entered into uMelt to predict amplicon Tms. The ATm
between reference and target amplicons should be between 2 and
10 °C. If the ATm is out of this range, Primer3 may be used to
adjust the amplicon length, and GC or AT 5’-primer tails can be
added to one or both primers.

Duplex reactions with target genes on chromosomes X, 5,7, 13,
18, and 21 were paired with reference genes on different chromo-
somes for relative quantification. CYBB exon 10 was used to target
chromosome X with CFTR exon 6 on chromosome 7 as the refer-
ence gene. CFTR exon 7 was the reference gene for chromosomes
5,13, 18, and 21. A fragment of FTCD exon 6 on chromosome 21



3.3 PCR Conditions

3.4 Analysis
for Relative
Quantification
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was used as the reference for CFTR exon 2 and exon 3 deletions.
The primer sequences of reference and CNV target fragments are
shown in Table 1. Tms were calculated using the online “Tm Tool”
found at https://www.dna.utah.edu/tm/ using 6.25 pM each
dNTP (25 pM total ANTPs) and 2.0 mM total Mg**.

Final PCR concentrations were 0.4 U KlenTaql™ (Ab Peptides)
with 64 ng anti-Taq antibody (eEnzyme), 2 mM MgCl,, 50 mM
Tris (pH 8.3), 1x LCGreen Plus dye (BioFire Defense), 500 mg,/L
bovine serum albumin (Sigma), 0.5 pM each primer, 50 ng DNA,
and 6.25 pM each dNTP inl0 pL unless otherwise specified. PCR
was performed on a LightCycler 480. An initial denaturation step
at 95 °C for 2 min was followed by 35 cycles of 10 s denaturation
at 95 °C and 30 s annealing/extension at 65 °C. For melting, the
samples were programmed to reach 95 °C momentarily (0 s),
cooled to 55 °C for 5 s, and then melted from 65 to 95 °C with 15
acquisitions /°C (rate of 0.065 °C/s). Excitation and emission fil-
ters on the LC480 were centered at 450 and 500 nm for PCR and
melting.

Several transformations were applied to the raw high-resolution
melting data (fluorescence vs. temperature) to rank and quantify
copy number ratios. The fluorescence is comprised of two
temperature-dependent components. The desired component is
the signal reflecting the quantity of DNA present in the double-
stranded state, represented by the helicity, H. The undesired com-
ponent is the fluorescence background. H is 100% at low
temperature and 0% at high temperature, sharply decreasing across
a narrow interval around the melting temperature, Ty;. As a first
step, H was obtained by modeling the background component as
an exponential [41] and subtracting the background from the
temperature-fluorescence data points (% f) to obtain (£, /) for the
temperature vs. helicity graph (the melting curve). In the second
step, the negative derivative of each resulting melting curve was
calculated. For each point of the melting curve, all points (% , /&)
in the window W; of fixed width w defined by # < # + w were fit by
the least squares polynomial of degree n = 2, l(t) = a> + bt + c also
known as the # = 2 Savitzky-Golay fit or simply “SG2” fit [42].
Using —/'(t) = —2at — b, each point on the negative derivative
curve was obtained as (<#> j, =2a<t > ; — b), where <z > ; is the
mean of the # in the window bounded by #. In the third step, the
locations of the peaks of the negative derivative curves correspond-
ing to reference and target amplicons were determined for internal
temperature correction and amplitude normalization. For each
peak, all points near the peak maximum were fit by a SG2 polyno-
mial of the form 4(¢) = a# + bt + ¢, whose peak occurs at (—4/(2a),
—(¥? — 4 ac)/(4n)). Then, the arithmetic mean of the temperatures
of the reference peaks and of a target peak was computed. For each
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3.5 Competitive PCR
with Different
Goncentrations

of dNTPs

derivative curve, the temperatures of all points were transformed
by the first-degree polynomial that maps its particular two peak
temperatures to these means. In the final transformation, the geo-
metric (multiplicative) mean of the amplitudes of reference peaks
was computed, and each derivative curve was scaled by a constant
to map its amplitude to the mean. The resulting amplitudes of
target peaks were then used for CNV quantification. For continu-
ous ratios (e.g., those arising from mixed sources) quantitative
copy numbers of unknowns were obtained by weighting copy
numbers of known standards or evaluating a polynomial fit to the
data. When copy number variants were known to occur in integer
ratios with small denominators, e.g., 3:2, these discrete copy num-
ber ratios were determined by performing unbiased hierarchal
clustering on the transformed target peaks and assigning the ratio
of'a known standard to all samples in the same cluster.

The duplex PCR of CFTR exon 6 as a reference and CYBB exon
10 on chromosome X as the target can quantify chromosome X
copy number. Ten pL reactions were made with 2 pL. of 5x PCR
working solution, 1 pL of each 5 pM primer, 1 pL of 50 ng/pL
female human genomic DNA, 1 pL. of 10x dNTP (varying concen-
trations), and water to 10 pL. The 10x dNTP concentrations were
2000, 1000, 500, 250, 125, 62.5, 31.3, and 15.6 pM.

The copy number ratio of the reference CFTR amplicon on
chromosome 7 to the target CYBB amplicon on chromosome X
is 1.0 (2:2). As the dNTP concentration is decreased from 200
to 3.13 pM, the PCR Cq occurs three cycles later and the fluo-
rescence decreases by 90% (Fig. 1a). Decreasing the concentra-
tion from 200 to 25 pM decreases the peak height of the higher
Tm amplicon disproportionately to the lower Tm amplicon.
However, at low dNTP concentrations (3-12 pM), the peak
height ratios of both the reference and target are similar (Fig. 1b).
Only at high cycle numbers do the relative amounts of PCR
products deviate.

The effect of ANTP concentration on the derivative peak
height and the relative rank between samples with 1, 2, 3, and 4
copies of chromosome X are shown in Fig. 2. The dNTP concen-
trations were 200, 50, 6.25, and 1.56 pM. At very low dNTP con-
centrations (1.56 pM) the fluorescence is very low, reflecting very
little amplification (Fig. 2a and magnified inset). The best relative
quantification occurred at 6.25 pM dNTPs, where the fluorescence
was still limited but each copy number was distinguishable
(Fig. 2b). At higher dNTP concentrations (50 uM), the peaks for
3 and 4 copies were no longer separated, as the product quantity
began to reflect primer limitation rather than initial template
amounts (Fig. 2¢). At higher ANTP concentrations (200 pM), no
relative quantification was possible (Fig. 2d).
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Fig. 1 The effect of varying dNTP concentrations on duplex real-time PCR product fluorescence. (a) Decreasing
dNTP concentrations in PCR increased Cq and lowered the amount of product produced. (b) High-resolution
melting analysis revealed distinct melting curves for reference and copy number targets. dNTP concentrations
up to 10 uM retained a constant ratio between targets. However, above 10 pM dNTPs the target-to-reference
peak ratio increased. Relative quantification at the endpoint is only possible if the ratio of the 2 PCR products
does not change. Primer sequences as well as product sizes and Tms are given in the Table 1. Reprinted with
permission from Clinical Chemistry, 61, 724-33 (2015)

3.5.1 Precision
and Accuracy

3.6 Effect of Initial
Template
Concentration

The precision of copy number analysis by competitive PCR with
limiting dNTPs depends on the resolution of the melting instru-
ment. The precision obtained with the high-resolution LightScanner
produces CVs of <1.0%, allowing detection of a 1.11-fold increase
(Fig. 3). The copy number accuracy depends on using a standard
curve to correct for any nonlinear response of peak height to copy
number. This calibration is dependent on the particular target and
reference amplicons. In general, the calibration curve is not linear
and increasingly diverges at the extremes. Therefore, although
very small differences in copy number can be detected and ranked,
quantification of these differences requires a standard curve, and
standards may not be easily available. Accurate absolute quantifica-
tion of copy number changes is a challenge for many techniques.

Limiting the dNTP concentration maintains the ratio of target to
reference amplicons even as PCR reaches the plateau, thus permit-
ting relative quantification without concern for the initial template
concentration. Fig. 4a shows real-time PCR of samples with either
5 or 50 ng of genomic DNA per sample. The Cgs from PCR of this
tenfold difference differ by 3—4 cycles and are not related to the
number of copies of chromosome X. However, once all the samples
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Fig. 2 Using restricted dNTPs to resolve the number of chromosome X copies relative to a reference gene. (a)
At 1.56 uM dNTPs, only the reference sequence was weakly amplified. The chromosome X sequence showed
no amplification, even when magnified in the inset. (b) At 6.25 pM, both sequences were amplified and 1, 2,
3, and 4 copies (bottom to top) of chromosome X were distinguished when normalized to the reference. (c) At
50 pM dNTPs, the relative peak height of the chromosome X target increased, but the 3 and 4 copies of X could
not be distinguished. (d) No copy number distinctions could be made at 200 pM dNTPs. Thirty-five cycles of
PCR were performed to reach plateau before melting analysis was performed. Samples were analyzed in
quadruplicate. Sequences and PCR product information are given in Table 8.1. Reprinted with permission from
Clinical Chemistry, 61, 724—-33 (2015)

reach PCR plateau under conditions of restricted dNTDPs, the X
chromosome differences are readily apparent, and are not affected
by the initial template concentration (Fig. 4b). This comparison
highlights one advantage of competitive PCR with limiting
dNTPs—its robustness to template concentration uncertainty.
CNV detection by dNTP limitation does not require accurate tem-
plate adjustment in order to obtain a stable, consistent relative copy
number. In contrast, limiting PCR by cycle number is highly sensi-
tive to the concentration of initial template DNA.

3.7 Limiting PCR It is also possible to detect copy number variation with standard
Through Cycle Number ~ dNTP concentrations (200 pM) by carefully controlling the total
Control number of PCR cycles and the template concentration. DNA sam-

ples having 1, 2, 3, or 4 copies of chromosome X were adjusted to
a template concentration of 50 ng/pL. At this concentration, PCR
plateaus after 35 cycles with a Cq near the 23rd cycle (Fig. la).
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Fig. 3 Resolution of chromosome X copy number using duplex PCR, restricted dNTPs, and normalization
against a reference gene. Samples were amplified on the LC480 (Roche) with 3.13 pM dNTPs and melted on
a LightScanner (BioFire Defense) at 0.1 °C/s. The 4.5 copy chromosome X sample was obtained by mixing
equal volumes of the 4x and 5x standards. (a) The normalized melting curve with the copy numbers identified.
(b) The peak height ratio plotted against the copy number. The nonlinear curve was attenuated at higher copy
numbers. Nevertheless, a fold change of 1.11 (4.5 to 5.0 copies) was easily differentiated. Samples were run
in quadruplicate. Error bars are +1 SD. The inset tabulates the peak heights and their variance, revealing CVs
between 0.5 and 1.1%. The points fit the second-degree polynomial: y = —0.0263x* + 0.4344x + 0.0092 with
R? =0.9996. Modified with permission from Clinical Chemistry, 61, 724-33 (2015)

Chromosome X

40 4

Reference

w
=]

Fluorescence
L
o

10 1

79 81 83 85 &7 &9
Temperature (°C)

Cycles

Fig. 4 Duplex PCR and relative quantification using a tenfold difference in starting template concentration. (a)
Real-time quantification curves are shown for samples with 1, 2, 3, and 4 copies of chromosome X, using
either 50 or 5 ng of starting DNA in a 10 puL reaction. The Cgs reflect the difference in starting concentrations.
(b) Despite the differences in starting concentrations, the relative ratios of target to reference peak heights
were preserved, and the ability to detect copy number changes was maintained (lowest to highest target
clusters: 1, 2, 3, and 4 copies). Samples were run in quadruplicate. Reprinted with permission from Clinical
Chemistry, 61, 724-33 (2015)
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Fig. 5 Establishing chromosome X copy number by limiting the cycle number. (a) At 21 cycles, very weak fluo-
rescence signals were observed. The inset shows an expanded view of the melting curves. Copy number
information could be determined from these expanded curves, albeit with high noise. (b) At 24 cycles, both
reference and target signals were increased, and copy number differences were all resolved. (c) Both signals
were stronger still at 27 cycles, although copy number differences were more difficult to assess. (d) By
30 cycles, no copy number information could be extracted. This series was run on 2 replicates of each DNA
sample with 200 puM of each dNTP. PCR was performed as described in Methods up through cycle 17. Starting
on the 18th cycle, a melting curve was acquired during the transition from 72 °C to 95 °C with 15
acquisitions/°C. Melting acquisition was repeated every 3rd cycle (2 normal PCR cycles followed by 1 melting
“cycle”) ending at cycle 30. Reprinted with permission from Clinical Chemistry, 61, 724-33 (2015)

PCR was stopped at different cycles before and after the Cq to
determine the effect of cycle number on the copy number ratio.
When the PCR was stopped at the 18th cycle, no amplicon melting
peaks were visible (data not shown). When the PCR was stopped
at the 21st cycle (before the Cq), the replicate curves correspond-
ing to samples having each of the four different copies of chromo-
some X were distinguishable, but the melting peaks of both the
target and reference products were very small (Fig. 5a). When the
PCR was stopped at the 24th cycle (near the Cq), the curves clus-
tered into the four different copy numbers of chromosome X and
melting signals were strong (Fig. 5b). When PCR was stopped
after the 27th cycle (after the Cq), the melting peaks for 3 copies
and 4 copies of chromosome X were barely distinguishable
(Fig. 5¢). When the PCR was stopped at the 30th cycle (just before
the plateau), no chromosome X copy number variants could be
distinguished (Fig. 5d). Limiting PCR amplification at the Cq
cycle provided the best precision for CNV detection. This emphasizes
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the risk of using cycle limitation in contrast to dNTD restriction as
a strategy for CNV quantification by melting analysis. If different
amounts of DNA are used, reactions must be allowed to progress
to their own Cq and not a fixed cycle number, a function not avail-
able on real-time instruments. Because the ability to quantify
depends on cycle limitation at the Cq, and because Cq depends on
the template concentration, concentration variation can degrade the
precision of cycle-limited PCR in a way that limited dNTPs do not.

We also investigated other approaches to address the challenge
of producing amplicons in proportion to the template ratio at pla-
teau. In duplex PCR, primers, MgCl,, Tris*, BSA, polymerase, and
dNTPs are present. Limiting primer concentrations or restricting
buffer components (MgCl,, Tris*, BSA) did not maintain the initial
template ratio. Polymerase and dNTPs are directly involved in
polymerization. Although limiting polymerase was partly success-
ful in maintaining the ratio under some conditions, restricting
dNTPs resulted in better precision and dynamic range.

Spinal muscular atrophy (SMA) is a common disease of new-
borns worldwide with fatal consequences, associated with copy
number variation in the survival motor neuron 1 gene (SMNI).
Carriers having only 1 copy of SMNI (heterozygous deletion)
occur in approximately 1 in 40-50 individuals [43, 44]. The
incidence of SMA is 1:6000-10,000 births [44-46]. SMA is
characterized by the loss of spinal cord motor neurons that con-
trol voluntary muscle movement.

SMNI was identified in 1995 and is located on chromosome
5ql13 [2]. The gene consists of nine exons that code for the SMN
protein. A highly homologous gene, SMN2, is located centromeric
to SMNI. SMNI is the functional gene, while transcription of
SMN2 results in alternative splicing and exclusion of exon 7 in 90%
of transcripts with only 10% expression of the full-length protein.
The diagnosis of SMA is based on molecular genetic testing.
Mutations in SMNI cause SMA, while higher copy numbers of
SMN2 [3-5] decrease the severity of the phenotype. Most indi-
viduals with SMA (95-98%) are homozygous for a complete dele-
tion of SMNI while about 2-5% are compound heterozygotes for
an SMNI deletion/conversion mutation and an SMNI intragenic
mutation [47].

