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ABSTRACT

Advances in characterizing regulatory and structural regions of the genome have
provided important mechanistic insights into how they influence gene regulation.
Similarly, modern genetics better comprehends how these regions influence misregu-
lation and manifest in disease states. Despite the unprecedented leaps in technology
and genome annotation, particular aspects of genomic regulatory and structural ele-
ments continue to elude us. My dissertation is focused on developing and leveraging
novel technologies to expand our understanding of these regulatory and structural
elements, which collectively make up 50% of the human genome.

In chapter 1, I discuss the basics of genomic organization, composition, and reg-
ulation, as well as the various techniques developed to measure them. In chapter
2, I explore development of a novel open chromatin assay to measure transcription
factor bound open chromatin regions. I developed novel nuclei isolation, crosslinking,
lysis, and nucleosome depletion techniques to attempt to isolate transcription factor
bound DNA. T show that nucleosomes can be robustly depleted from digested nu-
clear lysates, but further work is necessary to specifically isolate transcription factor
bound DNA.

In chapter 3, T applied a novel adaptation of a Cas9-based enrichment and nanopore
sequencing technique to capture transposable elements in the human genome. I
showed that transposable elements are readily captured using this technology. These

polymorphic and reference transposable elements were almost fully saturated for in

Xi



single experiments. In addition, a subset of these transposable element insertions
were unique to our experiments, and were neither annotated in the reference or
anticipated polymorphisms.

In chapter 4, I developed two separate nuclease-based enrichment strategies for
polynucleotide repeats. The first was a biotinylated dCas9 approach that directly
targeted triplet CGG repeats and efficiently precipitated repetitive DNA regions for
nanopore sequencing. In addition, I adapted the Cas9 enrichment method from
chapter 3 to efficiently capture 48 distinct, disease-associated polynucleotide repeat
expansion loci throughout the genome. These experiments establish a new approach
for interrogating clinically relevant disease-associated repeat expansions. Together,
my dissertation expands our understanding of human genome structure, and adds

new methods to the tool belt of modern genomics research.
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CHAPTER 1

Introduction

Gene regulation in humans is a complex interplay between transcription factors
and sequence elements that control the spatio-temporal patterning of gene expression.
This regulatory control relies on proximal transcription factor binding as well as distal
chromatin interactions driven through 3-dimensional conformation of the genome.
[Nluminating gene regulatory controls is fundamental to our interpretation of their
dysregulation in human disease. Gene dysregulation arising through variation in
the human population may manifest in the form of single nucleotide variants, or
through large structural variation. In this thesis, I will explore new technologies to
both characterize and map functional variation: from regulatory control of genes
to structural changes that can drive dysregulation within an individual and across
populations.

To better map transcription factors and their requisite binding within regulatory
regions, I first developed an orthogonal open chromatin assay to enrich for protein-
occupied open chromatin regions (chapter 2). In this chapter, I explored a variety of
approaches to enrich for transcription factor-bound DNA by the depletion of nucle-
osomal DNA. T leveraged filter binding assays, nuclease digestions, and pan-histone

immunodepletions to efficiently deplete nucleosomal DNA, while preserving DNA



fractions that would represent genome-wide transcription factor binding. In addi-
tion, I aimed to develop techniques to better map changes to the physical structure
of the genome from mobile element insertions (chapter 3) and short tandem repeat
expansions (chapter 4). As discussed below, these changes to the genome can have
dramatic effects on gene regulation and human health. Due to their highly repetitive
nature and abundance in the human genome, mapping and characterizing the full
spectrum of these classes of structural variation has been technologically challenging.
I implement novel enrichment strategies paired with long read sequencing to fully
saturate subsets of mobile element insertions and disease-associated polynucleotide
repeat regions. These projects attempt to improve our understanding of gene regula-
tion both at the level of individual regulatory elements as well as through larger scale
genomic changes. The work presented here leverages novel enrichment approaches

to sequence regions of the genome known to influence gene regulation

1.1 Basic Genome Organization: A Brief History

The diploid human genome is approximately 2 meters in length, and yet it is
compacted into the cell’s nucleus, an organelle with an average diameter of 6x10°
meters. This extensive compaction is accomplished by double stranded DNA wrap-
ping around an octamer of histone proteins (H2A, H2B, H3, and H4), which are
further wound into coiled fibers (Figure 1.1). The fundamental unit of chromatin,
originally referred to as “PS particles” or “v-bodies”, is now known as the nucle-
osome. To package the genome, 147 bp of DNA wraps around an octamer of the
core histone proteins in 1.7 superhelical twists [1]. A repeated pattern is achieved
when individual nucleosomes are connected by a stretch of linker DNA, giving rise

to the “beads on a string” appearance. Linker DNA is frequently bound by the fifth



histone protein, linker histone 1 (H1), which is an essential component of stabilizing
nucleosomes and higher order chromatin structures [2]. These early studies endeav-
ored to understand bulk chromatin organization in the nucleus. The nucleosome is
now well understood to be an indispensable component of genome organization and

regulation.

Organization of Eukaryotic Chromosomes

DNA double
helix

DNA wrapped
around histone

Nucleosomes
coiled into a
chromatin
fiber

Further
condensation
of chromatin

Duplicated
chromosome

Figure 1.1: Levels of eukaryotic chromatin organization. The most basic structure is the double
stranded DNA helix (Top). DNA is further packaged by wrapping around an octamer of histone
proteins (Middle Top). Repeating nucleosomes structures are further coiled into chromatin fibers
(Middle), which are condensed into higher order chromatin fibers (Middle bottom). Chromatin con-
densation and formation of higher order structures contributes to chromatid formation (Bottom).
Figure borrowed from https://commons.wikimedia.org/wiki/File:Figure_10_01_03. jpg. un-
der creative commons license CC BY-SA 4.0.

Through a combination of sedimentation and electric dichroism experiments on

nuclease-resistant calf thymus nuclear extracts, Rill and Van Holde were among the


https://commons.wikimedia.org/wiki/File:Figure_10_01_03.jpg.

first to observe coiled structures of native chromatin [3]. They also observed singlets
and doublets of nuclease-resistant “PS-particles” that resembled in conformation and
diameter the “v-bodies” described in work from Olins and Olins on micrographs of
hypoosmotically ruptured nuclei [4, 5]. Shortly after these early observations, Van
Holde and colleagues proposed a working model whereby chromatin was made up
repeating, fundamental units of DNA coiled around a core of histone proteins, which
were linked together to resemble “beads on a string”[4]. As these formative studies in
basic chromatin biology were underway, other groups were attempting to illuminate
genome structure complexity well before the sequence of the human genome was

established.

1.1.1 Nucleosome Positioning and Chromatin States

In addition to playing essential roles in genome packaging, the presence of nucle-
osomes can influence the state of chromatin. Nucleosomes act as physical barriers to
the transcription machinery necessary to initiate gene regulation. In this particularly
dense form, the chromatin state is referred to as heterochromatin and is associated
with very large chromatin structures that render the DNA inaccessible to most regu-
latory factors. This results in the genomic region remaining transcriptionally silent.
In addition, histone proteins of nucleosomes in this heterochromatin commonly con-
tain post translational modifications that are associated with this “oft” or repressed
chromatin state and transcriptional silencing.

However, other regions of the genome are not so densely packed. These regions are
often actively transcribed and are referred to as Euchromatin. Euchromatic regions
of the genome are depleted for nucleosomes because active transcription displaces
nucleosomes. Current evidence suggests that this active removal of nucleosomes is

the result of a few different processes. Some transcription factors, known as pioneer



factors, may interact with occluded binding sites to destabilize nucleosomes and make
genes accessible to transcription machinery [6]. In addition, histone post translational
modifications such as acetylation and methylation marks, and chromatin remodeling
proteins play a role in displacing nucleosomes from transcriptionally active regions
of the genome [7](Figure 1.2).

Euchromatic

i Transcriptionally active i

T Heterochromatic T

Transcriptionally silent

Figure 1.2: FEuchromatin and heterochromatin.  Heterochromatin (Bottom) is compacted,
nucleosome-dense, transcriptionally repressed chromatin with methylated cytosines (red circles).
Euchromatin (Top) contains fewer nucleosomes with unmethylated cytosines (white circles) and is
transcriptionally active. Figure adapted from Luong, LD. Basic Principles of Genetics 2009.

Active promoters are examples of regions which are depleted for nucleosomes.
This has been observed in eukaryotic organisms such as yeast, where decreased nu-
cleosome occupancy was measured at actively transcribing promoters following heat
shock or a switch in nutrient source [8]. Furthermore, promoters that were repressed
were found to have increased nucleosome occupancy. As a result of the depletion

of nucleosomes at promoters, transcription factors and transcription machinery such



as RNA polymerase II, have access to the DNA sequences necessary to facilitate
transcription. This is consistent with the prevailing model that nucleosomes ac-
tively prevent many, but not all, transcription factors from interacting with their
respective binding sites [9]. These genomic regions that are depleted for nucleosomes
are “open” to the critical regulatory factors and are generally referred to as “open
chromatin regions”. Understanding precise chromatin states genome-wide can enable

rapid identification of active regulatory regions.

1.1.2 Transcription Factor Binding and Gene Regulation

Transcription factors are DNA binding proteins that are essential to control the
expression of genes in all of life. Currently, it is unclear how many transcription
factors are encoded by the human genome. TFCat, a manually curated catalog
of human and murine transcription factors, indicates there are approximately 500
factors that have both DNA binding and gene regulatory characteristics [10]. Va-
querizas et al. have compiled a list of 1,391 transcription factors based on known
DNA binding domains and their probable activities in transcription [11]. While the
complete repertoire of transcription factors in the human genome remains a mystery,
it is clear they play irreplaceable roles in gene regulation.

The fundamental process of transcriptional regulation begins with the binding
of a transcription factor to its requisite binding sequence at a regulatory element.
In a cooperation between transcription factors, ATP-dependent chromatin remod-
elers, and histone acetyl- and methyltransferases, nucleosomes occluding regulatory
sequence are displaced to expose the bare DNA [12]. Once the regulatory sequence is
exposed, recruitment of RNA polymerase II is mediated directly by the DNA bind-
ing transcription factor, or through the association of accessory non-DNA binding

transcription factors.



To achieve complex regulatory control across different cell types, combinations
of transcription factors coordinate to precisely modulate gene expression. This is
accomplished by the interplay of transcription factors that associate proximally and
distally to the gene. Some transcription factors only regulate in close proximity to
genes, such as spl transcription factor known to bind GC rich regions of multiple
promoters [13, 14]. Conversely, some transcription factors interact at enhancers,
which are regulatory regions distal to genes. Together, transcription factors can

collaborate across distant genetic loci to exert specific gene expression patterns [15].

1.1.3 Transcription Factors and Disease Associations

The importance of transcription factors is emphasized by the close association of
transcriptional dysregulation to disease. Mutations both in and around transcrip-
tion factor genes, as well as within transcription factor binding sites have been linked
with disease [16, 17]. In nearly 40-60 percent of recorded T-cell acute lymphoblastic
leukemia (T-ALL), the transcription factor TALI is overexpressed. While several
different genetic perturbations have been discovered to contribute to TAL1 misreg-
ulation, the upregulation of TAL1 establishes a positive feedback loop for TAL1
expression and ultimately maintains expression of a downstream target essential for
the survival of T-ALL cells. Beyond expression abnormalities, direct transcription
factor fusion gene events from translocations have been observed frequently in acute
myelogenous leukemia (AML) [18]. These events overwhelmingly disrupt the wild-
type function of the genes involved in the translocation.

Another means by which transcription factors are associated with disease are
through their binding sites. One of the earliest observations was in an individual
with beta thalassemia, a blood disorder, in which the authors discovered a C to G

substitution -87bp relative to the start of the human beta globin gene [19]. It was



later discovered that mutation was in the promoter element of the beta globin gene,
and was in the binding site of the Erythroid Kruppel like factor (EKLF) [20]. The
-87bp substitution that altered this binding site from ACACCC to ACAGCC was
associated with a reduction of mRNA from the beta globin gene [21].

Transcription factor binding site mutations within active regulatory regions are
often more subtle in their effects on gene regulation than direct mutations to the
gene itself. By virtue of their subtlety, capturing the extent to which non-coding,
regulatory variation contributes to human traits and disease has been a challenging
endeavor. Genome wide association studies (GWAS), a statistical process by which
potentially causal common variation for a trait or disease can be disambiguated
and prioritized by comparing groups of people, has been useful in discovering loci
associated with many complex human disorders such as anorexia, cancer, and dia-
betes [22, 23, 24]. However, the approach has been criticized in its ability to pin-
point a single causal variant and avoid spurious associations [25]. Recent work has
leveraged functional genomics data to predict the effects of regulatory variants on
transcription factor binding [26, 27]. Future strategies for elucidating the effects of
non-coding variation will likely require a two-pronged approach: implementing com-
putational variant prioritization by integrating functional genomics data, as well as

high-throughput molecular validation.

1.2 Approaches to Characterizing Genomic Features

1.2.1 Methods for Characterizing Open Chromatin

The completion of the first draft of the human genome unlocked avenues for re-
search characterizing features in a genome-wide perspective. With a public reference
genome available, the past two decades have given rise to several experimental ap-

proaches developed to characterize gene regulatory regions across the genome. These



techniques, collectively referred to as open chromatin assays, have been transforma-
tive in our understanding of genome regulation and organization.

Due to the involvement of chromatin state in gene regulation, developing ap-
proaches to measure it has been a focus of modern genomics. One approach to
determining the openness of chromatin is to expose native nuclei to low concentra-
tions of nuclease and sequence the hydrolyzed fragments. This technique, known
as DNase-seq, leverages the DNase I endonuclease at dilute concentrations to pref-
erentially cut at regions of open chromatin [28, 29, 30]. Because transcriptionally
active regions of the genome are depleted for nucleosomes, the DNA of active regu-
latory regions is exposed and susceptible to nucleolytic attack. As a result, DNase
I digests more frequently at regulatory regions and the sequencing reads accumu-
late in peaks that correspond to actively regulating loci. Another commonly used
enzymatic-based approach to probing native chromatin states is the Assay for Trans-
posase Accessible Chromatin (ATAC-seq) [31]. This method incubates native nuclei
with hyperactive Tnb transposase loaded with high-throughput sequencing adapters.
Similar to DNase-seq, ATAC-seq preferentially transposes in open chromatin regions
and correlates strongly with active regulatory regions. Both DNase and ATAC-seq
datasets substantially overlap in their enrichment for regulatory regions [32].

Another relevant, but less used method is formaldehyde assisted isolation of reg-
ulatory elements followed by sequencing (FAIRE-seq). This is a chemical method
of isolating regions of active chromatin [33]. Cells are formaldehyde crosslinked in
vivo and sheared by sonication. The formaldehyde-fixed cell lysate is emulsified in
a phenol-chloroform solution and centrifuged. The resultant, biphasic sample con-
tains nucleic acids in the aqueous layer and proteins in the organic layer. Recovering

the aqueous layer enriches for DNA fragments that contain little to no protein.
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Since the sample is formaldehyde crosslinked, nucleosome depleted regulatory re-
gions phase into the aqueous layer and can be purified and prepared for sequencing.
FAIRE-seq differs from DNase-seq and ATAC-seq as it lacks an enzymatic compo-
nent and instead depends on the physical properties of proteins and nucleic acids in
a phenol/chloroform emulsion.

Despite their prevalent usage in functional genomics, modern open chromatin
assays are not without limitations. FAIRE-seq assumes that active regulatory loci
will be depleted for protein and solubilize in the aqueous layer. However, highly
active promoters and other regulatory elements may have protein occupancy profiles
favor association in the organic phase. Likewise, DNase-seq and ATAC-seq utilize
enzymes at specific concentrations that have been observed to have sequence biases
[34]. In addition, the aforementioned approaches are limited to only annotating active
regulatory loci, and are unable to assign specific regulatory function [35]. Therefore,
it is critical to explore additional molecular approaches to understand and assign

function to regulatory regions.

1.2.2 Methods to Measure Transcription Factor Binding

To better assign function to open chromatin regions, several methods have been
established that directly assess the identity of transcription factor binding. Chro-
matin immunoprecipitation and sequencing (ChIP-seq) was originally leveraged to
measure histone post translational modifications at the genome level, but has been
instrumental in characterizing transcription factor binding sites [36]. In short, cells
are fixed with formaldehyde, nuclear lysate is extracted and heavily fragmented,
and antibodies targeted to transcription factor protein-DNA complexes are precip-
itated out of the lysate. Following precipitation, the DNA is purified, sequenced,

and aligned to the genome. Alternative to identifying open chromatin, ChIP-seq
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can indicate where a specific transcription factor binds throughout the genome, and
based on the identity of the factor, ChIP-seq can also provide an indication of the
activity of the bound loci. However, fragment sizes from ChIP-seq experiments are
longer than the transcription factor bound DNA, which limits the resolution of the
precise binding site. ChIP-exo, which integrates a Lambda exonuclease digestion to
enzymatically remove DNA flanking a bound transcription factor, has been used to

increase the resolution of sequencing data from ChIP experiments [37].

1.2.3 Transcription Factor Footprinting

While measuring open chromatin and transcription factor binding sites via ChIP
approaches allow for a general idea of the location of a regulatory element, it is often
beneficial to know the precise binding site of a factor and this can be accomplished
through DNase footprinting assays. As transcription factor proteins associate with
their respective binding sites to promote gene regulation the specific DNA motif is
physically protected from enzyme activity, as observed in early DNase experiments
[38]. They showed that the binding site of the E. coli lac repressor can be deter-
mined by autoradiograph display of limited, in vitro digestions of lac repressor-bound
oligonucleotides by DNase I. The nucleotides that were protected from digestion were
referred to as “footprints” of the factors that were once bound.

With the advent of high-throughput sequencing, experimental approaches that
rapidly profiled regulatory regions (DNase-seq and ATAC-seq) were found to also
function as genome-wide footprint experiments, due to transcription factor occu-
pancy blocking enzymatic activity. In high throughput sequencing data, the foot-
prints of transcription factors are represented as a depletion of coverage (trough)
between two peaks of hypersensitivity to DNase. Computational models trained on

these sequence features have been designed to discern specific binding motifs of tran-
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scription factors. These models approach transcription factor footprinting from two
perspectives: de novo and motif-centric. Each are limited in their ability to dis-
cern transcription factor identity from the sequence context. Motif-centric models
generally require predetermined transcription factor binding sequences on which to
generate potential binding sites across the genome and evaluate if they overlap foot-
print signal [39]. However, these are unable to discover candidate binding sites, and
often require ChIP-seq data input. Alternatively, the de novo models assume that
the data harbor patterns at footprint sites, and footprints are queried for known
transcription factor binding sequences [40]. These approaches are limited in their
potential to ascertain binding sites of interest. A recent method, known as TRACE;,
have overcome this by implementing an unsupervised hidden Markov model frame-
work which outperforms other footprinting methods and does not require ChIP-seq

or sequence motif inputs [41].

1.2.4 Limitations to Characterizing Gene Regulatory Elements

Despite the variety of methods to characterize and interpret gene regulatory el-
ements, the current strategies are still limited. Conventional ChIP-seq produces
enrichment peaks that are large (200-500bp), which renders precise binding diffi-
cult to resolve. Recent modifications of ChIP-seq have increased resolution, but
still require antibodies [42, 37]. This represents one of the largest disadvantages of
ChIP-related technologies. As indicated previously, there are likely upwards of 1000
transcription factors encoded in the human genome [11]. While a comprehensive
analysis of the number of antibodies available has not been completed, the most ex-
pansive ChIP approaches to characterize human transcription factor binding profiles
have assayed 681 unique proteins [43]. However, the antibodies used were generated

from the Protein Capture Reagents Program (PCRP) and lacked robust validation.
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Even well-tested antibodies have been shown to poorly reproduce, with a 20 percent
failure rate in some instances [44, 45]. Therefore, illuminating every transcription
factor-bound regulatory region with ChIP-seq is marred by the reproducibility of
antibodies and scalability to all transcription factors.

Although open chromatin assays and footprinting algorithms offer an alternative,
antibody-free method for gaining insights into gene regulatory regions, they too have
disadvantages. For example, in ATAC-seq a Tnb transposase is loaded with adapters
randomly, which can result in large fractions of the sample unusable [46]. Also, de-
pending on the cell type, ATAC-seq preparations may be heavily contaminated with
mitochondrial reads [46, 47]. Furthermore, both ATAC-seq and DNase-seq leverage
enzymes with cleavage biases. No consensus or best practices exist on a bias cor-
rection approach, and the unique activities of theses enzymes can produce different
footprints for the same transcription factor [32]. Despite improvements in footprint-
ing algorithms, footprinting fundamentally relies on a negative enrichment strategy,
whereby transcription factors occlude the acquisition of sequencing coverage. Col-
lectively, these limitations encourage molecular innovation in assays to understand
gene regulatory regions. New technologies that discard mainstream antibody and
footprinting workflows may fill a much needed gap in the molecular disambiguation

of regulatory regions.

