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ABSTRACT 

 

Simultaneous Measurement of DNA Methylation and Genome-Nuclear Lamina Interactions 

in Single Cells 

 

by 

 

David Jack Podorefsky 

 

DNA methylation (5-methylcytosine or 5mC) and the 3-dimensional organization of the 

genome within the cell nucleus are two critical epigenetic features that regulate gene 

expression and cellular behavior, and aberrant patterns of these epigenetic features are 

associated with cancer and disease1,2. In cancer, widespread regions of DNA methylation 

loss, termed hypomethylation, have previously been found positioned at the periphery of the 

nucleus, the nuclear lamina (NL), suggesting DNA methylation and genome organization 

could be linked epigenetic states1. However, the direct genome-wide relationship between 

5mC and genome-NL interactions remains obscured in bulk measurements.  

To overcome this limitation, we developed a new single-cell sequencing technology 

(sc5mC+DamID-seq) to simultaneously measure DNA methylation and genome-NL 

interactions from the same cell. sc5mC+DamID-seq uses mark-specific barcoded adapters 

and cytosine deamination to identify both epigenetic features and individual cells, enabling 

us to profile thousands of single cells per day.  
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By applying sc5mC+DamID-seq to chronic myelogenous leukemia cells (KBM7), we 

observed hypomethylation at regions contacting the NL, known as lamina associated 

domains (LADs). Interestingly, we also discovered that genomic regions that contact the NL 

more frequently in single cells display the greatest loss and variability in 5mC. Further, while 

LADs appear as continuous stretches of contact with the NL in bulk sequencing, LADs at the 

single-cell level frequently display segments of noncontact with the NL, which we found 

influences the mean levels of 5mC in LADs. Finally, to test the connection between these 

two epigenetic features, we globally demethylated the epigenome, which relocated more 

variable genome-NL contact regions towards the nuclear interior. Thus, simultaneous single-

cell measurements in sc5mC+DamID-seq has enabled us to systematically uncover the 

relationship between DNA methylation and genome organization in cancer cells. As an 

addition to the protocol, the transcriptome, the ensemble of mRNA produced by a cell, was 

measured with 5mC and genome-NL contacts, to reveal how epigenetic features directly 

correlate with gene expression. The mRNA modification m6A was also compared to the 

epigenetic features to find the relationship between the epigenome and epitranscriptome. 
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I. Introduction 

A. Motivation and Specific Aims 

 The epigenome is an ensemble of chemical modifications to DNA and proteins that turn 

genes on and off without altering the sequence itself. This switch allows cells to display 

different gene expression while retaining the same genetic material and plays a critical role in 

influencing cellular function. In this project, I aim to better understand how the epigenome 

regulates gene expression in single cells by simultaneously measuring two epigenetic 

features, DNA modification by 5-methylcytosine and genome-nuclear lamina contacts (a 

facet of genome organization), within the same cell.  

The overall gap in knowledge is how does 5mC and genome-NL contacts correlate within 

the same cell, and how do they combine to affect gene expression. Although previous bulk 

studies in cancer cells have demonstrated that regions of depleted DNA methylation with foci 

of increased DNA methylation, termed partially methylated domains, are situated at the 

nuclear lamina, seen in Fig. 1, these epigenetic features have not been measured 

simultaneously within the same cell1. Single-cell (sc) sequencing can detect heterogeneity 

Normal 
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Fig. 1 | DNA methylation and genome-nuclear lamina contacts within bulk populations of normal 

and cancer cells. Regions of methylation loss are marked as partially methylated domains. 

Location of NL coincides with Lamin-B1 protein. Figure adapted from B.P. Berman et al. Nature 

Genetics (2012) 
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within a cell population, which is hidden by bulk measurements. As seen in Fig. 2, the 

relation between DNA methylation and genome-NL contacts within the same cell may not 

hold at the bulk level due to measuring an ensemble of states, creating two possibilities. The 

first possibility is the cells in the population may look like Cell A and Cell B (Fig. 2a). Cell 

A may display a region with a loss of DNA methylation, termed hypomethylation, 

corresponding to no NL contacts, whereas, in the same region, Cell B may display no 

changes in DNA methylation and an NL contact. However, when averaged in bulk, there is 

hypomethylation and a corresponding NL-contact, which is not indicative of what is 

occurring at the single-cell level. The second possibility is the cells in the bulk population 

may all look like Cell C, in which 5mC and genome-NL contacts are actually correlated (Fig. 

2b). Therefore, bulk measurements of these epigenetic features are not sufficient because it is 

unknown if they are truly linked within the same cell, or if they only appear to be as a 

consequence of the measuring an ensemble. Simultaneous measurement of epigenetic 

features must be made within the same cell for complete characterization of their 

correlations. 

Fig. 2 | Simulated 5mC and genome-NL contact profiles in bulk and in single cells (a) Population 

is comprised of Cell A and Cell B profiles. (b) Population is comprised of only Cell C profiles. 

(b) 

(a) 
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I hypothesize that 5mC and genome-NL interactions are linked within single cells 

because the activation of gene expression is regulated by changes in 5mC on gene promoters 

and coincides with the unpacking of condensed, repressed genes situated at the NL that 

reposition to the nuclear interior for transcription3. Therefore, these epigenetic features may 

be functionally related, in that altering the 5mC of a gene positioned at the NL may 

reposition the lamina associated domain (LAD). Vice versa, repositioning a LAD may 

change the 5mC of the LAD. Since high levels of DNA methylation in promoter regions and 

genome-NL contacts both correlate with low gene expression, discovering how features of 

the epigenome are related and how they combine to regulate gene expression could improve 

our understanding of their dysregulation in disease, such as cancer. 

 

1. Aim to Simultaneously Measure 5mC and Genome-NL Contacts in Single Cells: 

Although 5mC and genome-NL contacts have both been measured independently in 

single cells and correlated across bulk studies, they have never been measured 

simultaneously in single cells. We hypothesize by using a specially engineered cell line and 

next generation sequencing technology, 5mC and genome-NL contacts can be measured 

simultaneously in the same cell. Unlike 5mC, which is endogenous to DNA, detection of NL 

contacts requires the addition of a fusion protein into each cell that indicates when a genomic 

region makes the contact, however its integration in a manner suitable for single-cell 

sequencing has remained a challenge. Although transiently adding the construct has been 

achieved on the order of days in previous bulk DamID studies, it may show incorporation 

variability between each cell, which would foil the accuracy of our single-cell studies4. The 

alternative is creating stable cell lines with this construct, which is very labor intensive and 
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takes on the order of months5. Even with the fusion protein added, NL contact marks are not 

maintained when the DNA replicates, requiring the addition of the fluorescence 

ubiquitination cell cycle indicator (FUCCI system) into the cell line to select for cells in the 

optimal phase6,7. Due to these reasons, single-cell DamID studies have been limited. In the 

Dey lab, we have a stable cell line (human myeloid leukemia (KBM7), courtesy of Jop Kind) 

expressing the fusion protein for detection of NL contacts, with the FUCCI system, 

overcoming the limitation of having to make a new cell line. The second challenge in 

developing this technology is performing reactions on individual cells after they are sorted 

into wells of a plate with fluorescence-activated cell sorting (FACS). The reagent volumes 

required for each cell in a well is lower than what can be accurately measured with a pipette 

and is challenging to process the vast number of cells manually, however the Dey lab has a 

liquid handling robot to quickly dispense nanoliters of reagents into wells. To measure the 

epigenetic marks, we will use restriction enzymes known to recognize 5mC and genome-NL 

contact sites, to which we will ligate adapters for sequencing. Potential outcomes include 

either the ability to measure both epigenetic features in single cells, only one of the 

epigenetic features, or both can be detected but the signal of one is lower than the threshold 

required for analysis. Our strategy is to first measure 5mC and genome-NL contacts in bulk, 

since it is less technically challenging than in single cells, and then validate they can both be 

measured independently in single cells. After this validation, we will measure them 

simultaneously in single cells. With a specially engineered cell line for measuring genome-

NL contacts and a robot for dispensing small quantities of reagents to prepare DNA libraries, 

it is possible for us to measure 5mC and genome-NL contacts simultaneously in single cells. 
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2. Aim to Quantify the relationship between DNA methylation and genome organization 

in individual cells: 

I hypothesize that 5mC and genome-nuclear lamina contacts are linked features in cells, 

and partially methylated domains contact the NL. Although bulk studies have shown an 

anticorrelation between DNA methylation and genome-NL contacts in cancer cells, it is 

unknown if this relationship holds at the single-cell level. I aim to first elucidate whether 

DNA methylation and genome organization are anticorrelated at the single-cell level by 

measuring and comparing 5mC and genome-NL contacts profiles in KBM7, implementing 

sc5mC+DamID sequencing from Aim 1. Single-cell sequencing of genome-NL contacts has 

additionally demonstrated that certain LADs display NL contact heterogeneities within the 

same cell line, referred to as contact frequency8. If 5mC and genome-NL contacts are indeed 

linked in single cells, I will measure the contact frequency of individual LADs by observing 

what percentage of the sequenced cells display the LAD, and then compare it with the level 

of methylation in the corresponding location on the chromosome. Potential outcomes include 

either more variability in LADs produces changes in 5mC levels, or LAD variability does not 

affect 5mC levels. Through this I can establish if there is a correlation between the extent of 

hypomethylation in a partially methylated domain and the frequency in which it contacts the 

NL. 

 

3. Aim to Assess causality between DNA methylation and genome organization: 

It is currently known that 5mC and genome-NL contacts are linked features in bulk, and 

upon completion of Aim 2, it will be known if this relationship holds in single cells. If these 
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epigenetic features are connected in single cells, I ask if they are functionally linked to each 

other. I hypothesize that they display causation, in that changing global DNA methylation 

will reposition LADs, and conversely, disrupting the attachment of LADs to the NL will alter 

the 5mC of the genomic region. I will prove if there is causality by first drugging the cells 

with a DNA methylation inhibitor to reduce global 5mC, and then performing 5mC+DamID 

sequencing to compare the LAD (and 5mC) profiles in the drugged and control cells to 

evaluate if LADs repositioned themselves once 5mC is lost. Potential outcomes include 

changing global 5mC repositions the majority of LADs to the nuclear interior, suggesting the 

epigenetic features may be functionally linked, or changing global 5mC does not reposition 

the LADs, suggesting they may only be correlated and rely on an additional component. To 

further prove causality, I could conversely reposition LADs to the nuclear interior using 

dCas9 attached to an enzyme that changes DNA methylation, perturbing the boundary 

elements of LADs that are involved in maintaining chromatin structure. Potential outcomes 

are repositioning the LAD changes the methylation of the region, suggesting causality, 

repositioning the LAD does not change methylation, or changing the methylation of only the 

boundary elements does not reposition LADs. A backup strategy is using siRNA to knock 

down attachments of genomic regions to the NL and then observing if there are changes in 

5mC. If both changing the 5mC repositions the LADs, and repositioning the LADs changes 

5mC, it would support these two epigenetic features display a causal relationship. Causality 

of these two epigenetic features has yet to be explored due to the lack of simultaneous 

measurements within the same cell, and thus the method we propose will provide insight into 

the epigenome as a multifaceted regulator of gene expression. 
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4. Aim to Combine Transcriptome Measurements with 5mC and genome-NL contacts: 

After 5mC and genome-NL contacts have been successfully measured within the same 

cell, I will further expand the technique to measure the transcriptome, which is the ensemble 

of all mRNA expressed by a cell. Unlike DNA methylation and spatial organization of the 

genome, which are seen on the DNA, this measurement pertains to the RNA, making it much 

easier to measure simultaneously with the other features. This can be achieved by utilizing 

the polyA tail on mRNA as a handle for attaching a complementary sequencing adapter, prior 

to ligating adapters to the DNA to measure the 5mC and genome-NL contacts. 
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B. Background 

1. 5mC Modification and Demethylation 

 The most common DNA modification is 5-methylcytosine (5mC), with 60-80% of 

mammalian CpG sites containing this modification9. High levels of this mark are associated 

with gene repression when on gene promoters, transcriptional regulation, and stably 

maintaining genes in a silent state, such as in genomic imprinting and restraining 

transposable elements10. DNA methylation in the gene body is correlated with the expression 

of transcripts11. 

 DNA methyltransferases (DNMTs) both add and maintain 5mC on newly synthesized 

DNA strands12. 5mC is added de novo by DNA methyltransferase 3A (DNMT3A) and 

DNMT3B by a catalytic mechanism involving the transfer of the methyl group from S-

adenosylmethionine (SAM) to carbon 5 of the cytosine, to form 5-methylcytosine (Fig. 3). 

Following DNA replication, the maintenance DNA methyltransferase, DNMT1, maintains 

5mC on newly synthesized daughter strands by recognizing hemi-methylated CpG sites 

Fig. 3 | Catalytic mechanism of DNA methyltransferase. The PCQ motif of DNMT makes a 

nucleophilic attack on carbon 6 of cytosine to push electrons from the cytosine ring, forming a 

covalent bond between carbon 5 and a methyl group originating from SAM. A base provided by 

the enzyme deprotonates carbon 5 to form 5-methylcytosine. Reaction scheme adapted from F. 