SMNI and SMN2 can be distinguished by a single base dit-
terence in exon 7 at ¢.840C > T. We have used this distinction to
combine duplex PCR with allele-specific amplification of SM N1
or SMN2 and a highly conserved fragment of CFTR from chro-
mosome 7. This provides the relative copy numbers of SMN1
and SMN2 against the CFTR reference. Controls include DNA
from an affected patient (SM N1 homozygous deletion) and an
SMA carrier (SMN1 heterozygous deletion). Twenty-four ran-
domly obtained DNA samples from healthy individuals were


https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/molecular-genetic-testing/
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Fig. 6 Duplex amplification of (a) SMNT and (b) SMNZ2 using restricted dNTPs for copy number assessment.
SMNT and SMN2 are on chromosome 5, while the reference gene is on chromosome 7 (Table 8.1). Observed
genotype frequencies for 24 normal samples approximated the expected frequencies [56—58]. Common geno-
types were two copies of SMN7 and two copies of SMNZ2 (58% observed, 57% expected), 2:1 (33%, 28%), 2:0
(4%, 3%), and 3:2 (4%, 3%). PCR included an initial 1 min denaturation and 35 cycles of 95 °C for 10 s and
65 °C for 20 s. Reprinted with permission from Clinical Chemistry, 61, 724-33 (2015)

tested with 6.25 pM dNTPs. The relative copy numbers clearly
clustered into groups of 0, 1, and 2 and more than 2 copies of
SMNI1 and SMN?2 (Fig. 6).

3.8.2  Down Syndrome Down syndrome is the leading genetic cause of intellectual disabil-
ity and is associated with trisomy of chromosome 21. It affects
millions of patients who face a variety of health issues including
congenital heart disease, Alzheimer’s disease, leukemia, cancers, and
Hirschsprung’s disease. The incidence of trisomy 21 is influenced
by maternal age and population differences (approximately 1 in
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Fig. 7 Duplex PCR using restricted dNTPs to determine trisomy. The copy numbers of (a) chromosome 13, (h)
chromosome 18, and (¢c) chromosome 21 were detected by normalization to a reference peak on chromosome
7. Reprinted with permission from Clinical Chemistry, 61, 724-33 (2015)

1000 live births worldwide) [48-51]. The only other trisomies
that are compatible with life are trisomy 13 (Patau syndrome) and
trisomy 18 (Edwards syndrome), and both lead to early infant

death.

The wild-type copy number ratio of chromosomes 13, 18,
and 21 to the reference on chromosome 7 is 1.0. The copy num-
ber ratio is 1.5 in trisomy patients. Duplex PCR with 6.25 pM
dNTPs was performed on 50 previously typed samples that
included trisomies 13, 18, and 21, as well as wild-type samples.
The number of samples in each category was blinded to the exper-
imenter and the initial template concentrations ranged from 10 to
200 ng/pL. For each trisomy target, one additional wild-type
control and one additional trisomy control were included. PCR
products were obtained from all 52 samples in each assay. Target-
to-reference ratios were conserved throughout 35 cycles of ampli-
fication into the PCR plateau. The trisomy samples were easily
distinguishable visually after analysis, as well as automatically by
unbiased hierarchical clustering. Nine of the samples were identi-
fied as trisomy 13 (Fig. 7a), eight as trisomy 18 (Fig. 7b), and 14
as trisomy 21 (Fig. 7c). The remaining 19 samples were wild-type.
All samples were correctly identified for an apparent sensitivity

and specificity of 100%.
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3.8.3 Exon Deletions
in Cystic Fibrosis
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Fig. 8 Triplex PCR using restricted dNTPs to detect deletions in CFTR. A large
deletion spanning multiple CFTR exons on chromosome 7 was detected by nor-
malizing samples with a reference peak on chromosome 21 and comparing the
peak heights of exons 2 and 3 to a control wild-type sample. Reprinted with
permission from Clinical Chemistry, 61, 724-33 (2015)

Cystic fibrosis is the most common life-shortening genetic disease
in Caucasian populations. The carrier frequency in Caucasians is
1 in 22-25 with an incidence of 1 in 2000-2500 newborns. About
1-3% of cystic fibrosis cases have one or more large deletions [ 10,
52]. Triplex competitive PCR with 6.25 pM dNTPs was used to
detect deletions of CFTR exons 2 and 3. Small amplicons within
exons 2 and 3 were chosen to avoid CFTR variants. Figure 8
shows the melting data after background removal and normaliza-
tion. The amplicon Tms of exons 2 (73 °C) and 3 (77 °C) are
lower than the Tm of the reference amplicon on chromosome 21
(82 °C). When peak heights of the reference gene are normalized,
the heterozygous deletion is confirmed by the lower peak heights
of exons 2 and 3 compared to the wild-type control without any
deletion (Fig. 8).

4 Notes

4.1 The Importance
of Avoiding Sequence
Variants

in Competitive
Amplicons

The utility of the reference segment in competitive multiplex PCR
depends on its conservation and uniqueness in the human genome.
Sequence variants can occur in most regions, and when they occur
in reference or target amplicons, they distort melting curve shape
and compromise copy number assessment. Although such distor-
tion is very useful in detecting and genotyping variants [53], it con-
founds melting peak analysis for relative quantification. To avoid
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variants in the design phase, it is important to check the reference
and target amplicons in NCBI, UCSC, or other human genome
databases to eliminate or minimize the frequency of variation in the
region and confirm the uniqueness of the sequences. The amplicon
lengths should be short (between 50 and 120 bp) to reduce the
likelihood of including variation. Short amplicons have the addi-
tional benefit of yielding products without internal melting domains,
an essential property for accurate quantification.

The primer Tm and amplicon size can be easily adjusted using
Primer3 or other design tools. However amplicon length is less
important than amplicon Tm. The web software “uMelt” accu-
rately predicts reference and target amplicon melting temperatures
and confirms the absence of any internal melting domains that
would alter derivative peak shapes. Both reference and target
should consist of just one melting domain and have a ATm between
adjacent peaks of about 5 °C. If the ATm is less than 2 °C, the
peaks will not separate and CNVs may not be detected. If the ATm
is more than 10 °C, PCR amplification efficiency of the different
amplicons may vary, biasing product yield and degrading CNV
information.

The reference amplicon Tm can be either higher or lower than
that of the target(s), depending on amplicon length and GC con-
tent. If the target has high GC content, then the reference ampli-
con should be designed to have alower Tm; otherwise the reference
Tm is typically higher than the target.

During multiplex PCR, different amplification efficiencies may
arise from variation in primer annealing, polymerase extension,
and/or product denaturation. Increasing the annealing time can
equalize primer annealing efficiencies, but may also generate non-
specific products. Annealing temperatures 1-5 °C higher than the
primer Tms and 30 s annealing times are recommended with
amplicons between 50 and 120 bp. If both reference and target
amplicons are very short (40-60 bp), 10 s annealing is usually sut-
ficient. A high annealing temperature reduces the probability of
nonspecific amplification, while the long annealing time equalizes
primer annealing efficiency, leading to better precision.

5 Conclusions

Competitive PCR with limited dNTPs is a simple and rapid method
to detect relative copy number changes between specific targets. A
saturating DNA dye, eg. LCGreen Plus, is used so that melting
analysis can provide a convenient readout after background removal
and normalization. Both visual and automatic clustering can detect
copy number changes, but quantification requires analysis using a
standard curve.
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Assay precision is excellent with CVs of about 1%. This is better
than most implementations of digital PCR. For example, in drop-
let digital PCR, 20,000 partitions are usually formed and counted
with CVs of 3—4% [54, 55]. The precision of digital PCR can be
improved by increasing the number of partitions, but this increases
the analysis time, and only some systems can count more than
20,000 events.

Competitive PCR can be performed in 96- or 384-well plates,
but has low throughput compared to arrays or massively parallel
sequencing. Each locus requires a unique primer pair and a refer-
ence amplicon that melts at a sufficiently different temperature
than the target amplicon. Nevertheless, competitive PCR with
restricted dNTPs simplifies workflow, is amenable to clinical diag-
nostics, and can be used to confirm copy number changes identi-
fied by high-throughput techniques such as arrays and massively

parallel sequencing.
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Using Cloning to Amplify Neuronal Genomes
for Whole-Genome Sequencing and Comprehensive
Mutation Detection and Validation

Jennifer L. Hazen, Michael A. Duran, Ryan P. Smith, Alberto R. Rodriguez,
Greg S. Martin, Sergey Kupriyanov, Ira M. Hall, and Kristin K. Baldwin

Abstract

Recent studies of somatic mutation in neurons and other cell types suggest that somatic cells can acquire
hundreds to thousands of new mutations over their lifetimes. Each individual mutation can have extremely
low prevalence, with many mutations restricted to a single cell. Because of their rarity, somatic mutations
can be challenging to detect and reliably distinguish from false-positive calls arising from amplification,
sequencing, or bioinformatic methods. In these scenarios, a variety of methods are required to compensate
for the limited applicability and technical artifacts inherent in any single approach. In the method we
describe, somatic cell nuclear transfer (SCNT, also known as cloning) is used to reprogram single neurons
to blastocysts from which we derive embryonic stem cells. Division of these cells faithfully amplifies the
neuronal genome for next-generation sequencing and genome-wide mutation detection. This approach
allows the detection of false positives due to amplification artifacts and is applicable to all classes of muta-
tions. While it is both sensitive and reliable, our method is lower throughput than single-cell sequencing-
based approaches and may also fail to amplify the most severely compromised neuronal genomes. In this
chapter, we outline current methods for generating neuron-derived SCNT embryonic cell lines,
discuss best practices for genome-wide mutation detection, and address the advantages and limitations of
this approach.

Key words Somatic mutation, Postmitotic neuron, Somatic cell nuclear transfer, Whole-genome
sequencing, Mobile element insertion, Structural variant mutation, Copy number variants, Indel
mutation, Single-nucleotide variant mutation

1 Introduction

1.1 Somatic A series of pioneering studies, many performed using the tech-
Mutation Discovery niques outlined in this book, demonstrated that neuronal genomes
and Cloning undergo changes ranging from aneuploidies and copy number

variations to single-nucleotide variants [1-15]. Clinical studies
suggest that somatic mutations harbored by as few as 20% of brain
cells can cause severe functional disturbances [16], and a number
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of neurologic diseases are associated either with certain types of
somatic mutation [17-26] or with impaired DNA repair pathways
[27-29]. The functional impact of lower prevalence mutations is
less clear but depending on their total load many have a significant
cumulative effect on cellular function [30-32].

A key challenge in studying somatic mutation is producing a
high-confidence picture of genome-wide mutations within a single
cell. DNA content assays reveal changes in the size of the genome
but not where changes have occurred. FISH, sequence capture,
and other targeted sequencing-based approaches provide more
information about the types of mutations observed but are limited
to predefined categories of mutations.

One important advance towards producing genome-wide pro-
files of somatic mutation is single-cell sequencing (SCS). In these
experiments, the genomes of single cells are amplified by DNA
polymerases in vitro until sufficient DNA is generated for whole-
genome sequencing [33]. Using SCS, researchers are able to gen-
erate genome-wide sequencing data for many cells easily and
rapidly. However, SCS approaches remain vulnerable to amplifica-
tion artifacts [ 34]. DNA polymerases working in isolation in vitro
without the full collection of cellular DNA repair machinery pro-
duce far more mutations than those occur during replication. Also,
unlike genome replication linked to cell division, in vitro amplifica-
tion is not required to make a full genomic copy before starting the
next round of replication. As a result SCS often produces uneven
genomic coverage [17]. This can produce additional false-positive
mutations that obscure one’s ability to distinguish artifacts from
bona fide somatic mutations (see Sect. 1.3). Finally, because SCS
destroys the original DNA, it is not possible to independently vali-
date candidate mutations using molecular approaches such as PCR.

As a result, SCS-based techniques are either limited to large
copy number variant detection, which is robust to amplification
artifacts [ 33], or must account for high false-positive and -negative
rates statistically. Statistical approaches improve estimates of the
absolute number of true somatic mutations but cannot specifically
remove artifactual mutations. These residual mutations can mask
critical mutational signatures and hinder attempts to identify the
molecular mechanisms responsible for true somatic mutations.

To expand genome-wide somatic mutation studies to reliably
detect smaller and more complex types of mutations, we aimed to
develop an approach that incorporates more faithful whole-genome
amplification along with an unequivocal means to validate candi-
date mutations. The most faithful method of genome amplification
is through cell division. However, once neurons exit the cell cycle
during development, they cannot, in general, be stimulated to
resume cell division [35]. Some exceptions have been reported,
but these approaches require suppression of key genome mainte-
nance pathways [36-39]. To overcome this issue, we turned to
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Fig. 1 Schematic outline of SCNT-based mutation detection. Labeled neurons are taken from a donor animal
and are subjected to somatic cell nuclear transfer (SCNT) with the aim of deriving embryonic stem (ES) cells.
ES cells and tissue from the donor animal are sequenced to determine neuron-specific mutations. The false-
negative rate (FNR) is determined by calculating how many known strain-specific mutations survive our
somatic mutation filters [14]. The false-positive rate is assayed by PCR validation of subset of mutation calls.
Finally, we ensure that candidate somatic mutations did not arise during reprogramming or ES cell culture by
confirming the presence of putative somatic mutations in all early-passage subclones

1.2 Somatic Cell
Nuclear
Transfer (SCNT)

developmental reprogramming via somatic cell nuclear transfer
(SCNT or cloning) as a way of converting the cellular identity of a
postmitotic neuron to that of a dividing cell. The basic steps of this
procedure are selection of appropriate neuronal subtype and trans-
genic donor animal (Sect. 2.1), donor neuron isolation (Sects. 2.2
and 2.3), somatic cell nuclear transfer (Sect. 2.4), SCNT-ES cell
derivation (Sects. 2.5 and 2.6), and whole-genome sequencing and
analysis (Sects. 2.7-2.15). For diagram of the experimental over-
view, see Fig. 1.

SCNT, one of the oldest methods of developmental reprogram-
ming, relies on the natural ability of factors in the oocyte cytoplasm
to reset the developmental state of the egg and sperm nuclei
[40—45]. In SCNT, the oocyte chromosomes are removed with a
micropipette, and replaced with the neuronal genome. The “recon-
structed” embryo is then activated to stimulate the beginning of



166 Jennifer L. Hazen et al.

1.3 Advantages
and Limitations
of Cloning-Based
Somatic Mutation
Discovery

early embryonic development and neuronal genome reprogramming.
Within a day, the neuronal genome is copied and the embryo starts
to undergo cell division. After several days of in vitro culture, the
embryo develops to the blastocyst stage and contains a mature
inner cell mass (ICM). In order to harvest enough DNA for
sequencing and downstream validation experiments, we generate
an embryonic stem cell (ES cell) line from the ICM cells. To do
this, we place the blastocyst on a feeder cell layer and allow the ICM
cells to migrate out of the embryo and onto the feeder cells. As
soon as the neuronal genome is sufficiently amplified for whole-
genome sequencing (usually 3-5 passages) we harvest DNA and
generate cell stocks for future analysis and downstream validation
experiments.