1.3 Repetitive Sequence Composition of the Human Genome

1.3.1 Transposable Elements

Almost 30 years prior to the first draft of the human genome, researchers were
attempting to understand genome complexity and composition from different or-
ganisms using COt analysis on single stranded DNA reassociation rates. A striking

finding was that substantial fractions of higher order organisms’ genomes, humans
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included, reassociated rapidly [48, 49]. This indicated that repetitive sequences con-
stituted a large portion of these genomes. The first sequencing draft of the human
genome deepened our understanding of these repeated DNA sequences, showing that
transposable elements represented the largest fraction of repetitive DNA at nearly 50
percent of the human genome [50]. Transposable elements are mobile DNA sequences
that mobilize and disperse themselves throughout their host genome [51]. There are
two main types of mobile elements: DNA transposons and retrotransposons. DNA
transposons mobilize in their host genomes by a “cut and paste” mechanism. Only
about 3 percent of the human genome is made of DNA transposons, and they have
been immobile in the primates for millions of years, likely due to an accumulation
of deleterious mutations [50, 52, 53]. On the other hand, retrotransposons are the
largest class of structural variation, collectively accounting for about 43 percent of
the human genome, with subsets of them actively dispersing into new loci [50]. In-
stead of a “cut and paste” mechanism, retrotransposons mobilize through a “copy
and paste” strategy that depends on an RNA stage preceding a new insertion event
(Figure 1.3).

Of the retrotransposable elements that remain active in the human genome, non-
long terminal repeat (LTR) containing retrotransposons such as Long Interspersed
Nuclear Elements (LINEs) and Short Interspersed Nuclear Elements (SINEs) make
up the largest fraction at approximately 34 percent of the human genome. LINEs
contain 2 open reading frames (ORFs). ORF1 encodes a protein with apparent
nucleic acid binding and chaperoning properties and is critical for retrotransposition.
Likewise, ORF2 is essential to retrotransposition and contains reverse transcription
and endonuclease functions [53]. Together, with an internal promoter, LINEs are

capable of autonomous retrotransposition. Since they lack ORFs, SINEs are non-
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Figure 1.3: Basic mechanism of retrotransposition. Retrotransposition begins with transcription
of retrotransposon in the genome. Open reading frames within the transcript are translated into
proteins. Proteins form a ribonucleoprotein (RNP) complex with untranslated retrotransposon
RNA. RNP facilitates reverse transcription of the RNP into ¢cDNA, and subsequent insertion
into a new genomic locus. Figure borrowed from https://commons.wikimedia.org/wiki/File:
Retrotransposons.png under creative commons license CC BY-SA 4.0

autonomous retrotransposons and depend on expression products from active LINEs
to facilitate their mobility. As a result of their activity, LINEs and SINEs continue

to shape human genome structure and function.

1.3.2 Transposable Elements and Disease

The mobilization of transposable elements can have widespread, often deleterious,
regulatory consequences across the genome. For instance, the internal L1 antisense
promoter has been found to initiate antisense transcription to create chimeric mR-
NAs from several human genes [54]. Moreover, the L1 antisense promoter can act
as an alternative transcriptional start site for these genes to increase the flexibility

and diversity of expression. Insertions of retrotransposons have also been linked to
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sporadic disease. As many as 124 diseases have been reported from mutagenic retro-
transposon insertions [55]. For instance, fukuyama muscular dystrophy is caused
by an SVA (a type of SINE) insertion into the fukutin (FKTN) gene, which re-
sults in an alternative splicing of the mRNA and ultimately a mislocalization of the
protein product [56, 57]. Further, emerging evidence suggests that reactivation of
retrotransposition in early embryogenesis results in mosaic insertion patterns in the

brain, which may influence an array of psychiatric disorders [58].

1.3.3 Limitations to Characterizing Mobile Element Insertions

Due to the dramatic effects mobile element insertions on structure and function
of the human genome, characterizing insertions from ongoing retrotransposition has
been a focus of modern genetics. Historically, molecular techniques implementing
a high throughput short read sequencing strategy have been leveraged to discover
insertion events that are polymorphic from the human genome reference assembly.
These include hybridization arrays, paired-end fosmid sequencing, and sequencing of
L1/genomic flank amplicons [53]. However, these methods suffer from limitations.
For instance, paired-end sequencing of fosmids selects for the addition of 6kb of
LINE sequence in a large 40kb fosmid. Due to the size selection of fosmids with 6kb
gnomic inserts, substantially smaller, yet human disease-relevant mobile element
insertions (i.e SINEs) may not be resolvable through this approach. In addition,
this approach is labor-intensive and may miss highly repetitive or partially truncated
insertions. However, a key limitation shared among these techniques is their collective
ability to capture sequence information of the element. Short read sequencing limits
mapping to reads that span the insertion flanks of mobile elements. As a result,
the larger sequence context outside of the insertion is missed. In addition, many of

these approaches are low throughput and laborious [59]. Therefore, an unmet need
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in retrotransposon discovery is rapid, genome-wide, sequence level characterization

approach for polymorphic insertions.

1.3.4 Polynucleotide Repeats and Associated Repeat Expansion Disorders

As mentioned above, transposable elements are the largest class of structural
variation in the human genome, but not the only class. The second largest class of
structural variation found in the human genome is polynucleotide repeats. These
elements are tandemly arranged sets of repeating nucleotides that can occur as few
as sets of 3 (trinucleotide repeat) to as many as 12 (dodecanucleotide repeat) [60].
Approximately 3 percent of the human genome is made up of repeating nucleotides
[50]. The origin of polynucleotide repeats in the human genome is unclear, however
it has been hypothesized that polynucleotide repeats may have played a role in
early eukaryotic evolution. Specifically, nucleotide repeats within codons may have
undergone substitutional mutations which acted as a diversifying mechanism for
ancestral eukaryotic genomes and proteomes [61, 62].

In humans, some polynucleotide repeats are known to undergo expansion and
cause disease. A classic example of a repeat expansion disorder is fragile x syndrome
(FXS), whereby a CGG trinucleotide repeat expands in the 5" untranslated region of
the fragile x mental retardation gene 1 (FMR1). The average unaffected individual
usually contains an FMR1 locus with 6 to 54 CGG repeats [63, 64]. With expansion to
50-200, this is referred to as the premutation and may clinically present as fragile X-
related primary ovarian insufficiency (FXPOI) in women, and/or fragile X-associated
tremor /ataxia syndrome (FXTAS) in both sexes, with onset and penetrance generally
correlating with the extent of CGG expansion as well as age [65, 63]. The premutation
allele results in an upregulation of transcription from the FMR1 gene, yet a reduction

of the fragile x mental retardation protein (FMRP). The full mutation causes FXS
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and occurs when the 5 UTR accumulates greater than 200 CGG repeats. Unlike
the premutation, an FMR1 allele with the full, the promoter and 5’'UTR accumulate
DNA methylation which results in a transcriptional silencing of the gene. FXS is but
one example of repeat expansion associated disorders. Expansions of polynucleotide
repeats are the culprits of upwards of 40 different human genetic disorders, and likely

many more yet undiscovered [60].

1.3.5 Limitations to Characterizing Structural Variation

Despite their discovery 30 years ago, repeat expansion disorders have been chal-
lenging to characterize due to their repetitive structure, diverse clinical manifesta-
tions, and molecular mechanisms [60, 66]. Direct clinical testing of candidate genes
using polymerase chain reaction (PCR) can some elucidate some repeat expansions.
However, this is low throughput and is increasingly less scalable as novel repeat
expansion diseases are discovered. In addition, some polymerases have been charac-
terized to make errors when amplifying repeat DNA, which may complicate precise
repeat characterization through PCR[67]. High throughput sequencing has aided in
identification of repeat expansion disorders in patient by screening for many differ-
ent candidate affected genes at once, but the short read length poses computational
challenges that complicate precise mapping and characterization [68]. These obsta-
cles emphasize the need for methods with improved detection and characterization

of disease-associated polynucleotide repeats.
1.4 Conclusion
In the span of nearly half of a century, the field of genetics has advanced from

understanding the basic structures of chromatin and genome compositions in the

1970s, to genome-wide elucidation of regulatory and structural elements across many
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cell types. This breakneck pace is, in part, afforded by advancements in molecular
methodologies. However, even the current technologies have unavoidable limitations
that require further innovation. To better understand gene regulatory and structural
elements of the genome, and how these elements are involved in human disease and
suffering, new methods require development to overcome the limitations outlined ear-
lier in this introduction. In this thesis, I will focus on developing and leveraging new
technologies that can surmount the intractable shortcomings of earlier approaches,
and demonstrate that these novel implementations present practical solutions to

modern genomics.



CHAPTER II

Isolating and Sequencing Protein-Occupied Open Chromatin
Regions

2.1 Abstract

Open chromatin plays a critical role in transcriptional regulation of genes. A
variety of methods have been developed to probe regions of open chromatin in the
genome. Collectively, these assays have been crucial in defining the regulatory land-
scape of the human genome. However, certain features of open chromatin remain
difficult to characterize. For instance, the precise binding events of transcription fac-
tors within open chromatin to impose a regulatory potential have been challenging
to precisely map. Footprinting analysis, which attempts to infer transcription fac-
tor binding from troughs in high throughput sequencing data from open chromatin
assays, is limited in its ability to capture many transcription factor binding events.
Here, we explore a novel open chromatin assay to capture specifically transcription

factor bound sequences.

2.2 Introduction

The Encyclopedia of DNA Elements (ENCODE) Project indicates that, in any
given cell type, only about 1 percent of the genome is open chromatin as defined

by hypersensitivity to DNase 1. Despite this small fraction of genome that is in-

20
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volved in active regulation, as much as 95 percent of transcription factor binding
data (ChIP-seq peaks in K562) overlap these hypersensitive regions [69]. Moreover,
12 percent of disease-associated variation determined from GWAS lies within these
regulatory regions and transcription factor binding sites and 36 percent occur in
hypsersensitive sites [69]. Therefore, further understanding the relationship between
transcription factors and the open chromatin regions they occupy is instrumental to
further understanding how disruptions in gene regulation contribute to disease.

However, while a handful of experimental techniques have been instrumental in
annotating regions of open chromatin, they are limited in their ability to under-
stand the detailed interplay of transcription factors at these regions. DNase-seq and
ATAC-seq are two examples of open chromatin assays that leverage DNase I and
Tnb, respectively, to fragment regions of exposed DNA in a native chromatin context
[29, 31]. Since transcription factors occlude their bound sequence from the activi-
ties of these enzymes, they leave behind low coverage “troughs” in high throughput
sequencing data, which are referred to as transcription factor “footprints”. De novo
and motif-centric computational approaches (reviewed in chapter 1) have been de-
veloped to extract information about the identity of the transcription factor based
on its footprint, however intrinsic experimental bias may confound these algorithms’
ability to interpret true transcription factor binding events. For instance, compressed
minor grooves proximal to CpG methylation appear to sustain higher rates of DNase
[ activity compared to cytosine methylation [70]. Recent work has suggested that
transcription factor footprints identified in embryonic stem (ES) cells may represent
artifacts of overlooked DNase I cleavage bias [34, 71].

An alternative approach to open chromatin assays and footprinting for under-

standing transcription factor binding is ChIP-seq. ChIP-seq was first applied to
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Figure 2.1: Protocol for isolating transcription factor bound sequences. Fresh K562 cells are
incubated in a crosslinking nuclei isolation buffer containing formaldehyde and Triton X-100.
Crosslinked nuclei are lysed using sonication and heavily nuclease digested. Digested lysates are de-
pleted for nucleosomal structures and nucleosomal DNA. After nucleosomal depletion, the residual
lysate contains transcription factor-DNA complexes. These complexes are reverse crosslinked and
the DNA is purified and prepared for high-throughput sequencing. Our method (yellow) is overlaid
with example functional genomics data, including DNase-seq (Green) and ChIP-seq (Blue).

profiling histone post translational modifications genome-wide, but widely used for
transcription factors as well [36]. Since ChIP-seq uses antibodies to recognize specific
protein epitopes, it is able to specifically isolate transcription factors and their bound
DNA fragments. While ChIP-seq has been pivotal in mapping over 100 transcription
factors, it is not without limitations [69]. For example, the availability of antibod-
ies for known transcription factors bottlenecks discoverable binding profiles. With
estimates of anywhere between 500 and 1400 DNA binding transcription factors in

human, developing antibodies for each target is difficult to scale [11, 10]. Moreover,
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antibodies have been observed to vary in reproducibility between production lots
[72].

Altogether, these limitations inspired us to develop an orthogonal molecular ap-
proach to characterize protein occupancy within open chromatin. This approach aims
to unbiasedly discover protein-occupied open chromatin while avoiding the footprint-
ing and cleavage bias in DNase-seq, and antibody limitations of ChIP-seq. Similar
to ChIP-seq, the first step involves isolating formaldehyde crosslinked nuclei to pre-
serve protein DNA interactions and eliminate cytosolic protein and mitochondrial
DNA (Figure 2.1). Next, isolated nuclei are sonicated and the lysate digested with a
nuclease to reduce DNA fragment size. After nucleosomes are depleted, the residual
lysate containing non nucleosomal DNA binding proteins is reverse crosslinked to

recover DNA. Purified DNA is prepared for high throughput short read sequencing.

2.3 Methods

2.3.1 Isolation of Crosslinked K562 Nuclei

Crosslinking buffer was formulated to contain 1 percent formaldehyde, 20 mM
Sodium Phosphate Dibasic, and protease inhibitors. To solubilize the cell membrane,
the crosslinking buffer was supplemented with Triton X100 at the minimum effective
concentration (0.3322ul./mL) [73]. Phosphate buffered saline (PBS) washed K562
pellets of 4x107 cells were resuspended in 40 milliliters of the crosslinking buffer and
incubated at room temperature with gentle rocking for 10 minutes. Crosslinking
was quenched by the addition of 1M Tris-HCI1 pH 8.0 to 250mM. After quenching,
the suspension was evenly distributed into 15mL conical tubes and centrifuged at
500xg for 10 minutes at 4 degrees Celsius. The nuclei pellet from each tube was
consolidated into a single 15mL falcon tube and washed in 20mM sodium phosphate

dibasic with protease inhibitor cocktail to 1x.
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2.3.2 Lysis and Nuclease Digestion of Crosslinked K562 Nuclei

Freshly isolated and formaldehyde crosslinked K562 nuclei were resuspended in
300ul 20mM Sodium Phosphate buffer. For immunodepletion (see Pan-histone
immunodepletion), SDS was added to 1 percent, otherwise detergents were omitted
from lysis. Resuspended K562 nuclei were sonicated on ice at 15 percent amplitude
for 5 second on/off cycles for a total of 30 seconds using a probe sonicator. Sonicated
nuclear lysates were supplemented with CaCl2 or MnCl2 for enzyme activity and
digested with 10 units of MNase or DNase I for varying time increments. Nuclease
activity was mitigated by chelating Ca2+ with EGTA to 10mM and incubating on
ice.

2.3.3 Nitrocellulose Filter Binding of K562 Nuclear Lysate

Digested K562 nuclear lysate prepared from nuclei resuspensions in 300ul. of
20mM Sodium Phosphate without SDS. Total sample protein was estimated and
the necessary size of nitrocellulose membrane was determined based on protein bind-
ing capacity (80ug/cm2). Membranes were prepared by a 10 minute incubation in
400mM KOH in a petri/culture dish. Membranes were washed in pure water for 5
minutes. Water washes were repeated 2 more times to remove KOH. Membranes
were left to equilibrate in 1x Nitrocellulose binding buffer (500M KCI1, 5 mM EDTA,
and 20mM Tris HCI pH 7.5) for 1 hour. Sample was mixed with 1 volume of 2x
nitrocellulose binding buffer and applied dropwise onto the prepared nitrocellulose
membrane and dried at 37 degrees with gentle agitation. 1x nitrocellulose buffer
was added dropwise until the filter was covered and the membrane was incubated at
room temperature for 5 minutes. Membrane was transferred to a clean culture/petri

dish and 100mM Tris HCI 7.5 pH was added dropwise to cover the membrane. After
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5 minutes, membrane was washed with 1x TE 2 times, the first wash for 5 minutes,
followed by a second wash for 30 minutes. Residual TE was removed and the mem-
brane was transferred to a 50mL conical. 1.8mL of TE was added and the membrane
was rotated and reverse crosslinked in a hybridization oven at 65 degrees overnight.
Eluted samples from the overnight membrane reverse crosslinking RNase (fermen-
tas) treated at 37 for 2 hours. RNase treated samples were volume reduced using sec
butanol and ethanol precipitated (See Reverse Crosslinking and Purification

of DNA).

2.3.4 Pan-histone Immunodepletion of Nucleosomal Complexes

Following the lysis, the first step was to neutralize the SDS. Previous work has
indicated that the denaturing effects of SDS can be overcome by adding 8 fold higher
concentrations of non ionic detergents [74, 75]. This was accomplished by diluting the
300uL of nuclei lysate with 730uL of a SDS Neutralization Buffer (1.6 percent Triton
X100, 7mM MnCl2, TmM CaCl2). At this step the sample was DNase digested
(see above). To prepare for the immunodepletion after the DNase digestion, the
sample was salt balanced by adding 40uL of 5M NaCl and 40ul. of 500mM Tris
HCI pH 8.0 to a final concentration of 167mM NaCl and 16.7mM Tris HCl. These
salts were omitted from the SDS neutralization buffer as DNase I retains the highest
activity at low salt concentrations. To the salt balanced lysate, 100ul of protein G
magnetic beads (88847, NEB) crosslinked with anti-histone antibodies (MAB3422,
Millipore) were added and incubated at 4 degrees overnight with rotation. Since
the supernatant from the overnight immunoprecipitation represents the depleted
fraction, and theoretically contains the non nucleosomal DNA-protein complexes, the
fraction was saved and the DNA purified (See Reverse crosslinking and purification

of DNA). The beads were magnet immobilized and washed two times in 200uL of
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RIPA buffer (0.1 percent Sodium Deoxycholate, 0.1 percent SDS, 1 percent Triton
X-100, 10mM Tris HCI pH 8.0, 140mM NaCl, and 1mM EDTA). Next, the beads
were washed 2 times with 200ul. of High Salt RIPA Buffer (0.1 percent Sodium
Deoxycholate, 0.1 percent SDS, 1 percent Triton X-100, 10mM Tris HCI pH 8.0,
360mM NaCl, and 1mM EDTA). Lastly, the beads were washed 2 times in 200uL
of a LiCl wash buffer (0.5 percent NP40, 0.5 percent of Sodium Deoxycholate, 1mM
EDTA, 10mM Tris HCI pH 8, and 250mM LiCl). The immunoprecipitated complexes
were eluted by resuspending the beads in 1x Elution buffer (1 percent SDS, 50mM
Tris HC1 pH 8, and 10mM EDTA). The amount of beads and antibody ratio and
crosslinking protocol were provided by the bead manufacturer (NEB). Antibody

coated beads were added in excess to estimated histone content.

2.3.5 Reverse Crosslinking and Purification of DNA

To reverse crosslinks, 4x Elution buffer (200mM Tris HCI pH 8, 40mM EDTA, 4
percent SDS) was added to lysate fractions to a final concentration of 1x. 5uls of
proteinase K was added to each sample, which was mixed thoroughly and distributed
equally in PCR tubes and incubated overnight (16 hours) at 65 degrees Celsius.
After reverse crosslinking, samples were consolidated into 750ulL aliquots and mixed
vigorously with 1 volume of phenol: chloroform: isoamyl alcohol. The emulsion was
centrifuged at 20000xg for 5 minutes and the aqueous layer recovered and rextracted
with 1 volume of chloroform. After the second extraction, the recovered aqueous
layer was prepared for ethanol precipitation by adding 1 volume of ethanol, sodium
acetate to 300mM, and 1uL of GlycoBlue coprecipitant. The sample was incubated
on ice for 30 mintues, followed by a 30 minute to overnight incubation at -20. After
incubations, the sample was precipitated by centrifuging at 20000xg for 30 minutes

at 4 degrees Celsius and carefully washed with 95 percent ethanol avoid solubilizing
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small fragments. Pellets were washed 2 times with 95 percent ethanol and centrifuged
at 20000xg for 10 minutes with each wash. The final precipitates were air dried and
stored in 1x TE buffer (10mM Tris HCI pH 8, 1mM EDTA) at -20 degrees C. Purified

DNA was quantified using Qubit dsDNA high sensitivity kit.