Lyko, Nature Reviews (2018) 
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through its partner UHRF1, and performing the same reaction mechanism through the 

conserved PCQ motif13. Overexpression of DNMTs produces increased levels of 5mC and 

disruption of the enzyme has been shown to decrease levels of 5mC14. 

Removal of the methyl group from cytosine occurs by two mechanisms: passive 

demethylation and active demethylation13. Passive demethylation occurs by dilution of the 

mark on newly synthesized strands during replication due to a lack of maintenance by 

DNMT1. Active demethylation consists of a series of oxidations that converts 5-

methylcytosine to 5-

hydroxmethylcytosine (5hmC), 5-

formylcytosine (5fC), and then 5-

carboxylcytosine (5caC). The 

latter two DNA modifications are 

eventually excised by thymine 

DNA glycosylase (TDG), 

followed by base excision repair 

(BER) to restore the cytosine (Fig. 

4)13. Knocking out TDG resulted 

in a 2-fold increase of 5fC without 

any significant change to the levels 

of 5hmC, suggesting 5mC must be 

oxidized at least twice in active 

demethylation for its conversion 

back to cytosine15. Ten-eleven 

Fig. 4 | DNA methylation cycle. A methyl group is 

added to cytosine by DNMT and is converted by TET 

to oxidized states. Demethylation occurs passively, 

shown by the green arrows in active modification-

passive dilution (AM-PD), and it occurs actively 

shown by the orange arrows in active modification-

active removal (AM-AR). Figure adapted from X. Wu 

et al. Nature Reviews (2017) 
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translocation (TET) family dioxygenases are responsible for the oxidation of 5mC, 5hmC, 

and 5fC, and TET2 has a 4.9-7.6-fold faster initial reaction rate for its substrate of 

preference, 5mC16. In order to perform its function in active demethylation, TET requires 

Fe(II) as a cofactor, and oxygen and α-ketoglutarate (α-KG) as substrates, the latter of which 

is derived from isocitrate by isocitrate dehydrogenase (IDH) enzymes17. IDH mutants are 

commonly present in many cancers and generate (R)-2-hydroxyglutarate ((R)-2-HG), an 

inhibitory substrate analog for α-KG-dependent proteins, hindering TET activity, and the 

mutations at Arg100 and Arg132 in IDH1 and Arg140 and Arg172 in IDH2 increase binding 

affinity for NADPH which reduces α-KG to (R)-2HG17–19. This mutation in cancer ultimately 

interferes with conversion of 5mC to 5hmC, affecting the DNA methylation cycle. 

2. The Nuclear Lamina, Genome Organization, and Laminopathies  

The nuclear lamina is a fibrous protein layer that lines the nucleoplasmic side of the inner 

nuclear membrane and extends into the nucleoplasm20. It is primarily composed of lamins, 

which are type V intermediate filaments, and lamina associated proteins and play roles in 

chromatin modification, transcriptional repression, and maintaining structure20. The large 

surface area and architecture of the nuclear lamina harbors and constrains peripheral 

chromatin by acting as an anchoring platform for physical attachment21. Regions of DNA 

that contact the nuclear lamina are called lamina associated domains (LADs) and are 

characterized in normal cells by low levels of gene expression (Fig. 5)22. Human and mouse 

cells have 1000-1500 LADs distributed across all chromosomes, with a median size of 0.5 

Mb, and comprise over one third of the genome, making it a monumental epigenetic 

feature23. Since LADs are condensed (heterochromatic) regions of chromatin, gene 

expression within these domains is likely controlled by the repressive environment, 
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suggesting the role of higher-order organization of chromatin for long range gene silencing24. 

Indeed, the spatial organization of chromatin is implicated in gene expression, since 

euchromatin (uncondensed state) is gene rich, transcriptionally active, and located in the 

nuclear interior, whereas heterochromatin is gene poor, transcriptionally inhibited, and 

located at the nuclear periphery3. There are three main models that elucidate how nuclear 

organization and gene expression are interconnected and why nuclear reorganization may 

occur. First, activation of genes may require repositioning of DNA to transcriptionally active 

regions, termed transcription factories, which has been observed through the colocalization 

of transcriptionally active genes at these regions25. Second, transcription of long non-coding 

RNA (lncRNA) can reorganize chromatin by the RNA product marking a location for protein 

binding to occur, which pulls the DNA into a new confirmation for more permissive 

expression, termed the Cat’s Cradle Model3. Third, transcriptional interference contributes to 

Fig. 5 | 3D organization of the genome. Inactive genes are positioned close to the periphery of 

the nucleus (the nuclear lamina) in densely packed heterochromatin and display low levels of 

gene expression. Active genes are located towards the nuclear interior in expressive 

euchromatin. Gene expression is a function of DNA accessibility in the nucleus governed by 

genome organization. Figure adapted from Marta Melé et al. Molecular Cell (2016) and Jop 

Kind et al. Cell (2015). 
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chromatin remodeling since the act of transcription at one site can produce a negative affect 

at another site, exemplified by transcription of Bxd ncRNAs repressing the expression of Ubx 

in cis26. 

A previous study disrupted the heterochromatic state of LADs by targeting them with the 

acidic-activating domain (AAD) of viral protein VP16, resulting in destabilization in the 

peripheral positioning of LAD-NL contacts in single cells27. Coinciding with this event was 

epigenetic changes; LADs that remained at the periphery retained H3K9me2, a histone 

modification enriched in LADs and found at the nuclear periphery, whereas LADs that 

relocated to the nuclear interior displayed less H3K9me227. Knocking down G9a, a histone 

lysine methyltransferase (HKMT) that adds dimethylation to H3K9, resulted in less 

association of LADs with the NL, supporting that epigenetics may be a significant factor in 

nuclear organization27. LADs that were not in contact with the NL displayed higher levels of 

H3K36me3, a marker of transcriptional elongation, suggesting expression of derepressed 

genes in LADs is dependent on nuclear organization, which is regulated by the epigenome27. 

Mutations in lamins and their associated proteins in the nuclear lamina are known to 

cause laminopathic diseases20. Lamin A (LMNA) mutations are widespread with over 330 

disease causing mutations, making it one of the most mutated genes in the human genome, 

and is associated with muscle diseases such as Emery Dreifuss Muscular Dystrophy 

(EDMD), adipocyte diseases such as Dunnigan-type familial partial lipodystrophy, neuronal 

diseases such as Charcot-Marie-Tooth (CMT) disease, and accelerated aging such as 

Hutchinson-Gilford progeria syndrome (HGPS)20. It is thought the diseases emerge by 

affecting interactions between the nucleus and cytoskeleton networks, hindering 

rearrangement of the nuclear lamina, and overall misregulating genes, such as reducing 
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response of stress-dependent gene expression upon application of mechanical stress20. In the 

most frequently occurring laminopathy, EDMD, mutations are present in both LMNA and 

emerin (a nuclear lamina-associated protein family in the inner nuclear membrane), 

interfering with heterochromatin formation at the Sox2 locus, resulting in mRNA 

overexpression that inhibits myogenesis, preventing the formation of muscular tissue28. 

Likewise, lamin mutations are present in many types of cancer, supporting the significance of 

the nuclear lamina in maintaining proper gene expression. In gastrointestinal cancer and 

prostate cancer, studies have found reduction or lack of expression of lamins A, B1, and C29. 

In skin cancer, reduction or lack of expression of lamin A in basal cell carcinomas correlated 

with increased tumor proliferation rate30. Thus, abnormalities at the NL influence disease by 

interfering with the spatial organization of genetic information in concert with epigenetic 

regulation. 

3. Hyper, Hypomethylation, and Partially Methylated Domains in Cancer 

The regulatory effects of 5-methylcytosine and nuclear organization combine to 

dysregulate gene expression in cancer. Hypermethylation, or overly methylated DNA, and 

hypomethylation, or undermethylation of DNA, together form partially methylated domains 

(PMDs), and are collectively found in almost every type of cancer31. Tumor suppressor genes 

are inactivated by de novo DNA methylation of CpG islands overlapping gene promoters, 

preventing growth inhibition of tumors32. In acute myelogenous leukemia (AML) for 

example, the tumor suppressor gene p15INA4B is silenced by hypermethylation, helping the 

cancer to proliferate33. Coinciding with the aberrant DNA methylation are elevated levels of 

DNA methyltransferases DNMT1, DNMT3A, and DNMT3B in cancer tissue compared to 

normal tissue14. Repeated DNA sequences that collectively cover half of the genome, 
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including satellite DNA, a tandemly repeating non-coding DNA that is a main component of 

heterochromatin, Alu, and long interspersed elements (LINE), are hypomethylated in 

cancer31. Coding DNA is also hypomethylated in cancer, such as the gene promoter for 

enzyme urokinase (uPA) that catalyzes the activation of plasmin, which is essential for tumor 

metastasis by degrading extracellular matrix proteins to aid cell proliferation, migration, and 

angiogenesis2. In highly invasive breast cancer, the promoter was demethylated and cells 

expressed uPA mRNA, whereas in normal and low invasive breast cancer cell lines, uPA was 

not expressed, and the promoter remained methylated2. It is hypothesized that there is a 

connection between hypermethylation and hypomethylation during tumorigenesis; 

overactivity of de novo DNA methyltransferases that methylate CpG islands overlapping 

tumor suppressor genes may be counteracted by widespread demethylation, as a form of 

epigenetic repair31. However, removal of the DNA methylation may be inefficient and rather 

than correcting the foci of hypermethylation, it may result in demethylation of entire regions, 

producing hypomethylation. Conversely, overexpression of hypomethylated genes may be 

silenced with genome wide de novo DNA methylation, ultimately producing 

hypermethylation, as previously observed in vivo during multistage hepatocarcinogenesis in 

which preneoplastic nodules progressively displayed hypomethylation and an increase of p53 

mRNA during the first 36 weeks of the study, followed by a decrease in p53 mRNA and 

relative hypermethylation when reaching hepatocellular carcinoma 18 weeks later34. 

If a cell gains a mutation in a gatekeeping pathway, one that maintains checks and 

balances on cell division and cell death, such as the gatekeeper adenomatous polyposis coli 

(APC) gene in colon tumors, tumorigenesis is initiated35,36. Nuclear lamins are involved in 

tumor suppression by protecting mutations from occurring in tumor suppressor pathways, 
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and therefore if lamins are mutated, cancer cells can evade apoptosis, resulting in 

uncontrolled cell proliferation20. Indeed, hypermethylation of the lamin A/C CpG island-

promoter is frequently found in leukemia and lymphoma resulting in reduction of lamin 

expression and is associated with decreased survival rates in nodal diffuse large B-cell 

lymphoma patients37. Since tumor partially methylated domains coincide with lamina 

associated domains, observed by their overlap with the locations of lamin-B1, seen earlier in 

Fig. 1, genome spatial organization, through NL attachment, and DNA methylation are likely 

linked epigenetic features that contribute to cancer when dysregulated 1.  



   16 

C. Methods and Techniques 

1. Fluorescence-activated cell sorting 

To sequence the epigenome of individual cells, they must first be isolated. The approach 

implemented to separate cells involves using fluorescent activated cell sorting (FACS) to sort 

single cells into individual wells of a 384 well plate for library preparation reactions. Cells 

are suspended in the FACS machine and flowed through a narrow channel to produce a 

stream of individual cells38. These cells then pass through a laser one by one that detects 

what stage of the cell cycle the incoming cell is at based on fluorescent excitation of the 

FUCCI reporter system, while additionally confirming individual cells are being sorted, 

rather than debris, using a Hoechst or DAPI nuclear counterstain39. Gates are created based 

on the desired fluorescent signals above a threshold level (Fig. 6), and droplets containing 

each single cell are electrically charged and deflected as they pass through charged deflector 

Fig. 6 | FACS plot of KBM7 FUCCI cells. (a) Remove debris through sorting gate on BSC-A vs 

FSC-A. (b) Remove doublets by selecting for low FSC-W for each FSC-H. (c) Gates for sorting 

G1 Phase (mOrange), G1/S phase (mOrange + EGFP), and G2 Phase (EGFP). (d) Fraction of 

sample corresponding to each gate, e.g. G1/S phase is 5.74% of All Events.  

(a) (b) (c) 

(d) 
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plates, into either single wells in the 384 well plate or into the discarded cells collection tube 

if the criteria was not met38. In the proposed method, cells are initially gated to remove debris 

and doublets, and are then sorted for those containing both FUCCI markers, indicative of the 

G1/S phase transition during which chromosomal order is stable and LADs are in contact 

with the NL40. 

