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Abstract

Application of Long-read sequencing to modified nucleotides for detecting

chromatin accessibility

by

Brandon Saint-John

Nucleosomes provide an additional layer of gene regulation by regulating chromatin ac-

cessibility. We have found that factors involved in regulating nucleosome positioning,

such as SMARCA4, are recurrently mutated in lung adenocarcinoma and can correlate

with alternative splicing changes. As a result, it is crucial to understand nucleosome po-

sitioning across an entire gene body to understand how they interact to cause changes

in splicing. The key to being able to understand this is using long-read sequencing

methods to understand the positioning of nucleosomes at once. My thesis focuses on

developing methods and computational tools to understand nucleosome positioning with

long reads. I developed a sequencing approach called Add-seq that uses a small molecule

called angelicin to label accessible regions and determine those positions using nanopore

sequencing. Based on the analyses for Add-seq, I also developed a toolkit called cawlr.

This computational pipeline can automate calling nucleosomes on single molecules from

any long-read sequencing technology. This work provides new ways of looking at nucle-

osomes and understanding their positioning in the context of other biological processes.
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Chapter 1

Introduction

1.1 Epigenetics

Epigenetics represents a secondary layer of regulation that cells use to regulate

gene expression, RNA splicing, cell differentiation, and more. Epigenetics regulates

through DNA methylation, histone modification, and density of nucleosomes [4, 26,

21]. Nucleosomes comprise a histone octamer complex containing the H2A, H2B, H3,

and H4 subunits and 147 base pairs of wrapped DNA [28, 33]. The wrapped DNA

is in a structural configuration where DNA-binding proteins such as polymerases and

transcription factors cannot bind [2]. The binding of nucleosomes to DNA can fluctuate

due to transcription or chromatin remodeling complexes [5]. While there is an optimal

sequence that nucleosomes can bind, it can bind to various DNA contexts and depends

primarily on a structural DNA motif [32].
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1.2 Alternative splicing

Alternative splicing is the process by which exons and introns are spliced from

nascent RNA transcripts to form mature RNA transcripts that will be translated into

protein [25]. Alternative splicing allows a single gene to produce different proteins by

including or excluding exons. The ability of the same gene to produce variations of

the same protein is vital for allowing for flexibility in cellular response [35]. Because

alternative splicing can cause significant changes in the proteins it produces, errors in

regulating alternative splicing can cause diseases [48].

1.3 Mapping nucleosome positions

Because nucleosomes regulate alternative splicing depending on how they are

positioned, mapping the positions of nucleosomes can be important for understanding

how certain regions are regulated. Several methods have been developed for mapping

nucleosomes genome-wide with high-throughput sequencing [8, 39, 22]. These methods

rely on fragmenting and enriching DNA corresponding to a single nucleosome. This

is because most approaches rely on short-reads that provide information for a single

nucleosome and will not be able to provide information about how multiple nucleosomes

are positioned, Other methods, such as NOME-seq, have utilized methyltransferases

to label DNA not bound by nucleosomes [23, 49]. These methods can find multiple

nucleosomes on a single strand but are limited by the short-read sequencer read lengths.
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1.4 Long-read sequencing

While short-read methods lack the length to fully understand how nucleo-

somes control alternative splicing, several new sequencing methods have emerged that

have made answering this possible. These methods were notable in that they could

sequence long stretches of DNA in single molecules at a lower accuracy. One such

method was nanopore sequencing [14]. Nanopore sequencing involves a biological pore

that is embedded in a lipid bilayer. A single DNA strand is unwound and ratcheted

through the pore with the help of a motor protein. As the DNA passes through the

pore, it causes changes in the electrical current running across the pore’s sensing re-

gion. The sensing region covers approximately five nucleotides and changes the current

in a sequence-dependent manner. The current signal can then be translated into the

corresponding DNA sequence. These reads are as long as 2.2 megabases [37].

Another central long-read sequencing platform is PacBio-sequencing [40]. This

method relies on the circularization of DNA strands. This single circularized strand is

bound in a channel called a zero-mode waveguide. A polymerase adds nucleotides bound

to a dye that fluoresces a base-specific color each time it is incorporated. Because the

DNA is circular, the polymerase will pass over the same DNA multiple times, allowing

for greater accuracy by taking the consensus of the signal generated. This method can

sequence DNA strands that average 15,000 to 20,000 bases long. The multiple passes

allow it to achieve higher accuracy than nanopore sequencing, with a short read length.

Both of these methods can detect modified nucleotides. In nanopore sequenc-
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ing, shifts in the electrical current signal for kmers containing the modified can be used

to determine whether or not a nucleotide is modified. Previous work has shown these

methods can detect modifications as small as cytosine methylation [38, 46]. For PacBio

sequencing, modified nucleotides will change the kinetics of nucleotide incorporation.

This measurement, the interpulse width duration (IPD), can be used to detect the

presence of modified nucleotides [15].

Previous methods have used enzymes to modify nucleotides not bound by

nucleosomes and map them with long-reads [29, 1, 51, 47, 45]. These methods have

used a variety of methyltransferases for labeling cytosines or adenines. These have used

both nanopore and PacBio sequencing. Each has a specific computational pipeline that

is used for their specific method.

1.5 Thesis work

In this thesis, we aimed to develop a long-read sequencing approach to under-

stand chromatin accessibility. The eventual goal is to apply this to understand lung

cancer and alternative splicing in the context of nucleosomes. In the second chapter,

we introduce Add-seq, a novel sequencing method using the small molecule angelicin to

label accessible chromatin and identify it with nanopore sequencing. I performed initial

sequencing experiments validating the approach and sequencing of the controls. I an-

alyzed and plotted kmer data, comparing modification calls with genome features and

orthogonal data. Robert Shelansky performed the analysis of skipped kmers. Namrita
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Dhillon and Brett Meisnner performed sequencing of the concentration experiments.