As described above, one key advantage of cloning-based somatic
mutation discovery is that it is unbiased. No prior knowledge of
expected mutation type or location is required and all mutation
types including single-nucleotide variants and small indels can be
reliably detected.

Another key feature of cloning-based whole-genome amplifi-
cation is the superior fidelity of genome amplification. Lower per
base mutation rates means that fewer method-based mutations are
introduced. In addition, the uniform amplification produced by
cell division allows us to eliminate most of the limited amplification
artifacts resulting from errors during S phase. This is because het-
erozygous mutations present in the neuronal genome must be
present in 100% of copies of the genome (or 50% of copies of each
chromosome). In contrast, most types of amplification-based non-
somatic mutations generated during or after the first round of
genome replication will be present in only the copied strand of the
original DNA, leading to a true frequency of 25% in the first round
of amplification and lower frequencies thereafter. For small muta-
tions such as SNVs and indels located in regions with sufficient
sequencing depth, unique sequencing reads can be used to esti-
mate the frequency or the mutation (variant allele frequency—
VAF). For mutations lacking sufficient sequencing depth including
large and complex mutations, a collection of single-cell subclones
can be generated from early-passage SCNT-ES cells. These sub-
clones can be assayed by PCR-based techniques to determine the
frequency of candidate mutations in the original SCNT-ES cell
line. This subcloning-based method can also be used to indepen-
dently validate candidate somatic mutations from regions with low
overall coverage or nucleotide sequences that are difficult to
sequence.

Finally, cloning-based whole-genome amplification produces
pluripotent embryonic stem cells, which can be used to assay for
the functional impacts of the observed somatic mutations. ES cells
can be differentiated to many cell types in vitro or can be used to
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generate chimeric mice and /or entire animals via tetraploid embryo
complementation [46, 47]. Studies of the resulting animals/cells
can help reveal whether somatic mutations are likely to impact
neuronal function.

As a result of the technical difficulty and low efficiency of
SCNT, one important limitation of cloning-based somatic muta-
tion discovery is that it is very low throughput. A successful SCNT
experiment using neurons will generate ~70 reconstructed
embryos, around 1% of which will go on to generate SCNT-ES cell
lines [14]. Many experiments are unsuccesstul for unknown
reasons.

An additional important consideration when using SCNT
and when comparing SCNT-based mutational estimates to fig-
ures produced by other methods is the possibility for selection
bias. In contrast to in vitro amplification, in vivo genome ampli-
fication requires the genome be sufficiently intact to be copied
and to support the cellular function of the early embryo and
embryonic stem cells. However, we note that the frequency of
failed development of reconstructed embryos generated from
neurons is approximately the same as those reported from other
cell types. Therefore it may be that the frequency of cells with
genomes that are incompatible with reprogramming, perhaps
due to genomic mutations, is approximately the same for neurons
as for other cell types.

A final limitation of SCNT-based whole-genome amplification
is that it has not been shown to be possible for human neurons.
Furthermore, while successtul SCNT has recently been reported
using human somatic cells and oocytes [48], the cost and difficulty
of obtaining human oocytes are at present likely prohibitive for
studies aiming to look directly at human neurons. Encouragingly,
however, many of the results reported in our mouse studies are
concordant with more recent human single-cell sequencing-based
studies, indicating that the mechanisms and types of neuronal
mutations may be generally shared between the two species.

2 Materials and Methods

2.1 Donor
Animal Choice

As the goal of the experiment is to study the genomes of neurons
in particular, and potential differences between different neuronal
subtypes, it is important to be certain of the identity of the original
reprogrammed cell. During reprogramming, key transcriptional
and epigenetic aspects of neuronal cell identity are reset to an early
embryonic state. Therefore, without taking specific precautions, it
is impossible to be certain the originally reprogrammed cell was a
neuron at the end of the experiment.

To ensure donor cell identity, when possible we recommend
use of an irreversible genetic marking scheme, or use of a
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Fig. 2 Cre/loxP genetic and fluorescent labeling of donor neurons. Cre recombinase expression is driven by a
promoter specific to the neuronal subtype of interest. Cre recombinase is thus specifically expressed in the
neurons of interest and recombines the loxP sites to excise a stop cassette before the fluorescent reporter (in
this case tdTomato). This results in a permanent genetic change and fluorescent protein expression specifically
in the neuronal cell type of interest

particularly well-characterized and bright fluorescent marker of
neuronal subtype identity. One such method is to use Cre-loxp
labeling [49, 501, in which a stop cassette preceding a fluores-
cent protein is excised by Cre recombinase exclusively in the cell
type of interest. In this way, the target cells are permanently
fluorescently labeled and also harbor an irreversible genetic
change that marks their original identity (Fig. 2). When such
systems are not available, one can use a transgenic line in which
a cell type-specific promoter directly drives fluorescent protein
expression. The disadvantage of this approach is that there can
be no retrospective confirmation of target cell identity, as the
cell type-specific promoter will be reset during reprogramming.
However, generating multiple lines from these cells can ensure
that any rare cases of cloning from an incorrect cell type are
unlikely to alter the overall conclusions. For rare cell types, puri-
fication of fluorescent cells (for example by FACS) can be used
so that there is limited opportunity to choose the wrong cell as
a nuclear donor during SCNT.

Another important consideration when selecting a transgenic
mouse line is the brightness of the fluorescent label. Neurons must
be visibly fluorescent on an inverted microscope to facilitate pick-
ing the correct cell type during nuclear transfer. In our experience,
dim fluorescence greatly increases the time it takes to find donor
neurons and decreases the number of nuclear transfers that can be
completed per experiment.

To ensure specific labeling, we rigorously characterize our
transgenic mouse lines by immunostaining with markers for the
cell type of interest and for non-neuronal cell types (see Note 2).
In the olfactory bulb we have had success using Ki67 to label
dividing cells, Ibal to label microglia, S100b to label astrocytes
and olfactory ensheathing cells, and Olig2 to label oligodendro-
cytes [14].
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2.2 CGonsiderations
in Neuronal
Dissociation

Dissociation of adult neurons can be challenging and may require
specific tailoring to the neuronal subtype of interest. Below we
provide our protocol for isolating healthy, morphologically intact
mitral and tufted neurons from the olfactory bulb (modified from
Brewer et al. [51]) (see Note 3). We suggest optimizing dissocia-
tion time, dissociation enzyme, composition of the holding media
(media used to store cells following dissociation and before nuclear
transfer), and rigorousness of trituration (see Note 4).

We strongly recommend preparing practice cell preparations
before the scheduled day of nuclear transfer as part of the optimi-
zation process. We find that the best way to judge the quality of a
cell preparation is to attempt to pick up donor cells and isolate
their nuclei using the injection micropipette. In the ideal final cell
suspension, the target neurons should be dissociated to single cells
to allow neurons to be picked up efficiently in the micropipette
(see Note 5). Target neurons should remain phase bright with
sharp refractive edges and ideally retain some visible evidence of
subcellular structure before lysis. They should retain membrane
and nuclear integrity when manipulated with micropipette and the
cell membrane should only break when a pulse is applied with the
piezo drill. The nucleus should not break during this piezo pulse
and should remain resistant to subsequent micromanipulation.

Limited cell debris within the cell preparation is not a problem
as long as it does not obscure visibility and access to target neu-
rons. However, the final cell solution must not contain free DNA
from lysed cells. Free DNA will stick to the micropipette and cause
other cells and debris to stick to the pipette, making further manip-
ulation impossible. If stickiness is observed during optimization
attempts, free DNA can be removed by treatment with a small
amount of DNase I, ideally during papain treatment or shortly
thereafter (see below). If DNase I is required, care must be taken
to wash away DNase I before micromanipulation so that target
neuron DNA is not damaged.

Practice nuclear isolation sessions are also important, as finding
the correct diameter injection micropipette is crucial to success.
The pipette opening should be narrow enough to stretch and
deform the neuron as it enters the injection pipette, which aids in
breaking the cell membrane. However, it should not be so small
that it radically deforms or damages the nuclear membrane. For
mitral and tufted neurons, which are quite large, we use 7 or 8 p
diameter injection pipettes.

A final logistical consideration: Advanced planning is required
to save tissue from the donor animal as a control to remove inher-
ited mutations from the dataset. During the neuronal dissociation,
we generally arrange for a second person to perform dissections to
harvest donor animal tissues. We save at —80 °C tissues from a
range of germ layers including brain, thymus (in young animals),
lungs, heart, liver, spleen, stomach, kidney, and tail. When
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2.3 Neuronal
Dissociation
for Nuclear Transfer

possible, we choose to sequence thymus as our control tissue
because T cells within the thymus have known mutations in the T
cell receptor genes that can be used as a positive control for struc-
tural variant detection. For older animals due to thymic involution
with aging, we use the spleen as an alternative control tissue.

Brain tissue is dissected (under a fluorescent dissecting microscope
it necessary to isolate desired brain regions) and placed immedi-
ately in ice-cold HAGB media, which is composed of Hibernate-A
basal media supplemented with 1x B27 without vitamin A and
500 pM Glutamax. For aged mice (>1 year old) we observe a slight
increase in viability replacing standard Hibernate-A with Ca**-free
Hibernate-A (BrainBits) supplemented with 0.5 mM CaCl, and
6 mM MgCl, in all steps of the protocol (see Note 6).

To facilitate enzymatic digestion, the tissue is chopped with a
sharp razor blade taking care to slice rather than crush the tissue (see
Note 7). Tissue chunks are transferred to 3 mL of a pre-activated
solution of 10 units/mL papain (PAP2, Worthington Biochemical)
dissolved in HAG (Hibernate-A plus 500 pM Glutamax). To acti-
vate the papain solution, incubate for at least 30 min at 37 °C. To
increase enzyme activity, we keep the papain solution warm by
attempting to coordinate the end of the activation period with the
start of tissue digestion. To facilitate this, we routinely leave the
enzyme at 37 °C for as much as 30 min longer than needed for acti-
vation and observe no decrease in enzyme activity.

For papain digestion, the tissue is placed in a 30 °C water bath
for 10 min with constant vigorous shaking to increase tissue pen-
etration and slough off dead /dying surface tissue. If evidence of
free DNA appears (long spindly, sticky debris and /or previously
unattached tissue chunks adhering to one another) either during
digestion or in subsequent trituration steps add a small amount of
DNase I'solution (no more than 6 pg total, Roche 10,104,159,001).
It is especially important to eliminate free DNA prior to trituration
if tissue chunks are adhering to one another, as large collections of
tissue can clog the trituration pipette and cause compression dam-
age to the target neurons within the tissue. At the end of digestion,
tissue chunks are allowed to settle and papain is gently removed,
taking care not to remove chunks of tissue.

To disperse neurons into a single-cell solution 2 mL of'ice-cold
HAGSB is added and tissue is triturated ten times with fire-polished
Pasteur pipettes (9” borosilicate glass with cotton plug) in three
rounds. Trituration should be forceful but care should be taken
not to introduce bubbles into the cell suspension. We make three
sizes of fire-polished Pasteur pipette so that in each round, the
diameter of the fire-polished Pasteur pipettes decreases slightly to
compensate for the decreasing size of tissue chunks (see Note 8).
At the end of each round of trituration, the remaining tissue chunks
are allowed to settle and overlaying cell suspension is removed and
stored on ice.
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2.4 Somatic Cell
Nuclear Transfer

At the end of trituration, we purify the resulting 6 mL of cell
suspension either with a 70 p nylon cell strainer or with an OptiPrep
density gradient. We find that the OptiPrep density gradient is
more effective at eliminating debris and dead or dying cells. The
OptiPrep density gradient is prepared and centrifuged as in Brewer
et al. [51]. During optimization experiments, we strongly suggest
examining each of the four layers of the density gradient and the
cell pellet to see where your target cells are located.

After density column or cell strainer, the resulting cell solution
is diluted in 10 mL of ice-cold HAGB and centrifuged for 5 min at
200 r.c.t. and 4 °C to eliminate residual papain and DNase I. The
resulting cell pellet is resuspended in ~100 pL ice-cold HAGB and
stored on ice until the time of nuclear transfer.

Our protocol for SCNT is based largely on the work of Kishigami
et al. [52], and Eggan et al. [53] which we strongly recommend
reviewing. Here, we briefly summarize their protocol with modifi-
cations to reflect advances in the literature and adaptations to per-
forming nuclear transfer on adult neurons (see Note 9).

In preparation for nuclear transfer, we pre-equilibrate our
working stocks of CO,-buffered medias at 37 °C, 5% CO,, to
establish optimal pH. These include KSOMaa (LifeGlobal Group,
formerly Zenith Biotech, ZEKS-050) and Ca-free CZB medium
(recipe as in Kishigami et al. [52]). Because these media are made
and stored in small quantities, they tend to degas at 4 °C quite
quickly as evidenced by media color change. We find that the effi-
ciency of NT is significantly improved when the medias are
pre-equilibrated.

Oocytes are harvested from 8-10-week-old B6D21F females
(C57BL/6 x DBA/2). To superovulate, oocyte donor animals are
injected with 5 TU of PMSG at 5:30 pm 3 days prior to nuclear
transfer, and 5 U of hCG at 5:30 pm the evening before nuclear
transfer. At 9 am the morning of nuclear transfer, oocyte-cumulus
cell complexes are collected from oviduct ampullae in M2 media
(Cytospring, M2102). Cumulus cells are removed from oocytes
using 0.1% hyaluronidase in M2 medium supplemented with BSA
(Cytospring M2102HB).

The following embryo micromanipulations are performed on
a Nikon Eclipse microscope equipped with a Hoffman condenser,
Narishige NT-88-V3 micromanipulators, and a Primetech piezo
drill. Importantly, the microscope is mounted on an air-pressured
bench to minimize external vibrations.

In order to make the metaphase II spindle visible for enucle-
ation, oocytes are cultured for 30 min (37 °C, 5% CO,) in KSOMaa
medium supplemented with 4 mg/mL BSA (Sigma A3311).
Enucleation is performed using 15°-angled piezo drill micropipettes
with 7 p diameter (Origio, PIEZO-7-15) in a drop of M2 supple-
mented with cytochalasin B 5 pg/mL (Sigma, C6762). Importantly,
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2.5 SCNT-ES Cell
Derivation and Culture

we perform enucleation on a 37 °C-heated stage, which helps keep
the spindles easily visible for enucleation and allows larger groups of
oocytes to be enucleated together (20-30 oocytes per group) (see
Note 10).

In preparation for nuclear transfer, neuronal cells are mixed
thoroughly in a drop of 10% PVP solution made by reconstituting
a vial of lyophilized PVP (Irvine Scientific, 99,219) with 1 mL of
M2 (see Note 11). Fluorescent cells are selected as nuclear donors
and collected in groups of 10-15 in the injection pipette (7 or 8 p
diameter, 15°-angled piezo drill micropipettes, Origio). No
attempt is made at this point to break the cell membrane or isolate
the nucleus. We prefer to do this immediately before nuclear trans-
fer within the same drop as enucleated oocytes both to keep the
cell alive longer and because the cell suspension drop is quite
crowded. Once the cell membrane is broken, fluorescence dissi-
pates, and nuclei are often less brightly fluorescent than intact cells.
Therefore, it can be easy to lose the neuron/nucleus or confuse it
with another cell.