2. Methods for quantifying genome-nuclear lamina interactions in single cells 

A wide range of 

techniques have been 

implemented for 

quantifying interactions 

between lamina 

associated domains and 

the nuclear lamina. One of the original techniques to study chromatin dynamics used a GFP-

Lac repressor fusion protein (GFP-LacI) that targeted lac operator (lacO) sequences within 

various euchromatin sites in live Drosophila spermatocyte nuclei, permitting visualization of 

interphase chromatin motion and organization throughout the progression of the cell cycle, 

however it was not directly applied to study LADs41. Using fluorescence in situ hybridization 

(FISH) to probe regions that were known to either highly or lowly associate with lamin-B1, 

showed the former tended to be located closer to the nuclear rim, however FISH can only be 

performed in fixed cells and light microscopy has a limited resolution, making it difficult to 

determine whether the region directly contacted the NL, or was simply close by22. DamID 

measures contacts between the genome and the nuclear lamina by transfecting cells with a 

fusion of lamin-B1 and bacterial protein, DNA adenine methylase (Dam), that methylates 

Fig. 7 | Strand of genomic DNA (black wavy line) contacts the 

nuclear lamina and the Dam fusion adds the m6A (blue circles), 

marking the genome-NL interaction. 
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adenines in a “GATC” sequence context, a modification known as N6-methyladenosine 

(m6A)27. Thus, when genomic DNA comes in close proximity to the nuclear periphery, the 

Dam-LaminB1 fusion protein methylates the A’s in GATC sequences, leaving a chemical 

modification on the DNA (Fig. 7). To observe genome-NL contacts during specific time 

frames, the Dam-LaminB1 fusion is regulated by a destabilization domain (DD). Fusion of 

the DD to the protein of interest, in this case the Dam-LaminB1, results in instability, and 

consequently degradation of the entire fusion protein, preventing m6A markers from being 

added to LADs. However, with the addition of a ligand, known as Shield1 (Shld1), the fusion 

protein is protected from degradation and will be functional42. Therefore, by adding Shld1 to 

the cell culture before cell sorting, genome-NL contacts can be observed within a chosen 

time frame, to ensure cells are given the maximum amount of time for the m6A marks to be 

placed on the LADs before the mark is diluted from DNA replication27. The concentrations 

of Shld1 used for DamID ranged from 0.5 nM to 500 nM, requiring us to test a range of 

concentrations to find the optimal concentration for our KBM7 cell line8,27,43–46. One method 

used to assess genome-NL interactions was a Tet-Off system, in which the removal of 

Doxycycline (Dox) permitted the transcription of an m6A tracer for visualization of which 

regions obtained the mark from contacting the nuclear lamina47. Although this allowed 

visualization of m6A tracer signal colocalization with the nuclear periphery after only 5 hours 

of Dam-Lamin B1 induction, the method is qualitative and does not provide sequence 

information of the LAD, as well as requiring constant dosing of cells with Dox prior to 

induction27.  

     To measure genome-NL interactions both in single cells and quantify them in terms of 

their sequence, a next generation sequencing (NGS) approach may be implemented. Briefly, 
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DNA of single cells is cleaved by DpnI, an enzyme that recognizes m6A on GATC motifs, 

making a blunt cut between m6A and T, and barcoded adapters are ligated to the cut sites for 

sequencing, such that the NL contacting genomic regions can be identified by mapping the 

fragments back to the human genome8. This method for measuring genome-NL contacts is 

versatile and could be combined sequencing other epigenetic features, such as 5mC, or the 

transcriptome, and therefore an in-depth description and schematic of the method will be 

provided in Method for simultaneously measuring genome-NL contacts and 5mC in single 

cells and Chapter II: Developing Strategies for Measuring Single Cell 5mC & Genome-NL 

Contacts. Recently, DamID was adapted to simultaneously measure protein-DNA contacts 

and the transcriptome in single cells, confirming it can be implemented in a multi-omics 

manner43. Lastly, this technique was recently adapted into a microfluid approach, called 

μDamID, that uses a similar workflow and includes both m6A tracer imaging and library 

preparation, while eliminating the need for FACS, however it is restricted to only 10 single 

cells in parallel, and thus the proposed method has a much greater throughput of 384 single 

cells44.  

3. Methods for quantifying 5mC in single cells 

The method for measuring 5mC in single cells is much less involved than measuring 

genome-NL contacts, since the mark is endogenously present. 5mC can be globally detected 

using immunofluorescence by tagging 5mC with antibodies, and many have been created and 

improved upon since their original development in 198248,49. Rather than an antibody 

approach, an inverse detection method could be implemented to detect which regions in the 

genome are not methylated, such as in a CpG methyltransferase (M.SssI) assay, in which all 

non-methylated cytosines in a “CG” sequence context are methylated using radiolabeled 
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methyl groups from S-adenosyl-L-[methyl 3H] methionine (SAM[3H]) and radiometrically 

measuring the lack of original 5mC50. However, these methods will only provide information 

about the total 5mC level, and not any sequence information, but these methods could still 

prove useful in measuring the extent of DNA hypomethylation in cancer. Measuring the 

specific sites of 5mC in sequences of genomic DNA has been achieved using a method called 

bisulfite sequencing51. In this method, sodium bisulfite is reacted with genomic DNA 

resulting in the conversion of cytosine to uracil, while 5-methylcytosine is protected from the 

conversion. By then amplifying a region of interest with PCR, all uracil nucleotides in the 

bisulfite converted strands become thymine nucleotides in the PCR product, and 5-

methylcytosine amplifies as cytosine. Thus, by deciphering the unchanged cytosines in the 

PCR product of bisulfite reacted strands, relative to the unreacted strands, 5mC sites can be 

inferred. This method has limitations, such as the need to PCR amplify and sequence both 

reacted and unreacted strands if reference sequences are not available, such as variations in 

alleles, and cytosines adjacent to methylated CpG sites are partially resistant to the bisulfite 

treatment, leading to 5mC artifacts52. However, there are 5mC recognizing restriction 

endonucleases that can cleave downstream from the site, allowing for adapter ligation and 

sequencing of the DNA modification without the need for base pair conversions and 

comparisons to unreacted sequences, similar to DpnI in DamID for recognizing m6A sites. 

MspJ1 restriction enzymes recognize meCNNR in the 5’ to 3’ direction (where R = G or A) 

and generates a cut 12 nucleotides downstream of the 5mC nucleotide on the plus strand, and 

16 nucleotides on the minus strand, generating a four-base 5’ overhang53. Adapters may be 

ligated to these fragments and sequenced to detect the 5mC sites in the epigenome. Although 

many of these approaches were originally developed to measure 5mC in a bulk population of 
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cells, they may all be done at the single-cell level by first FACS of the cells, then performing 

reactions on individual cells in wells. 

4. Method for simultaneously measuring genome-NL contacts & 5mC in single cells 

Despite the wide range of methods for measuring genome-NL contacts and 5mC, no 

group yet has implemented simultaneous sequencing of these epigenetic features in single 

cells. One method however, methylation-specific fluorescence in situ hybridization 

(MeFISH), has allowed visualization in single nuclei of hypomethylation at satellite DNA, 

the main component of heterochromatin, which typically resides at the NL54. The method 

utilizes interstrand complexes formed by osmium and bipyridine-containing nucleic acids 

(ICON) probes which have differential affinity for cytosine and 5-methylcytosines on the 

DNA target54. By designing fluorescently labeled probes with a specificity for satellite 

sequences, in situ hybridization was achieved, allowing for detection of satellite locations 

and DNA methylation by observation of the FISH signal54. Crosslinking of the ICON probes 

with osmium creates linkages to only 5mC, and removal of non-crosslinked probes by 

denaturation produces probes only on the 5mC. Thus, a second measurement, the MeFISH 

signal, is captured, displaying the extent of 5mC which is proportional to the fluorescent 

signal. Through this, researchers have observed a remarkable decrease in peripheral 

fluorescent signal at classical satellites, representing hypomethylation in human lymphoblast 

cells from patients with ICF syndrome, a disease that is characterized by low levels of DNA 

methylation at the classical satellites54. However, similar to the FISH technique in the section 

describing methods of measuring genome-NL contacts, it is difficult to determine whether 

the region directly contacts the NL or was simply close by. Similar to some of the methods 

for measuring 5mC, this technique does not reveal information about which cytosines are 
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methylated in the sequence, and rather displays a broader picture of the extent of 

hypomethylation. Finally, it requires a priori knowledge of which sites may exhibit 

hypomethylation in order to design ICON probes to target the regions, and in practicality we 

are seeking to discover previously unknown aberrantly methylated regions with our method. 

Although measuring 5mC and genome-NL contacts within the same cell have never been 

achieved before, it has been measured on the same molecule by using the third generation 

sequencing Nanopore technology combined with DamID, detecting cytosine methylation 

state on DpnI cut fragments based on the difference in current compared to unmethylated 

cytosine55,56. An alternative single molecule approach was achieved with antibody-binding 

protein A fused to deoxyadenosine methyltransferase Hia5 (pA-Hia5) to target lamin B1 and 

add m6A methylation to the nearby DNA contacting this nuclear lamina protein, allowing for 

its simultaneous measurement with 5mC when sequenced with Nanopore57. Both single-

molecule methods are limited by how long of DNA strands they can measure, and therefore 

fail to capture the 5mC and genome-NL contact profile of entire chromosomes in a single 

cell. Measurement of very long stretches is necessary to observe the full contact and 

noncontact runs within LADs, as these alternations of contact show significant correlations 

with the 5mC of the same cell (discussed in detail in Chapter III). 

5. Transcriptome and Epitranscriptome and Methods of Measurement  

The genetic information stored in the DNA of an organism is expressed through its RNA 

transcripts, and the collection of all of an organism’s transcripts is known as its 

transcriptome58. By profiling the RNA a cell produces, the cell’s behavior can be understood. 

It is critical to measure the RNA of individual cells rather than a bulk population because 

cells display variability in the their gene expression, meaning the average measurement may 
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not represent what is actually occurring in each cell. A variety of techniques have been 

developed to achieve single-cell measurements, however some are very limited such as real-

time PCR measurements or microscopy, which can only measure some of the organism’s 

genes rather than the full set59. To address these issues, high-throughput sequencing based 

approaches, known collectively as “RNA-seq”, have been developed to overcome these 

limitations and measure the full transcriptome of single cells, while also solving the low 

material input issue by implementing amplifications steps. One commonly used 384 well 

plate method, called CEL-seq2, uses the polyA tail present on eukaryotic mRNA to attach a 

barcoded adapter with a unique molecular identifier (UMI) through reverse transcription 

(RT) to keep track of which RNA originated from each cell and transcript counts60. This 

method also pioneered using in vitro transcription (IVT) as a way to amplify the material 

prior to attaching sequencing adapters with random priming and PCR60. An alternative 

method to this, known as Smart-seq2, still utilizes an Oligo(dT) primer, however uses RT 

and terminal transferase to attach nucleotides to the 3’ end of the synthesized cDNA to act as 

anchor for a locked nucleic acid containing template switching oligo to reverse transcribe the 

first strand61. Rather than IVT to amplify and random priming to incorporate the sequencing 

adapter, PCR amplification is performed followed by tagmentation with Tn5 to add the 

handles for the sequencing adapters61. Microfluidic RNA-seq approaches have been 

developed to increase cell throughput, such as Drop-seq, which encapsulates individual cells 

in nanoliter droplets alongside microparticles that have 108 barcoded RNA-seq adapters 

attached to them, each with a UMI and a unique barcode per microparticle, allowing for 

production of a library containing 10,000 single-cell transcriptomes62. Extensions of RNA-

seq exist such as scSLAM-seq which can measure transcription dynamics through the 



   24 

addition of the nucleoside analogue 4-thiouridine (4sU) to cell culture medium two hours 

before cell sorting63. Since 4sU is incorporated into newly transcribed RNA, adding 

iodoacetamide (IAA) prior to sequencing converts the 4sU into cytosine, allowing old and 

new RNA to be identified based on which RNA contains the U-to-C conversions63. RNA-seq 

can be paired with other measurements in the same cell, such as the genomic DNA in DR-

seq, which PCR amplifies primarily DNA-derived fragments while separately IVT 

amplifying mRNA-derived fragments that had been attached to a CEL-Seq-like poly(T) 

adapter containing a T7 promoter64. 