In the third chapter, we used our experience analyzing modification data for long-read

chromatin accessibility experiments to develop a toolkit called cawlr. I implemented

the entire pipeline and packaging of the tool myself. Parts of the dynamic programming

code were directly adapted from the NP-SMLR paper [51]. We then discuss the future

of the field and the applications we plan to use from our results.
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Chapter 2

Determining the alternative splicing

changes in lung adenocarcinoma from

SMARCA4 mutations

2.1 Abstract

Alternative splicing is the process of creating a large diversity of proteins from

a small set of genes and is regulated by the positioning of nucleosomes across genes.

SMARCA4 encodes a subunit of the SWI/SNF complex responsible for nucleosome re-

modeling and is significantly mutated in lung adenocarcinoma. This project investigates

the effects of the SMARCA4 mutation on alternative splicing and how it relates to tu-

morigenesis. We find that missense and non-missense mutations in SMARCA4 have

different effects on splicing.

6



2.2 Introduction

While the human genome does not contain many genes compared to other

species, it can achieve considerable complexity in part due to alternative splicing. Al-

ternative splicing involves different permutations of the inclusion and exclusion of exons.

Because of this, studying the regulation of alternative splicing can yield vast insights

into any number of genetic diseases, such as cancer. Regulation of alternative splicing

mainly involves factors that directly interact with exon-intron junctions. This regula-

tion also includes the underlying sequence, such as the acceptor and donor splice sites,

or proteins that interact with these sequences, such as splicing factors, such as U2AF1.

However, the epigenetic state, such as nucleosome position, also affects alternative splic-

ing. The proposed mechanism shows that as RNA Pol II transcribes pre-mRNA, parts

of the epigenetic state, such as nucleosomes or DNA methylation, act as “speed bumps”

and modify the elongation rate of RNA Pol II. This modulation of elongation has down-

stream consequences on the recruitment of splicing factors and can change which splicing

events occur. Other work has also pointed toward SMARCA4 regulating the binding of

splicing factors to RNA as it is being transcribed [16]. To investigate this further, we

reanalyzed published RNA-seq data of lung adenocarcinoma patients with and without

SMARCA4 mutations to understand its consequences on alternative splicing.
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Figure 2.1: Significant splicing event counts between missense and non-missense muta-
tions. The bar graph shows all types of splicing events for samples that contain either
missense mutations in SMARCA4 or non-missense mutations in SMARCA4 that are
significantly differentially spliced. Intron retention events are largest in non-missense
mutations, whereas missense intron retention and cassette exon events are nearly equal.

2.3 Results

The output from the juncBase splicing quantification tool was used to quantify

the different splicing events in the TCGA samples, shown in Figure 2.1 [7]. Of these,

intron retention was found to be the largest splicing event in TCGA samples, with non-

missense mutations at 36% of those in those samples. On the other hand, the number

of cassette exon and intron retention events were nearly identical in the missense-only

analysis at 107 and 102, respectively. Furthermore, when looking at the intron retention

events between missense and non-missense groups, we find that only 36 events are

shared.

2.4 Methods

Data was taken from 495 TCGA Lung Adenocarcinoma patients. Reads were

aligned with HISAT2. The juncBase tool was used to quantify changes in splicing and
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identify the types of splicing events. The wild-type for the comparisons contained no

RBM10, U2AF1, or SMARCA4 mutations in the TCGA samples. Each sample was also

annotated with whether they had low, high, or unknown expression of SMARCA4. Only

the samples with a differentially-spliced corrected p-value less than 0.05 were retained.

Only the known intron retention events were recorded when quantifying the splicing

events in Figure 2.1.
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Chapter 3

Add-seq: a novel method for inferring

nucleosome positions on long-reads

using angelicin-modified DNA

3.1 Abstract

Nucleosomes are DNA wrapped by histone octamers and regulate several bio-

logical processes. Nucleosomes regulate by preventing proteins and transcription factors

from interacting with the bound DNA. Many sequencing methods locate the bound DNA

by enriching sequences bound to nucleosomes. However, these methods can only infer

one or two nucleosomes at once. Several nucleosomes coordinate together to influence

protein binding. We developed Add-seq, which modifies nucleosome-free DNA with an

angelicin small molecule. The small molecule creates DNA modifications on thymine

bases and maps multiple nucleosomes on a single read in conjunction with nanopore
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sequencing. We show that angelicin-modified DNA can be sequenced on the nanopore

and, in the aggregate, can show patterns of accessibility consistent with chromatin bi-

ology. We identify key issues that angelicin has and suggest further developing this

approach.

3.2 Introduction

Nucleosomes consist of a histone octamer that wraps approximately 147 bp

of DNA and regulates transcription by occluding binding of transcription factors and

polymerases [41, 30]. The typical histone octamer consists of H2A, H2B, H3, and

H4 histone proteins, forming the protein complex that binds DNA [33]. Because of

nucleosomes’ ability for gene regulation, several methods have been developed to map

the positions of nucleosomes. MNase-based approaches use the micrococcal nuclease

enzymes, which cleave and chew away DNA not bound by the nucleosome [36, 9]. ATAC-

seq uses Tn5 transposase to cleave DNA around accessible regions and enriches DNA

bound by nucleosomes [8]. In these cases, the fragmented DNA is sequenced using a

short-read sequencing platform like Illumina and reads mapped back to the reference

genome. These reads give the position of single nucleosomes averaged across a large

population of cells. Because the nucleosomes mapped by these methods only represent

the average position of single nucleosomes. It can be challenging to infer whether a set

of nucleosomes may have been positioned in sync or phased in a cell subpopulation. Sets

of nucleosomes are positioned in discrete structures to have different gene regulation,
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and current short-read methods cannot distinguish between the different structures [42].