After nuclear transfer, embryos are activated in Ca-free CZB
medium supplemented with 10 mM SrCl,, 5 pg/mL cytochalasin
B, and 5 nM trichostatin A for 6 h (see Note 12). Following acti-
vation, embryos are cultured in KSOMaa medium supplemented
with 5 nM TSA for an additional 10 h. Trichostatin A is a histone
deacetylase inhibitor thought to aid in epigenetic remodeling of
somatic cell nuclei. It has been used extensively to enhance the rate
of cloned blastocyst generation (up to fivefold [54]) and ES cell
derivation from cloned blastocysts (approximately double, [34]).
Following TSA incubation, embryos are cultured in KSOMaa at
37 °C until blastocysts develop (see Note 13).

ES cell lines are derived based on a protocol from Meissner et al.
[55] with modifications. Briefly, zona pellucida is removed from
blastocyst with a piezo-actuated drill needle [14] and the zona-free
embryos are placed on a MEF feeder layer (see Note 14). To aid
in successful attachment, we use a short glass capillary attached to
a mouth pipette to settle the embryo directly over the feeder layer.
The inner cell mass cells grow out of the embryo and on to the
feeder layer over the following 7-9 days in ES cell derivation media
containing 500 mL knockout DMEM (Gibco), 80 mL knockout
serum replacement (Gibco), 6 mL MEM nonessential amino acids
(Gibco), 6 mL Glutamax (Gibco), 6 mL Pen/Step (Gibco), 6 pL.
B-mercaptoethanol (Sigma M7522), 50 pm final concentration
MEKI inhibitor PD98059 (Cell Signaling Technology 9900), and
2000 units/mL LIF (Chemicon ESG1107).

Once large enough, outgrowths of the inner cell mass are man-
ually picked with a plastic p20 pipette tip set to 5 pL. We judge
outgrowths to be large enough when they are clearly visible with a
stereo dissecting scope set at 20x magnification. To pick colonies,
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2.6 Purification
of DNA for Whole-
Genome Sequencing

2.7 Sequence
Analysis General
Principles

we use the pipette tip to dislodge the colony in one piece, generally
with some surrounding feeder cells. To dissociate the colony, we
pick up the colony in 5 pL. of media and transfer it to an empty
95-well U-bottom tissue culture plate. To this we add 30 pL 0.25%
trypsin-EDTA and incubate at 37 °C for 5 min. After incubation,
70 pL of fresh ES cell derivation media is added and the cell sus-
pension is triturated at least five times (see Note 15). All 105 pL
of the cell suspension is transferred to one well of a 96-well flat-
bottom plate containing a MEF feeder layer and 100 pL of fresh
ES cell derivation media. After 2-3 days in culture, colonies with
ES cell morphology should be visible. Once colonies are large
enough to be passaged they are expanded in ES cell maintenance
media (same as ES cell derivation media except without MEKI1
inhibitor and with 1000 units/mL LIF).

Prior to harvesting DNA for whole-genome sequencing, we adapt
ES cells to feeder-free conditions to eliminate contaminating feeder
DNA [56]. We usually aim to do this around passage 3 to 5.
Genomic DNA from SCNT-ES cells and donor tissue is purified
using standard phenol chloroform extraction, ethanol precipita-
tion, and RNase A treatment. We recommend phenol chloroform
extraction over commercial kits because it results in minimally
sheared, high-molecular-weight genomic DNA.

Sequencing technology and analysis techniques continue to evolve
rapidly. We expect that the methods we currently use will be out of
date shortly. So, we believe the most valuable information we can
provide is a general overview and rationale for our work so that the
reader can easily adapt our approach to state-of-the-art technology
as needed. It is important to note that specific parameters and
thresholds may need to be adjusted to achieve high-quality results
depending on sequencing depth, sequencing technology, read-
length, data quality, software versions, and the species/strain under
study. The thresholds that we include are examples that have
worked well for us in our specific experimental paradigm. Specific
details of previously published analyses not included here include
somatic variant false-negative rate estimations, structural variant
and MEI breakpoint determination, and detection and validation
of shared mutations. For extensive detail and rationale for these
methods, please see the supplemental experimental procedures of
our recent publication [14].

One important conceptual point within our methodology is
that somatic mutations are defined relative to control tissues saved
from the original donor animal (see Sect. 2.2). In the strictest
sense, somatic mutations are defined as those that are not inherited
from the parental germ cells. Obviously whole-genome sequences
from the original sperm and egg are not accessible, so we use tissue
from the donor animal as a stand in. Because of this, and our low
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2.8 Generalized
Preliminary Filters
for Somatic Variant
Discovery

tolerance for evidence of the mutant allele in the control sample
(see Sect. 2.8), the earliest somatic mutations and other somatic
mutations present at detectable levels in the saved donor tissues are
treated as inherited. Therefore, for our purposes, neuronal somatic
mutations are those present in the neuron-derived SCNT-ES cell
line, and absent in the sequenced donor tissue. These will include
mutations that occur during embryonic and neuronal develop-
ment as well as during postmitotic function.

With respect to sequencing technology, we strongly recom-
mend using PCR-free methods to generate sequencing libraries
(for example the TruSeq DNA PCR-Free Library Preparation Kit
from Illumina). As discussed above, in vitro amplification is a
significant source of false positives and eliminating PCR during
library preparations can help further decrease false positives. In
addition, sequencing should be paired-end for optimal structural
variant detection and structure determination.

For the analysis pipeline, we highly recommend multiple
SCNT-ES cell lines and control samples be analyzed in parallel,
ideally from similar strain backgrounds. This allows one to com-
pare genotype and sequence quality information for each candidate
mutation across all samples (a.k.a. joint multi-sample genotyping).
This practice, now becoming common, helps rule out false posi-
tives. Areas prone to false positives due to alignment errors become
more evident as more samples are considered. Similarly, genotypes
are incorrectly assigned with a certain frequency, particularly in
regions of low coverage. Having data from additional samples can
function similarly to increasing coverage (see preliminary filter 6
for how this information is used).

Our generalized preliminary filters for generating a high-confidence
list of somatic mutations require that candidate somatic mutations
must:

1. Be absent from any published database of germline muta-
tions from inbred laboratory strains. Given the size of the
genome, the chance of having a somatic mutation overlap an
inherited mutation is very low. The chance of missing an inher-
ited mutation in the control tissue sample is much higher.

2. Be present on one of the 19 autosomes or on the X and Y
chromosome. At present, we find that calls present on the
“random” or “unknown” scaffolds are highly susceptible to
alignment errors. It is also important to exclude calls made on
the mitochondrial genome, as very little if any mitochondria
come from the original neuron. Most come from the oocyte.

3. Have sufficient sequencing depth to be confident in the pre-
dicted genotype. A lack of information can lead to incorrect calls.
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2.9 Initial Alignment
and Post-Processing

4. Be predicted to have a non-reference genotype in the
SCNT-ES cell with high confidence.

5. Be predicted to have a reference genotype in the control
tissue sample with high confidence. Again because of the
size of the mouse genome, somatic mutations are highly
unlikely to occur at a place where the inherited genotype dit-
fers from reference. We find that cases where the control and
SCNT-ES cell sample genotypes differ, and the control sample
genotype is not reference, usually result from alignment errors.
If one is expressly interested in somatic mutations where the
true genotype of the control sample is not reference, it is rela-
tively simple to generate custom scripts to search for these
mutations separately.

6. Be predicted to have a reference genotype in all samples
not from the same donor animal with high confidence.
Because of the complex and delicate nature of SCNT, many
experiments will fail, while successful experiments will result in
the production of several SCNT-ES cells. When multiple
SCNT-ES cell lines are generated from the same animal, bona
fide somatic mutations that occur prior to neuronal cell cycle
exit may be shared between one or more ES cell lines. These
mutations are of interest because they can help reconstruct lin-
eage relationships [11, 12], and should be left in the dataset.
However, assuming that the distribution of somatic mutations
has a large random component, true somatic mutations are
highly unlikely to recur in neurons from different animals.
Indeed, in our experience, calls made in multiple neurons from
different animals are generally false positives. To eliminate
these false positives, we require strong evidence that all sam-
ples from different donor animals (both SCNT-ES cells and
control samples) have the reference genotype. However, muta-
tions that recur across multiple neurons may be quite interest-
ing and could suggest fragile regions or programmed genomic
change. We generally write a custom script to look for these
mutations in a separate analysis. For an example, see the sec-
tion labeled “Detection and validation of shared mutations” in
our recent publication [14].

For all bioinformatic methods described here forward, default
parameters are used in software packages except as explicitly noted.
SCNT-ES cell lines and control samples for each mouse are
sequenced using Illumina whole-genome paired-end sequencing
with reads 150 bp in length from templates of approximately
400 bp. As our sequencing facility produces unaligned BAMs con-
taining readgroup metadata, each lane is then separately aligned to
the mml0 reference genome (NCBI GRCm38_68) using
SpeedSeq “realign” (v0.1.0) [57]. If reads are provided as FASTQ
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2.10 SNV and Indel
Detection

files, SpeedSeq “align” should be used with user-specified meta-
data for each pair of FASTQs.

SpeedSeq automatically marks duplicates, position sorts, and
extracts discordant and split reads for downstream SV detection
[58]. For comprehensive variant discovery, we recommend a median
per-sample read depth of no less than 30x in the final BAM.

Single-nucleotide variant (SNV) and indel calling is performed
using GATK v3.4 [59, 60]. HaplotypeCaller is run on each sample
individually in parallel using the GVCF mode (—emitRefConfi-
dence GVCF). Genotypes are then calculated across all samples
with GATK GenotypeGVCE, yielding a single VCF file with raw
SNV and indel calls for all samples. GATK VariantRecalibrator and
ApplyRecalibration steps are then run on SNPs (—mode SNP),
and indels (—mode INDEL) independently, to assign the calls into
four sensitivity tranches. To generate the required “truth” sets for
SNPs, we start with the high-confidence 129S1 and C57BL6 SNP
calls from the MGP v5 [61], intersect these with our own autoso-
mal GATK SNV calls from above, and select the highest ranked
calls by QUAL, GQ, MQOF, and MQ scores (228,127, 0, 60). To
generate an indel “truth” set, we us all high-confidence 12951 and
C57BL6 indel calls from the MGP.

From this call set, we select putative somatic variants using
custom scripts modeled after the approach taken in Kong et al.
[62]. For each mouse, we partition samples into three sets:

1. The control sample (donor animal tissue sample) for that mouse
2. The SCNT-ES cell line(s) for that mouse

3. The “other” samples, comprised of all other samples from all
other mice

In order to be called a putative somatic mutation in a particular
SCNT-ES cell line, a variant locus/allele pair must meet all of the
following criteria:

1. The same alternate allele may not be reported at the same locus
in any inbred mouse strain by the MGP. For indels, which are
known to have higher false-positive rates than SNVs, we are
slightly more rigorous, and require that the variant must also
not overlap any indel reported by the MGP regardless of the
type and size of the indel.

2. The call must appear in one of the 19 autosomes or the X or Y
chromosome.

3. The control sample and the SCNT-ES cell line(s) from the
mouse of interest must each have a total read depth between
10 and 250.
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2.11 Structural
Variation Breakpoint
Detection

2.12 Copy Number
Variation Detection
by Read Depth
Analysis

4. One or more SCNT-ES cell lines for the mouse of interest
must have an AAG/RR ratio of phred likelihood scores >101°
and a VAF >30%. For the X and Y chromosomes in male mice,
the VAF must be greater than or equal to 95%.

5. The control RR/AAG ratio of phred likelihood scores must be
>10° and the control VAF must be at most 5% for SNVs and
must be 0% for indels.

6. For all “other” samples, the RR/AAG ratio of phred likeli-
hood scores must be >1, and the VAF must be <5% for SNVs
and 0% for indels.

Where “RR,” “AR,” and “AA” refer to homozygous reference
(R), heterozygous, or homozygous alternate allele (A) genotypes,
respectively. “AAG” refers to the alternate allele genotype, which
depends on the chromosome and sex of the mouse. For the auto-
somes and X chromosome of female mice we use AR, and for the
X/Y chromosomes of male mice we use AA.

Structural variant breakpoints are detected and genotyped using
Lumpy and SVTyper via SpeedSeq [63, 64]. The “sv” module of
SpeedSeq is run on the discordant and split read BAMs from all
samples, requiring at least four confirming reads for a call, using a
minimum alignment mapping quality of 10, and excluding all
genomic regions in which any cell line has an aligned read
depth > 500.

The resulting SV calls are considered putative somatic struc-
tural variants it they meet all of the following criteria:

1. The SV must not be previously reported as a germline poly-
morphism by MGP in any mouse strain. We define a SV call as
previously reported if it shares the same variant type (e.g., dele-
tion) and is at the same genomic location (50% reciprocal over-
lap, bedtools intersect -r -f 0.5) as a previously reported SV.

2. The call appears in one of the 19 autosomes or the X or Y
chromosome.

3. The call must have at least five supporting discordant read pairs
and/or split reads from one SCNT-ES cell line and a minimum
VAF of 15% as reported by SVTyper. We choose a lower VAF
threshold for SVs than for SNVs as the alternate allele is often
underrepresented during SV discovery and genotyping relative
to SNP /indel calls.

4. The call may not have any supporting reads in any other
SCNT-ES cell or control sample from any mouse.

Our current copy number variation (CNVs) detection strategy is
extensively described in our recent publication [14]. The only dif-
terence is that we now use the mml0 reference genome, which
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2.13 Mutation
Validation via Sanger
Sequencing

2.14 Validation
of Somatic Origin
of Candidate
Mutations

does not have publicly available mappability tracks. To generate
mappability tracks de novo we recommend the gem-mappability
tool [65] with parameter “—~1150” followed by gem-2-wig which
produces a mappability track for 150mers.

For SNVs and indels, we find it very useful to take advantage of
quality score or ranking functions built into many mutation detec-
tion pipelines. Our strategy is generally to validate a handful of the
highest and lowest ranked candidate mutations, as well as a ran-
domly selected group of candidate mutations totaling around 10%
of the complete call set.

If we discover many false positives, we adjust our filters or the
parameters of mutation detection pipeline and repeat validation
experiments. During our initial optimization of GATK for exam-
ple, we found several rounds of validation necessary. In our final
high-confidence call sets, close to 100% of candidate calls were
positively validated.

For SVs, MEIs, and CNVs, we use intentionally lenient param-
eters that produce many false positives to ensure that we do not
overlook at bona fide somatic mutations. Because of this, all puta-
tive mutations are validated by PCR and Sanger sequencing.

The PCR and Sanger sequencing techniques we use are exten-
sively described in the text and methods of our previous publica-
tion [14].

As described in the introduction, one key advantage of our approach
is that we are better able to eliminate amplification artifacts that may
arise from cell division and reprogramming. We do this by requiring
that mutations are present in all cells within the SCNT-ES cell popu-
lation. The rationale is that mutations present in the original neuron
must also be present in all resulting SCNT-ES cells and copies of the
genome. Artifactual amplification and reprogramming-associated
mutations that arise later will be present in smaller proportion of the
ES cell population and amplified genomes.