Similar to the way DNA can be chemically modified, transcribed RNA can be further 

modified by over 170 chemical modifications, known as the epitranscriptome65. Some of 

these modifications include pseudouridine (Ψ), N6-methyladenosine (m6A), N1-

methyladenosine (m1A), 5-methylcytidine (m5C), N4-acetylcytidine (ac4C), N7-

methylguanosine (m7G), and ribose methylations (Nm), which have the potential to regulate 

the fate of transcribed RNA65. Of these modifications, m6A has been most well studied, since 

it is the most abundant RNA modification, and it is known to regulate chromatin state and 

transcription as well as influence cancer progression when dysregulated 66,67. Like how 

methylation can be written and erased from the DNA by DNMT and TET, respectively, m6A 

is written to RNA by N6-adenosine-methyltransferase (METTL3) and erased by alpha-

ketoglutarate-dependent dioxygenase FTO and ALKBH5 (AlkB Homolog 5, RNA 

Demethylase)65. The m6A RNA modification can be measured with an immunoprecipitation 

technique known as MeRIP-seq, that binds a Dynabead coupled-antibody specific to m6A on 

fragmented RNA that had been extracted from a cell, allowing for its separation from the 

total RNA68. After separation, the m6A containing RNA undergoes RNA-seq and the location 
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of the epitranscriptomic mark can be determined. However, this method does have a 

limitation in that m6A antibodies can also recognize the structurally similar m6Am RNA 

modification, motivating the development of DART-seq, an antibody-free method for 

detecting m6A69. This method uses APOBEC1, a cytosine deaminase, fused to the m6A-

binding YTH domain to convert cytidine bases adjacent to m6A into uracils, such that after 

RNA-seq is completed, the C-to-U mutations indicate where the m6A was present. There is 

also a more general approach to detecting whether or not epitranscriptomic modifications are 

on the RNA, which has been demonstrated on tRNA in a technique called AQRNA-seq70. 

Since cDNA synthesis by reverse transcription is frequently blocked or mutated by RNA 

modifications, the location where the RT ends indicates the presence of the mark. The mark 

that was present can be determined by searching the location in a database of all the RNA 

modifications in a given cell line if that cell line had been well studied. Additionally, by 

dividing a bulk sample into two and using AlkB treatment on one fraction to remove all the 

marks, the full RNA sequence can be mapped in that fraction, while also measuring the 

truncated sequences in the other fraction, for less documented cell lines.     

6. Histone Modifications and Methods for Measuring 

In order to package the DNA in the nucleus into a condensed structure, it is wrapped 

around a histone octamer consisting of two copies of each of the four core histones: H2A, 

H2B, H3 and H471. The N-terminal tails on the histones are often modified at their lysine and 

arginine amino acids by methylation and acetylation (Fig. 8), which controls gene expression 

through gene activation and repression (Table 1)71. Histone methylation and acetylation are 

added by histone methyltransferases and acetyltransferases, respectively, such as EZH2 for 

adding trimethylation (me3) to histone 3 lysine 27 (H3K27) to cause gene repression, and 
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removed by histone 

demethylases and 

deacetylases, 

respectively, such as 

lysine-specific 

demethylase 1A 

(KDM1A) to remove 

the monomethylation 

from the transcription 

activating H3K4me172. 

ChIP-seq (chromatin 

immunoprecipitation followed by sequencing) is a strategy to identify where histone 

modifications are located by first fragmenting the sample, and then subsequently using an 

antibody specific to the histone modification of interest to enrich for the locations in the 

genome containing the marks73. Following the isolation of the DNA-histone complex, the 

histones are degraded with a protease, adapters are added to the DNA adjacent to the 

 
 

Fig. 8 | Overview of Activating and Repressive Histone 

Modifications. Histone octamer with modifications on N-terminus 

tails (Image Source: AMSBIO, Histones and Nucleosomes) 

 

Modification Function Location 

H3K4me1 Activation71 Enhancer72 and promoter71 
H3K4me2 Activation72 Promoter71 

H3K4me3 Activation72 Promoter72 and bivalent domains71 

H3K9ac Activation74 Enhancer and promoter71 
H3K9me3 Repression71 Gene poor regions (satellite repeats in telomeres 

and pericentromeres)77 

H3K27ac Activation75 Enhancer and promoter71 

H3K27me3 Repression72 Promoters, gene body, bivalent domains71 
H3K36me3 Activation71 3’ end of gene body71 

H3K79me2 Activation75 Gene body75 

H4K16ac Activation76 LINE1 5’ untranslated regions78 
 

Table 1 | Histone modification table of function and locations found on the chromosomes.  
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modified histone, and next-generation sequencing is performed to determine where the mark 

had originated73. ChIP-seq has its limitations though, such as requiring many cells to 

overcome its low yield that produces high background noise and low signal, so alternative 

strategies have been developed, such as CUT&Tag (Cleavage Under Targets and 

Tagmentation), which works at the single-cell level79. Primary and secondary antibodies bind 

the histone modification and allow for the attachment of a hyperactive Tn5 transposase-

Protein A (pA-Tn5) fusion protein holding sequencing adapters, which are inserted directly 

into the DNA near the histone modification, facilitating the next steps of library 

preparation79. Histone modification can be measured alongside other features in the same 

cell, such as the transcriptome in Paired-Tag (parallel analysis of individual cells for RNA 

expression and DNA from targeted tagmentation)80. This strategy combines pA-Tn5 for 

detecting the histone modification and RT with CEL-Seq-like adapters for the transcriptome 

component. Reactions are performed on nuclei in different wells with well specific barcodes, 

each for the transposase and RT primers, followed by a ligation-based combinatorial 

barcoding strategy and splitting the chromatin DNA and cDNA into two sequencing libraries 

corresponding to each profile80. 
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II. Developing Strategies for Measuring Single Cell 5mC and Genome-

NL Contacts 

A. Simultaneous digestion with DpnI and MspJI 

1. Nonforked 5mC adapters (v1.0) 

I developed a new method that involves incubating genomic DNA acquired from DD-

Dam-LaminB1 cells with both DpnI and MspJ1 to fragment the sequences at locations that 

either contacted the NL or contain 5mC, thereby producing fragments that adapters could be 

ligated to for sequencing. To measure NL contacts, we use a stable, clonal human cancer 

myeloid leukemia cell line (KBM7) that has the LmnB1-Dam fusion protein for measuring 

the NL contacts and the FUCCI system for determining the stage of the cell cycle. The ligand 

Shld1 activates the fusion protein and is added 15 hours before sorting such that cells have 

the maximum amount of time for Dam to place m6A NL contact marks at LADs, before there 

is an accumulation of marks upon genome replication (after S phase). The concentration of 

Shld1 had been increased from an initial 0.5 nM to 500 nM for this method, producing a 

greater percentage of Dam reads out of the total 5mC+DamID reads. To allow sequencing of 

individual epigenomes, the FACS machine sorts the Shld1 treated single cells that are in the 

G1/S phase (via the FUCCI system) into different wells of a 384-well plate. A nanoliter 

dispensing liquid handling-robot performs the subsequent reactions on the cells to ensure 

rapid and accurate pipetting below the limit of manual pipetting. Cells are lysed to extract 

genomic DNA and protease is added to make the chromatin accessible for enzymatic 

cleavage (Fig. 9a). Protease needs to be added because closed chromatin has been shown to 

restrict the ability for enzymes to interact with DNA in those regions, which is the basis for 



   29 

many DNA accessibility sequencing techniques such as DNase-seq and ATAC-seq81. 

Restriction enzymes are added to the wells to simultaneously digest the DNA sequences 

pertaining to each mark. The DpnI enzyme recognizes and cleaves DNA at the adenine 

methylated GAmeTC sites, corresponding to genome-nuclear lamina interactions, and the 

MspJ1 enzyme cuts downstream from sites containing 5mC (Fig. 9b). Cleavage of 

mammalian genomic DNA with DpnI is blocked by overlapping CpG methylation, reducing 

 
 

Fig. 9 | Single cell 5mC+DamID (v1.0) Library Preparation Schematic. (a) Lysing cells protease 

nucleosomes to access DNA. (b) DNA digestion with DpnI and MspJI restriction enzymes to detect 

genome-NL contacts and 5mC marks, respectively. (c) Attachment of barcoded adapters to DNA 

fragments by random hexamer priming (d) cDNA of amplified, reverse transcribed fragments. (e) 

PCR primers for incorporation of Illumina sequencing adapters (f) Final library structure. 
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ambiguity of reads in regions containing both marks. Two types of adapters, pertaining to 

either the Dam or 5mC epigenetic mark (blue/red), are ligated to each respective cut site 

(Fig. 9c). The first component of each adapter is a cell specific barcode to discern which cell 

the epigenomic information corresponds to, as outlined in CEL-seq, and a unique barcode is 

used for each epigenome in the well plate60. The second component is the priming site for 

incorporation of the Illumina P5 adapter, known as RA5, which is one of the adapters 

necessary for sequencing. The third component of the adapter is a T7 promoter, which allows 

for in vitro transcription (IVT) to linearly amplify the DNA fragments from the mere 

picograms in the single cell to nanograms. Linear amplification ensures low abundance 

sequences are not lost due to bias in the amplification, which would normally occur in a 

typical exponential amplification, such as PCR82. Lastly, the 5mC adapter has an overhang 

for ligating to only MspJ1 cut sites, and the DamID adapter has a forked end to prevent  the 

adapters from forming long chains by blunt end-to-end ligation. Following ligation, the 

barcoded 96-cell libraries are pooled into single tubes and reactions can then be performed as 

in bulk, using manual pipetting. Bead clean-up, a form of solid-phase chromatography with 

reversible immobilization using magnets, is implemented to purify the DNA from the 

reagents83. In vitro transcription is performed to amplify the genetic information, the RNA 

product is fragmented to increase sequencing efficiency, and is followed by an additional 

bead cleanup84. Next a random hexamer reverse transcription (RT) primer is used for reverse 

transcription of the amplified RNA (aRNA) back to complimentary DNA, adding the RA3 

sequence, the priming site for incorporation of the Illumina P7 adapter (Fig. 9d). Lastly, 

Illumina PCR primers are used to amplify the library into its final form, incorporating the full 

5’ Illumina P5 and 3’ Illumina P7 sequencing adapters via the RA5 and RA3 priming 
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sequences, respectively (Fig. 9e). The advantage of Illumina is many samples can be 

sequenced in parallel, resulting in high efficiency with a relatively low cost per base 

sequenced, which is likely why Illumina has formed a monopoly in the sequencing market 

over the past decade85. The raw Illumina read output are then mapped back to the human 

reference genome using Burrows-Wheeler Alignment (BWA) tool, which provides fast and 

accurate alignment for both short and long reads, which is interpreted by SAMtools to 

remove PCR duplicates, and exported as a delimited file consisting of cell, chromosome, 

position the read mapped to, and strand for both the 5mC and Dam (DNA m6A) reads86–88. 

By implementing this method, the sites of 5mC and genome-NL contacts within single cells 

can be determined. 

To test the efficiency of the method, mapping statistics were performed, including 

measuring the ratio of Dam:5mC reads, read counts of each mark, fraction of sequenced 

reads that mapped to the genome, and the redundancy of reads. To pick the best cells for 

investigation, sequenced cells in each condition were sorted by those with the most Dam 

reads, and all cells with under 10,000 5mC reads were removed. Initial attempts indicated an 

abundance of 5mC reads at the expense of few Dam reads, so the 5mC:DamID adapter 

concentration ratio was tuned with the aim to improve read acquisition, holding the 

concentration of DamID adapter constant (Fig. 10a). The goal was to increase Dam reads 

without reducing uniquely mapped reads of both epigenetic marks. Although lowering the 

5mC adapter concentration increased the percentage of Dam reads out of the total number of 

5mC and Dam reads (Fig. 10a), it decreased the amount of unique 5mC reads per cell to 

some extent (Fig. 10b) and the overall complexity of the library, seen by noisy 5mC profiles 

containing more empty bins and less dynamics in the read count along the chromosomes 
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(data not shown). The DamID signal was only good quality in a low fraction of the cells, as 

most had high background noise, making it challenging to call which regions were LADs and 

iLADs. A histogram of Dam reads in single-cell DamID only displays a bimodal distribution, 

the left peak consisting of off target m6A, considered background noise, and the right peak 

consisting of regions that made nuclear lamina contacts, and therefore are LADs (Fig. 11). 

Dam reads were normalized by observed over expected (OE) (Appendix B). The basis for this 

(a)             (b) 

 
(c)                 (d) 

 
 

Fig. 10 | sc5mC+DamID v1.0 Mapping Statistics. (a) Percentage of total reads that are Dam 

(originating from DpnI, the genome-NL contacts). (b) Unique reads/total reads (normalizing to 

sequencing depth) for each mark (5mC in red and Dam in blue) in each cell. Showing only cells with 

> 10,000 unique 5mC reads. (c) Redundant reads, RABA/(FASTQ/4) and (d) Unique/redundant 

reads, FABA/RABA for each library. 
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is that although adjacent or 

close by GATC sequences 

exist in the human genome, 

they cannot necessarily be 

mapped due to the 

restriction enzymes 

creating too short of 

fragments (Fig. 24c), 

resulting in inaccurate 

normalization of the data in 

regions containing closely spaced GATC sequences. To generate the mappable GATCs to 

use as a normalization, in silico DpnI digestion was performed on the human genome by 

generating potential DamID read sequences of 65 nt (in both directions) from the reference 

human genome, which were aligned back to the reference genome and processed like the 

DamID data89. By design, OE scores greater than 1 correspond to DamID reads that are 

greater than expected by chance under the null hypothesis that the entire genome randomly 

contacts the NL, and therefore bins that contain an OE score greater than 1 are considered to 

be in contact with the nuclear lamina8. Indeed, the histogram of OE scores, seen in Fig. 11, 

displays a bimodal distribution of values with the right peak beginning at OE = 1, suggesting 

regions of the genome associated with the right peak are making NL contacts. Comparing the 

unique reads/sequencing depth to scDamID only with same concentration of Dam adapters 

(64 nM), there are orders of magnitude more Dam reads verses the combined 5mC+DamID 

method (Fig. 10b). 