2.4 Results

2.4.1 Simultaneous Isolation and Formaldehyde Crosslinking of K562 Nuclei

To ensure that transcription factors remain bound to the DNA, it is common to
formaldehyde crosslink. However, formaldehyde promiscuously forms crosslinks with
cell components rendering them resistant to lysis and solubilization, even in strong
ionic detergents. We observed that when crosslinked at 1 percent formaldehyde, K562
cells resisted conventional lysis techniques used in ChIP-seq workflows. As a result,
we developed a simultaneous crosslinking and nuclei isolation method for suspension
cells (see methods). For downstream applications, we aimed to minimize the amount
of non-nuclear proteins. To do this, we formulated a minimal hypotonic crosslinking
buffer containing 20mM Sodium Phosphate, minimal effective concentration of Triton
X-100, formaldehyde to 1 percent, and protease inhibitors. The rationale behind the
formulation was to 1) induce hypoosmotic swelling in the cells and 2) perforate the
cell membrane using the minimum effective concentration of Triton X100, liberating
nuclei from cytoplasmic components while 3) crosslinking in formaldehyde. Using
the automated cell counter, we measured the diameter of cells prior to and after the
nuclei isolation (Fig. 2A and 2B). We observed that the diameter of the average
K562 cell from culture to be approximately 17.6 uM (Figure 2.2A). Following the
crosslinking and nuclei isolation protocol, the average size of the cell was reduced
by nearly 50 percent, with an average size about 9uM (Figure 2.2B). This suggested

that our approach was efficiently isolating subcellular-sized compartments.
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Figure 2.2: Histogram of cell and nuclei size. Distribution of 2A) cell sizes and 2B) nuclei sizes as
determined by Countess II. X-axis is diameter measured in micrometers and Y-axis is number of
counts.

To confirm that the isolated cellular material were indeed nuclei, we performed
comparative DAPI staining between mixes of isolated nuclei and live cells from cul-
ture. DAPI stain is considered a vital dye because it is unable to cross the plasma
membrane of viable cells. Only dead cells with compromised cell membranes will be
stained with DAPI and fluorescent as a result [76]. We imaged DAPI stained mixes
of live cells from culture and isolated nuclei on brightfield/DAPI overlays (Figure
2.3) Together, these data suggested that our developed approach efficiently isolates

crosslinked nuclei from K562 cells
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Figure 2.3: A brightfield/DAPI overlay of live cell and isolated nuclei mix. Scale bar is 400 mi-
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2.4.2 Recovery and Sequencing of DN A from Filter Bound, Crosslinked K562 Nuclear
Lysates Shows Subnucleosomal-Sized Fragments

To immobilize non nucleosomal DNA binding proteins, we performed a modi-
fied filter binding assay (See methods) of crosslinked, micrococcal nuclease digested
K562 nuclear lysate to nitrocellulose. Purified DNA isolated from the filter binding
experiment was quantified and a small quantity was run on tapestation to observe
fragment size distribution (Figure 2.4) Compared to the input (no nitrocellulose filter
binding), there was a noticeable shift in fragment size distribution. While the input
fraction contained a large peak at 159bp, the nitrocellulose extracted fraction con-
tained a proportional enrichment of subnucleosomal sized fragments with a peak of
59bp. Considering that the nucleosome is 147bp of DNA wrapped around a histone
octamer, the 159 bp peak in both the input and the nitrocellulose extracted fraction
was anticipated to be MNase digested mononucleosomes. We next prepared an Il-
lumina sequencing library out of both the input and nitrocellulose experiments. We
evaluated the extent of enrichment over all annotated DNase hypersensitive sites in
K562 for both the nitrocellulose and the input sequencing (Figure 2.5). We observed
that there was a depletion of sequencing reads over the relative center of open chro-
matin regions, extending approximately 300bp out from the center. This depletion
was relative to sequence immediately flanking the center of open chromatin sites. In
addition, these regions contained a fragment size distribution with 10bp periodicity.
Together, these data suggested that MNase digested mononucleosomes were binding

nitrocellulose and histone bound DNA was efficiently being eluted.
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Figure 2.4: Tapestation of DNA fragment size distribution isolated from basic nitrocellulose filter
binding. The fragment size distribution of DNA from input (Top) and after basic nitrocellulose
filter binding (Bottom). X-axis is size of DNA fragments in bp, with upper and lower molecular
weight loading standards at 1500bp and 25bp, respectively.

2.4.3 Isoelectric Point Analysis of Transcription Factors Revealed a Subset of Nitro-
cellulose Incompatible Transcription Factors

Nitrocellulose has been commonly used in filter binding approaches to immobilize
DNA-protein complexes. The specific mechanism between protein and nitrocellulose
interactions is unclear, however the isoelectric points of proteins and their charges
relative to the nitrocellulose membranes play a role. To evaluate if our nitrocellulose
filter binding experiments were potentially missing subsets of transcription factors

that would have a neutral or negative charge, we computationally summed charged
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Figure 2.5: Heatmap of sequencing data from basic nitrocellulose filter binding. Figure displays a
heatmap of reads from DNA isolated from basic nitrocellulose filter binding experiment (Middle),
with x-axis as distance (base pairs) from the averaged center DNase Hypersensitive sites in K562.
Y-axis represents fragment length in base pairs. Right of middle represents percentage profile
enrichment of the heatmap. Top (above middle) represents enrichment profile over hypersensititve
sites.

amino acid residues from each predicted transcription factor in human to calculate
isoelectric point. The isoelectric point of a molecule is the pH at which the net charge
is zero. Using python and biopython, we queried a list of isoelectric points of human
transcription factors which were plotted as a histogram (Figure 2.6.). Consistent
with multimodal isoelectric point distributions of proteomes from other organisms,
we observed a defined bimodal distribution for human transcription factors. Figure
2 indicates that a substantial fraction of human transcription factors have isoelectric

points below a pH of 8. Our filter binding experiments used binding buffers with



33

a slightly basic pH of 8. This indicates that transcription factors with isoelectric
points below 8 contained a net negative charge in solution and were likely not bound

to the nitrocellulose.

Density Plot of Transcription Factor Isoelectric Points
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Figure 2.6: Histogram of human transcription factor isoelectric points. X-axis is the isoelectric
point between 4 and 12. The y-axis is the proportion of factors.
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2.4.4 Acidic Nitrocellulose Filter Binding of Crosslinked K562 Nuclear Lysates Re-
veals Enhanced Binding to Membrane
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Figure 2.7: Heatmap of reads from DNA isolated from acidic nitrocellulose filter binding. Sequenc-
ing results from acidic nitrocellulose filter binding (Middle), with x-axis as distance (base pairs)
from the averaged center DNase Hypersensitive sites in K562. Y-axis represents fragment length in
base pairs. Right of middle represents percentage profile enrichment of the heatmap. Top (above
middle) represents enrichment profile over hypersensititve sites.

To capture the full repertoire of human transcription factors with a variety of
isoelectric points, we substituted Tris pH balanced a pH of 8 with hydrochloric acid
for a sodium citrate salt balanced to a pH of 4 with citric acid. With a final pH of
4, the sodium citrate buffer would confer a net positive charge to all proteins with

an isoelectric point of 4 or higher. We repeated our filter binding experiment with

MNase digested K562 nuclear lysate in acidic conditions. DNA eluted from the acidic
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filter binding experiment was prepared into an Illumina library and sequenced. We
evaluated the extent of enrichment over all annotated DNase hypersensitive sites in
K562 for both the acidic nitrocellulose and the input sequencing (Figure 2.7). When
compared to the normal binding conditions (Figure 2.6) we observe a reduced de-
pletion of reads overlapping hypersensitive sites in the acidic binding. This suggests
that a larger fraction of protein-DNA complexes were immobilized onto nitrocellulose
under acidic conditions versus basic conditions. However, while the fragments are
mostly subnucleosomal in size, they largely appear to overlap proximally to open
chromatin. In addition, as seen in the basic nitrocellulose filter binding experiments,
we also observed periodicity in the heatmap that corresponds to previous observa-

tions of MNase digesting DNA wrapped around the nucleosome [77].

2.4.5 Pan Histone Immunodepletion Depletes Mononucleosomal Fragments and En-
riches for Low Molecular Weight DN A

Due to the highly similar result between both filter binding experiments, and
the abundance of nucleosomal sequences, we performed a pan histone immunodeple-
tion on crosslinked and digested K562 nuclear lysate. In addition, we used DNase
I instead of MNase to remove protein-free DNA and avoid extensively digesting
nucleosomal-bound DNA. By targeting the core histone H3, we efficiently depleted
mononucleosomal-sized DNA (Figure 2.8). We observed that the nucleosome de-
pleted fraction contained trace amounts of DNA fragments that appeared to be low
molecular weight, and strongly depleted for mononucleosomal DNA fragments (Fig-
ure 2.8, top). Likewise, in the undepleted fraction (Figure 2.8, bottom), we observed
that the overwhelming fraction of DNA was approximately mononucleosomal, with
little to no representation of low molecular weight candidate transcription factor

bound sequences.
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Figure 2.8: Tapestation of DNA fragment size distribution isolated from histone immunodepleted
lysates. The fragment size distribution of DNA from input (Top) and after histone immunodepletion
(Bottom). X-axis is size of DNA fragments in bp, with upper and lower molecular weight loading
standards at 1500bp and 25bp, respectively.

2.4.6 Sequencing of Pan-histone Immunodepleted Digested Luclear Lysates

Optimistic that the nucleosome immunodepletion was successful, we prepared
the supernatant fraction for high throughput Illumina sequencing Figure 2.9. We
observed that the supernatant fraction had an unexpectedly high fragment size dis-
tribution. The majority of the fragment sizes were approximately mononucleosomal
in length. Consistent with the change from MNase to DNase, we noticed that the
10bp periodicity seen previously was prevented. In addition, we observed very slight

enrichment centered over DNase hypersensitive sites. However, this observation oc-
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curred in fragment sizes nearly 3 fold larger than we anticipated would constitute

candidate transcription factor bound sequences. No signal of low molecular weight

fragments (>60bp) was observed in the heatmap. Altogether, these results suggested

that our samples largely contained intact or fragmented nucleosomal DNA.
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Figure 2.9: Heatmap of reads from DNA isolated from supernatant of histone immunodepleted
fraction. Sequencing data from supernatant of histone immunodepleted fraction (Middle), with x-
axis as distance (base pairs) from the averaged center DNase Hypersensitive sites in K562. Y-axis
represents fragment length in base pairs. Right of middle represents percentage profile enrichment
of the heatmap. Top (above middle) represents enrichment profile over hypersensititve sites.
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2.5 Discussion

The work presented here was a molecular exploration into developing an auxiliary
open chromatin assay that specifically captures transcription factor-bound DNA. If
successful, this approach would directly recover non histone bound DNA fragments,
opposite of modern open chromatin assays. This would eschew the need for foot-
printing analyses by providing direct sequencing of DNA protected from nuclease
digestion by non nucleosomal proteins. We anticipated that depleting nucleosomes
through a variety of chemical methods would leave behind trace amounts of DNA
that was protein bound and would map to active regulatory regions where transcrip-
tion factors were bound. Our efforts showed that, in all cases, the open chromatin
regions were not enriched for DNA relative to the regions immediately flanking. In-
stead, we observed that an enrichment for nucleosomal-bound sequence to varying
degrees. This is consistent with a few lines of evidence: 1) DNA fragments that align
flanking open chromatin, 2) subnucleosomal fragments with 10bp laddering periodic-
ity, and 3) the highest density of fragments at 70 bp, much larger than transcription
factor footprints. Similar digestion patterns of nucleosomes have previously been
reported from concentrated MNase digestions on native chromatin, with the most
regular cut on the dyad axis [77]. Even when MNase was switched for DNase I, which
does not cut on nucleosomal bound DNA, we did not find enrichments within open
chromatin (Figure 2.9).

A few circumstances may account for a lack of enrichment for open chromatin
regions. The first could be the ratio of histone protein to non-histone DNA bind-
ing protein. As the essential eukaryotic packaging protein for the genome, histones

comprise a large fraction of nuclear protein. Even our heavily nucleosome-depleted
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samples (Figure 2.8) likely contain enough nucleosomal sequence so that it can com-
petitively amplify in library preparation. Another possibility is overfixation from
formaldehyde crosslinking. Formaldehyde forms covalent bonds with nucleophilic
groups on either DNA or amino acids, which is converted to a Schiff base. This
Schiff base can further be stabilized by another macromolecule, forming a methy-
lene bridge between the two molecules. While formaldehyde crosslinks colocalizing
macromolecules 2A apart, there is evidence that extended incubations can induce
artefactual macromolecular associations and bias ChiP-seq data [78]. Unoptimized
formaldehyde crosslinking may be a source of noise in our experimental data, whereby
any potential signal in open chromatin is lost due to spurious crosslinking to adja-
cent nucleosomes. Our approach is likely confounded by a combination of both of
the aforementioned circumstances.

To meaningfully address these problems, we have considered alternative approaches
in the method’s development. The first would be to substitute for an alternative
crosslinking step. Recent evidence suggests that high intensity ultraviolet lasers
have many advantages in crosslinking over widely-used formaldehyde crosslinking
approaches [79]. Specifically, this may mitigate crosslinking artifacts observed in
extended formaldehyde treated cells. It is possible that our formaldehyde crosslink-
ing conditions promote transcription factors or regulatory proteins binding in open
chromatin regions to crosslink to flanking nucleosomes. This is probable given that
our nuclei isolation and crosslinking is simultaneous, meaning that formaldehyde will
diffuse directly into nuclei without first traveling through the cytoplasm. In addition
to changes in crosslinking, future studies would leverage immunoprecipitations and
co immunoprecipitations to assess if known transcription factors or regulatory pro-

teins were depleted alongside the nucleosomal fractions, or likewise, if transcription
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factors were present in the residual lysate. Optimizing crosslinking and establishing
that known transcription factors are not artifactually fixed to nucleosomes would
provide critical evidence to proceed in developing this approach. Recent work in
bacteria emphasizes the merit of this concept. Freddolino et al. have shown that fix-
ing Escherichia coli and isolating nuclease digested DNA-protein complexes through
phase extraction yields transcription factor occupancy peaks at regulatory loci [80].
Developing a similar approach for eukaryotic systems would be widely beneficial to

functional genomics annotation.
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CHAPTER III

Cas9 Targeted Enrichment of Mobile Elements Using
Nanopore Sequencing

3.1 Abstract

Mobile element insertions (MEIs) are repetitive genomic sequences that contribute
to genetic variation and can lead to genetic disorders. Targeted and whole-genome
approaches using short-read sequencing have been developed to identify reference
and non-reference MEIs; however, the read length hampers detection of these ele-
ments in complex genomic regions. Here, we pair Cas9-targeted nanopore sequenc-
ing with computational methodologies to capture active MEIs in human genomes.
We demonstrate parallel enrichment for distinct classes of MEIs, averaging 44% of
reads on-targeted signals and exhibiting a 13.4-54x enrichment over whole-genome
approaches. We show an individual flow cell can recover most MEIs (97% L1Hs,
93% AluYb, 51% AluYa, 99% SVA_F, and 65% SVA_E). We identify seventeen
non-reference MEIs in GM12878 overlooked by modern, long-read analysis pipelines,
primarily in repetitive genomic regions. This work introduces the utility of nanopore
sequencing for MEI enrichment and lays the foundation for rapid discovery of elusive,

repetitive genetic elements.
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3.2 Introduction

At least 45% of the human genome is composed of transposable element (TE)-
derived sequences[81]. TEs can be subdivided into four major categories: (i) DNA
transposons; (ii) long terminal repeat (LTR) retrotransposons; (iii) long interspersed
elements (LINEs); and (iv) short interspersed elements (SINEs). L1 (or, LINE-
1) represents a subclass of LINEs and L1-derived sequences comprise approximately
17% of the human genome[81, 82]. Alu elements, a subclass of SINEs, are ancestrally
derived from a dimerization of the 7SLL RNA gene and make up 11% of the human
genome, spread out over 1 million copies[83]. SVA (SINE-VNTR-Alu) elements are
active chimeric elements that have recently evolved and are derived from a SINE-R
sequence coupled with a VNTR (variable number of tandem repeats) region and
an Alu-like sequence[84]. An average human genome contains approximately 80-
100 active full-length human-specific L1s (L1Hs)[85, 86, 87] and a small number of
highly active, or “hot,” L1Hs sequences that are responsible for the bulk of human
retrotransposition activity[85, 86, 88, 89]. This includes the mobilization of Alus and
SVAs which require trans-acting factors from L1s to transpose[83]. Collectively, the
result of such recent mobilization events are referred to as mobile element insertions
(MEIs).

Regions harboring these repetitive elements have long been considered part of
the ‘dark matter’ of the genome with no expected impact on human phenotypes.
However, recent studies indicate that at least some recent insertions indeed play a
functional role in various aspects of the cell. L1-mediated retrotransposition events
can be mutagenic, and germline retrotransposition events within the exons or introns

of genes can result in null or hypomorphic expression alleles, leading to sporadic
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cases of human disease[90]. In addition, Lubelsky and Ulitsky demonstrated that
sequences enriched in Alu repeats can drive nuclear localization of long RNAs in
human cells[91]. An SVA element insertion was recently reported in an intron of
TAF1 that ablated expression through aberrant splicing, and is a driving mutation in
X-linked Dystonia-Parkinsonism[92]. Another study showed that a recurrent intronic
deletion results in the exonization of an Alu element that is found in 6% of families
with mild hemophilia A in France[93]. Somatic L1 retrotransposition can occur in
neuronal progenitor cells[94, 95, 96, 97, 98], indicating a possible role for Lls in the
etiology of neuropsychiatric diseases[99]. In addition, a mutagenic L1 insertion that
disrupted the 16th exon of the APC gene has been shown to instigate colorectal tumor
development[89]. Beyond a widespread repertoire of disease associations, mobile
elements also influence large scale genome structure. Recent work has demonstrated
that transposition events are associated with three dimensional genome organization
and the evolution of chromatin structure in human and mouse[100, 101, 102].

A tremendous effort has been made to understand the varied functional outcomes
of active MEIs. Similar efforts are underway to capture and resolve MEIs to dis-
cover additional avenues of genetic pathogenesis[88, 103, 104, 105, 106, 107, 108].
While transformative, these studies were confounded by the shortcomings of existing
sequencing methodologies and bioinformatics pipelines, and limited in their ability
to access a large ( 50%), highly repetitive proportion of the genome[109]. The dif-
ficulty in uniquely aligning short-read sequences to repetitive genomic regions likely
leads to an under-representation of MEIs that have inserted within these regions.
Several tools that have been developed to identify non-reference MEIs from whole
genome short-read data, including the Mobile Element Locator Tool (MELT)[107],

Mobster[110], Tangram[111], TEA[112], and others, are further restricted by the
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short read length and repetitive nature of mobile elements when resolving longer,
non-reference insertions, such as L1Hs and SVA[109, 113]. Experimental approaches
from paired-end fosmid sequencing[88, 114] to PCR capture-based approaches[115,
103, 116, 117, 105, 118] have been developed to capture MEIs, but they have the dis-
advantage of being low throughput. Recent methods[106, 109, 119, 120] combining
short-read sequencing and MEI 3’ end capture techniques provide a more reliable
way for the MEI discovery. Such approaches can be used in the investigation of
single-cell MEI profiles[106, 109], yet they too are hindered by the aforementioned
disadvantages due to the short-read dependence.

The advent of long-read sequencing technologies provides a powerful tool for char-
acterizing repeat-rich genomic regions by providing substantially longer sequence
reads compared to traditional short-read platforms[121, 122]. We have recently ap-
plied these technologies to demonstrate that there are at least 2-fold more polymor-
phic L1Hs sequences in human populations than previously thought[109]. Several
existing tools and pipelines have the ability to resolve reference and non-reference
MEIs in the human genomes; however, most require a whole-genome pipeline for
haplotype assembly, local assembly, or cross-platform support[123, 124, 125, 126].
This often necessitates whole genome long-read sequencing, which is currently cost-
prohibitive at scale and precludes an in-depth exploration into the impact of MEIs
on human biology and disease. One solution to these barriers is the application
of Cas9 targeted sequence capture with long read sequencing that allows for align-
ment to unique flanking genomic regions[127]. This approach significantly lowers
costs and enables a focused and efficient computational analysis for MEI discov-
ery. Here, we demonstrate the utility of an in vitro Cas9 enrichment of targeted

sequence elements combined with Oxford Nanopore long-read sequencing and es-
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tablished computational methodologies to identify a set of MEIs (L1s, AluYs, and
SVAs)[127] that account for over 80% of currently active mobile elements in the
human genome[128, 129, 130]. This technology has been previously utilized to re-
solve a variety of genomic structural variants, including diseases associated with
polynucleotide repeats and oncogenic translocation events[131, 132, 133, 127]. By
targeting the Cas9 to subfamily-specific sequences within each element and devel-
oping a computational pipeline (Nano-Pal) for analysis of Cas9-enriched nanopore
sequencing data, we demonstrate enrichment of mobile elements across the genome
that are both annotated and unannotated in the GRCh38 reference (reference and

non-reference MEIs, respectively).