To ensure that SNVs and indels are present in all SCNT-ES
cells, we use a minimum variant allele frequency cutoff. Variant
allele frequency (VAF) is defined as the fraction of total reads that
cover a given locus bearing the alternate (non-reference) allele. In
our case, we use a 0.30 VAF cutoft, below which we assume that
mutations are heterozygous and mosaic within the SCNT-ES cell
population. We established our 0.30 cutoftf based on previous
experience; however, one could generate a dataset-specific cutoff
empirically by examining the VAF distribution of a “gold standard
set” of inherited heterozygous mutations (see the section “Single
Nucleotide Variant and Indel False Negative Rate Estimation” in
the Supplemental Experimental Procedures section of our recent
publication [14] for details of the gold standard set).
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2.15 Generation
of Early-Passage
SCNT-ES Cell
Subclones and DNA
Purification

For structural variants, mobile element insertions, and copy
number variants, an allele frequency-based approach is not as
robust, as the alternative allele can be underrepresented in
sequencing data due to uneven coverage or less robust alignment.
To overcome this, rather than sampling the combined SCNT-ES
cell population, we generate and expand single-cell subclones from
carly-passage SCNT-ES cells (see Note 16). The fraction of sub-
clones harboring the variant allele is then taken as a reflection of
the prevalence of the mutation within the larger SCNT-ES cell
population. To assay for the presence/absence of a candidate
somatic mutation in subclone DNA, we perform PCR using diag-
nostic validation primers [14].

To eliminate contamination from feeder cell DNA, subclones must
be generated from feeder-free ES cells. To do this, early-passage
SCNT ES cells (prior to passage 06, if possible) are seeded at low
density to allow physical space for picking. To pick, scrape a colony
gently off the surface using a plastic pipette tip. Pick up the colony
and transfer it directly to one well of a 96-well flat-bottom tissue
culture dish coated with gelatin. Allow the colony to adhere,
recover, and grow in ES cell maintenance media until the colony is
large enough to be passaged.

DNA from SCNT-ES cell subclones is purified in 96-well for-
mat. In this format, it is important not to disturb or dislodge the
attached cells. DNA will remain intertwined with cellular compo-
nents adherent to the plate until the final TE resuspension step.
Subclones are grown to confluency washed with PBS and incu-
bated in 50 pL lysis buffer (100 mM Tris pH 8.0, 5 mM EDTA,
0.2% SDS, 200 mM NaCl, 100 pg/mL proteinase K) for 1 h at
55 °C in a humidified hybridization oven. To remove soluble
impurities, 80 pL of cold 100% ethanol is added to the lysed cells.
After addition of ethanol, the solution becomes viscous. To reduce
the viscosity and dissolve impurities, pipette several times, again
being careful not to dislodge attached cells. After pipetting, incu-
bate the solution for 1 h at —80 °C and then 5 min at room tem-
perature. Remove the supernatant, wash the wells twice with 70%
ethanol, and air-dry the empty wells at room temperature for
20 min. Resuspend the resulting DNA in 35-80 pL of TE by
scraping the bottom of the well with a pipette tip while pipetting
up and down. It is important to ensure that pipette tips are firmly
attached to the pipetman during this step, especially when using a
multichannel pipette, as tips can easily become dislodged and cross
contaminate other wells. To improve resuspension of DNA, sam-
ples are incubated overnight at 37 °C. This step can also be per-
formed at 55 °C for 1 h with slightly less efficiency. PCR is
performed on lul of the final DNA solution.
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3 Notes

. Although FACS can yield a pure population of labeled cells for

nuclear transfer, we find that FACS can decrease the viability of
neurons, leading to less development in subsequent NT.

. In addition to tissue staining, we have also validated our neu-

ronal preps by cytospin (protocol will vary depending on the
instrument available) or by letting the neurons adhere to cell
culture plates, and then fixing and staining the wells. This is
particularly useful to demonstrate an absence of contaminating
cells if the transgenic mouse line labels cells beyond the neuron
of interest in closely associated brain regions.

. Anecdotally, we find that the faster the dissociation protocol

and the shorter the time between euthanasia of the animal and
nuclear transfer, the higher the success rate. Therefore we sug-
gest preparing all reagents ahead of time and using practice
preparations as an opportunity to streamline the dissociation
protocol. We have also observed that the viability of cell sus-
pensions is increased by maximizing time spent on ice. For all
steps where a temperature is not explicitly stated, samples are
stored on ice.

. We have observed significant differences in the quantity and

quality of donor neurons based on age and cell type. Adjusting
dissociation conditions can significantly improve the quality of
donor neurons.

. Note that for neuronal cell types with limited viability as single

cells, we have had success leaving target neurons in small
clumps of cells by shortening enzyme digestion time. Removing
neurons from these clumps requires practice. Using the piezo
drill can help.

. We have the greatest success when Hibernate-A-based media

solutions are prepared fresh from stocks no greater than 24 h
ahead of use. All media must be stored at 4 °C or on ice except
when specifically noted otherwise.

. The chopping step is not necessary with small or easily dissoci-

ated tissues. For example we routinely dissociated rod photo-
receptors from retina without chopping.

. Take care that fire-polished pipettes do not have sharp edges

and that the openings are not so small that tissue impedes the
flow of media through the opening which can damage the
neurons.

. Please note that nuclear transfer is a highly complex, delicate

procedure that can fail for unknown reasons. For this reason,
we strongly recommend using specific vendor and part num-
bers for the reagents we list here when possible. We also strictly
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10.

11.

12.

13.

14.

15.

16.

follow the manufacturer’s preparation instructions and strictly
adhere to their indicated expiration dates.

It is important to remember to turn off warming stage and
allow it to cool prior to the NT step. The heated stage is help-
ful during enucleation but can cause oocytes to lyse during
nuclear transfer.

Because of the high percentage of PVP, the M2-PVP solution is
quite viscous and it can increase the time it takes for neurons to
settle to the bottom of the dish. This is undesirable as it takes
much more time to find fluorescent cells and the experiment
needs to proceed quickly at this point. We find that premixing
the desired amount of cell suspension with M2-PVP immedi-
ately prior to placing it in the drop on the NT dish greatly
accelerates the rate at which the cells settle to the bottom.

When we make a new batch of CZB or activation reagent stock
solutions, before use in SCNT experiments, we always run a
test activation on parthenote or in vitro-fertilized embryo
development.

We strongly recommend that prior to enucleation, 10-20
high-quality oocytes be reserved for a parthenote development
control. Unfertilized oocytes can be activated and cultured in
parallel with reconstructed SCNT embryos. If in vitro culture
conditions are optimal all or nearly all activated oocytes will
develop to the blastocyst stage. We include this control in all
experiments as a check on oocyte and reagent quality.

NT-blastocysts can often look irregular in comparison to normal
or blastocyst and parthenote controls. We find that anything with
a blastocoel cavity (small or large) can be placed on feeders.

In addition to the ICM cells, various differentiated cell types
will expand from the blastocyst and surround the ICM cells.
The central goal of trypsinization is to separate the ICM cells
from these cell types. It is not completely necessary to obtain a
single-cell suspension.

It is very important to generate subclones from SCNT-ES cells
as carly as possible. The longer ES cells are in culture, the
greater the potential for bottlenecks and other population-wide
changes that may obscure the true prevalence of a putative
somatic mutation in the original SCNT-ES cell population.

4 Conclusions

The cloning-based somatic mutation methodology described
above enables high-confidence genome-wide detection of all cate-
gories of mutations. It can be easily adapted to new bioinformatic
approaches to mutation discovery and to new advances in
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sequencing technology. One major improvement, which would
greatly expand the utility and scope of this method, would be the
discovery of a method to reprogram neurons with higher through-
put, perhaps via transcription factor-mediated reprogramming.
However, at present no reliable high-throughput methods to
induce neurons to reenter the cell cycle or reprogram to pluripo-
tency have been reported.

In the future, we anticipate that cloning-based somatic muta-
tion discovery can help guide the interpretation of data from com-
plementary methods, and that together the field will begin to
produce a clear picture of somatic mutation across many different
neuronal subtypes and neuronal ages. Results of these studies
should help establish how somatic mutation impacts neurons
across the brain and across the animal’s life span, both in healthy
animals and in models of neurodegenerative disorders and of dis-

orders of genome maintenance.
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Chapter 10

Analysis of LINE-1 Retrotransposition in Neural Progenitor
Cells and Neurons

Angela Macia and Alysson R. Muotri

Abstract

Long interspersed nuclear element-1 (LINE-1 or L1) is a type of retrotransposon that comprise around
17% of the human genome. Increasing evidence has suggested that L1 activity, termed as L1 retrotranspo-
sition, may occur in somatic cells such as neural progenitor cells (NPC) in higher rate than other non-brain
tissues. Indeed, L1 retrotransposition has been found to be associated with several types of neurological
disorders. Thus, L1 activity may contribute to the mosaicism in brain tissues, suggesting an intriguing, and
also important role of L1 in the central nervous system.

Key words Line-1, Retrotransposition, Brain, Stem cell, NPCs, Neurons

1 Introduction

The human genome project has shown that the approximately
21,000 protein-coding genes of the genome represent only a small
portion of our DNA and nearly 99% of the human genome does
not encode proteins. Noncoding DNA is highly repetitive DNA
that contains numerous introns, pseudogenes, and transposable
elements (TEs) [1]. TEs are repetitive DNA sequences with the
ability to move or transpose within the genome. TEs can be found
in all living forms, from bacteria to mammals and the percentage
occupied by TEs and their ongoing activity can vary widely between
organisms, accounting for approximately 45% of the human
genome [2].

TEs found in genomes can be divided into two broad classes:
DNA transposons and retrotransposons [3]. DNA transposons
are sequences able to move by a cut-and-paste mechanism in which
the transposon is excised from one location and reintegrated else-
where using an specialized enzyme termed transposase [4].
Retrotransposons are DNA sequences that move through an
RNA intermediate by a copy-and-paste mechanism using a
Reverse Transcriptase (RT) activity [5]. Retrotransposons can be
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subdivided in two major groups: LTR and Non-LTR retrotranspo-
sons. L'TR retrotransposons only comprise about 8% of the human
genome. By contrast, the majority of human TEs are non-LTR
retrotransposons, typified by L1, Alu, and SVA elements, which
account for about one-third of the human genome [1].

L1 elements are the only active autonomous retrotransposon
class in our genome [6]. There are more than 500,000 L1 copies
per human genome but the vast majority is unable to move and
only few L1 elements remain active [3, 7-9]. Indeed, the average
human genome contains approximately 80-100 L1 full-length
copies that are able to mobilize, termed retrotransposition-
competent Lls (or RC-L1s) [10, 11]. New LI insertions can
impact our genome function/regulation and can have mutagenic,
neutral, or beneficial effects. Because the mutagenic effects are
easier to detect, de novo L1 insertions are occasionally associated
with the generation of a human disorder. In general, L1 insertion
occurs randomly in the genome, so any human gene is susceptible
of being disrupted by this element. This implies that the range of
diseases caused by de novo L1 insertions is very broad, including
hemophilia, muscular dystrophy, or lung cancer [12, 13]. Indeed,
estimates of L1 retrotransposition based on the frequency of
disease-causing 1.1 mutations suggested a rate of 1 insertion per
100-150 births [14, 15]. From an evolutionary point of view, new
L1 insertions have the biological meaning of perpetuating L1s in
the human genome. Thus, the generation of a human genetic dis-
order by retrotransposition is likely a product of their inherent
capability to generate new transmissible L1 insertions.

2 Retroelements’ Biology and Regulation

RC-Ll1s are approximately 6 Kb in length [8] and contain a
5'UnTranslated Region (UTR), up to three open reading frames
(ORFs), followed by a 3'UTR, and ends in a poly(A) tail (Fig. 1).
The 5'UTR presents both sense and antisense RNA polymerase 11
promoter activity and a recently described antisense ORFO [16-
20]. The ORFO encodes a very short peptide thought to be
primate-specific. Indeed, ORFO is only present in human and
chimpanzee genomes and leads to an increase of L1 retrotransposi-
tion using an engineered based assay, although its function remains
to be determined [19]. RC-L1 also contains other two ORFs:
ORF1 that encodes for a 40 kDa protein (ORFlp) with RNA
binding and nucleic acid chaperone activity, and ORF2, which
encodes a 150 kDa protein (ORF2p) with both endonuclease
(EN) and reverse transcriptase (RT) activities (Fig. 1) [21-26].
The sense promoter activity of the L1 5'UTR will generate the L1
RNA transcript that is used to translate ORFlp and ORF2p
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Fig. 1 The retrotransposition cycle. The first step in L1 retrotransposition involves RNA polymerase lI-mediated
transcription of a genomic L1 locus from an internal promoter. The L1 RNA is exported to the cytoplasm where
ORF1 (RNA-binding protein) and ORF2 (endonuclease and reverse transcriptase protein activities) are trans-
lated. Both proteins preferentially associate with the L1 RNA transcript to produce a ribonucleoprotein (RNP)
particle. The RNP is then transported back into the nucleus. The integration of the L1 element into the genome
occurs by a process termed target-primed reverse transcription (TPRT). During TPRT, the L1 endonuclease
cleaves the first strand of target DNA, and the L1 RNA is used as a template by the L1 reverse transcriptase.
How the second strand is synthesized and integrated is a poorly understood mechanism. Hallmark of the
integration process include 2—20 bp-long duplications of the target site (TSD)

necessary for their mobilization. These proteins preferentially
assemble with L1 RNA and form a ribonucleoprotein particle
(RNP) (Fig. 1) [27-29]. Once the RNP enters the nucleus, L1 will
generate a new L1 insertion, potentially using a mechanism termed
target-primed reverse transcription (TPRT) [30, 31]. During
TPRT, the L1-encoded EN can cleave the DNA at the consensus
genomic sequence (5'TTTT/A) [32], exposing a free 3'OH that
function as a primer for reverse transcription [33] (Fig. 1). L1
RNA will serve as a template generating the first cDNA linked to
the genome. A similar process is thought to occur on the top strand
of DNA, giving rise to a newly inserted L1 elsewhere in the genome
[30]. Some of the hallmarks of L1 integration by TPRT include
target site duplications (TSDs) and an L1 poly-A tail. However,
most of the L1 insertions will not result in the generation of a new
full-length L1 copy, being 5’ truncated copies incapable of forming
functional RNPs, and therefore to mobilize again [34]. It is unclear
whether the reverse transcriptase is restricted to the nucleus or also
occurs in the cytoplasm; thus, alternative mechanisms to the TPRT
model might also exist.
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During evolution, the human genome has been under selective
pressure generating strategies that reduce the activity of Lls.
Similarly these elements have evolved to avoid the inhibitory
mechanisms raised by the hosts. Ancient L1 subfamilies, molecular
fossils unable to mobilize are replaced by new L1 subfamilies, pro-
moting the expansion of active L1 elements [35, 36]. There are
multiple mechanisms by which a new L1 insertion can impact the
human genome. The mobilization and integration of a L1 copy
can not only promote genomic changes as the disruption of a gene
sequence, but also lead to the generation of distinct transcription
units by adding promoter sequences, polyadenylation signals, or by
altering the chromatin status of nearby sequences. In addition, L.1s
provide novel binding sites for the host transcriptional machinery,
and thus help create novel regulatory networks [13, 37—41].

Although the role of most host factors identified on L1 regula-
tion/retrotransposition remains to be determined, several studies
shed some light on the matter over the years to study L1 biology.
There are many lines of defence against L1 retrotransposition,
from transcription to the latest stages of TPRT [42]. In general,
DNA methylation, chromatin remodeling, and posttranscriptional
regulation of L1 mRNAs are the main processes to control L1 ret-
rotransposition [43]. Several authors have extensively reviewed the
different strategies that the cell has developed to coexist with
jumping DNA, as some known viral host factors may have evolved
from the restriction of ancient endogenous retroelements [ 34, 44—
47]. Although we know many of these cellular factors, we are just
starting to uncover new host factors that control and regulate L1
activity during the retrotransposition cycle.