In this paper, we present Add-seq, a method to observe these discrete struc-

tures of nucleosome positions. Our method combines two approaches to map nucleo-

somes on single molecules, 1) avoiding fragmentation by labeling DNA using a small

molecule, and 2) reading the modified bases using nanopore sequencing.

The first part is to avoid fragmenting DNA by labeling DNA accessible through

DNA modification. Our method uses a small molecule called angelicin. This fura-

nocoumarin intercalates between DNA strands and will form a DNA modification on

thymine nucleotides upon treatment by 365 nm UV light [27, 18]. This DNA modi-

fication will take place only on nucleotides not bound by nucleosomes. Thus, we can

infer the position of nucleosomes if we know where the modifications are located. To

validate our approach, we treat yeast with angelicin (3.1A). We perform seven rounds

of modification, treating DNA in vivo and in vitro with angelicin and UV light multiple

times to achieve good training data and higher resolution of nucleosome positions. We

then purify the DNA and sequence it using ONT nanopore sequencing technology.

The second part is determining where the modifications are positioned using

nanopore sequencing (Figure 3.1B). Nanopore sequencing involves a biological pore

embedded in a lipid bilayer with an electrical current running across the pore [19]. As

DNA is funneled through the pore with a motor protein, the kmers of the DNA cause

shifts in the electrical current in a base-specific manner. This sequencing approach

allows for sequencing long strands of DNA. This approach also allows for detecting

DNA modifications, as the change in the chemical structure of the nucleotide due to the

12



Figure 3.1: Add-seq uses angelicin and UV light to measure chromatin accessibility
on long-reads with nanopore sequencing. A) Yeast cells are placed into a petri dish
on ice. Angelicin is added to the mixture, and the cells are treated with UV light
seven times. A high molecular weight DNA extraction purifies the treated DNA and
sequenced by nanopore sequencing. B) Angelicin preferentially modifies accessible chro-
matin that isn’t bound by nucleosomes. When the modified nucleotides are sequenced
on the nanopore, changes in the electrical current can be used to determine where the
modified base was positioned and, as a result, whether the chromatin was accessible
around that position.

modification will be reflected in the electrical current [38, 46].

Our method will label accessible chromatin on long DNA strands and then

detect the modifications while avoiding fragmentation using nanopore sequencing. To

validate that our approach works, we sequence angelicin-modified DNA. We also use

a meta-gene analysis across transcription start sites and orthogonal short-read-based

methods to ensure we can observe known chromatin biology. Lastly, we find several

difficulties with using an angelicin-based approach and offer several pathways towards

13



resolving those issues.

3.3 Results

3.3.1 Angelicin-treated DNA can be sequenced on the nanopore

We did a preliminary analysis using the PyMol structures to estimate whether

it is likely that angelicin-modified DNA will be able to fit through the pore. Although

we do not know the actual structure of the pore used in Oxford Nanopore flowcells, we

looked at the pore structure we know was likely used to start. From this, we expect the

DNA will fit through the pore.

To validate our approach, we performed nanopore sequencing on yeast DNA,

one negative control treated with UV light, and one positive control treated with UV

light and angelicin. Because UV light can cause DNA damage, such as thymine dimers

and abasic sites, we treated our negative control with the same amount of UV light

as the positive control. We aligned the sequencing data to the sacCer3 yeast genome

reference using minimap2 and aligned the signal data using nanopolish eventalign.

Comparing the densities of the electrical current signal, we found that for kmers that

contained the motif of interest, we didn’t observe a shift in signal density; however,

when we looked at kmers that did, we observed a secondary distribution. Previous

papers have shown that modifications can cause shifts in the electrical current and used

those to determine modification likelihood [38, 46]. Based on these results, we believed

we could sequence DNA modified with angelicin with nanopore sequencing.

14



Figure 3.2: Signal distribution plots of modifiable kmers indicate sequencing of angelicin-
treated DNA. Kernel density estimate plots of the nanopore signal data from yeast
treated with UV light only (blue) and angelicin treated in vitro yeast DNA (orange) for
two kmers, TATATG (left) and TCGCTC (right). B) The plot for the kmer TATATG,
with modifiable nucleotides colored, shows a second distribution near 95 pA expected
to come from modified nucleotides. A) The plot for the kmer TCGCTC, has no din-
ucleotides that are preferentially modified, and the kernel density estimate plots show
that the signal distributions UV only and angelicin treated are very similar, indicating
a lack of modification. C) Sequence logo of highest ranking kmers. Kmers were ranked
based on the GMM for the positive control and single Gaussian using the KL divergence
metric, and the 100 highest-scoring kmers were used to generate a sequence logo. The
high level of TA and AT within the motif indicates that higher-ranking kmers tend to
contain the motif associated with angelicin
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We treated yeast DNA with 20 µM, 100 µM and 500 µM concentrations of an-

gelicin and an untreated control sample. We made nanopore sequencing libraries from

each treatment group and sequenced each over 72 hours. For the untreated, 20 µM, and

100 µM samples, we stopped sequencing after reaching 50,000 reads. We then sequenced

the 500 µM library until sequencing finished. We observed that as the angelicin con-

centration increased, the throughput decreased significantly, taking longer to achieve

50,000 reads. Although sequencing

Following basecalling, we aligned signal current to the yeast genome using

nanopolish. We then compared untreated and 500 µM angelicin concentrations by the

signal distribution of TA and AT containing kmers. For these kmers, we observed the

500 µM kmer signal distribution often contained a bimodal distribution. The signal

distribution would often be unimodal for kmers that did not contain TA or AT din-

ucleotides. The angelicin modification causes the secondary peak by influencing the

signal measured current signal during nanopore sequencing.