3.3 Results

3.3.1 Cas9 Targeted Enrichment Strategy for Mobile Elements Using Nanopore Se-
quencing

Cas9 targeted enrichment strategy for mobile elements using nanopore sequenc-
ing We chose GM12878 (NA12878), a member of the CEPH pedigree number 1463
(GM12878, GM12891, GM12892)[134], as the benchmark genome in this study.
GM12878 is one of the most thoroughly investigated human genetic control sam-
ples and has been used in many large-scale genomic projects, such as HapMap[135],
1000 Genomes Project[136, 137, 114], the Human Genome Structural Variation
Consortium[113, 126], Genome In A Bottle[138, 139], and reference genome improve-
ment projects[140]. To precisely capture MEIs of interest, we applied Cas9 targeted
nanopore sequencing[131, 132, 133, 127] to enrich for five active subfamilies of MEIs
(L1Hs, AluYb, AluYa, SVA_F, and SVA_E) in GM12878 (Figure 3.1) as well as

L1Hs in the corresponding parental samples.
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Figure 3.1: A schematic Cas9 targeted enrichment and Nano-Pal pipeline for mobile elements using
nanopore sequencing. a, Purified genomic DNA (gDNA) is isolated by salting out and then exten-
sively dephosphorylated. Dephosphorylated gDNA is incubated with the Cas9 ribonucleoprotein
which is targeted to MEI subfamily-specific sequences near the 3’ end of the element. Taq poly-
merase (not shown), and dATPs (not shown) monoadenylate DNA ends. b, Cas9 cleaved sites are
ligated with Oxford Nanopore Technologies (ONT) sequencing adapters and sequenced on a flow
cell. Sequencing is bi-directional from the cleavage site. ¢, Nano-Pal scans the nanopore sequencing
reads (black bars) after Cas9 enrichment for MEI signal on one or both ends. The yellow bar rep-
resents MEI consensus sequence or MEI signals in pairwise comparison of Nano-Pal. d, All reads
with or without annotated MEI signal are imported into the downstream pipeline. Alignment,
classification, and clustering processes are sequentially conducted. Nano-Pal identifies reference
and non-reference MEIs followed by the inspection of nanopore-specific non-reference MEIs (see
Methods). e, Examples illustrating capture and alignment of reads containing non-reference L1Hs
signal (top) and reference L1Hs signal (bottom). Aligned reads display a non-reference insertion
(top) with L1Hs signal (yellow bar) and flanking genomic sequence (black bar). MEI components
of reads in non-reference insertions are displayed as overlapping (soft clipping) due to lack of refer-
ence genome MEI annotation (grey bar). Aligned reads display annotated reference L1Hs (bottom,
yellow bar), flanked by surrounding genomic sequence (black bar), separated by the Cas9 cleavage
site (red triangle). PALMER and RepeatMasker tracks are illustrated in red and blue, respectively.
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We designed guide RNAs using unique subfamily-specific sequences within each
element to maximize the specificity of Cas9 targeting (Figure 3.2, see Methods).
Using this approach, we generated a list of candidate 20bp guide RNAs for each
MEI category (Figure 3.2a-c). We selected an L1Hs candidate guide RNA with the
‘ACA’ motif at 5929bp of the L1Hs consensus sequence, which distinguishes the
L1Hs subfamily from other L1 subfamilies (e.g. L1PA)[130, 103, 119]. For AluY
and SVA, 18 unique guide RNA candidates were obtained (one for AluYb, three for
AluYa, seven for SVA_F, and six for SVA_E) (see Methods, Figures Supplementary
Figure 1*, Supplementary Figure 2%, and 3.3 full list not shown). Candidates were
further prioritized to those with the largest number of subfamily-specific bases and
proximity to the 3’ end of the MEI sequence, near the polyA tail, which is an obligate
component of the TPRT mechanism of retrotransposition[141, 142]. From the pool of
candidates, a single guide RNA for each MEI subfamily was selected for downstream
enrichment experiments (Figure 3.3). After Cas9 enrichment and read processing,
we assessed the cleavage sites of all five guide RNAs (Figure 3.2d and Figure 3.4).
The resulting distribution showed a vast majority of the forward-strand reads start
at the third or fourth base-distance from the ‘NGG’ PAM site, and reverse-strand
reads begin at the seventh base. This is consistent with previous characterization
studies of Cas9 cleavage activity[143]. Furthermore, we observed strand bias with
approximately 4.6-fold more reads on the forward strand compared to the reverse
strand, which has been hypothesized to be caused by Cas9 remaining bound after
cutting and obstructing adapter ligation and sequencing[144, 127]. We detected
directional sequencing biases within different MEI subfamilies and enrichment runs

(Supplementary Data 2* Figure 3.4).
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Figure 3.2: Guide RNA design for MEIs and guide RNA cleavage-site distribution. a, Distributions
of candidate guide RNAs (left Y-axis and the histogram) in the L1Hs consensus sequence and
structure information. The right Y-axis and the line indicate frequency of corresponding candidates
in the reference genome sequence. b, Upper panel shows the distribution for AluYb and the lower
panel for AluYa. c, Upper panel shows the distribution for SVA__F and the lower panel for SVA__E.
Red arrows in a, b, and c indicate where the selected guide is. d, Cleavage-site distribution of all
guide RNAs in this project. The x-axis indicates the position where the read ends or begins, with
the number depicting the base distance from the PAM site (NGG). The PAM site (NGG) is colored
blue and guide RNA bases are highlighted by a rectangle. Bases outside of the guide RNA or the
PAM site are colored grey. The y-axis is the number of nanopore reads counted. The upper bar
represents reads with forward strand sequencing outward from the 3’ end of the guide RNA (rose
arrow) and the lower bar represents reads with reverse strand sequencing outward from the 5’ end
of the guide RNA (purple arrow).
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5 -CTAATGTGTCATCTAGCATT-AGG-3'
5'-CGCCACTGCAGTCCGCAGTC-CGG-3'
5-CCAGGCTGGAGTGCAGTGGC-GGG-3
5 -TCAACAGGATCCCAAGGCAG-AGG-3
5 -TGAGAAATCGGATGGTTGCC-GGG-3

Figure 3.3: Five final guide RNAs MEIs. Figure shows the composition of forward/reverse strand
reads based on these guide RNA sequence.
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Figure 3.4: Distributions of guide RNA cleavage-site for five MEI subfamilies. a, Cleavage-site
distribution of L1Hs guide RNA. X-axis shows the position where the read ends or begins with the
number indicating the distance from the ‘N’ of the PAM site (NGG). The PAM site (NGG) was
colored red and guide RNA bases were highlighted by red background. Y-axis is the number of
nanopore reads counted. The upper blue bar represents the reads with forward strand sequencing
outward the 3’ end of guide RNA and the lower yellow bar represents the reads with reverse strand
sequencing outward the 5’ end of guide RNA. b, Cleavage-site distribution of AluYb guide RNA.
¢, Cleavage-site distribution of AluYa guide RNA. d, Cleavage-site distribution of SVA_F guide
RNA. e, Cut-site distribution of SVA_E guide RNA
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We developed a computational pipeline, Nano-Pal, to analyze captured long reads
after base-calling and trimming, estimate the on-target rate of Cas9 enrichment from
MEI signals on the ends of reads, and identify reference and non-reference MEIs
(Figure 3.1b,c). Due to the frequency of targeted MEIs in the genome, an individ-
ual nanopore read may harbor a MEI signal on one or both ends. Reads with a
single-end MEI signal had similar read lengths within all MEI experiments, yet were
significantly larger than reads with two-end MEI signals. This was especially true
in L1Hs experiments (L1Hs 1.9-fold, AluY 1.1-fold, SVA 1.4-fold, Figure 3.5 ). To
better distinguish non-reference MEI signals from those present in the reference, par-
ticularly where non-reference MEIs are embedded into reference MEIs[109], the pre-
masking module from an enhanced version of our long-read non-reference MEI caller,
PALMER]109], was implemented into Nano-Pal (Figure 3.1d). This enabled identi-
fication and masking of reference MEIs in individual long-reads, enhancing detection
of non-reference MEI signals within the remaining unmasked portion[109]. Non-
reference and reference MEIs were then summarized by clustering nearby nanopore

reads.
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Figure 3.5: Read length distributions for MEI categories (L1Hs, AluY, and SVA). All reads were
identified into three categories: reads with on-target reference MEI signals, ones with on-target
non-reference MEI signals, and ones with no signals (off-target). The read length (mean standard
deviation) are shown above the boxplots. And the P-value (student’s T-test, two-tailed) are shown

between the boxplots of one-end reads and two-end reads. Error bars range from Q1—1.5IQR to
Q3+1.5IQR (IQR, interquartile range).

3.3.2 Cas9 Targeted Enrichment Efficiently Captures Mobile Element Signals in Nanopore
Reads

To estimate the enrichment efficiency for different flow cells and MEI subfamilies,
all passed reads were classified into three categories: on-target, close-target, and
off-target (see Methods). The on-target rate for nanopore reads from a single L1Hs
experiment on a Flongle flow cell, including both reference and non-reference MEIs,
was 56.9%. Relatively lower on-target rates were observed for the other MEIs on
the Flongle flow cell: 46.7% for AluYb, 23.8% for AluYa, 5.8% for SVA_F, and
2.3% for SVA_E (Table 3.1). When an L1Hs enrichment experiment was sequenced
on a MinlON flow cell, the on-target rate was approximately 35.0% (FAL11389)
and 23.3% for a pooled MEI run (FAO84736). Compared to earlier studies (2.09%
in Flongle and 4.61% in MinION)[127], these results show substantially improved
enrichment, with a 1- to 25-fold increase relative to the Flongle flow cell, and over
5-fold enrichment relative to the MinlON flow cell. These enrichment increases are

likely due to the frequency of the targets in the genome. Overall, our approach
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reaches an average of 44% of nanopore sequencing reads with target MEI signal from

these seven flow cell runs.

On-target -
MEI Run Flow cell Read number g Close-target
Reference Non-reference Reference
Individual
L1Hs ABB607 4,102 49.6% 7.3% 16.8%
AluYb ACK645 2,271 40.2% 6.5% 1.0%
AluYa ACKB55 Flongle 12,513 18.0% 5.8% 10.3%
SVA_F ACKB29 14,108 3.7% 2.1% 3.7%
SVA_E ABO395 7,297 1.7% 0.6% 0.2%
L1Hs FAL11389 MinION 110,029 30.7% 4.3% 37.9%
Pooled FAQB4736 MinlON 105,410 20.1% 3.2% 38.4%
L1Hs 8.9% 1.6% 33.9%
AluYb 7.0%
) ° 1.2% 3.2%
AluYa 2.8%
SVA_F 1.2%
- i 0.4% 1.3%
SVA_E 0.2%

Table 3.1: Summary of seven representative flow cells. Five individual Flongle flow cells for L1Hs
(ABB60T7), AluYb (ACK645), AluYa (ACK655), SVA_F (ACK629), and SVA_E (ABO395) each,
one individual MinION flow cell for L1Hs (FAL11389), and one pooled MinION flow cell for five

MEIs (FAO84736)

To further assess the improved enrichment of MEI subfamilies, the extent of repre-
sentation of MEI targets with high sequence identity were examined within the data.
A portion of the enrichment data contained ‘close-target’ reads that resemble related
subfamilies of the intended targets and can be explained by the base mismatch tol-
erance between the guide RNA sequence and the targeted MEI sequence[145, 146].
For L1Hs, a rate of 16.8% on the Flongle and 33.9% to 37.9% on the MinION flow
cell was observed, with close-target reads mapping to reference L1PA regions. Flon-
gle sequencing of AluYa had a rate of 10.3% of close-target reads to other reference
AluY elements, in contrast to AluYb where a dramatically reduced ‘close-target’ rate
of 1.0% was observed (Table 3.1). This enhanced specificity may be explained by a

specific insertion sequence within AluYb (5’-CAGTCCG-3’) that was included in the
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guide RNA and is unique to the youngest Alu elements (AluYb)[129] of the genome.
For the SVA Flongle sequencing, ‘close-target’ rates of 3.7% and 0.2% to the other
reference SVAs were observed in the SVA_F and SVA__E enrichment, respectively.

We next assessed the efficiency of our target enrichment of MEIs compared to
whole-genome sequencing (WGS) approaches. A recent, related study used a whole-
genome nanopore sequencing approach[125] to study MEIs and methylation and
provides an excellent benchmark to which we may compare our results. When taking
total sequenced reads into account, our targeted approach exhibited between a 13.4
to 54 fold increase in the average number of reads per MEI compared to WGS
(Figure 3.6). Furthermore, our read length N50 ranged from 14.9Kbp to 32.3Kbp
compared to 5.14Kbp to 10.57Kbp reported in Ewing et al, suggesting that our
targeted approach also results in a higher number of MEI spanning reads. Overall,
these comparisons indicate that on the basis of per-base sequenced, MEI target

capture exhibits significant enrichment advantages over whole genome approaches.
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Figure 3.6: Number of supporting reads for three categories of non reference MEIs from the Cas9
targeted nanopore sequencing and the whole-genome nanopore sequencing by Ewing et al. 2020. a,
Number of supporting reads for non-reference L1Hs, AluY, and SVA in the whole-genome nanopore
sequencing (from five PromethION flow cells) and the Cas9 targeted nanopore sequencing (L1Hs
from 11 MinION/Flongle flow cells, AluY from four from 4 MinION/Flongle flow cells, and SVA
from 4 MinION /Flongle flow cells). b, Number of supporting reads of non-reference MEIs normal-
ized by the total yield base pairs from flow cells in two studies.
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3.3.3 Cas9 Enrichment and Nanopore Sequencing Rapidly Saturates Reference and
Non-Reference MEIs

Due to the possibility that the guide RNA may bind to off-target sites and direct
Cas9 to cut in MEIs that are not perfectly matched to the guide sequence[145,
146], we established expectation thresholds to evaluate the number of captured
reference and non-reference MEIs. The reference MEI sets were obtained from
RepeatMasker[147]. A ‘PacBio-MEI" callset in GM12878 was generated by com-
prising a mapping-based callset and an assembly-based callset as a comprehensive
gold standard set for non-reference MEIs (see Methods). The PacBio-MEI includes
215 L1Hs, 362 AluYb and 593 AluYa in 1404 Alus, and 33 SVA_F and 24 SVA_E in
72 SVAs (Figure 3.7 and Supplementary Data 4*). Three categories (lower, interme-
diate, and upper) were defined that contain a number of reference and non-reference
MEIs from each subfamily (Table 3.2). Each threshold classifies MEIs depending on
the extent of allowed mismatches between the guide and the sequence. The lower-
bound is the most stringent and requires a perfect match between the guide sequence
and the MEIL The intermediate-bound is less stringent and can tolerate three or fewer
mismatches. We consider this to be the closest estimation to the number of MEIs
that a guide RNA could reasonably capture among these three boundaries. Finally,
the upper-bound is the least stringent and most inflated, requiring that at least 60%

of the guide sequence matches the MEI (see Methods).
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Figure 3.7: Venn diagram of the PALMER callset and the PAV callset for non reference MEIs
in NA12878 genomes. PALMER callset (red circle) is from PacBio raw sub-reads, and PAV (the
Phased Assembly Variant caller, https://github.com/EichlerLab/pav, see Methods) callset (blue
circle) is from PacBio assembly-based pipeline. The circles are depicted by the scale of the numbers
showed inside. The union of two sets is generated as ‘PacBio-MEI’ to be the gold standard set to
compare with the calls from nanopore data.
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Upper-bound

Reference_L1Hs = Reference_L1PA

Other_reference_L1

Non_reference_L1Ta

Non_reference_L1PreTa Non_reference_L1Ambig

1,139 101,631 496,786 144 7 64
64.5303% 0.4133% 0.0002% 61.8056% 71.4286% 31.2500%
79.7191% 7.2980% 0.0046% 95.8333% 85.7143% 43.7500%
76.2950% 7.0825% 0.0054% 92.3611% 71.4286% 46.8750%

Reference_AluYb  Reference_AluYa  Other_reference_AluY Other_reference_Alu Non_reference_AluYb Non_reference_AluYa

3,056 4,310 135,419 964,968 362 593
22.9058% 0.0000% 0.0140% 0.0127% 16.0221% 0.0000%

0.2291% 36.1485% 0.6912% 0.4363% 1.1050% 29.0051%
68.8154% 42.9002% 1.9133% 1.4522% 60.4972% 36.0877%
Reference_SVA_F Reference_SVA_E Other_reference_SVA Non_reference_SVA_F  Non_reference_SVA_E

393 147 2,440 33 24

39.9491% 15.6463% 11.3525% 57.5758% 8.3333%

0.5089% 52.3810% 0.4918% 0.0000% 33.3333%

68.9567% 61.2245% 35.5738% 84.8485% 41.6667%

Intermediate
Reference_L1Hs Non_reference_L1Ta Non_reference_L1PreTa Non_reference_L1Ambig
905 134 6 21

81.2155% 66.4179% 83.3333% 95.2381%
100.0000% 100.0000% 100.0000% 100.0000%
96.0221% 100.0000% 83.3333% 100.0000%

Reference_AluYb
2,240
31.2500%
0.3125%
93.8839%

Reference_SVA_F
71.0407%

0.9050%
100.0000%

Reference_AluYa
3506
0.0000%
44.4381%
52.7382%

Reference_SVA_E
17.5573%

58.7786%
68.7023%

Non_reference_AluYb

249 510
23.2932% 0.0000%
1.6064% 33.7255%
87.9518% 41.9608%

Non_reference_SVA_F

65.5172% 8.3333%
0.0000% 33.3333%
96.5517% 41.6667%

Lower-bound

Reference_L 1Hs

479
100.0000%
100.0000%
100.0000%
Reference_AluYb  Reference_AluYa
1,859 3177
37.6547% 0.0000%
0.3765% 49.0400%
100.0000% 58.1996%
Reference_SVA_F Reference_SVA_E
192 92
81.7708% 25.0000%
1.0417% 83.6957%
100.0000% 97.8261%

Non_reference_AluYa

Non_reference_SVA_E

Table 3.2: Known MEIs captured by nanopore Cas9 enrichment approach in different flow cells
based on different boundaries. Upper-bound, intermediate, and lower-bound values of different
categories of MEISs are included regarding background (number) and seven representative flow cells

(percentage).
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Upon comparing our MEI enrichment data to the aforementioned intermediate
value estimates ( Figure 3.8a,b, Figure 3.9, and Table 3.2, Supplementary Data 6*),
the individual and the pooled MinION flow cell captured 100% (35.8 mean cover-
age) and 96.0% (10.5 mean coverage) of known reference L1Hs with on-target reads,
respectively. The individual Flongle captured 81.2% (2.7 reads mean coverage) of
known reference L1Hs. For the non-reference L1Hs, the individual and pooled Min-
ION flow cell captured 100% and 99.4% for all the L1Hs subfamilies, respectively.
The individual Flongle captured 66.4%, 83.3%, and 95.2% for non-reference L1Ta,
L1PreTa, and L1Ambig, respectively. Our results showed that only one of the Min-
ION flow cells (FAL11389 or FAO84736) was necessary to capture most of the known
reference and estimated non-reference L1Hs subfamilies in the genome when consid-
ering intermediate values, indicating a very high sensitivity of guide RNA targeting
in the experiments.