Fig. 11. Observed over expected (OE) Dam reads in 85 single 

cells. OE scores per cell were calculated in 100 kb bins and 

occurrences across the single cells were summed. 
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Due to abundance of 5mC and low read counts of Dam, we believed the Dam and MspJI 

adapters may be interacting in a way to ultimately decrease the amount of Dam reads. The 

lowest concentration 25 nM 5mC adapter produced the best mapping/sequencing depth for 

5mC and DamID reads, which supports the idea that too high of a 5mC adapter concentration 

may increase the amount of junk reads in the library, as Dam mapping generally decreased at 

higher 5mC adapter concentrations (Fig. 10c). Unique read counts were worse when using 

low 5mC adapter concentrations compared to the 200 nM 5mC adapter condition, indicating 

the presence of redundant reads, suggesting higher adapter concentrations increase library 

complexity and sequencing efficiency (Fig. 10d). 

2. Forked 5mC Adapters (v1.1) 

Even though 5mC and genome-NL contacts could be measured at high resolution in the 

same cell with the DpnI and MspJI approach (Fig. 12a) the efficiency was low because many 

cells had noisy Dam signal despite good 5mC quality, depicted in Fig. 12b. Visually, good 

quality Dam signal is when the background noise is below OE = 1, seen in Fig. 12a where 

the single-cell LAD peaks on chromosome 17 are all in similar locations and above OE = 1. 

However, a large fraction of the profiles had bad quality (noisy) Dam signal, like in Fig. 12b 

where the baseline OE score > 1, making it difficult to differentiate between signal and noise, 

and therefore genome-NL contacts cannot be interpreted. Due to this issue, the next step was 

to optimize the method to improve the Dam signal. The first optimization of the method was 

adding a fork to the tail of the 5mC adapter to prevent a blunt end ligation of the Dam 

adapter to it, which could result in interference of T7 binding and amplification. Forking the 

5mC adapter didn’t change the 5mC profiles of the cells when compared to using the original 

adapter (Fig. 12c). The second method optimization was increasing the Dam:5mC adapter 
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concentration ratio to acquire more Dam reads. The human genome has 28,217,448 CG sites 

and of these 60-80% are methylated, resulting in 19.8 million 5mC sites that could be 

digested by MspJI9.  In terms of possible genome-NL contact sites, there are 7,127,609 

GATC for Dam-LaminB1 fusion to add m6A, and considering 40% of the genome is LADs, 

there are approximately 2.9 million sites that could be digested by DpnI (Fig. 12d)22. The 

Dam signal is therefore harder to detect, considering it seven times scarcer than the 5mC 

signal, so to capture all of its signals more Dam adapter could be used by increasing its 

(a)                  (b) 

 
(c)                   (d) 

 
 

Fig. 12 | Optimization of Method: Improve Dam Signal. (a) Top 5mC and Genome-NL contact 

profiles from the same cell on Chr 17, with DpnI and MspJI approach. (b) Cell with good 5mC, but 

bad Dam signal. (a,b) Red horizontal lines drawn at OE = 1 (c) Single cell 5mC profiles from cells 

with and without forked 5mC adapters. (d) CG (top) and GATC (bottom) site profiles on 

chromosome 17. 
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concentration in the reaction to improve the Dam adapter-DNA fragment collision frequency 

that precedes the ligation event. The last change of method was eliminating the double 

digestion with DpnI and MspJI, and instead cutting with the restriction enzymes at separate 

times to prevent collision on the DNA. Since DpnI is monomeric in structure and MspJI is 

tetrameric, it is possible that the latter may hinder the accessibility of the former to the DNA 

for cutting, possibly blocking a cut90,91. The order of restriction enzyme activity may also 

influence recognition of 5mC and genome-NL contact sites. The potential outcomes are 

adding the DamID recognizing enzyme first, then 5mC recognizing enzyme second will 

increase Dam read count, and vice versa. To test this hypothesis, individual experiments 

would be performed by the enzymes in both orders, deactivating the first before the addition 

of the second, and compare 5mC and Dam read counts to adding both at the same time. 

However, I observed in sc5mC only sequencing and scDamID only sequencing, the 5mC and 

genome-NL contacts were anti-correlated, meaning the enzymes shouldn’t collide because 

they don’t cut in the same location. This approach is also disadvantageous because it will 

take an additional day to preform library preparation to include a second digestion, so it 

would be more practical to focus on other optimization strategies. Upon testing this 

optimization, there was little product. 

Forking the 5mC adapter could improve the Dam signal by preventing multiple adapter 

interaction issues from occurring. The first possible adapter interaction issue that would lead 

to reduction in the acquisition of Dam signal is if the blunt ended DamID adapter ligates to 

the tail of the 5mC adapter, because it would sequester it and prevent its ligation to the DpnI 

cut site (Fig. 13a). The second possible issue occurs if the Dam adapter ligates to the tail of 

the 5mC adapter, and then this unit further ligates to the MspJI cut site. T7 RNA polymerases  
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  (a) 

 

 
(b) 

 
(c) 

 
 

Fig. 13 | Rationale for forking 5mC adapters. (a) Dam and 5mC adapter can both bind to their 

respective cut sites, but the Dam adapter can also bind to the 5mC adapter. (b) 5mC-Dam adapter hybrid 

hinders T7 binding and could incorrectly bind to Dam adapter for 5mC. T7 Polymerase92 

drawn to approximate scale, as 2x the length of the DamID adapter, assuming molecular weight is 

proportional to volume, using 1 bp = 618 Da. (c) Forking 5mC adapter prevents formation of 5mC-Dam 

adapter hybrid. 
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may compete for the T7 promoter binding site, likely hindering each other’s activity (Fig. 

13b) due to the large size of the enzymes compared to the distance between the T7 promoters 

on the adapters. Thirdly, if the material is amplified starting at the T7 promoter site on the 

DamID adapter, the resulting sequence will contain two Illumina RA3 priming sites. This 

will cause problems with the PCR amplification (Fig. 13b) and mapping to the genome after 

Illumina sequencing, because it will try to align the full 5mC adapter + DamID cell barcode 

sequence to the genome, resulting in an unmappable read. By forking the 5mC adapter, there 

is no longer the risk of the DamID adapter and 5mC adapter hybridizing, preventing these 

possible interactions (Fig. 13c). 

Since the adapters were being redesigned, the hamming distance between the MspJI and 

DamID adapters were checked to insure minimal barcode sequence overlap. The hamming 

distance is a measure of how different two strings are, and in this context, it is the number of 

(a)           (b)           (c) 

 
(d)           (e) 

        
 
Fig. 14 | Adapter Hamming Distance between (a) Dam to 5mC adapter, (b) Dam to Dam adapter, 

and (c) 5mC to 5mC adapters. (d) Hamming distance example. Differences in bases highlighted in 

red (e) Dam to 5mC adapters that have hamming distance of 2. 
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corresponding locations that are different between two single-cell barcodes. An example of 

this is in Fig. 14d, where the hamming distance between the DamID adapter with barcode 2 

and the MspJI adapter with barcode 21 is two because the 8 base pair sequences are identical 

except for the nucleotides in position 2 and 5, highlighted in red. It is best for the barcodes to 

have a high hamming distance in case a base is misread during sequencing, causing the signal 

to be interpreted as originating from a different cell. When comparing the DamID adapter 

barcodes to the MspJI adapter barcodes, a hamming distance of two only occurs 0.477% of 

the time, and a hamming distance of one doesn’t occur, indicating a low probability of 

misinterpretation (Fig. 14a). Likewise, when comparing the DamID adapters to themselves, a 

hamming distance of two occurs at 0.443% and hamming distance one occurs 0% of the time 

(Fig. 14b). When comparing the MspJI adapters to themselves, a hamming distance two 

occurs 0.266% of the time and a hamming distance of one does not occur (Fig. 14c). Since 

there is a lack of sequence similarity between the barcoded adapters, it is unlikely that a 

misread will cause the signal to be interpreted as originating from another cell. 

Using the forked 5mC adapters produced more consistency between sequencing data sets 

in terms of the unique read counts/sequencing depth, the unique over mapped reads, and 

mapped over sequenced reads. To test efficiency of the forked 5mC adapters on signal 

acquisition, the 5mC and Dam adapters were each varied from 64 nM – 128 nM. Using 

higher ratios of Dam:5mC adapters, such as 128:64 nM, produced the highest percentage of 

Dam reads per cell, and when using an equal ratio of adapters, such as 128:128 nM and 64 

nM:64 nM, the condition with the higher concentration of Dam adapter had a slightly higher 

median and upper quartile (Fig. 15a). The forked 5mC adapters produced a more consistent 

mapping (Fig. 15b-d) between conditions with varying adapter concentrations than when 
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using the unforked 5mC adapters (Fig. 10b-d), suggesting forking the adapters reduced the 

adapter interactions that lead to the inconsistencies when simultaneously measuring 5mC and 

Dam signal. While substantially improving the 5mC signal, this optimization did not improve 

the average Dam read count per cell, and in fact it actually decreased the amount of Dam 

reads compared to the unforked 5mC adapter condition with the same adapter concentration 

(Fig. 16b). The improvement it made was increasing the mapping efficiency of 5mC signal 

(a)                  (b) 

 
(c)                    (d) 

 
 

Fig. 15 | sc5mC+DamID (v1.1) Mapping Statistics with forked 5mC adapters. (a) 

Percentage of total reads that are Dam (originating from DpnI, the genome-NL contacts). (b) 

Unique reads/total reads for each mark (5mC in red and Dam in blue) in each cell. Showing only 

cells with > 10,000 unique 5mC reads (c) Redundant reads, RABA/(FASTQ/4) and  (d) 

Unique/redundant reads, FABA/RABA for each library. 
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(Fig. 16a) and reducing the variability in the unique reads per cell (Fig. 16b), which although 

was a step forward in terms of improving reproducibility, didn’t solve the main problem. 

What likely occurred was the 5mC quality had improved much more than the Dam quality 

had from forking the 5mC adapters, giving the impression that the Dam mapped worse when 

comparing them to the unforked 5mC condition (Fig. 16a). In the unforked condition, the 

5mC signal had most likely been worsened by the adapter interaction, causing a larger 

fraction of Dam signal in the pool of molecules. The ratio of 5mC reads to Dam reads needed 

for a good quality cell are highlighted in cyan in Fig. 16c, and the cells with the forked 5mC 

adapters do not fall closer to that region on the plot, and rather fall farther away. This 

suggests that although forking the 5mC adapters improves the reproducibility and 

consistency of reads between cells and samples, it alone is not the strategy to improving Dam 

read count. 

The next optimization was increasing the Dam:forked 5mC adapter ratio to 8 and 16, 

given there are seven times fewer possible DpnI cut sites than MspJI cut sites. With the 

combination of these optimizations, it worked better in one cell than with the unforked 5mC 

adapters (Fig. 17a, top left cell). Distinct LADs can be seen in other cells from the same 

conditions (Fig. 17a,b next 4 cells), however their baseline OE score was a bit higher. The 

efficiency of good quality cells was still low, so the Dam background noise was quantified in 

each cell by calculating genome-wide mode and median OE scores, which were compared to 

the total Dam read count in that same cell. The top cells in Fig. 17a,b had median/mode OE 

baseline scores below OE = 1 and many Dam reads, on the order of the previously observed 

threshold of  >60k Dam reads that indicated low baseline OE, however there were few cells 

with a low background noise baseline (2% efficiency), seen in Fig. 17c. The mapping  

(a)                (b)        (c) 

 
Fig. 16 | Comparisons between data quality with forked and unforked 5mC adapters  (a) 

Mapped/sequenced reads for 5mC and Dam (b) Unique/sequenced reads (c) Dam vs. 5mC reads of the 

same cell. Forked 5mC Adapter (red), Unforked 5mC (blue). 
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  (a) 

 
(b)                (c) 

 
(d)             (f) 

 
(e)             (g)  

 
 

Fig. 17 | (a) Single cell 5mC+DamID profiles with forked adapters. 64nM/512 nM Forked 5mC/Dam 

adapters. Red line is OE = 1 (b) 64nM/1024 nM forked 5mC/Dam adapters. (c) OE baseline (mode in blue 

and medium in red) along the chromosomes vs. Dam read count of the same cell (d) Redundant (Raba) or 

unique (Faba) Dam reads vs. raw reads of the same cell for 64nM/512 nM Forked 5mC/Dam adapters and 

(e) 64nM/1024 nM forked 5mC/Dam (f) Redundant (Raba) or unique (Faba) 5mC reads vs. raw reads of 

the same cell for 64nM/512 nM Forked 5mC/Dam adapters and (g) 64nM/1024 nM forked 5mC/Dam. 
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efficiency and unique read counts were further measured as a function of the raw read count 

per cell. Typically, as sequencing depth (raw reads) of each cell increases, the redundant 

(PCR duplicate) and unique reads should increase proportionally. For the 5mC reads, this 

was the case for both adapter concentrations, producing a positive linear correlation (Fig. 