3.3.2 Angelicin treated DNA shows patterns of nucleosome position-

ing

To evaluate our ability to detect angelicin-modified nucleotides, we followed

a previously published paper approach using GpC methyltransferases [51]. We trained

Gaussian mixture models on our control data, a single-component Gaussian for the

negative control and a two-component Gaussian Mixture model for the positive control.

These were trained for every 6-mer from the nanopolish eventalign signal alignments

16



average picoamp measurement. We used the Kulback-Leibler divergence by sampling to

compare kmer models from the positive and negative controls. This metric gives a value

where the higher the value, the more significant the difference between the two distri-

butions being compared. We performed a sequence logo analysis on kmers with a KL

divergence score greater than two (Figure 3.2C). The sequence logo preferred As and Ts

in the kmers, corresponding to the positions we expect to modify by angelicin. Overall,

this showed that across all kmers, we could find patterns that match the chemistry of

how angelicin interacts with DNA.

We performed nanopore sequencing on nuclei treated with angelicin, so nucleo-

somes would not allow modifications, and we tested whether we could map nucleosomes

in aggregate. We used the scoring approach from Wang et al. for the nuclei-treated

sample. We scored each kmer in each read with the likelihood of being modified from the

positive control Gaussian mixture model compared to the likelihood of being unmod-

ified from the negative control Gaussian. To validate that the modification positions

are biologically relevant, we looked at how likely modification occurs across several loci

(Figure 3.3). The locus around a transcription start site shows a characteristic chro-

matin accessibility signal. Upstream of the transcription start site, the locus is generally

accessible to allow for transcription factors and polymerases to bind to allow for tran-

scription. Downstream, within the gene body, nucleosomes are packed next to each

other, so overall accessibility is lower compared to linker regions, and a regular pattern

of inaccessibility interspersed with accessible linker regions is expected.

Furthermore, the first nucleosome is expected to be the most well-positioned,

17



with subsequent nucleosomes less positioned going downstream. To see if angelicin-

treated nuclei reflect this pattern, we averaged the modification score for a 1200bp

window across every transcription start and end site in yeast (Figure 3.3A, B). The

scores from this plot are flipped, so the more modification rate results in more negative

scores. From this metagene plot, we found the scores followed the expected pattern,

upstream having a wide area of negative scores. This correlates to our expectation

of higher accessibility and lower modification rates within the gene body. Near the

transcription termination site, there is a known pattern of accessibility surrounding this

area [10]. Comparing our data here, we also saw a strong signal of accessibility closely

around the transcription termination site.

In addition, we also compared scores with nucleosome maps in yeast [6]. This

paper used modified histones to map nucleosomes across the yeast genome. When we

averaged the scores across all nucleosomes in the paper, we found a pattern of inaccessi-

bility and the center of the nucleosome, and then waves of accessibility and inaccessibility

fanning out from the center of the nucleosome (Figure 3.3C). The Brogaard et al. paper

also scored these nucleosome positions based on how consistently they were positioned

[6]. Strong nucleosomes with high scores are often bound to this position, whereas weak

nucleosomes with low scores are bound less often to the locus. When we separated

nucleosomes based on a score cutoff to compare weak and strong signals, we found that

while we maintained the signal we saw before with strong nucleosomes, the signal would

disappear compared to weak nucleosomes. This further validates our approach because

as a nucleosome is less often bound to a position, it is more likely that angelicin will be

18



Figure 3.3: Genome-wide aggregate of modification probability reveals known chromatin
accessibility patterns. For every transcription start site (TSS), transcription termination
site (TTS), and nucleosome (citation here) in the yeast genome, the negative log-odds
score for every base of every read that overlapped these regions were aligned. When
comparing the sum of scores relative to the (A) TSS and (B) TTS, we see patterns
typically associated with chromatin accessibility near the promoter region and lower
accessibility in the gene body.

able to bind that locus. Overall, we saw that angelicin could modify linker DNA and

read the signal closely matching results from orthogonal approaches.

3.3.3 Kmer-skipping causes difficulty in modification detection and

nucleosome mapping

We observed that in positions where we expect modifications to occur, several

large deletions span the position and several bases upstream and downstream of the

position (Figure 3.4). These skipped kmers are positions where nanopolish could not

assign signal current to sequence within the read. The bulky angelicin modification

likely caused shifts in the electrical current that does not match any expected signal
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Figure 3.4: Angelicin modification has a high proportion of skipped kmers, yet observed
data compares well with orthogonal data. Reads centered around the TATGAC position
show many skipped kmers. The center column is colored by the current signal, as shown
on the right of the image. The grey corresponds to the unmodified sample. Each row
in the center represents a single read that maps to this locus. Black indicates the locus
is skipped, meaning no signal is assigned to the position in nanopolish eventalign

output. For reads with a skipped kmer at the TATGAC, where we expect modification
to occur, surrounding kmers also tend to be skipped.

distribution of kmers, so the kmer is skipped. Because these kmers are skipped, our

current pipeline cannot assign modification likelihood to the position. We have tried an

approach that uses the frequency of kmer skipping to help with modification detection

but did not find any significant difference in modification identification. From this, we

have found that care needs to be taken when dealing with modifications that cause

significant differences in the structure of the nucleotide, and further work needs to be

done to identify these bulky modifications.
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Figure 3.5: Orthogonal comparison indicates Add-seq is potentially better can be better
than CpG methylation approaches. We compared the normalized score of chromatin
accessibility from one sequencing track from Chereji et al. (blue) to the average nucle-
osome calls from Add-seq data (orange) and methylation-based data (green). In grey is
highlighted the body of a gene in the yeast genome. We found that the Add-seq data
correlated more closely to the orthogonal dataset than the methylation-based assay.