3 Somatic L1 Retrotransposition

L1s and their host genomes are in a situation comparable with a
“host-parasite” coevolution, where L1s” function is restricted to its
replication and its genetic transmission. Thus, new L1 insertions
might accumulate in cells that can be spread over generations (germ
cells and early embryo) [40, 48]. Inherited insertions are present in
the parent and in all tissues of the new individual. L1 is able to
mobilize during early embryogenesis although L1 insertions in
germ cells seem to be less frequent [49-51]. More recently, L1
retrotransposition has been associated with viability of fetal oocytes
and impairment of preimplantation development in mice [52, 53].
Several in vitro studies had demonstrated that both human embry-
onic stem cells (hESCs) and human induced pluripotent stem cells
(iPSCs), cellular models for early human development, overexpress
a constellation of L1 RNA derived sequences and can support L1
retrotransposition using an engineered L1 retrotransposition assay
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[18, 51, 54-56]. Nevertheless, the frequency and specific timing
when L1 retrotransposition events take place in early human
embryogenesis remains to be determined. Pluripotent states are
associated with an epigenetic de-repression and transcriptional
activation of a myriad of genes; thus, the surrounding environment
could contribute to the mobilization of L1 elements. Increasing
evidence shows the importance of de novo mutations (present in
the offspring but not detected in the parents) in several human dis-
orders. Although the role of somatic retrotransposition is currently
unknown, the genomics revolution has demonstrated that there is a
load of ongoing retrotransposition in the brain. Intriguingly,
somatic L1 insertions have been described in both healthy and
pathological human brain samples.

The first evidence demonstrating that L1s are able to mobilize
in mammalian brains used neural progenitor cells (NPCs) isolated
from adult rat hippocampus [57]. NPCs are multipotent cells
found in neurogenic regions of the mammalian brain. Indeed,
cortical neurogenesis begins from embryonic neuroepithelial pro-
genitors that give rise to intermediate progenitors and subse-
quently divide to form neurons and glial cells [58]. During
development, neurons migrate from the proliferative zones as hip-
pocampus and subventricular zone toward the surface of the brain
to form six distinct histological layers and establish new neuronal
networks [59]. Thus, L1-associated mutations occurring in pro-
genitor cells could potentially change the cellular phenotypes in
the nascent neurons. In addition, although most of the neurons in
the brain are generated before birth, new neurons are continuously
generated by progenitor stem cells. Thus, in vitro models that
recapitulate neural development are essential to understand L1
behavior in the human brain.

This initial study analyzing L1 mobilization in neural progeni-
tor cells, found L1 retrotransposition in the brains of both male
and female transgenic animals, in regions as the striatum, cortex,
hypothalamus, hilus, cerebellum, ventricles, amygdala, and hippo-
campus. In order to study L1 mobilization, authors used the engi-
neered human L1-EGFP reporter assay in both cultured rodent
cells and animal models [56, 57]. The L1-EGEFP retrotransposition
assay relies in the use of an engineered L1 tagged with a reporter
cassette that can only be activated after a round of retrotransposi-
tion (Fig. 2). This chapter will describe the optimized methodol-
ogy used to study and analyze L1 retrotransposition in vitro.
Muotri et al. not only shows that the mammalian brain is able to
accommodate human L1 retrotransposition at a high rate, but also
demonstrate that some of these engineered L1 insertions occurred
into neuronal expressed genes, altering its expression and, in turn,
possibly influencing neuronal cell fate [57]. This study was
promptly extended to humans, where the L1-EGFP reporter can
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Fig. 2 L1 retrotransposition assay. (a) A retrotransposition-competent human L1 contains an EGFP retrotrans-
position indicator cassette in the 3'UTR. The EGFP gene is cloned backwards the L1 promoter containing its
own promoter and polyadenylation signal. In addition, the gene is truncated by an intron, thus, ensuring that
EGFP expression will only become activated upon L1 retrotransposition. The blue arrows indicate PCR primers
flanking the intron present in the EGFP gene. In the figure, the plasmid depicted is p99-gfp-LRE3 (/eft panel).
The 1243-bp product amplifies the EGFP cassette containing the intron (vector). The 343-bp PCR product
indicates the spliced tagged L1 (insertion), indicative of a retrotransposition event (right panel). (b) Timeline if
the retrotransposition assay described in the methods. The right panel shows a representative image of trans-
fected NPC with the p99-gfp-LRE3 vector. L1 retrotransposition using the wild-type construct will result in
green-expressing cells. Scale bar: 100 pm

retrotranspose in NPCs isolated from the human fetal brain and in
NPCs derived from human embryonic stem cells (hESCs) [60].
Researchers evaluated the endogenous L1 copy-number variation
(CNV) in human tissue by a multiplex TagMan quantitative poly-
merase chain reaction (qQPCR). The estimation was approximately
of 80 more endogenous L1 copies per cell in human brain than
heart or liver. Notably, the adult hippocampus, a major neurogenic
niche in the brain, exhibited elevated 1.1 copies compared with
other brain regions.
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The finding that neuronal cell types are permissive for L1 ret-
rotransposition in both humans and rodent raises the question of
whether L1 has a function in neurogenesis. Although the functional
impact of L1 retrotransposition in the brain is less clear, enhanced
environments could stimulate its mobilization. Indeed, mice in
running wheels had threefold more L1 retrotransposition than
mice in sedentary environments [61]. In human, the expression of
L1 retroelements has been linked to several psychopathological
conditions. Environmental factors as drug consumption or condi-
tions as post-traumatic stress disorder (PTSD) or major depressive
disorder (MDD) have been described to present changes in the
heterochromatin status in brain cells, which could result in
increased L1 expression and misregulation ([62-65] and reviewed
in Macia et al. 2017). Nevertheless, further studies are needed to
establish if L1 can indeed participate in the disease onset and/or
progression.

The presence of L1 mobilization occurring preferentially in
brain compared with other somatic tissues raises another important
question: is L1 retrotransposition lineage-dependent in which all
ectoderm-derived cells as NPCs are able to accommodate L1 activ-
ity? In other words, are cells derived from the same germ layer able
to accommodate similar levels of mobilization through the myriads
of tissues and organs developed after gastrulation? Researchers
reported that human tissues derived from mesoderm as adrenal
gland, kidney, spleen, and endoderm-derived organs as esophagus
or stomach, express low levels of L1 mRNA [66]. More recently,
Macia et al. compared endogenous L1 expression and retrotrans-
position from several human somatic tissues as well as different
populations of somatic stem cells derived from hESC [67]. Authors
found that L1 expression and engineered retrotransposition is
lower in mesodermal-derived cells and in keratinocytes (ectoderm-
derived cells) when compared to NPCs and neurons [67]. Thus,
these studies strengthen previous research, which support the idea
that L1 retrotransposition is occurring frequently during embryo-
genesis and later in brain.

The use of next generation sequencing has provided additional
insights into the L1 role in the mammalian brain, which demon-
strate that is indeed made of a mosaic of genomes. In 2011, Baillie
et al., identified numerous potential somatic L1 insertions from
the hippocampus and caudate nucleus of three elderly postmortem
brain samples by a high-throughput approach termed retrotrans-
poson capture sequencing (RC-seq), described in Chap. 12 of this
book. This capture method relies on a low number of PCR cycles
and thus is less prone to artifacts [68]. However, only a small
fraction of L1 insertions with retrotransposition structural hall-
marks were validated by PCR and characterized by Sanger sequenc-
ing [69]. The development of single-cell genomic analyses has
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been fundamental to the field in order to determine that the gen-
eration of genomic variability in the brain by L1 occurs not only in
dividing progenitor neural cells, but also in fully differentiated
post-mitotic neurons. Evrony et al. amplified genomic 300 single
neurons isolated from cerebral cortex and caudate nucleus utilizing
a modified L1-seq approach [14]. Using this new methodology,
authors identified and validated the first somatic full-length L1
insertion found in the human brain and estimated approximately
0.6 unique L1 insertions per cell. Nevertheless, only few insertions
were validated, as many were false positives or chimeric sequences
[70]. Next, Upton et al. adapted RC-seq to single cells isolated
from hippocampus, and estimated 13.7 and 6.5 somatic L1 inser-
tions per neuron and glia, respectively [71]. More recently, Erwin
et al. estimated the L1 insertion rate in 0.58-1 events per cell, in
both neurons and glia from hippocampus and frontal cortex of
three healthy individuals. In addition, authors described the pres-
ence of somatic L1-associated variants (SLAVs) composed of both
de novo L1 insertions and retrotransposition-independent struc-
tural variants mediated by L1 EN [72]. This study proposes that
genomic regions near fixed L1 sequences are prone to dsDNA
damage and therefore repaired by homology-mediated mecha-
nism. These heritable hotspots in the genome can generate difter-
ences between individuals, where SLAVs have the potential to
impact gene expression and thus contribute to somatic mosaicism
[72]. Chapter 13 of this book will describe in detail the methodol-
ogy used for quantification and analysis of neural mosaicism
identified by SLAV-seq.

Single cell genomic analysis contributed to precisely determine
timing and load of L1 retrotransposition events in the brain. While
some L1 insertions occur in embryonic or intermediate neural pro-
genitors, new L1 events can take place late in the development,
which identification it has been challenging. Although the discov-
ery of somatic retrotransposition in the healthy brain is stimulat-
ing, little is known about the role of this element in any biological
process of a specialized tissue as brain, as well as the host factors
contributing to neuronal diversity. What seems to be certainly clear
is that neuronal cells are more permissive for L1 retrotransposition
than other cell types in the human body.

The use of hESCs, successfully generated from early stage
human embryos, has allowed a better understanding of the L1
biology as well being source of differentiation into a myriad of cell
types [73]. However, to develop cellular models of human disease,
it is necessary to generate cell lines with a genetic background able
to recapitulate the human pathology. Using iPSCs from patients’
fibroblasts, researchers have been able to mimic early stages of a
human neurodevelopmental disease (Fig. 3). Consistent with a
potential role of L1 activity in the pathophysiology of the brain,
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Fig. 3 Neural Progenitor Cells and neurons derived from iPSCs can accommodate L1 retrotransposition. Using
NPCs and neurons derived from patients’ fibroblasts, we are able to recapitulate early stages of a human
neurodevelopmental disease as well as study the possible deregulation of L1 elements. Indeed, L1 elements
are de-repressed in a variety of neurodegenerative disorders, although it is unknown if this could alter the
brain circuitries or even contribute to neuronal decline in humans and other organisms

several neurodegenerative disorders have shown misregulation of
L1, suggesting a contribution to the molecular basis of human
genetic disorders. Specifically, Methyl-CpG-binding protein 2
(MECP2), a protein involved in global DNA methylation, along
with the transcriptional factors Sox2 and the histone deacetylase 1
protein (HDACI), is known to form up a repressor complex on
the L1 promoter region, controlling L1 neuronal transcription and
thus retrotransposition [74-76]. Indeed, mutation of MECP2 in
humans cause Rett syndrome (RTT), a progressive neurological
disorder being considered part of the autism spectrum disorders
(ASD). In the absence of MECP2, L1 is misregulated in both
human and mice models. Indeed, there is an increase of endoge-
nous L1 copy number in both RTT postmortem human brain
samples and iPSCs-derived NPCs from RTT patients [76], sug-
gesting a contribution of L1 to the genetic disorder [77].

DNA repair pathways also control the regulation of L1 ele-
ments in the brain. Ataxia telangiectasia mutated (ATM), a serine/
threonine protein kinase, is activated by DNA double-strand
breaks. Mutations of ATM cause the disorder Ataxia telangiectasia,
characterized by progressive neuronal degeneration, immunodefi-
ciency, and predisposition to cancer. In this study, Coufal et al.
found an increase of L1 copies in ATM-deficient hESCs, NPCs
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and human fetal neural progenitor cells, and in mice model. The
absence of ATM allowed the integration of more L1 events as well
as longer insertions, suggesting a role of ATM in the recognition
of the DNA breaks created during L1 integration [78]. More
recently, Bundo et al. proposed a relationship between L1 activity
and a major mental disorder as schizophrenia [79]. Authors
observed higher L1 copy number in neurons from postmortem
prefrontal cortex as well as in iPSCs-derived neurons from schizo-
phrenic patients. The methods for isolation of neuronal nuclei
from brain tissue and cultured cells, and the estimation of LINE-1
copy numbers are described in detail in Chap. 11 of this book.
Additionally, enzymes like SAMHD1 and TREX1 dNTP phos-
phohydrolase and 3’ repair exonuclease, respectively, are known to
control the mobilization of L1 retrotransposons [80, 81].
Mutations in either gene are related with Aicardi-Goutieres syn-
drome (AGS), a rare, early onset inflammatory disorder that leads
to intellectual and physical problems in humans. The defect of
AGS-related genes might cause an accumulation of endogenously
produced nucleic acids (as endogenous retroelements) in the cyto-
plasm of the cells. This may trigger autoimmunity and therefore
cause AGS. Although AGS mice do not display any neurological
deficit, clinical trials for children with AGS using RT inhibitors to
reduce the accumulation of L1 copies have recently began [34,
82-86]. This data suggest that L1 activity could exacerbate some
aspects of these diseases or even have a major causative role.

4 Methods to Study and Analyze L1 Retrotransposition in NPCs and Neurons

The development of the cell-based L1 retrotransposition assay has
been fundamental for the field. This assay detects retrotransposi-
tion events from an exogenous engineered transfected construct,
and a reporter gene that is activated as a result of the retrotranspo-
sition process [56] (Fig. 2a). Briefly, the reporter cassette (EGFDP)
is sub-cloned in the 3'UTR of the active L1 element, on the oppo-
site direction of an active L1 element, containing its own promoter
and polyadenylation sequences. In addition, the EGFP gene is dis-
rupted by an intron (IVS 2 of the y-globin gene). Thus, EGFP-
positive cells will be detected only after the mRNA is spliced,
reverse transcribed, reintegrated into the chromosome and
expressed from the reporter’s promoter. In sum, only after L1 ret-
rotransposition occurs, the EGFP can be activated and measured
(Fig. 2). Over the years, different reporters have been designed to
follow L1 retrotransposition using drug selection, microscopy, or
luciferase; reviewed in [34]. The assay has been very useful in iden-
tifying conserved domains required for L1 retrotransposition as
well as the study of restriction factors that control retrotransposi-
tion; thus, the L1 retrotransposition assay is widely used across
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4.1 Materials

4.1.1  Cell Differentiation
and L1 Retrotransposition
Analyses

laboratories as an essential tool to decipher aspects of L1 biology
[87]. In order to understand the mechanism of L1 integration in
the genome, de novo insertions can be isolated and characterized
by different methodologies: inverse PCR, recovery assay, biotin
capture, etc. [54, 88-91]. In this chapter we show the optimized
protocol to test L1 retrotransposition in NPC and in differentiated
neurons using an L1-EGFP indicator cassette including analysis
and genomic identification of the insertions by inverse PCR.
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12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.

24.

. 1x Phosphate-butffer saline (PBS), pH 7.4, sterilized (Corning).
. 5-Bromo-2’-deoxyuridine (BrdU), (Sigma).

. Ethyl alcohol (Sigma).

. ADI Primary Cell 4D—Nucleofector Y Kit (Lonza).

. Agarose (Sigma).

. Anti-NeuN mouse monoclonal antibody (Millipore).

. Cell counter (BioRad) or hemocytometer (Bright-Line™).

. Cell scraper (Corning).

. Cell Viability Solution (BD Biosciences).

. Centrifuge (Eppendorf).

. Culture media:

(a) (N2): DMEM/F12 supplemented with 1x N2 and 1%
Penicillin /Streptomycin (P/S) (Thermo Fisher).