Compared to the least stringent upper-bound estimates, 64.5% and 79.7% of
known reference LL1Hs were captured using the individual Flongle and MinION flow
cell, respectively. Non-reference L1Hs capture ranged from 53.0% to 80.0%, com-
pared to 4.1% to 7.3% of close-target L1PA elements, and less than 0.01% of off-
targeting to other L1 elements (Figure 3.8a,b, Figure 3.9, and Table 3.2, and Sup-
plementary Data 6*). The high percentage of elements captured that were on-target
versus the other categories, including off-target, indicates the high specificity of the
guide RNA to L1Hs in the enrichment. The read depth of the reference and non-
reference L1Hs elements observed in these MinlON flow cells has an approximate
ratio of 2:1 (Figure 3.8b), consistent with the expectation that reference MEIs are

homozygous, and a considerable portion of non-reference MEIs are heterozygous[148].
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Figure 3.8: Systematic evaluation of known MEIs captured by nanopore cas9 enrichment approach
in different flow cells. a, Known L1Hs in GM12878 recovered by Cas9 targeted enrichment from the
individual MinION flow cell (FAL11389), pooled-MEI MinION flow cell (FAO84736), and individual
Flongle flow cell (ABB607), displayed as a proportion of the upper-bound known reference L1Hs,
L1Pa, and other L1 as well as non-reference (non-ref.) L1Hs from the PacBio-MEI set. Non-
reference L1Hs were divided into different subfamilies (L1Ta, L1PreTa, and L1Hs with ambiguous
subfamilies). Dotted-grey line represents the intermediate values (as proportion) of MEIs that the
guide RNA binds when allowing a <3bp mismatch or gap. b, Number of supporting reads of each
captured L1 in the context of a. ¢, Known AluY elements in GM12878 recovered by Cas9 enrichment
on one pooled MinION flow cell (FAO84736), one individual AluYb Flongle flow cell (ACK645),
and one individual AluYa Flongle flow cell (ACK655). d, The number of supporting reads of each
captured Alu element in the context of c¢. e, Known SVA elements in GM12878 recovered by Cas9
enrichment on one pooled MinION flow cell (FAO84736), one individual SVA_F Flongle flow cell
(ACK629), and one individual SVA_E Flongle flow cell (ACK395). f, The number of supporting
reads of each captured SVA element in the context of e. g, Known L1Hs captured in the GM12878
trio by Cas9 enrichment on one pooled MinION flow cell (FAL15177). h, The number of supporting
reads of each captured non-reference L1Hs based on transmission in the GM12878 trio. The non-
reference L1Hs in the parents (GM12892 and GM12891) were categorized into transmitted and
not-transmitted. The non-reference L1Hs in the child (GM12878) were categorized as insertions
inherited from GM12892 or GM12891, and from either parents (unknown parental lineage). In
b, d, f, h, the numbers of captured MEI subfamily can be found in Supplementary Data 6 with
information of mean and standard deviation; The error bars of boxplot range from Q1—1.5IQR to
Q3+1.5IQR (IQR, interquartile range) and outliers are not shown.
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Figure 3.9: Summary of recovered known reference and non-reference MEIs. a, Known L1Hs in
GM12878 recovered by Cas9 targeted enrichment from the individual MinION flow cell (FAL11389),
pooled-MEI MinION flow cell (FAO84736), and individual Flongle flow cell (ABB607), displayed
in a way of proportion of the upper-bound known reference L1Hs, L1Pa, and other L1 as well as
non-reference (non-ref.) subfamilies (L1Tal, L1Ta0, L1Ta, L1PreTa, and L1Hs with ambiguous sub-
families) of L1Hs from PacBio-MEI set. b, The number of supporting reads in each captured L1 in
the context of a. ¢, Known AluY elements in GM12878 recovered by Cas9 enrichment in two pooled
MinION flow cells (FAO84736 and FAO08905), one individual AluYb Flongle flow cell (ACK645),
and one individual AluYa Flongle flow cell (ACK655). d, The number of supporting reads in each
captured Alu element in the context of ¢. e, Known SVA elements in GM12878 recovered by Cas9
enrichment in two pooled MinION flow cells (FAO84736 and FAO08905), one individual SVA_F
Flongle flow cell (ACK629), and one individual SVA__E Flongle flow cell (ACK395). f, The number
of supporting reads in each captured Alu element in the context of e. Error bars of boxplot range
from Q1-1.5IQR to Q3+1.5IQR (IQR, interquartile range).
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For AluY subfamilies, individual Flongles were utilized for separate runs of AluYb
(ACK645) and AluYa (ACKG655), and one pooled MinlON flow cell (FAO84736)
(Figure 3.8¢,d, Figure 3.9, Table 3.2, and Supplementary Data 6*). 93.9% (3.5 mean
coverage) reference and 88.0% (2.4 mean coverage) non-reference AluYbs were cap-
tured from the pooled MinION flow cell run, based on intermediate values. Similar
to the L1Hs, the MinION flow cell was able to capture a vast majority of AluYb ele-
ments when considering intermediate values, indicating high sensitivity performance
of the AluYDb enrichment. A relatively lower rate of capture for reference (52.7%, 1.6
mean coverage) and non-reference (42.0%, 1.4 mean coverage) AluYa enrichment was
observed in the pooled MinlON flow cell run based on intermediate values. Cross-
capture rate from the two individual Flongle flow cells was less than 0.1%, and close-
and off-target reference elements were <0.1% and 2% for the Flongles and MinION,
respectively, indicating a high specificity of the guide RNA for each AluY subfamily
(Figure 3.8c, Table 3.2, and Supplementary Data 6*).

Similar enrichment rates were obtained from the two individual Flongle flow cells
for SVA_F (ACK629) and SVA_E (ACK395), and in the pooled MinION flow cell
(FAO84736) (Figure 3.8e.f, Figure 3.9, Table 3.2, and Supplementary Data 6*). 100%
(4.6 mean coverage) reference and 96.6% (3.9 mean coverage) non-reference SVA_F
were captured from the pooled MinlON flow cell run based on intermediate values.
A relatively lower rate of capture for reference (68.7%, 1.9 mean coverage) and non-
reference (41.7%, 1.5 mean coverage) SVA__E enrichment was observed in the pooled
MinION flow cell run based on intermediate values. The close-target reference SVAs
capture rate was relatively high in two of the runs (35.6% in MinION flow cell and
11.4% in ACK629 Flongle flow cell). This could be due to SVAs sharing less base

pair substitutions among their subfamilies compared to the other MEI families, as it
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is the youngest retrotransposon family found in the hominid lineage[128].

Our results indicate that an individual MinION flow cell (FAL11389) is able to
completely (100%) capture reference and non-reference instances of a single MEI
subfamily (L1Hs) compared to sequencing on the smaller Flongle flow cells. More
importantly, a pooled run of an unbarcoded, five MEI subfamily enrichment ex-
periment can recover the vast majority of known reference and non-reference MEIs
(96.5% L1Hs, 93.3% AluYb, 51.4% AluYa, 99.6% SVA_F, and 64.5% SVA_E) in
the genome when considering elements with a < 3bp mismatch to the guide RNA.
Such an approach outperformed individual Flongle flow cells and approached the
same capture level as the single MEI subfamily MinION run (Figure 3.8, Figure 3.9,
and Supplementary Data 3*, Table 3.2, Supplementary Data 6*). This suggests that
the MinION flow cell has ample sequencing capacity to accommodate each experi-
ment with negligible competition between samples, despite sequencing multiple MEI
enrichments on one platform. Finally, a substantial fraction of reference and non-
reference MEI events can be captured in a single MinION sequencing experiment
with multiple supporting reads. With further optimization of the enrichment and
sequencing methodologies, it is plausible to fully saturate reference and non-reference

MEIs in a single experimental iteration.

3.3.4 Detectable Transmission of Non-reference L1Hs Within a Trio

To trace the transmission of non-reference L1Hs in GM12878 from the parents, an-
other enrichment experiment of L1Hs elements was performed in GM12878, GM12891,
and GM12892 (Figure 3.8g,h and Supplementary Data 3*,6*). The on-target rate
for L1Hs ranged from 34.3% to 40.4% in the individual Flongles for GM12891 and
GM12892 (parents), which mirrors the on-target rate of GM12878 (child) (Table

3.3).
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On-target Close-t; t Off-t. t

Sample Run Flow cell Read g ose-arge arge
Reference Non-reference Reference

Individual
GM12878 ABG188 3.637 35.1% 5.8% 21.7% 37.5%
GM12891 ABO515 Flongle 3.596 30.5% 3.8% 22.4% 43.4%
GM12892 ABNTE0 3.204 35.0% 5.4% 28.2% 31.4%
Pooled FAL1517T MinlOMN
GM12878 4,171 304% 41% 16.9% 48.5%

GM12891 160,641 13.5% 1.9% 8.9% 75.8%
GM12892 101,294 37.8% 5.8% 21.2% 35.2%

Table 3.3: Enrichment of mobile element signals in nanopore reads from GM12878 trio L1Hs ex-

periments. Four flow cells were carried out for trio experiments in the project: three individual
Flongle flow cells for GM12878 (ABG188), GM12891 (ABO515), and GM12892 (ABN780) each,
and one MinION flow cell for pooled three samples (FAL15177).

Transmission of non-reference L1Hs to GM12878 from the parental genomes was
further examined using available GM12891 and GM12892 sequencing data. As the
parental genomes lack sufficient long-read sequencing data, we utilized MELT to
resolve non-reference L1Hs callsets from high-coverage Illumina short-read sequenc-
ing data. This analysis yielded 123 and 118 high confidence, non-reference L1Hs in
GM12892 and GM12891, respectively. The number of MEIs identified in the MELT
call sets are relatively lower than the number (n=205) detected in the ‘PacBio-MET’
set for GM12878, consistent with previous observations that long-reads are more
sensitive for MEI discovery[109, 113, 126] (Supplementary Data 4*). Additional ev-
idence of transmission can be derived by the enrichment of reads from non-reference
MEIs in GM12878. We expect MEIs that can be transmitted from either parent will
have higher read coverage due to a portion of these being homozygous, and single
parent transmitted MEIs will be heterozygous in GM12878. As predicted, an enrich-
ment of approximately 1.52-fold (17.6 vs 11.6 mean coverage) was observed for these
reads (Figure 3.8h and Supplementary Data 6*). Similarly, the ‘not transmitted to
child” non-reference L1Hs in parent samples should be heterozygous and were ob-

served to be depleted by approximately 0.56 0.72-fold (17.4 vs. 31.3 mean coverage
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in GM12892 and 10.7 vs. 14.8 mean coverage in GM12891) of the nanopore reads
that have been transmitted to the child (Figure 3.8h). These observations showed an
expected supporting-read distribution of non-reference L1Hs, supporting the efficient

nanopore Cas9 targeted enrichment in the pooled trio samples.

3.3.5 Cas9 Enrichment and Nanopore Sequencing Captures Non-reference Mobile
Elements in Complex Genomic Regions

To estimate the efficacy of enrichment for non-reference MEIs with different se-
quencing coverage, we manually inspected each non-reference MEI reported by Nano-
Pal and performed subsequent saturation analysis for all flow cells (Figure 3.10,
see Methods). We find few additional L1Hs insertions by including additional on-
target reads beyond approximately 30,000, using a cutoff of 15 supporting reads
(Figure 3.10a). This is consistent with the observation that the MinION (individ-
ual or pooled, usually with >100k passed reads) has the ability to capture most
non-reference L1Hs. In addition, there was no observable enrichment bias of MEI

subfamilies from different flow cells (Figure 3.11).
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guide number as in a. d, An example of non-reference L1Hs specifically captured by nanopore
sequencing at chrX:121,709,076. The tracks from top to bottom are as follows: reference coordinates
with a red triangle represent the insertion site, gene track, RepeatMasker track (blue bars) with
reference element annotation, PacBio contigs assembly for two haplotypes, four nanopore local-
assembled contigs by CANU from different classifications of nanopore reads based on insertion
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L1Hs sequence contained in the contig. The red bar represents one side of the target site duplication
motif for the non-reference L1Hs contained in the contig. The upper part of this panel demonstrates
sequences at the end of two contigs regarding the cleavage site when aligning to the guide RNA
sequence. Blue bars in the middle panel represent the RepeatMasker track with reference L1
information annotated and the red triangle represents the insertion site in the reference L1 region.
The right panel shows contig3d versus the reference sequence. Details of this non-reference L1Hs

are detailed in the panel, including length, strand, empty site, and endonuclease (EN) cleavage site
sequence.
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We examined the 182 non-reference L1Hs in GM12878 that overlapped with the
PacBio-MEI set. Of these 175 (96.2%) could be accounted for by the parental
(GM12891 and GM12892) sequencing data (Figure 3.12), and three overlapped known
polymorphic insertions[126]. The remaining four non-reference L1Hs are located
within centromeric regions, which could be missed in the parental samples due to
lack of supporting reads. In addition, we observed 601 non-reference AluY (including
323 AluYb and 263 AluYa) and 49 non-reference SVA (including 30 SVA_F and 15
SVA_E) that overlapped with the PacBio-MEI set. We further examined the set
of MEIs that were captured exclusively by Cas9 targeted enrichment and nanopore
sequencing, but not found in the PacBio-MEI intersection (Supplementary Data 8*).
We identified 12 additional L1Hs insertions as nanopore specific with > 4 supporting
reads that had been missed by the PacBio-MEI set with valid hallmarks, including
target site duplication motifs, poly(A), EN Cleavage site, and empty site sequences,
indicating a retrotransposition event induced by target-primed reverse transcription
mechanism (TRPT) (Supplementary Data 9%, Figure 3.13). In addition, we detected
5 AluY elements that were specifically captured by nanopore reads in the GM 12878
genome (Supplementary Data 9%). After refinement and inspection, we generated a
full set of non-reference MEIs (194 L1Hs, 606 AluY, and 49 SVA) captured by Cas9
enrichment and nanopore sequencing in the GM12878 genome (Supplementary Data
10*). Of note, all intermediate-value calls of PacBio-MEI for L1Hs, AluYb, and
SVA_F were recovered in this study (Table 3.2, Supplementary Data 9*and 10%*).
Additionally, 46 calls with L1Hs sequence and 14 with AluY sequence were captured
by Cas9 target nanopore sequencing yet not included in the final non-reference callset
(Supplementary Data 8*). Though lacking the support of TPRT hallmarks indicat-

ing a retrotransposition event, they may represent polymorphic duplicated sequences
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One non-reference L1Hs insertion at chrX:121,709,076 was particularly intrigu-
ing. The PacBio genome assembly-based approach overlooked this insertion, as it
fell within a ‘reference L1 rich’ region (Figure 3.10d). Upon further inspection, this
event was supported as a 403bp heterozygous L1Hs insertion by the existence of
significant retrotransposition hallmarks, as well as recurrence (dot) plots[109, 149]
(Figure 3.10e, see Methods). This insertion also shares a high sequence identity with
a nearby reference L1PA11 element (Supplementary Data 8*). The decrease in ef-
ficacy of the PacBio assembly-based approach in this region could be explained by
the intricate nested ‘L1 in L1’ structure and observed heterozygosity (Figure 3.10d).
Likewise, the AluY nanopore Cas9 enrichments captured interesting non-reference
AluY instances: A homozygous AluYbS8 insertion at chr19:52384635, an exonic re-
gion within the ZNF880 gene, was reported to alter RNA expression due to the
Alu element’s effects on the RNA secondary structure[150]. Another heterozygous
AluYab insertion at chr16:69157709 was located within a reference AluJr region, in-
dicating a potential nested ‘Alu in Alu’ structure that could hinder non-reference
AluY discovery. These observations demonstrate the high sensitivity of nanopore
Cas9 enrichment, suggesting its feasibility for MEI discovery in complex genomic

regions.

3.4 Discussion

Here we describe our design and implementation of Cas9 targeted nanopore se-
quencing to enrich for retrotransposition competent, repetitive mobile elements in
the human genome[127]. After carefully designing guide RNAs to each MEI sub-
family and coupling the enrichment with an established computational pipeline, our

approach reaches an average of 44% nanopore sequencing reads with target MEI
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signals. We recovered a vast majority of reference and known non-reference mo-
bile elements (96.5% L1Hs, 93.3% AluYb, 51.4% AluYa, 99.6% SVA_F, and 64.5%
SVA_E) in the genome using only a single MinION flow cell. In addition, we dis-
covered 21 non-reference MEIs within the GM12878 genome that were previously
missed by other orthogonal long-read pipelines. Our data suggest that a MinION
flow cell is ideal for a pooled, multiple-element enrichment experiment, as a pro-
hibitively reduced enrichment or extensive cross-capturing of subfamilies was not
observed. However, we observe that some of our MEIs targets (SVAs and Alus) have
reduced enrichment compared to L1Hs. While we find relatively stable on-target
rates for a specific guide target, differences in guide target rates can be expected due
to different numbers of genomic integration sites, high numbers of similar target se-
quences, or guide RNA efficiency variation. For example, the low number of SVAs in
the genome resulted in rather low on-target reads, but sufficient coverage to identify
most of these elements in the genome. Similarly, the high number of Alus in the
genome increases the set of near-matched guides and so we have a high background
of other Alus enriched. The work presented here highlights the potential of targeted
enrichment and nanopore sequencing to rapidly discover distinct MEIs, and cements
an experimental foundation to probe even the most elusive mobile element insertion
events.

Cas9 targeted enrichment paired with nanopore sequencing has the potential for
resolving complex structural variation, previously obfuscated by sequencing and com-
putational limitations. We leveraged the nanopore Cas9 targeted sequencing[127]
method to target active retrotransposons in the human genome in a discovery-based
approach. To our knowledge, this is the first application of this method for repetitive

mobile element detection. Our experiments indicate that by utilizing guides targeted
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to specific subfamily sequences, both reference and non-reference insertions can be ef-
ficiently enriched and mapped with multiple supporting reads on even the smallest of
nanopore sequencing flow cells. Moreover, we demonstrate that individual sequenc-
ing experiments readily capture a majority of reference and non-reference elements.
In both pooled and single element experiments, MEIs of five subfamilies are robustly
enriched, suggesting that this method is widely applicable across mobile elements,
and most suitable for high copy genomic elements. In addition, nanopore sequencing
offers the ability to detect DNA modifications like 5mC. Even though we obtained
nanopore reads with two directions, of the reads belonging to captured full-length
L1Hs, 65% extend across the consensus L1 sequence and beyond the L1Hs promoter
regions in the 3’—5’ direction, indicating the ability to investigate L1Hs promoter
methylation in Cas9 targeted nanopore sequencing experiments. We further exam-
ine CpG methylation profiles of full-length reference and non-reference MEIs (Figure
3.14), showing consistent results with a prior study[125]. Guide RNA design process
is straightforward, and targeting elements based on subfamily nucleotide differences
captures both reference and non-reference elements, with negligible loss of sequencing
to related close subfamilies or off-targeting. Unlike other Cas9 targeted enrichment
experiments, on-target (reference and non-reference) rates for our method are com-
paratively higher, exceeding 50% in some cases. While this is likely a consequence
of the number of genomic copies of the targeted element and, to a lesser extent, the
fidelity of the guide sequence, it reiterates this method is particularly suitable for

MEI discovery.
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The preponderance of uncharacterized MEIs, taken together with their potential
contribution to genomic variation and disease, emphasizes the critical need for effi-
cient mobile element detection strategies. Our experiments using Cas9 enrichment
and nanopore sequencing can quickly map active mobile elements in the human
genome, as well as their larger genomic context. As we expected, in the nanopore-
specific MEIs captured by our experiments, 15 out of 17 have reference Alu, L1, or
LTR regions flanked by the insertion site. The assembly method or PacBio subread
mapping (usually shorter than nanopore reads) could find difficulties in these refer-
ence repeat regions, where the Cas9 target method with nanopore sequencing could
overcome the obstacles (with read length N50 ranged from 14.9Kbp to 32.3Kbp in
the 17 flow cells of our experiments, Supplementary Data 3*). Although this is only
a handful of overlooked insertions, it is a surprising result from such an extensively
sequenced genome as GM12878. As we have shown previously, upwards of 50%
of MEIs are missed in data generated from short read sequencing approaches[109].
Taken together with our results showing near complete saturation for MEIs in a single
enrichment experiment, we anticipate that this may be highly effective at mapping
patient samples, where a substantially larger proportion of MEI sites may differ
from the GM12878 reference. In addition, larger nanopore sequencing platforms and
multiplexed patient samples for pooled enrichments would streamline processing and
maximize cost efficiency.

Since Cas9 enrichment has been used to target rare rearrangement events[151],
implementation of this approach to detect unique, de novo, or somatic mobile ele-
ment insertions is a feasible endeavor. This is emphasized by mounting evidence of
MEIs escaping repression in embryogenesis, such as 5’ truncated LINE-1s dodging

repression by YY1 in neurons[152]. Nanopore-based identification of particularly
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rare insertion events, such as mosaic MEIs, is plausible. Recent work using whole
genome sequencing of neuronal cells has demonstrated lineage tracing of retrotrans-
position events in early embryogenesis[153]. The application of targeted enrichment
approaches to genetic mosaicism may improve the rate and depth at which this type
of variation is sequenced. However, efficiently detecting genetic mosaicism through
Cas9 enrichment may require larger sequencing platforms or methodological innova-
tions, as the rarity of target sites in a sample increases.

While we surmise that the vast majority of MEIs can be captured using this ap-
proach, it is important to recognize that some genomic locations may persistently
conceal recently transposed elements. Centromeric regions and long palindromic
repeats are examples of complex genomic features that could be recalcitrant to
MEI discovery[154]. With N50s of more than 25kb, we observed some MEI sig-
nals in centromeric and highly repetitive, palindromic regions from our nanopore
sequencing reads. However, these regions still complicate mapping, requiring sub-
stantially longer sequencing and comprehensive analysis to confidently pinpoint elu-
sive insertions[155]. Merging the enrichment experiments discussed here with im-
proved commercial kits and extremely high molecular weight genomic DNA, may
be critical for preserving the extremely long fragments necessary to map MEIs in
complex genomic landscapes. The importance of mobile element activity in shap-
ing the genomes they inhabit cannot be overstated. Even beyond the scope of the
human genome, mobile element activity plays an intricate role in evolution across
many organisms[156, 157]. Accelerated discovery of active mobile elements and other
repetitive genetic elements will expand our understanding of their contributions to

phenotypic diversity in genomes from every form of life.
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3.5 Methods

3.5.1 Cell Culture, Counting, and Genomic DNA Isolation

The following cell lines/DNA samples were obtained from the NIGMS Human
Genetic Cell Repository at the Coriell Institute for Medical Research: GM12878,
GM12891, GM12892. Each cell line was cultured at 37°C, 5% CO2 in RPMI 1640
media (ThermoFisher, 11875093) with L-glutamine, and supplemented with 15%
fetal bovine serum (ThermoFisher, 10437028) and 1x antimycotic-antibiotic (Ther-
moFisher, 15240112). Cells were regularly passed and the media replenished every 3
days.