3.4 Discussion

While angelicin-based DNA modification can determine the positions of nucle-

osomes in aggregate, this approach has several challenges that need to be addressed. For

machine learning-based approaches, having clean positive and negative controls are cru-

cial for building models that accurately predict modifications from nanopore sequencing

data. However, several aspects of angelicin prevent us from creating good positive con-

trols compared to enzyme-based approaches. Because of the context of angelicin and

bulkiness of the modification, we only expect to be able to modify one strand at a given

time within a TA/AT context. As a result, we will not sequence the strand containing

the modification half the time with standard nanopore sequencing.
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Additionally, we tried to find third parties or companies able to synthesize

DNA with angelicin modifications. To tackle this problem, we can increase the number

of modified nucleotides sequenced by following an approach similar to 2D sequencing.

This approach would ensure that the other strand is sequenced by joining the DNA

strands via a hairpin adapter on one end. The hairpin-connected DNA would physically

connect the two strands and allow the modification to be sequenced.

As we have attempted more sequencing runs with higher concentrations of

modification, we have found that flowcell pores die more quickly, and as a result, more

angelicin causes lower throughput. While preliminary analysis indicated that the pore

should be able to accommodate the size of the modification, this result meant that

angelicin-modified DNA might be interfering with the sequencing process. One hypoth-

esis is that angelicin forms interstrand crosslinks, similar to its analog psoralen. Previous

papers have shown that the chemistry of angelicin should not allow for the formation of

crosslinks [3]. However, we decided to validate whether this was the case. Our gel results

showed that a small fraction of reads forms interstrand crosslinks. These interstrand

crosslinks will not be able to be broken during nanopore sequencing and thus force the

pores to become clogged, reducing throughput. One way to alleviate this issue is by

treating DNA with a base to break interstrand crosslinks [44]. Base treatment has been

used with another furanocoumarin, psoralen, which generally forms DNA crosslinks.

Despite these challenges with using angelicin for resolving chromatin struc-

ture, there are still benefits to using it as a modification. Compared to enzyme-based

approaches, angelicin is significantly cheaper for modifying the same amount of DNA.
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Angelicin is an exogenous modification that does not naturally exist as a modification

in cells. For GpC methyltransferases in genomes that endogenously have CpG modifi-

cation, it cannot be easy to resolve whether the enzyme treatment made the mark. In

comparison, we expect angelicin to interact differently compared to the other modifica-

tions during nanopore sequencing.

Furthermore, we compared our approach to GpC methyltransferase approaches

with an orthogonal short-read approach (Figure 3.5). In Chereji et al., a chemical cleav-

age assay was used to get precise measurements of nucleosome positioning and compare

the consistency with which a nucleosome would bind to a specific locus [11]. When

comparing the modification scores across all of these nucleosomes, we found similar

expected patterns of inaccessibility at the center of the nucleosome and regular inter-

vals of accessibility and inaccessibility as DNA modified around nearby nucleosomes.

In addition, we separated the nucleosomes based on scores provided by Chereji et al.,

corresponding to the consistency of nucleosome positioning at a given locus. For the

well-positioned nucleosomes with high scores, we still observed the same pattern as be-

fore. However, for not well-positioned nucleosomes with low scores, we found that no

regular intervals of accessibility could be found. With these results, we conclude that

angelicin-modified DNA sequenced on the nanopore can successfully find patterns of

chromatin accessibility that correlate to patterns found with short-read-based methods.
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3.5 Methods

3.5.1 Angelicin treatment of DNA

DNA or cells were placed into Petri dishes with a layer of ice/cold water on the

bottom to maintain cooler temperatures for the cells. Angelicin, with a concentration of

2mgmL−1, was added to the cells. We allowed the angelicin to intercalate into the DNA

for 5 minutes. Then the petri dish was treated with UV light at 365 nm UV light with

a UV Stratalinker 2400 approximately 5 cm away from the light source. We repeated

this process of angelicin treatment and UV light treatment for seven rounds. Ice was

readded to maintain the temperature as needed. As a negative control, we also treated

DNA with ethanol and subjected it to the same UV light treatment. For concentration

experiments, DNA was treated with 0 µM, 20 µM, 100 µM, and 500 µM concentrations

of angelicin and otherwise followed the same protocol as above.

3.5.2 Nanopore Sequencing

We took 1 µg of DNA for each and prepared DNA libraries with the SQK-

LSK109 kit. We selected longer DNA fragments with Long Fragment Buffer. The

sequencing runs were sequenced for 72 hrs. For concentration experiments, the 0 µM,

20 µM, and 100 µM libraries were run on the same flowcell until we achieved approxi-

mately 50,000 reads and the last run with the 500 µM was allowed to run until 72 hrs

of sequencing had been performed.
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3.5.3 Basecalling and preprocessing

We basecalled the data with guppy 2.3.7. For our concentration experiments,

data was basecalled with guppy 6.1.7. We aligned reads to the sacCer3 genome with

minimap2 [31]. We then aligned signal data from the reads to the genome with nanopolish

[46]. For our control data, we only used uniquely mapping reads for training.

3.5.4 Training of Gaussian mixture models

We followed a strategy similar to Wang et al. to train Gaussian mixture models

[51]. For each 6-mer from our positive control, we trained a two-component Gaussian

mixture model on the average signal measurement. For each 6-mer from the negative

control, we fit a single Gaussian to the signal data distribution. We measured the

difference between the signal distributions from the positive and negative control using

the Kulback-Leibler divergence using sampling [17, 34].