17f,g), however for the Dam reads, the deeper sequenced cells didn’t necessarily have more 

redundant and unique reads, as the correlation line was flatter (Fig. 17d,e). In fact, the top 

cells with the lowest baseline OE weren’t the cells with the highest raw read count, seen by 

the most vertical data points on the y-axis in the middle of the plots in Fig. 17d,e. 

To determine what further optimizations could be performed, the analyze index sort data 

function on the cell sorter software was used to identify the sorting parameters of the top cell 

from the forked 5mC adapter conditions (64nM/512 nM Forked 5mC/Dam adapters, library 

1, barcode 4). By referencing the cell barcode from the sequencing data, the cell’s location on 

the 384 well plate was found (Fig. 18b) and traced back to the sorting plots (Fig. 18a). (The 

adapter plate was designed with 48 unique barcodes on the left or right half, and the barcodes 

were arranged sequentially on each half from left to right like words on a page, e.g. first row 

1-6, then second row 7-12. Since the liquid handling robot dispenses barcodes clockwise into 

four adjacent wells of the 384 plate, the cell is identified by going to the right on the 384 well 

plate by 2x2 boxes for each barcode. Since library 1 is in the top left quadrant, and barcode 4 

will shift the well to the right from A1 by blocks of 2, four times, the cell was in A7). This 

cell had high EGFP and mOrange signal from the FUCCI system, indicating it was at the 

correct stage of the cell cycle. It was possible then that other cells on the plate had noisier 

Dam signal because they were at the wrong stage of the cell cycle, such as at G1 phase (red), 

where not all the genome NL-marks were placed, or the cells passed through S phase into G2 



   44 

phase (green) where there will an accumulation of m6A marks on the DNA, resulting in 

noise. The solution to this would be to select finer region by increasing the EGFP and 

mOrange threshold (Fig. 18c, orange box). However, some of the other cells that worked had 

(a)                   (b) 

 
(c)         

 
(d)                     (e) 

 
 

Fig. 18 | (a) Analyzing index sort data of top cell to determine why it had worked. (b) Top cell 

location in 384 well plate. (c) Sort the Most FUCCI ++ cells, in orange box. (d) Sort the most 

FUCCI ++ cells and also (e) increase [Shield1] to 5x more than the standard. Image adapted from L. 

A. Banaszynski et al. Cell (2006) 
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lower mOrange signal, and one had lower EGFP signal, so it was ambivalent that sorting the 

highest fluorescence FUCCI++ cells would be the best solution to improve the Dam signal. 

Another possibility was the DD-LaminB1-Fusion that places the m6A marks on the LADs 

wasn’t being completely activated by the ligand Shield1 at 500 nM, resulting in too much 

background noise. Contact marks are placed only when destabilization domain of the fusion 

protein is induced by ligand, suggesting increasing the Shield1 ligand concentration could 

increase the amount of m6A place at the LADs. Despite sorting for the most FUCCI ++ cells 

and increasing the Shield1 concentration from 500nM to 5x at 2500nM (Fig. 18d,e), libraries 

were unable to be generated (not enough material on bioanalyzer). 
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B. DpnI Digestion with TET2/APOBEC Conversion 

1. Random priming (v2.0) 

To improve the Dam signal, a new version of the protocol was implemented using a 

strategy to orthogonally measure the 5mC and genome-NL contact marks, preventing 

interactions between the restriction enzymes as well as between the adapters. The 

simultaneous digestion step with DpnI and MspJI was eliminated, since MspJI derived 5mC 

seemed to outnumber the Dam reads. The advantage of this new protocol is now only one 

restriction enzyme is used, DpnI, and only one type of adapter, a modified version of the 

Dam adapter, to prevent competition for DNA during digestion and potential adapter 

interactions, while also reducing the cost previously associated with needing a set of adapters 

for each mark. With only one set of adapters, the adapter dispensing step is much faster, at 10 

minutes/plate, rather than 20 minutes/plate. This new version of the protocol can measure 

every modified and unmodified cytosine at single nucleotide resolution, versus the previous 

method with MspJI that creates cuts 12/16 nucleotides downstream from the methylated CpG 

site, reducing the resolution of 5mC site detection. The in vitro transcription step was 

replaced with linear PCR, so there is no longer a degradable RNA intermediate, which would 

likely produce a higher yield. Nearly the same liquid handling robot protocol is used before 

pooling cells, so very few adjustments are required. The second part of the protocol is 

different, when the libraries are processed in bulk, and includes an enzymatic version of 

bisulfite conversion to orthogonally measure the 5mC marks. Besides the many pros to this 

protocol, there is only one con, which is the protocol is longer by a couple days. However, if 

it produces much better results, the extra time is then worth it. 
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Fig. 19 | sc5mC+DamID (v2) Schematic. (a) Lyse cells and protease nucleosomes to access DNA. (b) Cut 

m6A mark in GATC context with DpnI. (c) Ligate Dam barcoded adapters. (d) Enzymatic version of 

bisulfite conversion to identify 5mC. (e) Random priming to attach Illumina RA3 ada pter. (f) PCR 

amplification to generate final library  
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The new protocol starts the same with lysing the sorted cells and then adding protease to 

unwind the DNA wrapped around the histones to make the 5mC and m6A accessible for 

restriction digestion (Fig. 19a). Now, only DpnI is added to DNA to create cuts at the m6A 

genome-NL contact sites (Fig. 19b). This is advantageous over the previous method because 

now the tougher signal is detected first, while there also no longer being a competition with 

MspJI which typically took all the reads. Next, a modified version of the Dam adapter is 

ligated to the restriction cut site (Fig. 19c). This adapter contains the cell specific barcode as 

before to differentiate what material had originated from each cell, as well as the fork to 

prevent long chains of adapters forming due to blunt end ligations. Now there is a PCR 

handle, instead of a T7 promoter, for linearly amplifying the material and attaching one of 

the Illumina adapters. The bottom strand of the adapter was designed to have no cytosines, 

allowing bisulfite-like conversion to be performed while maintaining the sequence of the cell 

barcode and PCR handle. The Enzymatic Methyl-seq conversion module is used to 

orthogonally measure the 5mC downstream from the DpnI cut site by converting all 

unmodified cytosines into uracils and protecting the 5mC from the conversion, allowing us to 

detect the sites with and without 5mC, a limitation with original strategy that used MspJI93. 

TET2 is used to convert all the 5mC and 5hmC into 5-carboxycytosine (5caC) through the 

cascade reaction that occurs natively in the cell during active demethylation (Fig. 

19d,bottom-right). To actively remove methylation in cells, an iterative oxidation of 5mC to 

5-hydroxymethylcytosine (5hmC) to 5-formylcytosine (5fC) to 5caC with TET occurs, and 

this is simulated through the addition of the TET2 enzyme to the reaction mixture. The 

conversion is further enhanced by adding an oxidation enhancer to glucosylate 5hmC to 

glucosylated 5mC (g5hmC) (Fig. 19d,bottom-left). APOBEC, a cytosine deaminase, is 
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added to convert all unmodified cytosines into uracils, while leaving the 5caC and g5hmC 

protected from the deamination. This reaction converts all of the DNA fragment (indicated 

by stripes in Fig. 19d,top), except for the 5mC sites and the bottom strand of the adapter that 

had no cytosines. Next, the Illumina indexing primers are attached, and the signal is 

amplified from picograms to micrograms, so there is a sufficient amount of material for 

sequencing. Random priming with Klenow fragment (3’→5’ exo-) is used to attach the RA3 

of the Illumina adapter for sequencing, filling in the rest of the DNA with complementary 

bases (Fig. 19e)94. PCR is then performed in two stages. Linear PCR is performed with an 

extended version of the RPI Illumina primer, containing the sequence complementary to the 

PCR handle on the Dam adapter, to attach the full Illumina P5 adapter for sequencing, while 

simultaneously amplifying the material (Fig. 19f,top). Only the bottom strand of the 

deaminated sequence will amplify because its sequence was unchanged by the deamination, 

and the fork on the strand will also not amplify based on the design of the extended RPI 

primer. Lastly, the standard RPI and indexing RPI[1-48] Illumina primers are used to 

exponentially amplify the material and attach the 6 base pair i7 indexing sequence (P7), 

similar to the final step of the MspJI and DpnI version of the protocol (Fig. 19f,middle). This 

will produce the final library structure (Fig. 19f,bottom) containing the barcoded adapter 

ligated to a TT dinucleotide. It is adjacent to a TT dinucleotide because initially the Dam-

LaminB1 fusion places m6A in a GATC context and then DpnI will cut between the m6A and 

the T, resulting in a TC dinucleotide on the bottom strand to which the adapter had ligated. 

This is then converted to TU because of the APOBEC deamination, in all scenarios because 

cleavage of mammalian genomic DNA by DpnI is blocked by overlapping CpG methylation, 

so it cannot remain in a TC context. Through random priming, the TU will be converted to its 
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complement, AA, and following the PCR amplification, it will be converted back to TT. On 

the final library structure after the TT dinucleotide ligation site, is the deaminated sequence 

where all 5mC sites are unchanged. This more advanced method for simultaneously detecting 

5mC and genome-NL contacts was implemented, and since it first detects the genome-NL 

sites and then the 5mC is read off those fragments at single nucleotide resolution, it may 

improve the Dam signal. 

(a) 

 
(b) 

 
 

Fig. 20 | 5mC+DamID Versions 1 & 2. (a) 5mC (top) and genome-NL contact (bottom) profiles on 

chromosome 17 in a single cell with MspJI and DpnI, version 1. (b) 5mC (top) and genome-NL contact 

(bottom) profiles on chromosome 17 in bulk with DpnI and TET2/APOBEC, version 2. The same LADs 

correspond to same hypomethylated regions as version 1, shown by red arrows. Horizontal line at OE = 1.  
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5mC and Dam profiles from each of these versions of the method were compared, and 

they produced similar profiles. Fig. 20a shows the 5mC and Dam profiles of a single cell 

from the first version of the method that used DpnI and MspJI. Fig. 20b shows the 

simultaneous measurement of 5mC and Dam on the same DNA molecule for a bulk 

population using the new method, DpnI and TET2/APOBEC. The LADs and 5mC 

hypomethylation are in the same locations suggesting these methods are interchangeable for 

simultaneously measuring these features of the epigenome in the same cell. However, this 

protocol was only implemented in bulk, and single cell data is required to prove the features 

are truly anticorrelated. 

Comparing the sequenced 5mC component of sc5mC+DamID v1 (MspJI and DpnI) to 

the 5mC component of bulk 5mC+DamID v2 (DpnI & TET2/APOBEC, where the 5mC is 

measured off cytosine deaminated Dam reads), the locations of the 5mC hypomethylation on 

chromosome 17 are the same between version 1 and 2 (Fig. 21a), validating both methods of 

detecting 5mC are interchangeable. Now with version two of the protocol, both methylated 

and unmethylated CpG’s can be measured, a limitation with the original MspJI method. On 

the top track of Fig. 21b is the CG normalized 5mC reads, producing the typical 5mC profile 

on Chr 17, the middle track now contains the unmethylated cytosines in the CpG context, and 

the bottom track is the 5mC percentage in the genomic bins, where methylated CpGs are 

normalized by the sum of both methylated and nonmethylated CpGs (the total CpG sites). 

Measuring both methylated and non-methylated CpG’s with the new method is a significant 

advancement because now we are using half of the number of adapters and making three 

measurements within the same cell instead of two: 5mC and unmethylated CpGs at single 

nucleotide resolution and Dam signal. Comparing the Dam signal on Chr 17 between bulk  
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  (a) 

 
(b) 

 
(c) 

 
Fig. 21 | (a) 5mC profile from sc5mC+DamID v1 vs. from bulk 5mC+DamID v2 on gDNA treated with DMSO 

for 3 days (b) Bulk 5mC+DamID v2 normalized 5mC profile (top), unmethylated CpGs (middle), percent 5mC 

on CpGs (bottom). (c) Dam profile from bulk 5mC+DamID v1 vs. from bulk 5mC+DamID v2 on gDNA treated 

with DAC for 3 days. 
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DamID only (using the original Dam adapters and version one of the library preparation) to 

the Dam component of 5mC+DamID version two (with the redesigned Dam adapters and 

APOBEC deamination) on the same gDNA (treated with 0.5 μM DAC for 3 days, more 

information about this condition in Chapter IV), the same LADs appear along the 

chromosome (Fig. 21c). The Dam signal is distinguishable from noise with a baseline 

(background) OE score below one, indicating it is possible to measure genome-NL contacts 

with this new method. Although these results imply the anti-correlation between methylation 

and genome nuclear lamina contacts, since the locations of hypomethylation correspond with 

LADs in this new method, it doesn’t prove the anti-correlation because the bulk measurement 

obscures the correlations between epigenetic features, since it is comparing averages, despite 

the marks being measured on the same molecule. This new method therefore needed to be 

scaled down to the single-cell level to observe the anticorrelation. 