High molecular weight genomic DNA was isolated from GM12878, GM12891, and
GM12892 using a “salting out” method[158] with the following modifications. Lym-
phoblastoid cells were harvested from culture and centrifuged at 500xg for 10 minutes
at 4°C. Each pellet was washed in 4°C 1X phosphate buffered saline (PBS) and cell
number was counted using the Countess II. Washed cell pellets were resuspended in
3 mL of nuclei lysis buffer (10mM Tris-HCI pH 8.2, 400mM NaCl, and 2mM EDTA
pH 8.2). 200pL of 10% SDS was added to the resuspension and inverted until evenly
mixed. 50pL of RNase A (10mg/mL) was added and the lysate was rotated at 37°C
for 30 minutes followed by addition of 50pL of proteinase K (10mg/mL) and rotation
at 37°C overnight. 1 mL of saturated NaCl solution was added to the lysate and
mixed by handheld shaking until evenly mixed. The sample was then centrifuged at
4000xg for 15 minutes at room temperature. The supernatant was transferred into
a new 1.5mL microcentrifuge tube. Two volumes of 100% ethanol were added to the
supernatant and the tube was inverted approximately 20 times, or until the precip-
itate coalesced. The precipitate was isolated via spooling with a sterile p10 pipette

tip and resuspend in a sufficient volume of 1X TE buffer ( 250-500uL, depending on
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starting amount of cell material). Genomic DNA was passed through a 27G needle

3 times and stored at 4°C. The DNA concentration was measured using a Qubit 3

Fluorimeter and the dsDNA Broad Range Assay kit (ThermoFisher, Q32850)

3.5.2 Design of Unique Guide RNAs for L1Hs, AluYb, AluYb, SVA_F, and SVA_E

To maximize the enrichment performance for each MEI subfamily, the guide RNA
(gRNA) candidates were designed to bind to the unique sequences within each sub-
family. A pairwise comparison was conducted for the target MEIs with other, non
target subfamilies. The consensus sequences for each target MEI subfamily were ob-
tained from Repbase[159], namely L1Hs in the L1 family, AluYa5 and AluYbS in the
Alu element family representing the AluYa and AluYb subfamily, and SVA_E and
SVA_F in the SVA family. These subfamilies account for over 80% of currently active
mobile elements in the human genome[128, 129, 130]. The consensus sequences of
L1PA2, AluY, primate Alu, and SVA_ D were retrieved from Repbase and included
as outgroups in the comparison analysis. Furthermore, AluYab was added as an out-
group in the design of the gRNA for AluYb, AluYb8 for AluYa, SVA_E for SVA_F,
and SVA_F for SVA_E to avoid enrichment across target MEIs. Guide RNA target
sites (20bp sgRNA + 3bp NGG PAM site) for S. pyrogenes Cas9 were identified that
are within unique MEI regions to obtain optimal guide candidates. Jellyfish2.0[160]
was utilized to create a k-mer (k = 23) index for the sequences of these unique
regions, and 23mers with a 5" ‘CC’ or 3’ ‘GG’ were selected as gRNA candidates.
The frequency of gRNA candidates and the three base substitution options in the
‘NGG’ PAM site for each candidate in the reference genome was calculated to con-
firm that the number of unique guide sequences is similar to the genomic reference
MEI sequence frequency (Table 3.3* and Figure Supplementary Figure 1* and Sup-

plementary Figure 2*). The guide RNA candidates of AluY and SVA with unique



78

sequences into were categorized into different tiers: Tier(, sequence has subfamily-
specific bases in GG/CC of the PAM site; Tierl, the frequency of 23mer falls into a
reasonable range (<2-fold of target MEI frequency) in reference genome; Tier2, the
sequence has only subfamily-specific bases at the N site of the PAM or the frequency
of the 23mer falls out of a reasonable range. A gRNA sequence falling in Tier0) was

considered an ideal candidate.

3.5.3 On-target Boundary Calculations for MEIs

Using the final gRNA selection as a reference, an upper-bound, lower-bound, and
intermediate value of the theoretical numbers of target MEIs could be estimated.
The lower-bound for target MEIs was defined as a MEI sequence that contains the
sequence the gRNA binds to with 100% (or 23bp) matched sequence, the interme-
diate bound allows for <3bp mismatch or gap between the gRNA sequence and the
matched MEI sequence, and the upper bound is a gRNA that aligns with more than

60% matched sequence (or >14bp) to the MEL

3.5.4 In Vitro Transcription of Guide RNA and Cas9 Ribonucleoprotein Formation

Single stranded DNA oligos were designed using the EnGen sgRNA Designer tool
(https://sgrna.neb.com/#!/sgrna, New England Biolabs) and purchased from IDT
(Integrated DNA Technologies) to be used in the EnGen sgRNA Synthesis Kit (New
England Biolabs, E3322S). Lyophilized oligos were resuspended in molecular biology
grade water to a concentration of 100 uM, and 1:10 dilutions were made for working
stocks. Fach reaction was set up containing 10pL of EnGen 2X sgRNA Reaction
Mix (S. pyrogenes), 0.5uL of 100mM DTT, 2.5pnL of 10uM oligonucleotide, 2pL of
EnGen sgRNA Enzyme Mix, and brought to 20pL total with PCR grade water. The

reactions were incubated at 37°C for 30 minutes to 1 hour. To degrade leftover
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DNA oligonucleotides, the reaction volume was adjusted to 50uL using PCR grade
water, and 2pL of DNase (New England Biolabs, E3322S) was added to the sample
and incubated for 15 minutes at 37°C. The sgRNA was purified by adding 200pnL
of Trizol and 50nL of chloroform to the sample, vortexed to mix and centrifuged
at 20,000xg at room temperature. The aqueous layer was removed and placed into
a new 1.bmL microcentrifuge tube and extracted again using 50pL of chloroform.
The aqueous layer was removed and placed into a new 1.5mL microcentrifuge tube
and ethanol precipitated in 2 volumes of 100% ethanol, and sodium acetate was
added to a final concentration of 0.3M. The sample was centrifuged at max speed
at 4°C for 30 minutes. The RNA pellet was washed with 70% ethanol, air dried,
and resuspended in 10pL of PCR grade water. RNA concentration was measured
using the Qubit RNA BR Assay Kit (ThermoFisher, Q10211). Fresh guide RNA was
transcribed for every experiment, and prepared no more than a day in advance. The
Cas9 ribonucleoprotein (RNP) was formed by combining 850ng of in vitro transcribed
guide RNA 1pL of a 1:5 dilution of Alt-R S.p.Cas9 Nuclease V3 (Integrated DNA
Technologies, 1081058), and 1X Cutsmart buffer (New England Biolabs, B7204S) in
a total of 30uL. To allow for sufficient RNP formation, the reaction was incubated

at room temperature for 20 minutes.

3.5.5 Cas9 Enrichment for L1Hs on a MinION Flow Cell

To perform a Cas9 sequencing enrichment for L1Hs, a modified Cas9 enrichment
experiment was performed[127]. Three identical aliquots of 10ug of GM12878 ge-
nomic DNA were exhaustively dephosphorylated in a total volume of 40uL, with
1X Cutsmart buffer, 6ul. of Quick CIP (New England Biolabs, M0525S), 10ug of
gDNA, and H20 for 30 minutes at 37°C. The Quick CIP was heat inactivated at

80°C for 20 minutes. 20uL of RNP (Cas9 + gRNA) was added to the reaction along
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with 2uL, of Taq polymerase (New England Biolabs, M0273L) and 1.5ul. of 10mM
dATP. The reaction was mixed by tapping and incubated at 37°C for 30 minutes for
Cas9 cleavage, and 72°C for 10 minutes for monoadenylation. Following monoad-
enylation, each reaction was combined with 50uL of ligation mix: 25ul. Ligation
Buffer (LNB; Oxford Nanopore Technologies, SQK-LSK109), 5uL of Adapter Mix
X (AMX; Oxford Nanopore Technologies, SQK-LSK109), 12.5nL of T4 DNA ligase
(New England Biolabs, M0202M), and 5pl. of nuclease-free water. The nanopore
adapters were ligated to the genomic DNA at room temperature for 30 minutes on
a tube rotator. Once completed, the ligations were diluted with 1 volume of 1X TE
buffer (100pL). 60pL of SPRI beads (Beckman Coulter, B23317) were added to the
adapterr ligated samples and incubated at room temperature for 10 minutes with
rotation and for another 5 minutes without rotation. Beads were immobilized using
a magnet and the supernatant was removed. Immobilized beads were resuspended
with 200ul of room temperature L fragment buffer (LFB; Oxford Nanopore Tech-
nologies, SQK-LSK109. At this step, the resuspendend beads from the three samples
were pooled into one Eppendorf tube. The magnet was applied again to immobilize
the beads and remove the supernatant and the wash was repeated. Washed samples
were pulse spun on a tabletop centrifuge for 1 second to collect beads at the bottom.
Residual LFB was aspirated with a pipette. Beads were resuspended in 16.8uL of
Elution Buffer (EB; Oxford Nanopore Technologies, SQK-LSK109) and incubated
at room temperature for 10 minutes. Following the elution, the magnet was applied
and the supernatant was collected and placed into a sterile Eppendorf tube. In some
sample preparations, the adapter ligated library eluted in the last step may be vis-
cous and the beads will resist immobilization on the magnet. A maximum speed

centrifugation step prior to applying the magnet will help to immobilize the beads.
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Once the supernatant was separated from the beads into a sterile Eppendorf tube,
26pL of Sequencing Buffer (SQB; Oxford Nanopore Technologies, SQK-LSK109) was
added and placed on ice until the sequencing flow cell was prepared. Immediately
prior to loading of the sample, 0.5uL of Sequencing Tether (SQT, Oxford Nanopore
Technologies, SQK-LSK109) was added along with 9.5 ul. of Loading Beads (LB;
Oxford Nanopore Technologies, SQK-LSK109). The sample was mixed evenly by

pipetting with a p20 and loaded onto the sequencing platform.

3.5.6 Pooled Cas9 Enrichment for L1Hs, AluYb, AluYa, SVA_F, and SVA_E in
GM12878 (MinION)

Five parallel Cas9 enrichment experiments were performed for the five MEI sub-
families in GM12878 for a pooled sequencing run. Five separate aliquots of 10ug
of genomic DNA were dephosphorylated in 40pL total (30ul of gDNA, 4pL of 10X
CutSmart, 6pL of Quick CIP) for 25 minutes at 37°C then heat inactivated at 80°C
for 5 minutes. Following the heat inactivation, each dephosphorlyated genomic DNA
sample was combined with 20pL of Cas9 RNP, 1L of Taq polymerase, and 1pL of
10mM dATP. After briefly mixing by tapping, the reaction was incubated at 37°C
for 30 minutes to enable Cas9 cleavage, then incubated to 75°C for monoadenylation
by Taq polymerase. The Cas9 digested and monoadenylated samples were pooled
into the ligation reaction (164pL of Custom LNB, 10uL of AMX | 20pL of T4 DNA
ligase, and 164pL of nuclease-free water) and rotated at room temperature for 30
minutes. One volume of 1X TE buffer was added to the ligation and mixed by in-
version approximately 10 times, or until evenly mixed. 0.3X sample volume of SPRI
beads (394.8uL.) was added and incubated at room temperature with rotation for 5
minutes. The beads were immobilized using a magnet and washed twice with 100pL

of room temperature LFB. After the final wash, the beads were pulse spun for 1



82

second in a table top centrifuge, immobilized on a magnet, and residual LFB was
removed. The washed beads were eluted in 13pL of EB for 10 minutes at room tem-
perature and removed using a magnet. The supernatant was collected and combined
with 26pL of SQB. The library was incubated on ice until the flow cell was prepared.
0.51L of SQT and 9.51L of LB were added to the library before the loading onto the

flow cell.

3.5.7 Cas9 Enrichment for Single MEI Subfamily on a Flongle Flow Cell

10ug of purified genomic DNA was dephosphorylated using 4pL of Quick CIP in
1X Cutsmart buffer and brought to a total reaction volume of 40nL, then incubated
for 30 minutes at 37°C. The sample was then incubated at 80°C for 5 minutes to
inactivate the Quick CIP. 1pL of Taq polymerase, 1pL of 10mM dATP, and 20puL of
the corresponding Cas9 RNP (targeting L1Hs, AluYb, AluYb, SVA_F, or SVA_E)
, was added to the dephosphorlyated genomic DNA, gently mixed, and incubated at
37°C for 30 minutes, followed by a 10 minute incubation at 75°C. The sample was
added to the ligation solution (25nL of custom LNB, 6ul of T4 DNA ligase, 5bul of
AMX, and nuclease-free water to 100pL total), and incubated at room temperature
for 20 minutes with rotation. The ligation was mixed with 1 volume (100pL) of 1X TE
buffer and mixed by inversion approximately 10 times, or until evenly mixed. SPRI
beads were added to a final 0.3X (60pL) to the sample volume (200pL) and the sample
was rotated at room temperature for 5 minutes. The SPRI beads were immobilized
on a magnet and washed twice with 100pL of room temperature LFB. After the final
wash, the beads were pulse spun for 1 second on tabletop centrifuge and residual
LFB was removed. The beads were resuspended in 9uL of EB and incubated at
room temperature for 10 minutes. After the elution, the beads were immobilized on

a magnet and the supernatant was transferred to a new 1.5mL microcentrifuge tube.
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13pL of SQB was added to the supernatant and this library was placed on ice until
the flow cell was prepared. Before loading the sample onto the flow cell, 0.5nL of

SQT and 9.5uLL of LB were added and mixed by gentle tapping.

3.5.8 Cas9 Enrichment for L1Hs in Trio (MinION)

To detect L1Hs in the lymphoblastoid trio cells (GM12878/91/92), a modified
Cas9 enrichment assay, originally described by Gilpatrick et al. 2020, was performed.
10ug of genomic DNA for each genome (30ug total) was exhaustively dephosphory-
lated using 6pl Quick CIP for 45 minutes at 37°C, and heat inactivated at 80°C for
20 minutes. 20pL of the RNP (Cas9 and sgRNA) was added to the dephosphorylated
genomic DNA along with 2pL of Taqg DNA polymerase and 1.5pL of 10mM dATP.
The reaction was incubated at 37°C for 30 minutes, then 72°C for 10 minutes. Each
genomic DNA reaction was combined with an equal volume (50uL) of ligation mix
for nanopore adapter ligation: 25pL Ligation Buffer (Oxford Nanopore Technolo-
gies, EXP-NBD104), 5uL. of AMII (Adapter Mix IT; Oxford Nanopore Technologies,
EXP-NBD104), 12.5uL of T4 DNA ligase, 2.51L of the barcode (NB01/02/03; Ox-
ford Nanopore Technologies, EXP-NBD104), and 2.5uL of nuclease-free water, and
incubated at room temperature for 30 minutes on a tube rotator. After adapter
ligation, an equal volume of 1X TE buffer was added to the reaction, and SPRI
beads were added to a final 0.3X ( 60pL). The library was incubated at RT for 10
minutes with rotation, and 10 minutes without rotation for a total of 20 minutes to
allow for DNA binding to the SPRI beads. The beads were washed twice with 200nL
of L Fragment Buffer (LFB; Oxford Nanopore Technologies, EXP-NBD104). The
uniquely barcoded samples were pooled by combining the resuspended beads in the
first wash, then washed again. The washed beads were resuspended in 16.8uLL of the

Elution Buffer (EB; Oxford Nanopore Technologies, EXP-NBD104). Resuspended
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beads were incubated at room temperature for 10 minutes. Following the incuba-
tion, the beads were collected with a magnet and the supernatant collected into a
separate 1.5mL microcentrifuge tube and placed on ice. The sample was prepared
for sequencing by adding 26l of Sequencing Buffer (SQB; Oxford Nanopore Tech-
nologies, EXP-NBD104) and kept on ice while the flow cell was primed. 0.5pL of
Sequencing Tether (SQT; Oxford Nanopore Technologies, EXP-NBD104) and 9.5nL
of Loading Beads (LB; Oxford Nanopore Technologies, EXP-NBD104) were added

after flow cell priming, before the sample was loaded onto the flow cell.

3.5.9 Nanopore Flow Cell Preparation, Sequencing, Base-calling, and Cleavage-site
Analysis

A MinION flow cell was purchased from Oxford Nanopore Technologies and stored
at 4°C per manufacturer’s instructions. The Ligation Sequencing Kit (SQK-LSK109)
and Native Barcoding Kit (EXP-NBD104) were used to prepare the pooled libraries.
Upon arrival and prior to usage, MinlON flow cell QC was performed using the
MinKNOW software. No appreciable loss of active pores was noted during storage.
Prior to loading the library, the MinlON was flushed with 800pnL of FLB in the
priming port, followed by priming of the flow cell with 200pnL of 0.5x SQB diluted
with water. Flongle flow cells were purchased from Oxford Nanopore Technologies
in batches and stored at 4°C. Flow cells were QC’d upon arrival and the number of
active pores was noted. Flongles to be used in sequencing were QQC’d immediately
before use to assess pore loss during the storage period. Base-calling was processed
by Guppy 4.0.15 (Oxford Nanopore Technologies) using the high accuracy, modified
base model (dna_r9.4.1 450bps_modbases dam-dcm-cpg hac.cfg). Porechop[161]
was used to trim nanopore adapters and barcodes from the reads with Q-score > 7,

as well as demultiplex the reads in the pooled sample MinION run. To determine cut
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site preferences, reads were aligned to the consensus sequence of each mobile element
class that were investigated; L1Hs, AluYab, AluYb8, SVA_E and SVA_F. Only the
first 80 base pairs of each read were used for alignment to focus on the cut site region
and to ensure that the beginning of the reads aligned correctly. Pairwise alignments
were performed using the Biopython Bio.Align package[162] with FASTA files as
input. Each read was aligned to the mobile element consensus sequence as well as
the reverse complement to determine sequence orientation. To obtain high-confidence
alignments, strict gap penalties were enforced (open gap:-10, extend gap:-5). In order
for an alignment to be considered for cut-site analysis, it had to meet two criteria;
the alignment had to start at the very first base of the read, and needed to have an
alignment score of at least 100. The 5" ends of reads meeting this criteria were then

used to estimate cleavage site location.

3.5.10 Nano-Pal for Detection and Refinement of MEIs from Nanopore Cas9 Enrich-
ment

To resolve both the reference and non-reference MEI signals from nanopore Cas9
enrichment, we developed a computational pipeline, Nano-Pal, to analyze the nanopore
reads and customized it for different MEI subfamilies (Fig.1c,d). Information of the
potential targeting MEI signals was obtained by Nano-Pal scanning through both
sides (100bp bin size) of all quality-passed nanopore raw reads using BLASTn|[163,
164]. Next, it aligned the reads to the reference genome (GRCh38) using minimap2[165]
and discarded reads with low mapping quality (MAPQ<10). The aligned reads were
screened by RepeatMasker[147] and the pre-masking module in PALMER|[109] to
bin them into different categories: reads with reference MEI signals, reads with non-
reference MEI signals, and off-target reads. All reads that were reported by the

PALMER pre-masking module fell into the on-target non-reference MEI category. If
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reads were not reported by PALMER, but were annotated by RepeatMasker, they
fell into the reference MEI category. They will be further classified as on-target,
close-target, and off-target reads depending on where they mapped to the reference
regions. For L1Hs experiments, the reads mapped to the reference L1PA are con-
sidered as close-target and the ones mapped to other reference L1 are considered as
off-target. For AluY experiments, the close-target reads are those that mapped to
other reference AluY besides AluYb and AluYa and the off-target reads are defined
when mapped to other reference Alu elements besides the reference AluY. For SVA
experiments, the close-target reads are the ones mapped to other reference SVAs be-
sides SVA_F and SVA__E and no off-target reads were defined when they have the
MEI signals. Any remaining reads with no MEI signals were classified as off-target
reads as well. The reads in the first and second category were then clustered into non-
reference MEIs and reference MEIs, respectively. Nano-Pal was performed for each

Flongle and MinION flow cell separately for GM12878, GM12891, and GM12892.

3.5.11 GM12878 Trio Data, Reference Genome, and Reference MEI Information

We obtained Pacific Bioscience (PacBio) long-read CLR sequencing data from
Audano et al. 2019[140] for the GM12878 genome (50x coverage). The 30x Illu-
mina NovaSeq sequencing data for GM12878 and the related samples (GM12891 and
GM12892) were obtained from the 1000 Genomes project phase 3 sample set, which
were generated at the New York Genome Center (ftp://ftp.1000genomes.ebi.
ac.uk/voll/ftp/data_collections/1000G_2504_high coverage/)[137, 166]. All
analyses in this project were carried out using the GRCh38 (GRCh38+-decoy) refer-
ence genome obtained from the 1000 Genomes Project (ftp://ftp.1000genomes.
ebi.ac.uk/voll/ftp/technical/reference/GRCh38_reference_genome/). Infor-

mation of reference MEISs, including the five target subfamilies, were obtained from


ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/1000G_2504_high_coverage/
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/1000G_2504_high_coverage/
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/GRCh38_reference_genome/
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/GRCh38_reference_genome/
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RepeatMasker[147].