3.5.5 Scoring algorithm

We scored each kmer by how likely it was to contain a modification relative

to our negative control following the same approach from Wang et al. [51]. Briefly, for

a given kmer and the corresponding signal measurement, the score is the likelihood of

the signal measurement from the two-component Gaussian mixture model trained on

the positive control, divided by the sum of the likelihood the signal measurement came

from the GMM for the positive control and single Gaussian for the negative control.
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Chapter 4

cawlr: a toolkit for analyzing chromatin

accessibility With long-read sequencing

data

4.1 Abstract

High-throughput mapping of nucleosome positions has primarily been done by

enriching DNA fragments with short-read sequencing that maps only one or two nucle-

osomes simultaneously and is averaged across several cells. Several long-read chromatin

accessibility methods have recently been developed to infer several nucleosomes on sin-

gle molecules. However, the computational pipelines are method-specific, inflexible to

new analyses, and challenging to run. We present cawlr (Chromatin Accessibility With

Long Reads). This toolkit takes long-read sequencing data where accessible chromatin

has been labeled via modification and infers nucleosome positions on single molecules.
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cawlr implements a previous approach that uses dynamic alignment on modification

probabilities to determine nucleosome positions. Our toolkit provides pipelines for train-

ing statistical models to call modifications and nucleosomes on nanopore data. It can

also take inputs from other tools or technologies supporting modification BAMs.

Furthermore, our toolkit allows for visualizing kernel density estimates of con-

trol scores for estimating the accuracy of the toolkit, visualizing nucleosome calls on the

UCSC Genome Browser, and clustering the calls to find distinct nucleosome structures.

The code repository for this toolkit can be found at

https://github.com/BrooksLabUCSC/cawlr-rs. This toolkit provides a platform for de-

veloping and evaluating new methods and tools to answer biological questions related

to chromatin accessibility.

4.2 Introduction

Nucleosomes are protein-DNA complexes that provide an additional mecha-

nism for gene regulation by exclusion of transcription factors and polymerases. Several

methods have been developed for mapping the positions of nucleosomes genome-wide

with high-throughput short-read sequencing [8, 23, 43]. These methods enrich DNA

fragments that correspond to the position of a single nucleosome with high accuracy.

These approaches only map single nucleosomes and don’t allow for mapping them in

the context of other nucleosomes and across the body of a gene. However, advances

in long-read sequencing have enabled methods that can map several nucleosomes on a
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single molecule. [51, 29, 47, 45, 1]. Like polymerases and transcription factors, nucle-

osomes can prevent DNA modification by preventing methyltransferases from binding

[2]. These methods selectively modify nucleotides in the linker region, chromatin that

is not bound by nucleosomes, using methyltransferases. These methods then infer the

positions of nucleosomes based on where labeled nucleotides are located. However, each

method requires a custom pipeline to analyze the data, and using these pipelines with

custom analyses can be challenging.

In this paper, we present cawlr(chromatin accessibility with long reads), which

provides a sequencing technology-agnostic toolkit for inferring nucleosome positions on

single molecules (Figure 4.1A). Our method implements the computational approaches

from Wang et al., which mapped nucleosome positions on single DNA molecules labeled

by a GpC methyltransferase [51]. For the first step of modification detection from

nanopore sequencing on r9.4.1 flowcells, we align nanopore signal measurements to the

genome with nanopolish [46]. Then, we train Gaussian mixture models on the signal

data for each kmer from the control data. While a 5-mer is usually measured in the pore,

nanopolish will extend the kmer to allow for a more accurate association between signal

and sequence. We then score every modifiable position for the likelihood of modification,

compared to the control, using the Gaussian mixture model for that kmer. Lastly, we

infer the most likely position of linkers and nucleosomes across the read using a hidden

Markov model (HMM) and dynamic programming. Furthermore, we’ve expanded this

approach to other modification detection tools and sequencing technologies by allowing

BAM files that contain modification probabilities and positions using the ML and MM
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tag, respectively. This allows us to expand the possible inputs to include outputs from

newer Oxford Nanopore and Pacific Biosciences tools that support this type of BAM

format.

Our tool can visualize the distribution of scores from positive and negative

datasets, which estimates how reliable the single-molecule analysis will be (Figure 4.1B).

The nucleosome and linker calls are output into a BED format which can then be

visualized along with other datasets on the UCSC Genome Browser [24]. We also provide

visualization for determining discrete nucleosome structures. We have generalized this

approach so users can choose the modification motif; therefore, methods using other

DNA modifiers can be analyzed with cawlr.

To illustrate the strength of our approach, we validate our method by look-

ing at various loci using nanopore sequencing data from the Wang et al. study [51].

They used the M.CviPI methyltransferase, which labels accessible chromatin with 5-

methylcytosine in a GpC context, and sequenced the reads using Oxford Nanopore se-

quencing. To demonstrate the flexibility of cawlr, we analyzed data from a study that

labeled adenosines within accessible chromatin regions with the 6-methyladenine mod-

ification using the Hia5 methyltransferase and sequenced using the Pacific Biosciences

platform [47]. Overall, cawlr provides a general approach to detecting nucleosomes on

single molecules and will help accelerate research in epigenetics using long-reads.