Prior to performing the method with the full set of unique single-cell barcoded adapters, 

the protocol was implemented at the “pseudo” single-cell level (psc), in which the same 

barcoded-adapter was dispensed for each cell, still using the same reagent volumes as the 

single-cell technique. The 5’ end of the adapter that ligates to the 3’ end of the DpnI cleaved 

fragment needs to be phosphorylated for the attachment. Two variations were tested, those 

phosphorylated in-house using T4 PNK, which catalyzes the phosphorylation of the 5’-

hydroxyl terminus of polynucleotides using inorganic phosphate derived from ATP, and 

others that were pre-phosphorylated95. Prephosphorylating the adapters generally produces 

better phosphorylation efficiency, but is more costly than phosphorylating in house. If the 

method works with the in-house phosphorylated adapters at a similar efficiency to the pre-

phosphorylated adapters, it will cost significantly less to perform the single-cell experiment, 
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allowing for the protocol to be more reproducible. Both pre-phosphorylated and in-house 

phosphorylated adapters were tested at two concentrations, like how the forked adapters were 

tested at different concentrations, with the goal of improving the Dam signal acquisition. 

After sequencing the libraries, the same analysis pipeline was run on each psc5mC+DamID 

v2.0 library and the bulk 5mC+DamID v2.0 DMSO/DAC conditions that were the basis for 

this method being possible. The ligation site of the redesigned Dam adapter was measured, 

and in all four of the psc libraries ~80% of the ligation sites were at the dinucleotide TT (Fig. 

22a-d). In the bulk version of this protocol on the DMSO/DAC conditions, there was only a 

55% ligation to TT (Fig. 22e,f), suggesting there was an improvement when scaling it down 

to the pseudo single-cell level.  

(a)          (b)           (c)            (d) 

 
(e)        (f)               (g) 

 
 
Fig. 22 | psc5mC+DamID (v2.0) adapter ligation site is primarily TT. (a) Adapter ligation site with 

In-house phosphorylated, 64 nM adapter (b) In-house phosphorylated, 500 nM adapter (c)  

Prephosphorylated, 64 nM adapter (d) Prephosphorylated, 6.4 nM adapter. (a-d) are on pseudo single 

cell libraries of 96 cells (e) Bulk DMSO treat library (f) Bulk 3 day 0.5 μM DAC treatment, (a-f) Plus 

strand reads shown only (minus strands had nearly the same percentage of ligation sites)  (g) 

Anticipated binding configuration, with sequences of each barcode.  
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  (a) 

 
(b) 

 
(c) 

 
Fig. 23 | (a) 5mC profiles from sc5mC+DamIDv1 (top) and pseudo single-cell 5mC+DamID v2 (bottom) with 

64 nM in-house phosphorylated adapters (b) 5mC profile comparisons from pseudo single-cell 5mC+DamID 

v2 with various phosphorylations and concentrations (c) Dam profiles with same order and conditions as (b). 
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The 5mC profile of the pseudo single-cell libraries resembled the single-cell version 1 

profile. Comparing the 5mC component of sc5mC+DamID v1 to the in-house 

phosphorylated (64 nM) psc5mC+DamID v1 (Fig. 23a), the hypomethylation along the 

chromosome was in the same locations, suggesting MspJI and TET2/APOBEC are 

interchangeable at likely the sc level for measuring 5mC. Each of the pseudo single-cell 

conditions, with different adapter concentrations and ways of phosphorylation, had similar 

5mC profiles, supporting a robustness in the method (Fig. 23b). A weaker signal was 

observed with the Prephos, 6.4 nM adapter condition, however this is most likely explained 

by it having the lowest adapter concentration. The Dam component of the pseudo single-cell 

libraries did not match the profile of the version 1 single-cell method. The top track of Fig. 

23c is the expected Dam signal, a profile from sc5mC+DamID version 1, however in the next 

four tracks corresponding with psc5mC+DamID v2.0, the LADs were not visible. 

Interestingly, the bad Dam signal profile was different than the noisy profile in version 1: the 

baseline (background) OE score was not too high, as peaks would still be seen at the LAD 

regions, the issue now is the signal appears inverted. This is seen best by the LAD regions 

positioned at 10 Mb and 50 Mb, where a drop in Dam signal, rather than in increase in signal 

is observed while the surrounding iLAD regions have more signal. The rationale for this 

phenomenon is the random priming is biased for the iLAD fragments over the LAD 

fragments, thereby reducing the LAD signal (Fig. 24a). The size of the LAD fragments for 

priming will be smaller than the iLAD fragments because there is less space between the 

DpnI cut sites due to the abundance of m6A contact marks added by the Dam-lamin B1 

fusion (Fig. 24b).  Given the mappable inter-GATC distance is roughly 200 bp (Fig. 24c) 

and the random primer is a 9-mer, if the primer doesn’t bind towards the tail of the DNA 
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fragment, the complementary synthesized strand may be too short to be compatible with the 

rest of library preparation. It is important to note iLADs also have regions of contact with the 

nuclear lamina (referred to as contact segments, discussed in Chapter III), however they are 

spaced far apart resulting in long iLAD fragments. With each round of random priming, the 

LAD/iLAD fragments will get smaller, ultimately creating a bias for iLAD signal over LAD 

signal. This random priming strategy for adding the RA3 adapter therefore turns it into a 

game of “pin the tail on the molecule”, it that if the primer isn’t bound towards the tail 

(a) 

 
         (b)           (c) 

 
 

Fig. 24 | (a) Random priming schematic on both iLAD and LAD derived fragments  (b) Cut sites 

along DNA for regions contacting nuclear lamina or iLADs. LADs produce shorter fragments than 

iLADs because there is a higher density of m6A marks (c) Inter-GATC distance and mappability of 

GATC sites using the DpnI restriction enzyme and adapter ligation method, adapted from K. 

Rooijers et al. Nature Biotechnology (2019). 
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region, the molecule may be lost for sequencing. The solution to this issue is less rounds of 

random priming or an entirely different priming strategy will reduce the priming bias for 

iLADs, and it will therefore improve the Dam signal. 

To test this hypothesis, the protocol was repeated with only one round of random 

priming. The LADs were still not visible however, and produced the same inversion of iLAD 

and LAD signal because the LAD fragments were selected against by random priming (Fig. 

25a). The dinucleotide at the ligation site however remained as TT at 80%, indicating the 

adapters were binding to the GAm6↓TC DpnI cut sites (Fig. 25d). Despite the masked LAD 

signal in this condition that had produced a Dam profile that resembled the 5mC signal, the 

regions where hypomethylation occurred, coinciding with the LADs, could still be detected 

by subtracting the two signals. In version 2 of the method, first the Dam read is acquired and  

(a)              (c) 

 
(b)              (d) 

 
 

Fig. 25 | (a) 5mC and Dam profiles of psc5mC+DamID v2, with one round of random priming, 100 

nM adapter, normalized by CG content and Dam OE (b) 5mC and Dam profiles of sc5mC+DamIDv1 

as reference. (c) Schematic of random priming the deaminated adapter ligated ssDNA fragment. (d) 

Adapter ligation site dinucleotide on plus and minus strands. 
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  (a) 

 
(b) 

 
(c) 

 

 
Fig. 26 | (a) (Top) 5mC and (Middle) Dam profile normalized on a scale of 0-1. (Bottom) 5mC and Dam read 

overlap. (b) (Top) 5mC normalized by a skewed scale, 
5𝑚𝐶𝑏𝑖𝑛,𝑖{𝑐ℎ𝑟𝑗}

𝑀𝑎𝑥(5𝑚𝐶𝑏𝑖𝑛 ,𝑖{𝑐ℎ𝑟𝑗}−𝑠𝑐𝑎𝑙𝑖𝑛𝑔)
 , and (Middle) Dam profile 

normalized on a scale of 0-1. (Bottom) Skewed 5mC and Dam read overlap. (c) (Top) Skewed 5mC and Dam 

overlap at minimum scaling constant. (Middle) Absolute value difference between skewed 5mC and Dam reads. 

(Bottom) LAD profile 
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then the 5mC is read off that fragment, therefore any region containing Dam signal and low 

5mC is a hypomethylated region. To observe this and prove the 5mC is correctly being 

detected at the pseudo single-cell level, the 5mC and Dam reads were normalized on a scale 

of 0-1 (instead of by CG content or Dam OE), and the profiles were overlaid (Fig. 26a). At 

regions such as around bin 500 and 700 (corresponding to 50 and 70 Mb), there were a 

significant amount of Dam reads (red) and few 5mC reads (black), indicating low 5mC at 

these regions. To better visualize the hypomethylation, the 5mC reads were “stretched” over 

the Dam reads until overlapping, by subtracting a scaling constant from the denominator of 

the normalization (Fig. 26b). By scaling the normalization, the regions with low 5mC and 

high Dam reads are visible (seen in red), which correspond to the hypomethylated LADs, 

validating this method works but the Dam signal is biased towards iLADs. By applying a 

range of scaling constants to the 5mC normalization and measuring the absolute difference of 

5mC and Dam signals, most regions quickly increase past unity to infinity (Fig. 26c). 

However, in hypomethylated LAD regions, such as bin 500, the difference initially 

approaches zero before increasing to infinity much slower than in the iLAD regions. Regions 

where the absolute difference between 5mC and Dam reads approach infinity slower 

primarily correspond with the locations of the LADs, when comparing the hypomethylated 

regions in psc5mC+DamID v2.0 to the Dam profile of a single cell from sc5mC+DamID v1. 

Therefore, the regions with low 5mC reads relative to the number of Dam reads are the 

hypomethylated LADs, validating the v2 method can accurately measure 5mC, while 

suggesting there is an issue with iLAD priming bias based on the Dam signal. 
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2. TACS Ligation (v2.1) 

A random priming alternative, based on a method called TACS (terminal deoxyribo-

nucleotidyl transferase (TdT)-assisted adenylate connector-mediated ssDNA) ligation, was 

implemented to improve the Dam signal96. The novelty to this technique is it doesn’t require 

a template to attach the RA3 component of the Illumina adapter, and instead uses TdT to 

incorporate nucleotides onto the 3’-OH termini of ssDNA, to which a single stranded ligation 

of the RA3 adapter occurs. To keep the P7 Illumina adapter as close as possible to the 

deaminated DNA fragment, a short string of nucleotides are added (Fig. 27a) by using ATP 

instead of conventional dNTPs. ATP is converted into ADP and then AMP by hydrolysis, 

and since AMP is effectively adenosine, using ATP instead of dNTPs will limit the amount 

of RNA bases added to the tail of the fragment to between 2 and 4. Since RNA bases are 

added, T4 RNA ligase I can be used to connect the 5’ phosphoryl-terminated donor on an 

RA3 adapter to the 3’ hydroxyl-terminated acceptor, the ssRNA tail of the fragment. By 

designing the RA3 as dual phosphorylated, end to end ligations of the adapter cannot occur, 

preventing its concentration from decreasing in the reaction, like the benefit of forking the 

Dam adapters. An advantage to using T4 RNA Ligase I is it incubates at a low temperature 

(16°C), preventing the activity of RNAses that could degrade TdT added RNA bases. PEG is 

additionally used in the reaction to increase the ligation efficiency. The original TACS 

protocol claimed that single stranded ligation to bisulfite cleaved DNA is not practical 

because TdT failed to modify the majority of the 3’ ends, and instead they performed one 

round of random priming and then TACS ligation96. This approach wouldn’t be useful for 

sc5mC+DamID v2 because any random priming will bias the Dam signal for iLADs and 

reduce the LAD signal. Although cleavage of the deoxyribose ring from bisulfite conversion 



   62 

could make the 3’ terminal structure unrecognizable by TdT, interfering with it’s ability to 

add an A-tail, the NEBNext Enzymatic Methyl-seq conversion module is less harsh on the 

DNA because it is an enzymatic approach93,96, meaning this strategy could be possible. The 

APOBEC3A enzyme shouldn’t damage the 3' deoxyribose ring of the DNA during the 

(a) 

 
(b) 

 
(c) 

 
Fig. 27 | sc5mC+DamID v2.1 Random priming alternative: TACS ligation. Schematic of (a) A-

tailing and single stranded adapter ligation and (b) PCR amplification to generate final library. (c) 

APOBEC3A deamination reaction mechanism, image adapted from S. Revathidevi et al Cancer 

Lett. (2021). 
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cytosine deamination based on the reaction mechanism (Fig. 27c) since it only modifies the 

pyrimidine, and therefore it shouldn’t prevent TdT activity97. After ligation, the single 

stranded fragment is then amplified by a series of exponential PCR steps, however there are 

two limitations at this stage. The first issue is there are RNA bases (Fig. 27b) that must be 

recognized by a DNA polymerase, and the second issue is there are uracils (non-typical DNA 

bases) that are in the fragment needing to be amplified. The first issue is addressed by only 

adding only a few RNA bases to the tail through the ATP to AMP decomposition, which 

should not stall a robust DNA polymerase. The second issue is addressed by using a robust 

uracil tolerant DNA polymerase, Q5U, which is optimized for uracil-containing NGS library 

amplification and is compatible with NEBNext Enzymatic Methyl-seq kit. The first PCR is 

performed with Q5U, using an RA3 primer and the extended RPI primer (from v2.0) to 

produce a DNA molecule absent of uracil and RNA bases, while attaching the full Illumina 

P5 adapter (Fig. 27c). The second PCR uses the same RPI and indexing RPI[xx] primers 

(from v1.0) and the standard DNA polymerase, NEB Next High Fidelity, now that there are 

no uracils, to generate the final library seen in Fig. 27c, containing a series of A’s between 

the deaminated fragment and RA3. This protocol generated pseudo single-cell libraries which 

were further sequenced and analyzed for the method efficiency. 