3.5.12 Enhanced PALMER for Resolving Non-Reference MEIs from Whole-genome
Long-read Sequencing

We developed an enhanced version of PALMER (Pre-mAsking Long reads for Mo-
bile Element inseRtion)[109] in this study to detect non-reference MEIs across the
long-read sequenced genomes (https://github.com/mills-lab/PALMER). Reference-
aligned BAM files from long-read technology were used as input. Known reference
repetitive sequences (L1s, Alus or SVAs) were used to pre-mask portions of individual
reads that aligned to these repeats and also utilized in the Nano-Pal pipeline. After
the pre-masking process, PALMER searched subreads against a library of consensus
mobile element sequences within the remaining unmasked sequences and identified
reads with a putative insertion signal (including 5’ inverted L1 sequences, if available)
as supporting read candidates. PALMER opens bins 5" upstream and 3" downstream
of the putative insertion sequence for each read and identifies hallmarks of mobile
elements, such as target site duplication (TSD) motifs, transductions, and poly(A)
tract sequences. All supporting reads are clustered at each locus and those with a
minimum number of supporting events are reported as putative insertions. To im-
prove the accuracy of non-reference MEI sequences derived from individual subreads,
which tend to have lower per-read base-pair accuracy, local sequence alignments
and error correction strategies were performed. Error correction was conducted by
CANUJ167] (ver2.2) using default parameters on the subreads with MEI signals re-
ported by PALMER, allowing the generation of error-corrected reads that served
as inputs for local realignment using minimap2. A second-pass of the PALMER
pipeline then was executed using these locally aligned error-corrected reads to gener-

ate a high-confidence call set of germline non-reference MEIs. CAP3[168] was used
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with default parameters to assemble all MEI sequences reported by the second-pass
of the PALMER pipeline to generate a high-confidence consensus contig for each

non-reference MEI event.

3.5.13 MEI Callsets in Orthogonal Short-read and Long-read Data

As there is no public long-read data available for GM12891 and GM12892, we
used the Mobile Element Locator Tool (MELT) to identify non-reference MEIs in
the short-read Illumina sequencing data for the GM12878 trio[107, 148] as a bench-
mark set in the trio analysis. We applied the enhanced version of PALMER and
carried out the non-reference MEI calling in GM12878. To generate a more com-
prehensive callset of non-reference MEIs in GM12878, the Phased Assembly Variant
(PAV) caller was included (https://github.com/EichlerLab/pav), which can discover
genetic variants based on a direct comparison between two sequence-assembled hap-
lotypes and the human reference genome[126]. The callset by PAV for GM12878
was generated from the PacBio HIFI sequencing data after haplotype-assembly. A
‘PacBio-MEI" callset in GM12878 was generated by applying the union set of the
mapping-based PALMER callset and the assembly-based PAV callset, both of which
resolved the MEIs from PacBio long-read sequencing data. The details of MEI merg-
ing and subfamily defining strategy for the two approaches are described in a prior

study|[126].

3.5.14 Inspection and Validation of Nanopore-specific Non-reference MEIs

All non-reference MEI calls were further intersected with the PacBio-MEI set and
classified as known non-reference calls and potential nanopore-specific non-reference
calls. A filtering module, an empirical curation of read-depth (<2-fold difference)

within the 500bp bin of the insertion site from public data[140], and manual inspec-
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tion were applied to exclude false-positive (FP) signals in the nanopore-specific non-
reference MEIs. All potential nanopore-specific non-reference MEIs were classified
into three categories: a) true positive (TP) non-reference event, b) FP non-reference
event, and ¢) an ambiguous event (Supplementary Data 8*). The category was fur-
ther defined as TP missed by the PacBio sequencing data, TP missed by the PacBio
mapped-based and assembly-based pipelines but with PacBio read signals, or TP
redundant with the called non-reference one. Category (b) was broken down into
three subcategories; FP redundant with the called reference event, FP targeting on
the other off-target reference repeat, or ambiguous. All subcategories in (a), and
the first (b) subcategory, were on-target reads with or without correct annotations.
For example, one FP nanopore-specific non-reference call originated from reads tar-
geted to reference MEIs, yet was categorized as non-reference due to a mapping error
introduced by flanking structural variations (deletions, duplications, or inversions)
(Supplementary Data 8*). A further in-depth inspection was employed for the non-
reference calls categories as nanopore-specific. Each call has been inspected by two
sections: a) general information including TRPT hallmarks (TSD motifs, poly(A),
EN Cleavage site, and empty site sequence), length, strand, genotype, and popula-
tion frequency in 32 genomes reported by Ebert et al. [126], and b) IGV screenshot in
a range of genomic region with genomic content annotation. The TRPT hallmarks
were identified by Cas9 target nanopore reads or from PacBio assembled contigs
(Supplementary Data 9%). A recurrence plot analysis was employed for further in-
depth validation as well. For the recurrence plot analysis, a region of one sequence
(X-axis) is compared to another sequence (Y-axis) and small (i.e. 10 bp) segments
that are identical between the two sequences are denoted with a plotted point. Thus,

a continuous diagonal line comprising multiple points indicates portions of the com-
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pared sequences that are identical. By comparison, gaps and shifts from the diagonal

denote an insertion or deletion in one sequence relative to the other.

3.5.15 Non-reference MEIs Captured by Nanopore Cas9 Enrichment Sequencing in
GM12878

The flow cell runs for each MEI subfamily were merged to investigate the read cov-
erage enrichment performance and generate the final non-reference MEIs in GM12878.
For the saturation analysis, the flow cells were ranked by the number of on-target
reads. Reads from the flow cells were then added and merged, one flow cell at a time,
based on the above ranking. Non-reference calls for L1Hs, AluYb, AluYa, SVA_F,
and SVA_E were resolved by Nano-Pal and our validation process after every merg-
ing instance. By merging all batches for each subfamily, a final non-reference MEI

callset in GM12878 captured by nanopore Cas9 enrichment approach was produced.

3.5.16 Analysis of L1Hs CpG Methylation

Nanopolish[169] was used to call methylation on pooled GM12878 MinION and
Flongle runs. Reference L1Hs methylation profiles were generated using methylartist
(https://github.com/adamewing/methylartist), where methylation was aggregated
across L1HS intervals from RepeatMasker[147]. To generate profiles for non-reference
elements, we built contigs using reads supporting full-length L1Hs and +100kb of
flanking sequences. Reads within 500bp of insertion sites were then extracted from
the merged data and aligned to the constructed contigs using minimap2[165]. These
alignments and reads were then used for methylation calling with nanopolish. The
data from nanopolish was aggregated across L1Hs sequence in the constructed contigs

and used for locus and consensus plotting using methylartist.
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3.5.17 Data Availability

The nanopore sequencing data for the Cas9 targeted enrichment of MEIs in this
study are available in the SRA repository under BioProject accession PRJNA699027

(https://www.ncbi.nlm.nih.gov/sra/PRJNA699027).

3.5.18 Code Availability

All scripts and pipelines in this publication, including Nano-Pal, are available on
GitHub: https://github.com/Boyle-Lab/NanoPal-and-Cas9-targeted-enrichement-pipelines
[170]. The enhanced version of PALMER is available at https://github.com/mills-

lab/PALMER [171].
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CHAPTER IV

Enrichment and Sequencing of Polynucleotide Repeat
Expansions

4.1 Abstract

Polynucleotide repeat expansions are causative in upwards of 40 human genetic
diseases. Identifying and characterizing repeat expansions and the diseases has been
challenging and the field currently lacks efficient methods to probe direct repeat
lengths. Here we explore using nanopore sequencing paired with different enrichment
approaches to attempt to capture polynucleotide repeats. We explore two orthogonal
approaches to enrich for polynucleotide repeat regions. We demonstrate that each
method captures targeted repeat regions, and that as many as half of the targeted
repeats are captured with nanopore sequencing. Overall, this work introduces proof

of principle for characterizing disease-associated polynucleotide repeats.

4.2 Introduction

Polynucleotide repeats are a normal type of structural variation in the human
genome. However, in some cases repeats can experience an abnormal expansion and
manifest disease. In fact, due to their unstable nature, it is not uncommon for repeats
to change in size in transmission across generations. As many as 50 human genetic

diseases have been documented to be caused by expansions in polynucleotide repeats
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in the genome [66]. While heterogeneous in respect to the genomic context (coding
vs non coding), nucleotide content (CGG, CAG, etc), and repeat pattern (tri-, tetra-,
hexa-,etc), repeat expansions tend to inversely correlate with age of onset of disease,
as well as correlate to the severity of the disease. This phenomenon is also referred
to as anticipation [60].

The precise mechanism and timing of the expansion of repeats is unclear. In-
stead, evidence supports a few different pathways for expansion of polynucleotide
repeats. For instance, in almost exclusively maternally transmitted non coding trin-
ucleotide repeat expansions such as in FXS and myotonic dystrophy type 1 (DM1),
evidence supports a replication independent mechanism in quiescent oocytes. This
suggests that DNA repair mechanisms maintaining the integrity of arrested oocytes
are involved in expansion events. Indeed, base excision repair pathways on oxidized
DNA bases appears to play a possible role in expanding trinucleotide repeats. It has
been observed in FXS mouse models that the strongly oxidative chemical potassium
bromide induces CGG expansions in oocytes [172]. However, not all glycosylases
(proteins involved in base excision repair) that target 8-oxoG (oxidized guanine)
are implicated in the expansion of trinucleotide repeats [173]. Another mechanistic
source for repeat expansion may be replication restart. When polymerase encoun-
ters a trinucleotide repeat of CAA, CAG, or CGG, the polymerase stalls and can
utilize the opposite strand to finish synthesis through the repeat [173]. Structures
consistent with this model have been directly observed in electron micrographs, and
DNA polymerase inhibitors can prevent expansion, suggesting that these expansions
may occur through repair independent mechanisms as well [173, 174, 175]

Since the discovery of the first repeat expansions 1991, at least 50 repeat expan-

sion associated disorders have been characterized. However, their discovery has been
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challenging and irregular, with 17 of them only characterized in the past 3 years
[66]. Due to the genetic structure of repeat expansions, and the historic molecular
and bioinformatic limitations, regular characterization of disease associated repeat
expansions as well as discovering novel expansions has been limited [68]. Here, we
explore using a combination of nuclease enrichment strategies and nanopore sequenc-
ing to specifically target and sequence 48 repeat expansion disease associated loci.
We first explore using a biotinylated dCas9 to directly bind and pulldown repeti-
tive DNA fragments (Figure 4.1). Second, we pilot paralleled, single target Cas9
enrichment and sequencing of known disease associated repeat loci. Previous work
has established using Cas9 targeted nanopore sequencing for single locus events [176].
However, their gRNA preparation and pooling strategy limits scaling and highly par-
allel targeting. We leverage a pooled in vitro transcription of 96 guide RNAs that
directs Cas9 upstream and downstream of each of the 48 loci (Table 4.1). Our data
indicates that it is possible to capture large swaths of repeat expansions with targeted
long read nanopore sequencing. In addition, we show that this targeting strategy
works with pooled of in vitro transcribed gRNAs, indicating that this method will

efficiently scale as more disease-associated repeat expansion loci are discovered.
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Figure 4.1: Molecular workflow for dCas9-mediated capture of polynucleotide repeat regions. First,
purified genomic DNA containing polynucleotide repeat sequence (top left) is incubated with bi-
otinylated dCas9 loaded with repeat targeting guide RNAs. After incubation with dCas9 RNP,
protein-DNA interactions are fixed with low concentrations of formaldehyde (top right). Fixed
protein-DNA complexes are immobilized on streptavidin magnetic beads and washed thoroughly
(bottom right). Immobilized complexes are reverse crosslinked and DNA is purified and prepared
for nanopore sequencing (bottom left.



Disease

Coordinates

Abbreviation

Autism spectrum disorder, associated with fragile site FRATA

Baratela-Scott syndrome

Blepharophimosis, ptosis and epicanthus inversus syndrome
C90RF72 amyotrophic lateral sclerosis frontotemporal dementiz
Cerebellar ataxia, neuropathy, vestibular areflexia syndrome

Cleidocranial dysplasia

Congenital central hypoventilation syndrome
Dentatorubral-pallidoluysian atrophy
Familial adult myoclonic epilepsy 3

Familial adult myoclonic epilepsy 6

Familial adult myoclonic epilepsy 7

Fragile X syndrome

Fragile XE syndrome

Fridreich's ataxia

Fuchs endothelial corneal dystrophy
Glutaminase deficiency

Hand-foot-genital syndrome
Holoprosencephaly 5

Huntington's disease

Huntington's disease-like 2

Intelleclual disability associated with fragile site FRAL2A
Intellectual disability associated with fragile site FRA2A
Jacobsen syndrome

Myotonic dystrophy type 2

Myotonic dystrophy type |

MNeuronal intranuclear inclusion disease
Oculopharyngeal muscular dystrophy
Cculopharyngeal myopathy leukoencephalopathy
Cculopharyngodistal myopathy 2
Oculopharyngadistal myopathy |
Pseudoachondmplasia and multiple epiphyseal dysplasia
Spinal and bubar muscular atrophy
Spinocerebellar ataxia typa 12
Spinocerebellar ataxia type 1
Spinocerebellar ataxia type 10
Spinocerebellar ataxia type 17
Spinocerebellar ataxia type 2
Spinocerebellar ataxia type 3
Spinocerebellar ataxia type 31
Spinocerebellar ataxia type 36
Spinocerebellar ataxia type 6
Spinocerebellar ataxia type 7
Spinocerebellar ataxia type 8

Synpolydactyly |

Unverricht Lundborg disease

¥-linked dystonia-parkinsonism

X-linked hypopituitarism

¥-linked intellectual disability

chr7:55887601-55887934
chrl6:17470890-17470930
chr3:138946021- 138346062
chr9:27573485-27573546
chrd4:39348425-39348479
chr6:45422751-45422801
chrd:41745972-41746031
chrl2:6936717-6936775
chr5:103988359-10398845
chrl6:24646096-24646106
chr4:57146650-57146660
chrx:147912037-147912111
chrx:148500602-148500743
chr9:69037287-65037305
chrl3:55586154-55586229
chr2:190880874-150880919
chr7:27199925- 27199966
chrl3:99985449-99985493
chr4:3074877-3074540
chrl6:87604283-87604329
chrl2:50505002-50505053
chr2:100104620-100104860
chr11:119206290-119206323
chr3:129172577-129172659
chr19:45770205-45770264
chrl:149390802- 149390842
chrl4:23321464-23321543
chri0:79826315- 79826404
chr19:14496042- 14496085
chr8:104489495-104485528
chr19:18786010- 18786050
chrX:67545317-67545419
chr5:146878729- 146878758
chr6:16327634-16327724
chr22:45795355-45795425
chr6:170561907-170562017
chri2:111598951-111555019
chr14:92071011-52071052
chrlg:66521961-66521971
chr20:2652733-2652775
chr19:13207859-13207897
chr3:63912686-63912715
chri3:70139384- 70139429
chr2:176093059-176093103
chr21:43776444-43776479
chrx:71453055-71453129
chrx:140504317-140504381
chrX:25013654-25013697

FRATA
BSS
BPES
9 ALS/FTD
CANVAS
cco
CCHS
DRPLA
FAME3
FAMES
FAME?
FXPOI
FRAXE
FA
FECD
GAD
HFGS
HPE

HD
HDL2
FRAI2A
FRAZA
FRA11B
DM2
DM1
NIID
OPMD
DPML
OPDM2
OPDML
PSACH/MED
SBMA
SCA12
SCAL
SCAL0
SCA17
SCA2
SCA3
SCA3L
SCA36
SCAB
SCAT
SCAS
5PD
EPM1
XDP

XH

XLID

Table 4.1: Table of targeted disease-associated repeat expansion diseases. List of 48 targeted repeat
expansion diseases (Left), their known coordinates (Middle), and their abbreviation (Right).
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4.3 Methods

4.3.1 dCas9 Pulldown of L1Hs and CGG Trinucleotide Repeats

First the gDNA was end-repaired by mixing 10pL of Cutsmart, 5pl. of Klenow,
3.3uL of 2mM dANTP with approximately 77pL of gDNA (for a final volume of 100pL).
The final mix was split into two 50l reactions and incubated for 30 minutes at 25
degrees C and then 20 minutes at 75 degrees. For each guide RNA, the RNP was
formed by combining 3pL of Cutsmart, 4.31pL of dCas9-biotin (Sigma), 850ng of
guide RNA, H20 to 30pL, and incubating at room temperature for 20 minutes. The
end repaired genomic DNA was pooled with the RNP (130uL total) and incubated at
37 for 30 minutes. To fix the dCas9 complexes to their targets, we added 7.5uL of 16%
formaldehyde to the sample and 32.5pL of 1x cutsmart. Formaldehyde crosslinking
reaction was incubated at 37 degrees for 15 minutes, and neutralized by adding Tris
HCI pH 8.4 to 200mM and NaCl to 300 mM in 1mL total. Hydrophillic streptavidin
beads (300puL) were washed 2 times in 1x phosphate buffered saline. The quenched
sample was added to the washed streptavidin bead pellet and rotated at 4 degrees
overnight. After the overnight binding, the beads were washed 3 times in 750puL of
bead wash buffer (BWB; 2M NaCl , 5mM Tris HCI pH 7.5). Beads were washed
in 1x Cutsmart buffer and resuspended in 100pL of cutsmart. 2pL of 1M Tris HCI
pH, 2pL of Taq Polymerase, and 2pL of 10mM dATP were added to the sample and
incubated at 72 degrees for 30 minutes and then reverse crosslinked at 65 degrees for
16 hours. After the reverse crosslinking, the beads were magnetically immobilized
and the supernatant was recovered and added to ligation buffer (50pL LNB, 2nL
of AMX, 7uLL H20, and 6pL of T4 DNA ligase HC) and incubated at room temp
for 20 mins. 200pL of 1x TE buffer was added to the reaction and the DNA was

immobilized on SPRI beads at 0.3x the volume of the sample. After 2 washes with
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100nL of LFB, the sample was eluted and prepared for sequencing on nanopore.

4.3.2 Paralleled Cas9 Enrichment of Multiple Repeat Loci

Genomic DNA was dephosphorylated in 40pL total with 6pL of QuickCip and 4pnlL
of Cutsmart buffer at 37 degrees for 30 minutes. The QuickCip was heat inactivated
at 80 degrees C for 2 minutes. During the dephosphorylation reaction, the Cas9
ribonucleoprotein (RNP) was prepared by combining 1ul. of a 1:5 dilution of the
Cas9 enzyme (IDT) with 850ng total guide RNA and 2pL of Cutsmart buffer in
a total volume of 20pL. Components of the RNP were mixed by tapping, pulse
spun, and incubated at room temperature for 20 minutes, then incubated on ice. To
perform the Cas9 enrichment, the dephosphorylated gDNA was combined with 20pL
of the RNP, 1.5nL. of Taq Polymerase, and 1pL of 10mM dATP. The reaction was
mixed and incubated at 37 degrees for 30 minutes for Cas9 cutting and then at 75
degrees C for 10 minutes for Taq monoadenylation. To ligate the nanopore adapters,
25nL of ligation buffer (40% Polyethylene glycol, 4x T4 DNA ligase buffer), 60pL of
sample, bpL of AMX, and 5uls of T4 DNA ligase were mixed together and rotated
for 30 minutes at room temperature. One volume of 1xTE buffer was added to the
ligation and mixed by tapping. SPRI beads were added at 0.3x the volume of the
ligation and incubated at room temperature with rotation for 5 minutes. To wash
the sample, 200pL of room temperature large fragment buffer (LFB) was added
and the beads were resuspended by tapping. Cas9 enrichment experiments were
pooled at this step. A second wash was performed after applying the magnet and
discarding the supernatant from the pelleted beads. The washed beads were ppLse
spun and immobilized on the magnet, and the residual LFB was aspirated with a
pipette. The sample was eluted from the beads in elution buffer for 10 minutes are

room temperature (EB; 6uL for Flongle, 10uL for Minion). The sequencing library
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was prepared by the addition of sequencing buffer (SQB; 16uL for Flongle, 26 for
MinION), sequencing tether (SQT; 0.5nL) and loading beads (LB; 9.5pL).

4.3.3 In Vitro Transcription of Guide RNAs

Oligonucleotides were designed according to specifications for the EnGen In Vitro
transcription kit and synthesized by IDT. Guide plates were resuspended to 10uM
in PCR grade H20. Per plate, oligos were pooled together according to upstream or
downstream targeting groups for a total of two pools (48 upstream, 48 downstream )
per plate. 2.5nL of 10uM oligos were combined with EnGen In Vitro transcription
kit components and incubated at 37 degrees C for 45 minutes. After a DNase I
treatment for 15 minutes at 37, guide RNAs were extracted in 200nL of Trizol and
50nL of chloroform. The aqueous layer was collected and reextracted with 50pL of
chloroform to remove residual phenol. The subsequent aqueous layer was combined
with 2 volumes of 100% ethanol and Sodium acetate to 0.3M and precipitated in a
20,000xg spin at 4 degrees C. RNA pellets were washed with 70% ethanol, air dried,
and resuspended in pure water. All guide RNAs were prepared no earlier than a day

in advance of the sequencing experiments.