(b) (NB): DMEM/F12 supplemented with 0.5x N2, 0.5x
B-27,20 ng/mL of FGF-2 and 1% P/S (Thermo Fisher).

Dorsomorphin (Sigma).

Endo-free Plasmid Maxi Kit (Qiagen).
EVOS® Digital Microscope (Thermo Fisher).
FGF-2 (Thermo Fisher).

Flow Cytometer and a Fluorescence-activated cell sorter
(FACS), (BD Biosciences).

Goat serum (Corning).

Human/Rat Neuronal Stem Cell Nucleofection kit (Lonza).
iRock (Y-27632, Sigma).

Laminin (Sigma).

Matrigel (Corning).

Nanodrop device (Thermo Fisher).

Nucleofector® 2b Device (for cells in suspension) and 4D
Nucleofector® Device, Unit Y (for adherent cells) (Lonza).

Plasmid constructs: p99-gfp-LRE3, p99-gtp-IJM111, p99-gtp-
LRE3-UB*, p99-gfp-JM111-UB*, and pCEP-EGFP as
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4.1.2 PCRand iPCR

4.2 Methods

4.2.1  Pre Nucleofection

Derivation of NPCs
and Neurons
from hESCs/ iPSCs

25.
26.
27.
28.
29.
30.
31.
32.
33.

[ 2 B NS B NS

described previously in [25, 60, 67, 92]. For more details, see
plasmid preparation section of this chapter.

Poly-L-ornithine (Sigma).

Portable platform shaker (Eppendorf).

Puromycin dihydrochloride (Sigma).

SB-431542 (Sigma).

StemPro Accutase Cell Dissociation Reagent (Thermo Fisher).
SYBR® Green (Thermo Fisher).

Tissue culture plates.

Trichostatin A (Sigma).

Triton X-100.

. DNeasy Blood & Tissue Mini Kit (Qiagen).
. dNTPs (Invitrogen).

. Expand Long Template Taq (Roche)

. MgCl, (Invitrogen).

. PCR primers (see “characterization of genomic L1 insertions”

in methods’ section).

. Restriction enzymes (NEB). See iPCR methods’ section for

more information.

7. T4-DNA ligase (NEB).

. Taq polymerase (Invitrogen).

9. Thermocycler (BioRad).

10.

TOPO XL (Invitrogen).

. In order to generate NPCs from hESCs or iPSCs, previously

established methodology is followed [60, 76]. Briefly, pluripo-
tent cells grown on matrigel are cultured during 2 days in N2
media (See materials) containing 1 pm of Dorsomorphin and
10 pm of SB-431542 (Sigma).

. Unditferentiated cells are detached using a cell scraper and

transferred to low-attachment plates or leave at 37 °C under
agitation (95 rpm) in the portable platform shaker to allow
embryonic body (EB) formation.

. Change N2 media 2 days after scraping the cells.
. After 7 days, EBs are plated in a 60 mm matrigel-coated plate,

and cultured for 5-7 days using NB media (see materials),
changing the media every other day.

. Rosettes arised in the culture are collected under EVOs micro-

scope, dissociated, and plated on 10 mm plate coated with
10 pg/mL poly-L-ornithine and 2.5 pg/mL Laminin (Sigma)
using the NB medium.
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Plasmid Preparation

4.2.2 NPCs
Nucleofection

6.

7.

NPCs are expanded when confluent using StemPro Accutase
Cell Dissociation Reagent (Thermo Fisher).

To induce neural differentiation, 1 x 10° NPCs are cultured in
24-well plates coated with 20 pg/mL poly-L-ornithine and
5 pg/mL Laminin (Sigma), FGF-2 is withdrawn from the cul-
ture, and iNB media is used for 48 h. Next, the media is
replaced by NB without FGF-2, and changed every other day.
A fully differentiation process is achieved in 30 days.

All plasmids are purified using Endo-Free Plasmid Maxi kit from
Qiagen and analyzed by electrophoresis (1% agarose-SYBR® Green
gel). Only highly supercoiled DNA preparations are used in trans-
fection experiments.

p99-gfp-LRE3: contains a full-length retrotransposition-
competent L1 element (LRE3) [93] tagged with a mEGFPI
retrotransposition indicator cassette [92] and contains a
puromycin-resistant gene [39] (Fig. 2a).

p99-gfp-JM111: contains a full-length retrotransposition-
defective L1 element (L1RP [94]) that contains two engi-
neered missense mutations in L1-ORFlp (RR261/62AA)
tagged with a mEGEFPI retrotransposition indicator cassette
and includes a puromycin selection gene.
p99-gfp-LRE3-UB*: is a derivative of plasmid p99-gfp-
LRE3 where the CMV promoter that drives expression of
EGEFP in the mEGEFPI cassette has been replaced by the human
UBC promoter [67].

p99-gfp-JM111-UB*: is a derivative of plasmid p99-
gfp-JM111 where the CMV promoter that drives expression of
EGEFP in the megfpl cassette has been replaced by the human
UBC promoter [67].

pCEP-EGFP: contains the coding sequence of the humanized
Enhanced Green Fluorescent Protein (EGFP) cloned in
pCEP4 (Invitrogen). Cell are transfected with this expression
vector to determine the transfection efficiency of each cell type
(Fig. 2b, day2).

. hESC/iPSCs-derived NPCs are cultured with NB and 10 pM

iRock (NBi media) for 1 h prior transfection.

. Cells are detached using StemPro Accutase Cell Dissociation

Reagent (Thermo Fisher), centrifuged at 1250 rpm for 5 min,
washed with 1x PBS, and filtered with pre-warmed NB media.

. Cells are nucleofected using the Nucleofector® 2b Device

(Lonza). 4 x 10%5 x 10° NPCs are transfer to an Amaxa
cuvette with 2-10 pg of the indicated plasmid and the Human
or the Rat Neuronal Stem Cell Nucleofection kit (Lonza),
selecting the program A-33 for high transfection efficiency.
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4.2.3 Post-Nucleofection
and Analysis of L1
Retrotransposition in NPCs

4.

10.

500 pL of pre-warmed NBi media is inmidiately used to resus-
pend the NPCs from the Amaxa cuvette and equilibrated in
the 37° incubator.

. 10 min after transfection, NPCs are seeded on 6-well plates

coated with 10 pg/mL poly-L-ornithine and 2.5 pg/mL
Laminin (Sigma).

. Replace for fresh NBi media 6-8 h after nucleofection.

. Cells are fed every other day during the course of the ret-

rotransposition assay.

. To determine the transfection efficiency, cells transfected with

pCEP-EGFP are analyzed by the percentage of EGEFP-
expressing cells 48 h post-transfection (d2) (Fig. 2b).

. Cells are washed with 1 x PBS and detached using StemPro

Accutase Cell Dissociation Reagent (Thermo Fisher).

. Cells are collected from each well in separate microcentrifuge

tubes and spin at 1250 rpm for 5 min.

. Media is removed and NPCs are resuspended in 250 pL

1 x PBS.

. Add 3 pL of Cell Viability Solution (BD Biosciences) in order

to exclude nonviable cells in flow cytometric assays.

. Determine the percentage of EGFP-expressing cell, gating for

live cells on a flow cytometer. The number of live cells that
express EGFP serves as an indication of the percentage of cells
successfully transfected with plasmids.

. Transfected NPCs with the engineer L1 constructs are selected

for retrotransposition events: Begin drug selection (1-2 pg/
mL puromycin selection in NB culture media) 3 days post-
transfection (d3) and continue until 9 days post-transfection
(d9) (Fig. 2b). Change the puromycin-containing NB medium
every other day.

. Treat a fraction of the NPCs-transfected cells with 250 nM

Trichostatin A (TSA) for 16 h prior to flow cytometer analyses
as described (Garcia-Perez et al. 2010) to determine whether
L1 retrotransposition events are subjected to epigenetic silenc-
ing by histone modifications.

. In order to quantify the percentage of EGFP-expressing cells

result of a retrotransposition event; analyze a fraction of trans-
fected cells by flow cytometer. The cells are prepared as previ-
ously described in the transfection efficiency assay (d3).

In addition, to characterize L1 genomic insertions, genomic
DNA can be isolated from a fraction of the NPC-transfected
and puromycin-selected cells (d9) (see “characterization of L1
genomic insertions” section of this chapter).
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424 L1
Retrotransposition
in Neurons

4.2.5 Characterization
of L1 Genomic Insertions

Intron-Flanking PCR

1.

After approximately 30 days of neural differentiation, NB-
conditioned media is collected from the culture before
transfection.

. Adhered mature neuronal cells are transfected with 15 pg of

the indicated plasmid by using a 4D-Nucleofector Y Unit
(Lonza). AD1 Primary Cell 4D-Nucleofector Y Kit (Lonza) is
utilized for mature neural cells with the program EH-158.

. After transfection, hESC-derived neurons are fed with a 1:1

mixture of the collected NB-conditioned media and fresh NB
media supplemented with 10 pM iRock (Y-27632, SIGMA).

. In order to detect somatic retrotransposition in mature neu-

rons and discriminate from progenitor cells, cultures can be
incubated with 4 pM 5-Bromo-2'-deoxyuridine (BrdU) dur-
ing 5 days prior to analyze L1-EGFP-expression by immunos-
taining. BrdU is used in the detection of proliferating cells,
thus mature neurons would be BrdU negative.

. Alternatively, NeuN-positive cells can be analyzed and col-

lected by FACS. NeuN is used as a marker for mature neurons.
5 days after transfection cells are gently collected and fixed
with 70% ice-cold ethanol.

. Then, samples are permeabilized in 1 x PBS containing 0.1%

Triton X-100 and incubated with blocking solution (1 x PBS
containing 1% normal goat serum) during 30 min.

. Samples are then incubated with anti-NeuN mouse monoclo-

nal antibody (1:100, Millipore) during 1 h at 4 °C. Samples are
next washed (1 x PBS) and incubated with a fluorescence sec-
ondary antibody for 30 min.

. Cells are washed twice and sorted.

. After sorting, genomic DNA is isolated from collected NeuN-

expressing cells.

. To confirm intron removal and L1 insertion events [92],

genomic DNA (gDNA) is isolated form the transfected cells by
DNeasy Blood & Tissue Mini Kit (Qiagen) following the man-
ufacturer’s instructions.

2. Measure DNA concentration by a Nanodrop device.

. To assay for intron removal from the EGFP-based retrotrans-

position assay, 50-100 ng of gDNA are used as a template in
50 pL PCR reactions with the following primers flanking the
intron of the EGFP indicator cassette.

GFP968Fwd (5-GCACCATCTTCTTCAAGGACGAC);
GFP1013Rev (5'-TCTTTGCTCAGGGCGGACTG).

. PCRs are carried out using 1.5 units of Taq polymerase

(Invitrogen), 1.5 mM MgCl,, 0.8 mM dNTDPs (Invitrogen),
and 0.2 pM of each primer. A negative control (no sample)
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Insertion Characterization
by Inverse PCR (iPCR)

should be included in the assays. The PCR conditions for the
thermocycler (BioRad) are as follows: 95 °C for 2 min, 35
amplification cycles (94 °C for 15 s, 54 °C for 15 s, 72 °C for
30s), and a final step of 72 °C for 7 min.

. PCR products are resolved on 1% agarose-SYBR® Green gel.

The 343-bp PCR product indicates the spliced tagged L1
(insertion); the 1243-bp product contains the intron (vector)
(Fig. 2a, right panel).

. If needed, amplified bands can be excised, purified, and

sequenced to ensure identity of amplified products.

. iIPCR is carried out as described [51, 87]. In order to charac-

terize L1 genomic insertions, 8 pg of gDNA is digested over-
night with a molar excess of Xba 1, Ssp 1, or Byl 11 (NEB).

. Digested DNAs is ligated at 16 °C for 14 h in a final volume of

500 pL using T4-DNA ligase (NEB).

. Ligated DNA is precipitated and dissolved in 20 pLL of DNase/

RNase-Free Distilled Water.

. Ligated DNA is used to set up a PCR reaction using the primers

targeting the EGFDP cassette.

1IEGFP-1F (5'-CTTGAAGAAGATGGTGCG).
iIEGFP-1R (5"-ACAACCACTACCTGAGCACCQ).

. PCR reactions are carried out with Expand Long Template

Taq (Roche) and the following conditions. Initial step 94 °C
for 5 min, 30 amplification cycles (94 °C for 15 s, 64 °C for
30 s, 68 °C for 15 min), and final extension at 72 °C for
15 min. 5 pL of the PCR reaction product is used as a template
in a second PCR with the following primers:

IEGFP-2F (5-TTGAAGAAGTCGTGCTGCOC).
iIEGFP-2R (5'-AAAGACCCCAACGAGAAGCG).

. Amplified products are resolved in 0.8% agarose-SYBR® Green

gel, bands excised and purified.

. Purified bands are cloned in TOPO-XL (Invitrogen) following

manufacturer’s instructions and sent to Sanger sequencing
with either M13 forward or M13 reverse primers.

. In order to identify the L1 integration sequence, Blast (http://

www.ncbi.nlm.nih.gov/BLAST /) and the Celera databases
(http: / /www.celeradiscoverysystem.com/) can be used.

5 Notes

. Poly-L-ornithine /Laminin (Sigma) coated-plates must be

washed twice in order to avoid toxicity to the cells.

. In this chapter we show the optimized protocol to test L1

retrotransposition by using a L1-EGFP indicator cassette;


http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
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10.

11.

however, other reporter cassettes or drug selection genes can

be used.

. 99-gtp-LRE3-UB* and p99-gtp-JM111-UB* plasmids are

recommended to transfect neuronal cultures. Several studies
suggest that the CMV promoter is not pan-active in neuronal
cells; thus, the CMV promoter that drives EGFP expression
was replaced by a ubiquitously expressed human UBC
promoter.

. GFD expression from the retrotransposed mEGEFPI reporter

cassette is analyzed in cells transfected without pCEP-EGFP, as
these transfections are done in parallel.

. The programs described in the methods for Amaxa nucleofec-

tion were previously optimized. Some optimization might be
needed with different human cell lines.

. The nucleofection solution used to transfect neurons (ADI1

Primary Cell 4D-Nucleofector Y Kit) is less toxic, thus the
media does not need to be changed.

. Alternatively, other reagents such as Lipofectamine (Invitrogen)

or calcium-based transfection can be used for NPC and neural
transfection, respectively; however, the best transfection effi-
ciencies were achieved by nucleofection.

. After nucleofection, resuspend inmidiately the NPCs with the

pre-warmed and equilibrated at 37° NBi media, as the nucleo-
fector solution is toxic to the cells.

. To calculate the adjusted retrotransposition mean = (average

number of EGFP-expressing cell) /(pCEP-EGFP-positive cells).

In order to calculate a standard deviation, each assay is repeated
at least three independent times and each performed with
three technical replicates.

For the intron-flanking PCR, gDNA can be digested overnight
with a molar excess of Swal (NEB) and then used as a template
in the PCR reactions. Swal cuts within the engineered GFP
intron and is used to favor amplification of the spliced
product.
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Chapter 11

Estimation of LINE-1 Copy Number in the Brain Tissue
and Isolated Neuronal Nuclei

Miki Bundo, Tadafumi Kato, and Kazuya lwamoto

Abstract

The mammalian brain consists of heterogeneous cell types, including neurons and various glial cells.
Because somatic mutations that include long interspersed element-1 (LINE-1) retrotranspositions are usu-
ally rare, the targeting of specific brain cell types in genomic analyses of these mutations is critical. We
previously reported that isolated neuronal nuclei from the prefrontal cortex of patients with schizophrenia
exhibit increased numbers of LINE-1 copies. In this chapter, we describe practical methods for isolating
neuronal nuclei from frozen brain tissue and cultured cells, extracting genomic DNA, and estimating
LINE-1 copy numbers with quantitative reverse transcription-polymerase chain reactions.