29



Figure 4.1: cawlr pipeline for analyzing modification data. A) Thecawlr tool provides
two pipelines. For training a model from scratch from nanopore sequencing on r9.4
flowcells, alignment is done with minimap2 and nanopolish, and data is compressed
using cawlr collapse. Gaussian mixture models are trained using cawlr train for
each 6-mer. These Gaussian mixture models are ranked by KL divergence using cawlr

rank. The likelihood of modification for each modifiable position is calculated with
cawlr score. Kernel density estimates of the scores from the positive and negative
controls are built using cawlr model-scores. And lastly, nucleosomes and linkers are
called in each read using cawlr sma. For other datasets that contain modification
information in BAM files with MM and ML tags, only the KDE of the controls are
built, and single molecule analysis needs to be performed with cawlr model-scores

and cawlr sma. B) cawlr provides various visualizations for evaluating chromatin
accessibility. Our toolkit provides three outputs for visualizing the results. A scoring
distribution density plots the scores from either workflow for comparison. Scores closer
to one represent a higher likelihood of modification, and scores closer to zero represent
a lower likelihood. A BED file is an output from cawlr sma that can be visualized on
the genome browser. Each line represents a single read, with black boxes representing
nucleosome positions and lines in between representing linker regions. Lastly, a script is
provided that can take the BED file as input and outputs the reads cluster via K-means
clustering. Each row represents a single read that maps to the locus input into the
script. Yellow represents nucleosome positions, purple represents linker regions, and
blue represents a position where the read didn’t overlap. Each subplot represents a
separate cluster, and the user can control the number of clusters.
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4.3 Results

4.3.1 cawlr recapitulates nucleosome profiles from Oxford Nanopore

sequencing data of GpC methyltransferase treated nuclei

To validate the tools, we used data from the MESMLR-seq data to look at

single molecules aligned to the CLN2 locus in Saccharomyces cerevisiae (Figure 4.2A).

The CLN2 gene encodes a cyclin that is involved in the regulation of the cell cycle in the

G1 phase [12]. Because the CLN2 gene is transcribed during certain cell cycle phases,

we expect heterogeneity in promoter region depending on the cell state. The previous

Wang et al. study found three distinct clusters representing promoter accessibility as

wide, narrow, and closed. We analyzed scoring data from Wang et al. NP-SMLR tool

to ensure that our nucleosome calling works correctly. As shown in Figure 4.2A, we

found the same three clusters as the previous study. This indicates we have successfully

implemented the algorithm as described.

We focused on reads mapped to the rDNA locus to validate the tool further.

In yeast, the rDNA locus is approximately 9kb long and consists of two regions that

encode ribosomal protein genes and are repeated 100+ times on chromosome XII [50].

Each region inside the repeat can be transcriptionally silenced (activated/repressed) by

making the chromatin inaccessible with high nucleosome density. Therefore, we expect

reads that map to this locus to have four states for every combination of the active or

inactive regions [13]. We processed the data using the cawlr pipeline from the raw

FAST5 data. Controls were trained using cawlr pipeline train-ctrls. The in-vivo
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Figure 4.2: cawlr shows nucleosome profiles consistent with known biology. A) Analysis
of MESMLR-seq data in CLN2 promoter region. Clustering with n=3 shows we can
recapitulate the closed, narrow, and wide open promoter states. B) MESMLR-seq data
aligning the rDNA locus shows four states, with each part of the rDNA subunit being
randomly silenced via nucleosome positioning. C) Fiber-seq data from Stergachis et al.
in the dual promoter Lrch-CLIP-190 locus through cawlr sma. We can recapitulate in
the second cluster the accessibility in the promoter region.

treated data was then preprocessed using cawlr pipeline preprocess-sample, and

rDNA locus analyzed using cawlr pipeline analyze-region. After running cawlr

on reads that mapped to this locus and k-means clustering (k=4), we found four distinct

clusters that correspond to each region being active or repressed (Figure 4.2C).

We also ran cawlr on sequencing data from the rDNA locus from another

dataset from the MESMLR-seq paper, corresponding to a technical replicate. Interest-

ingly, we did not find four distinct clusters compared to the previous replicate when

we performed the same analysis. This result shows that variability between sequencing

runs needs to be accounted for when analyzing chromatin accessibility with long-read

sequencing technologies.
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4.3.2 cawlr can infer nucleosome positions from different sequencing

technologies and modification detection pipelines

To illustrate the tool’s flexibility, use applied cawlr to data from the Fiber-seq

paper, which uses Pac-Bio to detect modified bases and infer nucleosome position [47].

We used the fibertools pipeline to create BAM files containing modification scores

[20]. We plotted the kernel density estimate of the modification likelihoods from the

positive and negative controls (Figure 4.2D). The clear separation between the two dis-

tributions indicates the models for modification detection could accurately discriminate

between modified and unmodified nucleotides. We then used our tool to analyze single

molecules in the Lrch–CLIP-190 locus (Figure 4.2E). Our tool found nucleosome struc-

tures similar to those found by Fiber-seq. Overall, our method is flexible enough to

enable analysis on various platforms.

4.4 Discussion

Calling nucleosomes on single molecules has been driven by being able to de-

tect modifications with the latest sequencing platforms. While several protocols and

modifications (or sets of modifications) have been used, there hasn’t been a consensus

on the best modification for nucleosome profiling. Furthermore, the statistical models

used to detect modifications are constantly being developed. Because of this, we wanted

to make sure the toolkit can be positioned to take inputs from a wide array of formats

today and in the future. While we provide a pipeline that works with a particular
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sequencing dataset, we can expand our approach to various techniques by taking data

through BAMs with modification data.

This emphasis on using current data formats and not exclusively relying on our

own should allow for combining nucleosome profiles with long-reads with other analyses.

Other papers have already used this approach to examine endogenous CpG methylation

with nucleosome profiles [1, 29]. We hope our toolkit expands the ability for other

researchers to use those protocols as well. Long reads can also provide information about

larger structural variations. This information is given “for free” alongside modification

information in long-read sequencing. Although modifications can cause a decrease in

sequencing accuracy, the combination of nucleosome profiling with structural variation

can help put epigenetics in the context of more extensive genomic changes.