4.3.4 Cell Culture and DNA Extraction

GM12878 cells were obtained from the Coriell Institute for Medical Research.
Cells were cultured in RPMI 1640 supplemented with 1x anti/anti and 15% non heat
inactivated fetal bovine serum and incubated at 37 degrees C with 5% CO2. Genomic
DNA was isolated by the salting out method described in Chapter 3. First cells were
harvested from culture and centrifuged at 1000xg for 5 minutes. Supernatant was
aspirated off and the cell pellet was resuspended in 3mL of cell lysis buffer (400mM

NaCl, 10mM Tris HCI pH 8.0, and 1mM EDTA). While gently vortexing, 200pL



101

of 10% SDS was pipetted dropwise into the resuspension to lyse the cells. 50nL of
RNase (10mg/mL) was added and the lysate was incubated at 37 degrees for 30
minutes with rotation. To remove protein, 200uL of proteinase K (10mg/mL) was
added and the lysate was incubated at 45 degrees C with agitation for 16-20 hours.
After this incubation, 1mL of saturated NaCl was pipetted into the lysate and the
tube was shaken vigorously and subsequently centrifuged for 15 minutes at 4000xg.
The supernatant was gently poured into a 15mL conical tube containing 2 volumes
( 8mL) of 100% ethanol. The tube was inverted several times until the DNA was
precipitated out. After spooling DNA out using a p10 filter tip, the DNA was added
to a 1.5mL tube and resuspended in 300pL of 1x TE buffer (10mM Tris HCI pH 8.0,

1mM EDTA). Isolated gDNA was stored at 4 degrees.

4.4 Results

4.4.1 dCas9 Efficiently Enriches for a Triplet CGG Trinucleotide Repeat and L1Hs
in GM12878 DNA

Previous work has shown that targeting CGG polynucleotide repeat expansions
in vivo with dCas9 systems activates otherwise transcriptionally silent loci [177]. We
reasoned that dCas9 should also efficiently target CGG repeats within purified ge-
nomic DNA in vitro, and that with a selectable modification, it would be possible
to physically enrich for dCas9 targets. We employed biotinylated dCas9 in a cus-
tom enrichment pipeline (See Methods 4.3) on purified GM12878 genomic DNA to
capture CGG repeat regions over background sequence (Figure 4.2). In addition,
we included an in vitro transcribed guide that targets L1Hs to assess performance
of this method with the Cas9 enrichment (See Chapter 3 methods and results). In
total, this experiment produced 12,062 passing reads with and N50 of 10.8 kb

To assess the number of reads that contained putative L1Hs signal, we scanned
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each passed read for a perfect match to the guide sequence used. Because this
approach uses a dCas9, there is no cut site during the enrichment. Therefore, L1Hs
signal will not appear at either end of the read as seen previously (See Chapter
3 methods and results), and any read containing a match to the guide RNA is
considered enriched. To determine CGG enrichment, we identified all reads that
contained at least 3 consecutive CGG trinucleotide repeats (CGG3). L1Hs signal
was found in 12% of the total reads (1,455/12,062) and CGG3 was found in 2% of
the total reads (239/12,062). One example of overlapping reads containing CGG3
was found at a ribosomal RNA (rRNA) cluster on the p arm of chromosome 21.
Three long reads directly overlap a CGG3 motif within the RNA45SN1 gene (Figure
4.2). In addition, multiple reads aligned proximal to the CGG3 but did not overlap

an annotated CGG3 repeat.
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Figure 4.2: dCas9 captures putative CGG repeats for nanopore sequencing. Integrated Genome
Viewer snapshot of nanopore reads from dCas9 enrichment for CGG

4.4.2 Cas9 Enrichment and Nanopore Sequencing on a Flongle Captures Repeat As-
sociated Disease Loci in GM12878

Cas9 has been developed and used previously to capture individual loci [176].

We selected 48 known (Table 4.1) disease-associated polynucleotide repeat regions
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in the genome and designed oligonucleotide pairs flanking each repeat, for a total of
96 oligonucleotides. First, we in vitro transcribed equimolar pools of the 96 oligonu-
cleotides into guide RNAs and performed Cas9 enrichment and nanopore sequencing
experiments on a Flongle to capture 46 different disease associated repeats (Figure
4.3). We obtained 20,786 passed reads with an approximate on target rate of 0.4%
and a N50 of 20.5kb. Slightly over half of the target regions (25/48) were captured
by at least one read. The Fuchs endothelial corneal dystrophy (FECD) gene had
the highest fraction of on-target reads of any of the selected regions (Figure 4.4).
To further understand the specific structure of read alignments over target sites, we
manually examined two loci, the FECD (an alias of TCF4) and a polynucleotide re-
peat at the HOXA13 gene responsible for hand-foot-genital syndrome (HFGS). We
found that reads overlapping the FECD locus were almost uniform in length ( 1.5kb)
in length (Figure 4.4). In contrast, reads overlapping the HFGS (HOXA13) locus

were substantially longer (>6kb) (Figure 4.5.)

25
e

& &g o 4 g e

P PP PO P PPI PP ISP PP o PP RO Re .;’ e 5 3 .
& ;

Figure 4.3: Flanked Cas9 enrichment for 48 disease-associated repeat loci in GM12878. X-axis
represents repeat expansion associated diseases. Y-axis represents number of reads.

The difference in read structure between both the FECD and HFGS targets is
attributable to a difference in which guide targets resulted in cuts. In FECD (Figure
4.4), the shorter 1.5kb reads resulted from both target sites being cut by Cas9.

Oppositely, the longer reads (>6kb) at both the FECD and HFGS loci represent
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Figure 4.4: Read structure and level of enrichment for Fuchs endothelial corneal dystrophy (FECD)
associated repeat. Integrated Genome Viewer snapshot of nanopore reads overlapping the FECD
locus on Chromosome 18. Window size is 12kb. Gene track (bottom) and guide RNA cut positions
(blue bars aligned with reads) are centered on repeat.
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Figure 4.5: Read structure and level of enrichment for hand-foot-genital syndrome (HFGS) associ-
ated repeat. Integrated Genome Viewer snapshot of nanopore reads overlapping the HFGS locus
on Chromosome 18. Window size is 12kb. Gene track (bottom) and guide RNA cut positions (blue
bars aligned with reads) are centered on repeat.

a targeting of a single Cas9 (Figure 4.5. To maximize read lengths per region, we
modified our targeting strategy and separated our guide RNAs into two groups: 1)
upstream to the target and 2) downstream to the target. Each guide RNA group
was separately transcribed in vitro and used in a Cas9 enrichment reaction and
sequenced on a Flongle. To test the performance of this targeting strategy, we

executed two enrichment and sequence experiments in total. The first yielded a
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total of 4,256 passed reads with an on-target rate of 0.41%. The total number of
reads was substantially reduced compared to previous experiments. This is likely due
to spontaneous sequencing pore death upon sample loading, leading to an overall
reduction in sequencing capacity. The total number of captured regions was also
reduced, with only 12 of 48 regions represented in the data (Figure 4.6.). The second
experiment yielded 7,680 reads total with an on-target rate of 0.3%. Out of 48
targets, only 15 were captured by the enrichment and sequencing. Between the first
and the second experiments, only 3 of the same target regions were captured in both
(Figure 4.7).
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Figure 4.6: Asymmetric Cas9 enrichment for 48 disease-associated repeat loci in GM12878: exper-
iment one. X-axis represents repeat expansion associated diseases. Y-axis represents number of
reads.

The second experiment yielded 7,680 reads total with an on-target rate of 0.3%.
Out of 48 targets, only 15 were captured by the enrichment and sequencing. Between
the first and the second experiments, only 3 of the target regions were captured in

both Figure.
4.5 Discussion
Here we present the framework for experiments to efficiently capture short tan-

dem disease-associated repeats for nanopore sequencing. We explored two main ap-

proaches for capturing polynucleotide repeat regions: a dCas9 and a Cas9 method.
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Figure 4.7: Asymmetric Cas9 enrichment for 48 disease-associated repeat loci in GM12878: exper-
iment two. X-axis represents repeat expansion associated diseases. Y-axis represents number of
reads.

Targeting CGG repeats using dCas9 has previously been used to reactivate the FMR1
locus in FXS stem cells [177]. We surmised that dCas9 could also be used in a tar-
geted enrichment approach for triplet CGG motifs occurring in the GM 12878 genome.
We demonstrated on target rates as high as 2% (239/12,062 reads), which is a sub-
stantial enrichment over CGG triplets occurrences in non CGG targeted nanopore
data (0.03 to 0.07%). Since dCas9 does not cut the DNA, it is impossible to delin-
eate dCas9-bound fragments, and it is probable that background, unenriched CGG
triplets are contributing to this enrichment. Nevertheless, Figure 4.2 shows a re-
gion with 3 nanopore reads overlapping a ribosomal RNA gene. It is exceedingly
unlikely that this pattern occurred by random chance. Furthermore, 6 nanopore
reads flank proximally to the overlapping reads, which is most reasonably explained
by random DNA shearing after dCas9 pulldown. In fact, it is likely that due to
random shearing of high molecular weight DNA immobilized at a single point on
a bead, the effective enrichment may be significantly higher than 2%. Despite the
performance of the dCas9 approach, it is not without limitations. The protospacer
adjacent motif (PAM) for Cas9 is NGG. Because we anticipate dCas9 to be targeting
to the repeat itself, and not outside of it, this effectively limits targeting to small

subset of repeats that are sequence compatible with the PAM [178]. While other
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Cas proteins have been characterized with different PAMs, they are not necessarily
compatible with direct targeting of disease associated repeat sequences, rendering
eventual implementation unlikely [179].

To overcome the limitations of using a dCas9 system, we also explored using its
wild type form, Cas9. We used Cas9 to target 48 individual disease-associated repeat
loci. We showed that Cas9 directed to flanks of repeat regions captures as many as
half of the targeted repeats in a sequencing run with at least one supporting read.
Our experiments established a proof of concept that pooled in vitro transcription of
96 gRNAs for targeted Cas9 enrichment and nanopore sequencing. While it is likely
that equimolar pooled guide oligos do not in vitro transcribe at the same efficiency,
and consequent gRNA concentrations differ, this does not seem to adversely affect
the data. In the replicate experiments where we separated upstream and downstream
targets into distinct enrichment reactions (Figure 4.6 and 4.7), such that no region
is cut more than once, we observe that they only overlap with 3 of the same regions
captured. Even though the targeting and in vitro transcription is identical, the
sequenced targets differ dramatically. Furthermore, when we implemented all 96
targets, with 2 on either side of each region, we achieved the highest coverage across
the most regions. These results suggest that, likely in all cases, the Cas9 is able to
cut the target sites, albeit at different efficiencies [180]. Instead, it is likely that cut
fragments with nanopore adapters are unable to reach the immobilized nanopores
for sequencing. This may explain the increased coverage in Figure 4.3, as the excised
repeat regions are shorter fragments (500bp to 2kb) and more soluble compared to
the high molecular weight background genomic DNA. This explanation is consistent
with the results from our replicate asymmetric targeting experiments (Figure 4.6 and

4.7), where the regions are cut on a single side and the sequenceable fragment is not
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predetermined or selected for a specific size. Even though cut and adapter-ligated,
the high molecular weight DNA may less efficiently navigate to the sequencing pores
compared to their shorter counterparts.

Nevertheless, these experiments cement a proof of principle for efficiently targeting
disease-associated repeats. Our Cas9 approach is more suitable for targeting candi-
date repeats than the dCas9, largely due to the flexibility of targeting afforded by the
gRNA design and preparation. Despite a high on target rate for dCas9 (2%), further
development is stagnated by the intrinsic specificity of the PAM and unlikely to be
scalable, even when incorporating additional Cas proteins with alternative PAMs.
Previous work has shown that targeting multiple loci with flanking gRNAs can pro-
duce between 0.4 and 4% on target enrichment [176]. While our best enrichments
barely measure up to their worst performing experiments, modeling a similar exper-
imental approach will likely prove fruitful for our targeting strategy. These changes
will likely include: 1) maximizing molecular weight of DNA from gDNA extraction,
2) extending Cas9 incubation, 3) increasing sequencing throughput, and 4) mitigat-
ing targeting disparities by redundant gRNA design. Altogether, we feel that this a
positive first step in the future direction of characterizing repeat expansions. Due to
the portability of nanopore sequencing, this concept may be a promising candidate
as a clinical screening platform. In addition, the fast turnaround time and suitability
for multiplexing samples could equip clinicians and genetic counselors with the tools
to rapidly diagnose or rule-out known repeat expansion diseases in patients with

undiagnosed syndromes.
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CHAPTER V

Conclusions and Future Directions

5.1 Conclusions and Future Directions

Achieving a more complete understanding of regulatory and structural elements
of the human genome has been focus of modern genetics. Since the publication of
the first human genome draft sequence, interest in these regions, which constitute
upwards of 50% of the genome, has only been heightened [50]. We now understand
that these regions, collectively, are composed of open chromatin regions and repeti-
tive DNA sequences. In addition, these regions of the genome dramatically influence
the way in which genes are expressed, and their misregulation is responsible for a
vast array of human diseases. Continued advancements in molecular methodologies
are essential for fully appreciating the ongoing impact that regulatory and structural
elements in humans.

My dissertation intersects with the development of molecular methodologies in
genomics. The work presented here implements new technological approaches for
characterizing regulatory and structural elements of the human genome. This work
is anticipated to provide a foundation and precedent for leveraging novel enrichment
and sequencing approaches to characterize open chromatin and highly repetitive

structures.
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5.1.1 Improving unbiased isolation of transcription factor bound sequences

In chapter 2, I developed a molecular protocol aimed at specifically isolating
transcription factor bound fragments. While many open chromatin assays and com-
putational algorithms have been established to provide functional annotation to reg-
ulatory regions, a collective limitation is their ability to discern precise transcription
factor binding sites [36, 31, 33, 29, 30, 32, 39, 34]. In this chapter, I expressed a
number of molecular biological steps overcome some of the limitations observed in
other techniques. Due to nuclei isolation difficulties from conventional protocols, I
developed a method that simultaneously crosslinks and isolates nuclei [73]. This dou-
bled to remove mitochondrial DNA that regularly contaminates ATAC-seq [47]. In
addition, it eliminated cytoplasmic proteins that would contaminate the filter bind-
ing experiments. Exploring nucleosome depletion methods eschewed the requirement
of antibodies in ChIP approaches [181, 36], which would enable unbiased recovery
of transcription factor bound sequences. Extensive digestion with nucleases would
effectively reduce fragment size of transcription factor-DNA complexes, providing
higher resolution of the specific protein-occupied sequence. Despite these implemen-
tations, I was unable to demonstrate isolation of transcription factor bound sequence.
The largest obstacle in this chapter was fully depleting nucleosomes to give way to
signal from transcription factor bound sequences. In a given diploid genome, there
are about 30 million nucleosomes [182]. It is not surprising that the most common
DNA binding protein is the histone packaging proteins that make up the nucleosome.
Considering that K562 is near triploid, the nucleosome content is expected to be sub-
stantially higher than a cell line with a normal karyotype [183]. This overabundance
of nucleosomal DNA and histone protein likely contributed to the difficulties associ-

ated with a complete depletion. However, this does not suggest that the approach
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is without merit or feasibility. To achieve full depletion of nucleosomes, it is likely
that a serial depletion approach is required. We found that the most efficient means
to deplete nucleosomal sequence was by immunoprecipitating with a pan histone
antibody. Repeated immunodepletions of the same sample may completely elim-
inate histone protein and associated DNA rapidly. Another worthwhile approach
would be separating out nucleosomes from transcription factor-DNA complexes in
classic sedimentation experiments, the same experiments used to first characterize
their structure [3]. Furthermore, careful optimization of crosslinking, whether with
formaldehyde or with alternative crosslinkers, will mitigate the occurrence of spu-
rious crosslinking that has been observed in fixation-based assays [78, 79]. Recent
work in bacterial systems have developed a similar approach that isolates protein-
occupied regulatory sequences [80]. This reaffirms the value of understanding the
specific sequences occupied in regulatory regions and how that relates to fine-tuned
regulatory control. Despite the wide selection of assays available, eukaryotic ge-
nomics remains limited in its capacity to fully dissect transcription factor binding.
Successful isolation of small molecular weight DNA fragments that are largely, if not
exclusively, transcription factor bound sequences will unlock a new perspective of

functional genomics.

5.1.2 Characterizing Repetitive Elements Using Targeted Enrichment and Nanopore
Sequencing

The research in chapter 3 and 4 focuses on using Cas9-based enrichment strategies
paired with nanopore sequencing to capture highly repetitive regions of the genome
[176]. Chapter 3 focuses on selectively sequencing retrotransposable elements, which
comprise upwards of 40% of the genome alone. Due to technological and experimental

limitations, finding recent retrotransposition events has been challenging. In chapter
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3, I aimed to discover polymorphic mobile element insertions of 5 active retrotrans-
posons: L1Hs, AluYbS8, AluYab, SVA_F, and SVA_E. My Cas9 targeted enrichment
and nanopore sequencing experiments efficiently captured mobile element insertions
from a well-annotated cell line. Collectively, the enrichment experiments averaged a
44% on target rate for mobile element insertions. When compared to whole genome
sequencing on nanopore, mobile elements from the Cas9 enrichment datasets were
between 13 and 50 fold more enriched. In addition, both polymorphic and reference
mobile element insertion events reached near saturation in a single sequencing run,
demonstrating the capacity of this approach to capture transposable elements. Fi-
nally, 17 insertion events were discovered that were neither reference, nor anticipated
to be non reference. In chapter 4, I explored another type of structural variation
known as polynucleotide repeat expansions. While these repeat regions make up
a considerably smaller portion of the genome than mobile elements, expansions in
these repeats are causative of upwards of 40 human diseases. Due to their tandem
repetitive nature, efficient nucleotide repeat characterization has remained an ob-
stacle to modern genomics methods[66, 60]. I characterized polynucleotide repeats
using both dCas9 and Cas9 based enrichments paired with nanopore sequencing. I
first developed a novel approach that leverages a biotinylated dCas9 to directly bind
CGG triplet repeats and pulldown on streptavidin magnetic beads. This technique
resulted in a near 200 fold enrichment of triplet CGG over background sequence.
It was able to capture multiple DNA fragments overlapping a putative triplet CGG
within ribosomal RNA gene. In addition, I used Cas9 for site-specific enrichment
of 48 disease-associated repeat loci. Through a series of enrichment experiments, I
showed that a majority (25/48) regions could be specifically captured and sequenced.

This approach was done using pooled in vitro transcription to generate guide RNAs,



114

which did not appear to reduce targeting efficiency, indicating that the addition of
more targeted regions is possible. As a result, this technique can likely scale to as-
say many more genomic sites than were tested here, and will be a useful approach
for the future discovery and characterization of disease-associated repeats. Chapters
3 and 4 emphasize the importance of enrichment approaches that collaborate with
nanopore sequencing to discovery structural variation in the genome. Whole genome
sequencing to capture specific regions in the genome diverts a majority of the se-
quencing potential to non target regions. These chapters have shown that targeted
enrichment approaches can dramatically shift the distribution of captured reads to
elements of interest. This was most evident in chapter 3, where mobile elements were
abundantly enriched over background. However, with decreasing abundance of tar-
get regions, Cas9 works less efficiently, as seen in chapter 4, capturing only a subset
of all of the target regions. While repeated experiments would eventually saturate
all of the targets, the low enrichment partly inspired developing the dCas9 approach.
By directing a dCas9 with biotin tag to repeats of CGG, it was not necessary to pre-
define regions of the genome to target [184]. Instead, this offered a discovery-based
enrichment approach, much like chapter 3. In addition, the CGG repeat regions were
immobilized by a crosslinked dCas9 on a streptavidin bead, which afforded washes
and buffer exchanges to remove unbound and unenriched DNA sequences. These ex-
periments provide insight into promising avenues for enrichment strategies, but also
indicate that further research is required to efficiently capture rare structural events.
New techniques for capturing exceedingly rare variation, such as somatic mosaicism,

will be especially in demand in the future of genomics research.
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5.1.3 Concluding remarks

The work in this dissertation has been an exploration of new molecular methods
and technologies to understand structural and regulatory elements in the human
genome. While the work discussed here expands the envelope of knowledge, there
is still substantial work to be done. Functional genomics has accelerated in the
past 20 years, but important questions remain about detailed interactions between
transcription factors and their regulatory regions. The limitations of contempo-
rary methods in genomics require innovative solutions to enhance our understanding
of these interactions. Regardless of the detailed molecular strategy, future efforts
to dissect precise transcription factor and binding site interactions in an unbiased,
genome-wide way, with special attention to predecessors’ limitations, will likely be
fruitful. The development of such an approach would provide an unprecedented view
eukaryotic regulatory control, and would be invaluable to understanding the genetic
etiology of many human diseases.

In addition, continued exploration of mobile elements, polynucleotide repeats, as
well as other classes of structural variation, will be essential to understanding how
these elements continue to influence genome regulation and evolution. Technological
limitations have stagnated rapid, and widespread discovery of structural variation.
However, the advent of sequencing platforms able to capture unprecedented read
lengths is quickly proving a valuable force in the tide of research. While this se-
quencing technology continues to improve, inventing novel enrichment techniques to
capture low abundance genomic targets will be an important complement to effi-

ciently capture rare and mosaic structural variation.
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