Key words Psychiatric disorder, Postmortem brain, Retrotransposon, Retrotransposition, Neuronal
nuclei (NeuN)

1 Introduction

Schizophrenia and bipolar disorder are severe psychiatric disorders
that each affect 1% of the worldwide population. The socioeco-
nomic burden on these patients is tremendous, and the negative
effects of these diseases are evident by the high rate of suicide of
those affected. Twin, adoption, and family studies have suggested
the involvement of strong genetic components in the etiology of
psychiatric disorders [1]. Recent genome-wide association studies
have revealed that these disorders are polygenic and involve many
genetic factors with small effect sizes [2]. On the other hand, anal-
yses of copy number variations and rare variations have successfully
identified genetic components and specific pathways with large
effect sizes [3-5]. However, in such cases, the occurrence of the
mutations is usually very rare, and, despite exhaustive efforts, cur-
rent genetic studies cannot fully explain the pathogenesis of these
disorders.

Accumulating evidence indicates that genomic DNA in the
brain contains various somatic mutations [6]. Recently, somatic
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mutations in known causative genes have been detected in the
affected brain areas of patients with neurological disorders [7-10],
which suggests that these somatic mutations may have an impor-
tant role in the unexplained pathogenesis of psychiatric disorders.
Among the reported somatic mutations in the brain, long inter-
spersed element-1 (LINE-1) retrotransposition has been shown to
have a distinctive mechanism. In somatic cells or tissues, retrotrans-
position activity is repressed by several mechanisms, including the
DNA methylation of the 5’-untranslated region of LINE-I1.
However, neural progenitor cells, but not postmitotic neurons,
show LINE-1 retrotransposition activity [11-13]. Although the
frequencies and locations of neuronal retrotransposition are
unclear, the number of copies of LINE-1 can be estimated with
quantitative reverse transcriptase (RT)-polymerase chain reaction
(PCR). Increased numbers of LINE-1 copies have been reported
in the brain genomes of patients with Rett syndrome, ataxia-
telangiectasia, and schizophrenia [13-15].

In our previous study [ 15], an initial assessment of the number
of LINE-1 copies was performed on tissue from the prefrontal cor-
tex and liver of patients with psychiatric disorders, including
schizophrenia, bipolar disorder, and major depression, as well as
controls. The copy numbers measured in the brain were normal-
ized by those measured in the liver in the same subjects. The results
showed an up to 1.2-fold statistical increase in all of the disease
groups compared to the controls. However, due to the intrinsic
instability of the quantitative PCR of genomic DNA that targets
repetitive elements, which consist of thousands of perfect match
and mismatch sequences, the resultant data tend to be highly vari-
able with relatively low reproducibility. We then focused on schizo-
phrenia because, of the patients tested with the three psychiatric
disorders, patients with schizophrenia showed significant differ-
ences and the highest increase in LINE-1 copy numbers in two
different internal controls. We performed a similar experiment on
genomic DNA that was extracted from neuronal nuclei that had
been isolated from the postmortem brains of an independent sam-
ple. In that analysis, we normalized the neuronal LINE-1 copy
number with the non-neuronal LINE-1 copy number and assumed
that the increase in the retrotranspositions primarily occurred
within neuronal cells [12]. The results revealed clearer and more
robust statistical increases in LINE-1 copy numbers in the neuro-
nal nuclei from the postmortem brains of patients with schizophre-
nia, which highlighted the importance of genomic analyses that
target specific brain cell types.

In this chapter, we describe the methods that are required to
estimate LINE-1 copy numbers in isolated neuronal nuclei. We pres-
ent the reagents and buffers that are required and the details of the
following protocols: preparation of the nuclear fraction (Sect. 3.1),
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staining with the anti-neuronal nuclei (NeuN) antibody (Sect. 3.2),
nuclear sorting with flow cytometry (Sect. 3.3), DNA extraction
(Sect. 3.4), and LINE-1 copy number estimation (Sect. 3.5).

2 Materials

2.1 Required
Reagents and Buffers

e Alexa Fluor 488-conjugated anti-NeuN antibody (P/N
MAB377X, EMD Millipore Corporation, Billerica, MA, USA)

e cOmplete™, Mini, EDTA-free protease inhibitor cocktail
(P/N 11836170001, Sigma-Aldrich Corporation, St. Louis,
MO, USA)

e Potter-Elvehjem homogenizer (2 mL) with loose-fitting Teflon
pestle (0.1 mm clearance)

e Optima TLX ultracentrifuge with a TLA110 rotor (Beckman
Coulter Life Sciences, Brea, CA, USA)

e 47 mL OptiSeal™ ultracentrifuge tubes (P/N 36162,
Beckman Coulter Life Sciences)

e 10% Nonidet P-40

e (For nuclei preparation from brain tissues) Homogenization
buffer: 50 mM Tris-HCI (pH 7.4), 25 mM KCI, 5 mM MgCl,,
and 250 mM sucrose

e (For nuclei preparation from cells) Hypotonic buffer: 10 mM
Tris-HCI (pH 7.4), 1.5 mM MgCl,, and 10 mM KCI with
cOmplete, Mini, EDTA-free protease inhibitor cocktail

e (For nuclei preparation from cells) 5X isotonic buffer: 210 mM
Tris-HCI (pH 7.4), 19 mM MgCl,, 85 mM KCl, and 250 mM
sucrose

o 12%,19%,26%, 35%, and 57% Percoll solutions (GE Healthcare
Bio-Sciences, Pittsburgh, PA, USA) in homogenization bufter

3 Methods

3.1 Preparation
of the Nuclear Fraction

Anything that will touch the homogenate and nuclear fractions,
such as tubes, pipettes, tips, and strainers, should be precoated
with 1% bovine serum albumin (BSA)/phosphate-buffered saline
(PBS) solution to prevent nuclear sticking. The protease inhibi-
tor cocktail is dissolved in 10 mL of homogenization buffer. All
steps should be performed on ice or in a cold room as much as
possible.

The frozen brain sample (0.1-0.2 g) is placed in a Petri dish,
which is covered with parafilm. The sample is wetted with a
few drops of ice-cold homogenization buffer and then minced
with a razor. The minced tissue is placed into a Potter-Elvehjem
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glass homogenizer. After the homogenization buffer is added to a
final volume of about 1 mL, the tissue is homogenized at 1000 rpm
with five strokes in an ice-water bath. The homogenate is filtered
with a 40-pm cell strainer (P/N 352340, Corning, Corning, NY).
The homogenization buffer is added to the cell strainer to a final
volume of 2 mL. Twenty microliter of 10% Nonidet P-40 is added
to the filtered homogenate. The homogenate is then gently mixed
by rolling the tube, which is then incubated for 15 min in an ice-
water bath. A total of 1 mL of 57% Percoll /homogenization buffer
is added to the homogenate so that the final concentration of
Percoll is 19%. The reaction tube is gently mixed by rolling the
tube again.

For centrifugation of the Percoll density gradient, the Percoll
solutions are carefully layered in an ultracentrifuge tube with
syringes with long (70 mm) 20-gauge needles in the following
order: 0.3 mL of 12% Percoll, 3 mL of homogenate (19%), 0.8 mL
ot 26% Percoll, and 0.3 mL of 35% Percoll. The tube is centrifuged
at 30,700 x g for 10 min at 4 °C. If the Optima TLX ultracentri-
fuge is used, the acceleration and deceleration speeds should be set
to 6 and 3, respectively, to protect the gradient and sample-to-
gradient interface. After centrifugation, the bottom of the tube is
pierced with a 21-gauge needle to collect the nuclear fraction
(350 pL) in a 1.5-mL microtube with gravity. The tube is then
gently tapped to loosen the nuclear clump. The nuclear yield can
be calculated by counting with a hemocytometer.

For cells, such as neurons that are induced from induced plu-
ripotent stem cells, the nuclear fraction can be prepared according
to a previously reported method [16] with some modifications.
The cells (~107) are triturated 10 times with a 21-gauge needle and
syringe in 200 pL of hypotonic buffer. The sample tubes are filled
with hypotonic buffer to a volume of 800 pL and mixed by
inverting the tube. For cell swelling, the samples are chilled on ice
for 10 min and then triturated 10 more times with a 23-gauge
needle and syringe. To return the samples to the isotonic condi-
tion, 200 pL of 5x isotonic buffer and 45 pL of 30% BSA /PBS are
added to the cell suspension. For centrifugation of the Percoll den-
sity gradient, 1 mL of homogenization buffer and 1 mL of 57%
Percoll /homogenization buffer are added to the samples. The
Percoll solutions are carefully layered in an ultracentrifuge tube
with syringes with long (70 mm) 20-gauge needles in the follow-
ing order: 0.3 mL of 12% Percoll, 3 mL of cell sample (19%), and
1 mL of 26% Percoll. The tubes are subjected to centrifugation as
described above. After centrifugation, the nuclear clump is col-
lected directly from the bottom of the tube with a long 20-gauge
needle, and the tube is then filled with homogenization buffer to a
volume of 350 pL.
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3.2 Staining
with the Anti-NeuN
Antibody

3.3 Nuclear Sorting
by Flow Cytometry

3.4 DNA Extraction

3.5 LINE-1 Copy
Number Estimation

First, 150 pL. of homogenization buffer and 45 pL of the 30%
BSA/PBS solution are added to the collected solution. The solu-
tion is incubated at 4 °C for 2 h with continuous gentle rolling to
prevent background staining. The unstained control sample is pre-
pared for flow cytometry by mixing 20 pl. of the sample and
180 pL of 1% BSA/PBS in another tube. The Alexa Fluor
488-conjugated anti-NeuN antibody (2.6 pL) is added to the rest
of the sample. The sample is then incubated at 4 °C overnight with
gentle rolling. The presorted sample, which is prepared with 10 pL
of the sample, is used to confirm the staining with fluorescence
microscopy. Both the unstained control and stained samples are
filtered with a 35-pm cell strainer (P/N 352235, Corning) with a
polystyrene tube. Then, 1% BSA/PBS at 2-3 volumes of the sam-
ple is added through the strainer.

If a BD FACSAria™ III cell sorter (BD Biosciences, San Jose, CA,
USA) is used, nuclear sorting is performed in the purity mode at a
rate of 500-1000 events/s with an 85-pum nozzle. The forward
scatter (FSC) and side scatter (SSC) voltages are optimized with an
unstained control sample. The voltage of the fluorescence photo-
multiplier tube for the signal from the blue laser is optimized with
the stained sample. For more details, refer to the cytometer man-
ual. The first (P1) gate is set in a FSC-area/SSC-area dot plot to
discriminate the nuclei and cell debris. The P2 and P3 gates are set
in FSC-height/FSC-width and SSC-height,/SSC-width dot plots,
respectively, to remove doublets and clumps of nuclei. The P4 and
P5 gates are set in an Alexa Fluor 488-area/FSC-area dot plot to
separate the stained and unstained samples. The nuclear fraction of
the P4 (NeuN~) or P5 (NeuN*) gate is collected in the tube. Part
of the sorted samples (about 5000 events) is reanalyzed with flow
cytometry to verify the purity.

To collect the nuclear pellet, the sample tubes are centrifuged with
a swing rotor at 1000 x g at 4 °C for 20 min. Genomic DNA is
extracted with the standard phenol-chloroform method. Extracted
DNA is then subjected to RNase treatment and purification with
the standard method. All tissues or cells in the same project must
be processed with the same DNA extraction protocol. The DNA
concentration is strictly adjusted with a PicoGreen® dsDNA
Quantitation Kit (Thermo Fisher Scientific Inc., Waltham, MA,
USA) or equivalent.

Estimation of the LINE-1 copy numbers is performed with the
quantitative RT-PCR method. Both TagMan-based and SYBR
Green-based methods are applicable. In both of these methods,
single amplicon analyses are performed in triplicate.

The TagMan-based assay is performed based on the method
reported by Coufal et al. [17] with minor modifications. Twenty
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microliter of the PCR mixture containing the 1x TagMan Gene
Expression Master Mix (Cat# 4369016, Thermo Fisher Scientific
Inc.), 0.4 pM of each primer, 0.25 pM of the TagMan probe, and
100 or 500 pg of DNA are prepared in a 384-well plate. The PCR
is performed with an ABI Prism 7900HT Real-Time PCR System
(Thermo Fisher Scientific Inc.) and the following conditions:
10 min at 95 °C for initial activation of the AmpliTaq Gold,
40 cycles of 15 s at 95 °C, and 1 min at 60 °C.

The SYBR Green-based assay is performed according to
Muotri et al. [13]. Ten microliter of PCR mixtures containing 1x
Power SYBR Green Master Mix (Cat# 4368577, Thermo Fisher
Scientific Inc.), 0.5 pM of each primer, and 500 pg of DNA are
prepared in a 384-well plate. The PCR is performed with the same
conditions described above, with the addition of a cycle for the dis-
sociation curve.

In addition to LINE-1 copy number, the copy numbers of
internal control genomic regions (HERV and SATA in human and
5 sr RNA in mouse and crab-eating monkey) should be quantified
to correct for differences in the DNA contents in the PCR reac-
tions. In addition, to detect brain- or neuron-specific LINE-1 copy
number differences, DNA from non-brain tissues (liver) or non-
neuronal cells from the same individuals should also be quantified.
The relative LINE-1 copy numbers in the brain and neurons are
calculated with the comparative Ct method and the following
respective formulas:

Relative LINE-1 copy number in brain: 2*-[ACt of brain (Ct
of LINE1—Ct of the internal control of brain DNA)-ACt of non-
brain (Ct of LINE1—Ct of the internal control of non-brain
DNA)] and Relative LINE-1 copy number in neurons: 2*-[ ACt of
neuron (Ct of LINE1—Ct of the internal control of neuronal
DNA)—ACt of non-neuron (Ct of LINE1—Ct of the internal
control of non-neuronal DNA)].

The primers are listed in Table 1. In addition to the primers
previously reported, several primers that are applicable to mice and
crab-eating monkey are included.

4 Notes

1. Newronal nuclei isolation

The method for nuclear sorting of the neuronal and non-
neuronal nuclei of human postmortem brain has been described
previously [15, 18]. The method described here was based on
our recently updated protocol, and more detailed information
can be found elsewhere [19]. The current protocol has been
applied to various species, including human, chimpanzee,
macaque, marmoset, pig, and mice brains, in our laboratory
(Bundo et al., unpublished).
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2. Practical example of the estimation of LINE-1 copy numbers in

postmortem brains: limitations and interpretation

Several items need to be noted in order to overcome some
of the potential pitfalls with the use of quantitative RT-PCR
and genomic DNA. These include the use of highly purified
genomic DNA, strict adjustments of the DNA concentration
(with a kit, such as the PicoGreen® dsDNA quantitation kit),
and optimization of the DNA amount per reaction. We prefer
a single amplicon analysis rather than multiplex measurements
in one reaction. Other efforts include using samples in the
PCR plate that are equally chosen from controls and patients,
as well as negative controls, to minimize possible batch effects.
Likewise, several lots of chemicals, such as the PCR master
mix, are first combined, and then aliquots from these batches

are used in the same project.
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