4.5 Methods

4.5.1 Data preprocessing

Nanopore sequencing data from Wang et al. was downloaded from accession

PRJNA510813, and rebasecalled with guppy version 6.1.7 with the high-accuracy con-

figuration [51]. Sequencing data was aligned to the sacCer3 reference genome using

minimap2 v2.24 [31]. For control data, only primary alignments were used. Signal

events were aligned to the reference using nanopolish 0.13.3 [46]. These tools and their

respective versions are also maintained in the provided Docker container.
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4.5.2 Training GMM for modification detection

For the provided training models, cawlr adapts the pipeline used by Wang et

al. [51]. Briefly, nanopolish eventalign is used to align signal data to currents. Sig-

nal data is filtered to be between 40 and 170 pA to avoid extreme current measurements

that should not correspond to normal DNA kmers. The control datasets are then further

filtered using DBSCAN for outliers. For the positive control dataset, a 2-component

Gaussian Mixture Model for each kmer. For the negative control, only a single Gaussian

is fit to the data. These models are trained on signal current measurements for every

6-mer. Ideally, there is 50,000X coverage across each kmer at minimum. To rank each

kmer for the ability to distinguish modification probability, the Kulback-Leibler diver-

gence score is calculated via sampling[17]. For a given position in the read that can be

modified, the overlapping 6-mer with the highest divergence score is used to choose the

set of positive and negative Gaussian Mixture Models to perform scoring. The GMM

calculates the likelihood that a modified nucleotide produced a given signal measure-

ment. Scores are calculated as the ratio of the likelihood of modification and the sum

of the likelihood to be modified and unmodified. These likelihoods are only calculated

for positions matching each modification’s given motif. When passing the motifs to

cawlr model-scores or cawlr sma, the motif string passed to the --motif parameter

for GpC methyltransferase data such as from MESMLR-seq is 2:GC for MESMLR-seq

and 1:A for 6mA data from Fiber-seq.
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4.5.3 Nucleosome profiling and clustering

The inference of nucleosome positions follows the same approach as Wang

et al. [51]. Briefly, for the controls, a kernel density estimate of the modification

probability is created by sampling the score output. The density estimates are used to

perform dynamic alignment of the scores to 147 base pair segments corresponding to the

positions of nucleosomes or linkers that can be any number of bases long. The output for

this module is a bed file compatible with the UCSC Genome Browser for visualizing the

positions of nucleosomes on single reads. Clustering is performed via K-means clustering

on reads that overlap specific regions. For reads that partially cover a locus, a dummy

value of 0.5 is used. This plotting is performed using the cluster region.py script in

the cawlr git repo under scripts/.

4.5.4 Fiber-seq single-molecule analysis

The positive, negative control, and in vivo treated data from Stergachis et al.

was downloaded for the Drosophila dataset [47]. Subread bams were converted to HiFi

reads using ccs with the --hifi-kinetics parameter. Reads were aligned to the dm6

genome using pbmm2. The 6mA modifications were called and added to the bam files

using fibertools. Kernel density estimates for the modification bams from the control

data were generated with cawlr model-scores. The in-vivo data was then analyzed

with cawlr sma with calls from the Lrch-CLIP-190 locus extracted and visualized with

K-means clustering, n=2.
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4.6 Discussion

Over the past few years, several papers have been published that use a variety

of modification protocols and sequencing platforms. To date, there has not been a

comprehensive comparison of each modification mark and the sequencing platform used

for detection. We have outlined the issues with using an angelicin-based approach

in chapter two. For GpC methyltransferase, the motif overlaps with genomes that

contain endogenous CpG methylation. On the other hand, both ONT and PacBio

have official and third-party tools and models for identifying the mark. For the Hia5

methyltransferase, it is not an endogenous nucleotide, however, it is not commercially

available and lacks support from computational pipelines.

Furthermore, switching to r10.4.1 flowcells for ONT-based assays has made

several pipelines obsolete. As a result, our toolkit has been developed to take several

of these cases in mind. The regular pipelines can take nanopore sequencing data from

r9.4.1 flowcells. It can also take BAM files containing modification information through

the MM and ML tags. It has been generalized to allow for taking any set of motifs.

As a result, our toolkit provides an analysis platform that should cover most methods

used for measuring chromatin accessibility with long reads. One issue our pipeline does

not address is managing DNA that contains several modifications at once. Our current

pipeline focuses mainly on the yeast genome with no endogenous modifications. While

other papers have explored the analysis of two modification marks at once, we expect

that most methods will be unable to do more than that to achieve higher resolution or
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map other DNA-binding proteins. As a result, using other methods that don’t involve

modification of nucleotides may be needed to get more information from single-molecule

reads.

With these advancements, we expect long-reads to allow for understanding

chromatin accessibility in various contexts. The DiMeLo-seq paper has used single-

molecule long-read information to look at nucleosomes in repetitive regions in the hu-

man genome. Long-reads allow for spanning the repeat to some unique sequence and

understanding how chromatin accessibility from CENP-A nucleosomes in those regions

is regulated. Another layer of information long-reads provide is in understanding struc-

tural variation. Several tools have been developed to call larger structural variation

events that short reads can not span. Furthermore, this structural variation can be

phased into haplotypes, connecting these events across the chromosome.

Further work should be done to utilize this “free” information that long-read

chromatin accessibility experiments provide to understand chromatin accessibility in the

context of structural variation. Lastly, we hope to apply these techniques in cancer cell

lines to address our original question of how recurrently mutated chromatin accessibility

factors cause changes in alternative splicing. We have already shown in the first chapter

that mutations in SMARCA4 have consequences in alternative splicing. And with these

tools, we can see the nucleosome heterogeneity resulting from the mutations. The

second part would combine this with long-read RNA sequencing and see the full isoforms

produced by nucleosome heterogeneity. The ultimate goal would be to capture the

epigenetics and splicing from an individual cell and tie these processes together directly.
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This thesis represents an important step to make this goal achievable.
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