Several levels of checks suggest TACS ligation could work at the single-cell level, 

however it may be low efficiency. The line count/sequencing depth of the 5mC and Dam 

output files was measured for the psc5mC+DamID v2.1 APOBEC(+), APOBEC(-), and the 

bulk 5mC+DamID v2.0 DAC reference conditions. Many reads were lost at the deduplication 

stages (e.g. *dedup.fastq and *deduplicated.sam) compared to the reference (Fig. 28a,b), 

suggesting a low efficiency of TACS ligation, with many reads being PCR duplicates.  
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  (a)                (b)                   (c) 

 
              (d) 

 
(e)               (f) 

 
(g)             (h) 

 
(i)            (j) 

 
Fig. 28 | psc5mC+DamID v2.1 (TACS) library statistics and profiles. (a) Line count of Dam and (b) 5mC 

files, normalized to raw read count. (c) Ligation site dinucleotide frequency (d) Barcode on 5mC reads (e) 

(Top) Pseudobulk DamID and (Bottom) Dam component of sc5mC+Dam v1 (f) CG (top) and GATC (bottom) 

site profiles on chromosome 17 (g) TACS (with APOBEC) 5mC and Dam profiles (normalized) and (h) 

nonnormalized (i) TACS (without APOBEC) 5mC and Dam profiles (normalized) and (j) nonnormalized. 



   65 

Despite this, the APOBEC conversion was detectable, seen through the line count of the 5mC 

output files, file 7 (the non-methylated CpG reads) and file 8 (the methylated CpG reads). 

The APOBEC(-) condition had more 5mC reads than the APOBEC(+) condition, and the 

APOBEC(+) condition had more non-methylated CpG reads than the APOBEC(-) condition 

(Fig. 28a,b). This was what was expected if the APOBEC conversion were working 

correctly, since the code calls a site as 5mC if it were protected from the deamination, and 

without APOBEC there wouldn’t be conversion, which would be seen as more 5mC. The 

APOBEC(+) condition had 63% 5mC and APOBEC(-) had 87% 5mC, compared to the 

psc5mC+DamID v2.0 one round of random priming condition with 68% 5mC. To further 

validate the method was working, the adapter ligation site was measured; in the APOBEC(+) 

condition, the correct ligation dinucleotide was detected (>67% TT) and likewise in the non-

deaminated APOBEC(-) condition, the dinucleotide was mostly (84%) TC (Fig. 28c). 

However, there were very few reads in the final Dam output file, since it started with 32.7 M 

raw reads and ended with 19.9 k TT reads. For sc5mC+DamID v1 with DpnI and MspJI, 

typically 60k Dam reads/cell produced high signal to noise with detectable LADs, however 

this TACS condition had 96 cells with under 20k reads total. This means there would have to 

be 289x more signal in the APOBEC(+) condition for LADs to be detectable, assuming a 

similar trend. A further check of this method indicated nearly all (99.7%) of the 5mC reads, 

read off the DpnI cut fragments, had adapter barcode 1 (Fig. 28d), the adapter that had been 

used for this library preparation. The low reads counts are evident in the 5mC and Dam 

profiles along chromosome 17 (Fig. 28h,j). With APOBEC, there were low reads and little 

signal, appearing as scattered noise. When normalizing the Dam signal by OE, shallow peaks 

appear at LAD locations 50 and 70 Mb, referencing the Dam component of sc5mC+DamID  
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    (a)          (b)                   (c) 

 
                   (d) 

 
(e) 

 
(f) 

 
Fig. 29 | psc5mC+DamID v2.1 (TACS), experiment two, library statistics and profiles. (a) Line count of Dam 

& (b) 5mC files, normalized to raw read count. (c) Ligation site dinucleotide frequency (d) Barcode on 5mC reads 

(e) 5mC profile from  (Top) Bulk 5mC+DamIDv2, (Next four) Bead clean up (BC) with 10 μM dual phosphorylated 

RA3 adapter, BC-1 μM, No BC-10 μM, No BC-1 μM (f) Dam profiles from same conditions & order as (e). 
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v1 (Fig. 28g). However, this is likely due to less GATC sites at those locations (Fig. 28f), 

effectively raising the peak because of the normalization. Similar results were observed in the 

condition prepared without APOBEC (Fig. 28i,j). These results suggest that TACS may be 

possible at the single-cell level, but the signal is too low with the current implementation, 

requiring further optimization to improve the signal. 

The experiment was repeated with two optimizations, (1) with or without a bead clean up 

between the TdT and ligation, and (2) decreasing the concentration of the dual 

phosphorylated RA3 adapter from 100 μM to 10 μM and 1 μM. A similar analysis was 

performed on the data, and again many reads were lost during the deduplication (Fig. 29a,b) 

stages, suggesting the presence of PCR duplicates. Despite this, the expected 5mC 

percentage was measured in all conditions (61-65%), compared to the 68% 5mC observed in 

the psc5mC+DamID v2.0 one round of random priming condition. Eliminating the bead 

cleanup step lowered the TT dinucleotide ligation site to nearly 70%, compared to the 

condition with the bead cleanup that had the correct adapter ligation site at greater than 80% 

(Fig. 29c). By decreasing the dual phosphorylated RA3 adapter concentration to 1 μM, there 

were slightly more Dam reads than in the 100 μM condition from the previous TACS 

experiment, however the reads were still too low (35.8k for 96 cells) compared to the typical 

60k Dam reads/cell that is associated with good Dam signal. Despite the low read  count, the 

5mC reads again had the barcode 1 sequence at 99%, confirming the correct final sequence 

structure in the libraries (Fig. 29d). The 5mC and Dam signal on chromosome 17 however 

were still too low and scarce (Fig. 29e,f). For the 5mC, the top track is the reference and the 

bottom four have either the bead cleanup or no bead cleanup, and difference RA3 adapter 

concentrations. Low read counts are observed for the 5mC, suggesting the optimizations 
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didn’t improve the signal. The Dam signal is low compared to the reference (Fig. 29f), with 

few reads observed and the lack of well-defined LAD peaks. These results suggest that 

although TACS ligation seemed like a good strategy to eliminate the random priming step, 

the efficiency was too low with our implementation. The frequent PCR duplicates suggest an 

issue with the single stranded ligation and likely only a fraction of the molecules gained the 

RA3 adapter that permits PCR amplification. 

 

3. A-Tailing and Poly-T Priming (v2.2) 

An alternative strategy was implemented to eliminate the random priming, in which a tail 

was added to the deaminated fragment, like with TACS, however now the tail is primed with 

a complementary sequencing containing the RA3 adapter, rather than ligating it directly to 

the tail. Although any nucleotide could be used for the tail, adenine was chosen again. It 

would seem best to add a tail of cytosines and prime with an adapter containing a 

complementary string of guanines because (1) after the deamination all non-methylated 

cytosines would be converted to uracils, so the primer would be very specific to the tail, 

given the deficiency of cytosines on the DNA, and (2), the C/G bond is stronger than the A/T 

bond because of an additional hydrogen bond in the pairing98. However, oligonucleotides 

with four or more consecutive G bases can form strong secondary structures known as 

guanine tetraplexes, which could interfere with the priming99. Therefore, a tail of A’s was 

added, however DNA bases (dATP) were used, and the length was controlled by varying the 

concentration of dATP in the reaction, and varying the TdT incubation time (Fig. 30a). The 

TdT enzyme has a higher initial activation energy for the first nucleotide addition, whereas 

subsequent nucleotides are added more readily, so 15- and 30-minute incubations were 
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chosen to provide enough time for the first addition100. The complementary adapter to the A 

tail was designed as 5’-(RA3)TTTTTT(V)-3’, since the “V” nucleotide 

(guanine/cytosine/adenine) can pair with any nucleotide except A, forcing the adapter to bind 

to the first six A’s on the tail. A bead cleanup was performed after TdT because this 

increased the TT ligation site dinucleotide frequency (Fig. 29c) and decreased low base pair 

peaks on the bioanalyzer of the final library (data not shown) in the second TACS 

experiment. Klenow was used to generate the complementary strand downstream the primer 

because it can interpret uracils (Fig. 30b), confirmed by its use in random priming in 

5mC+DamID v2.0. After synthesizing the complementary strand, a similar protocol to v2.0 

was implemented, where the Illumina P5 adapter is attached with the extended RPI primer 

via linear PCR, and then exponential PCR is performed with RPI and indexing RPI[xx] to 

(a) 

 
(b) 

 
(c) 

      
 

Fig. 30 | sc5mC+DamID (v2.2) Random priming alternative: A-Tailing and Poly-T priming. 

Schematic (a) A-tailing with TdT and dATP then (b) synthesizing first strand with RA3(TTTTTT)V 

primer using Klenow and (c) PCR in two stages to generate final library. 
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generate the final library (Fig. 30c). The final structure contains a string of six A’s between 

the DNA fragment and RA3 sequence, due to the primer having the TTTTTT(V) sequence.  

The psc5mC+DamID v2.2 library preparation was successful, and these four conditions 

were sequenced. Similar analysis to TACS was performed, and many reads were lost at the 

deduplication steps (Fig. 31a,b) suggesting the presence of PCR duplicates, however the 

final line count was much closer to the reference than with TACS. The expected 5mC 

(a)                (b)                 (c)   

   
                      (d) 

 
(e)                             (f) 

    
 

Fig. 31 | psc5mC+DamID v2.2 (A-Tailing and Poly-T priming) library statistics. (a) Line count 

of Dam and (b) 5mC files, normalized to raw read count. (c) Ligation site dinucleotide frequency, TT 

count is sum of +/- strands. (d) Barcode on 5mC reads. (e) Schematic of final library structure in the 

raw sequence files, each block corresponding to read 1 then read 2 of the same read  (1st lines are 

sequence identifier with read # bolded, 2nd lines are the DNA sequence). (f) Percentage of paired 

reads with the correct final library structure. 
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percentage was observed in all conditions (67-68%), which was the closest so far to the 68% 

5mC detected in the psc5mC+DamID v2.0 one round of random priming condition, 

suggesting this strategy was an improvement over TACS. The 15-minute TdT incubation 

condition with the lower dATP concentration (0.05 mM) produced the highest read 

efficiency for both 5mC and Dam, seen by the red bar in Fig. 31a,b for Dam file 9 and 5mC 

files 7 & 8. In this top condition, 83% of the ligation sites had the TT dinucleotide and there 

were 211.3 k TT bound sites with an input of 26.4 M raw reads, an order of magnitude more 

than with TACS (Fig. 31c). Nearly all (99.5%) of the 5mC reads had the right barcode, 

further supporting the method was working correctly (Fig. 31d). As additional validation of 

psc5mC+DamID v2.2, the raw sequence files (.fastq) were checked for the correct final 

library structure on Read 1 and Read 2. My Perl script goes through Read 1 line by line, and 

if the PCR handle and correct barcode are detected, the line is flagged as correct. Then it 

goes through Read 2, and for all the flagged lines, if there is a string of six T’s (originating 

from the correct binding of the (RA3)TTTTTT(V) primer), the whole read is marked as 

correct (Fig. 31e). 80% of the raw reads had the correct sequence structure (Fig. 31f), 

supporting the novel priming strategy works. 

Similar 5mC profiles were observed in all four of the psc5mC+DamID v2.2 (dATP) 

libraries compared to the reference condition (Fig. 32a). This was the first time detecting 

5mC signal at the pseudo single-cell level without the random priming method, by using the 

novel A-tailing and polyT priming approach. Although there was much more Dam signal in 

the four dATP libraries than in the TACS libraries, the profile on chromosome 17 was 

incorrect when compared to the reference (Fig. 32b). Comparing the reference and the top 

dATP condition (15 minute incubation and 0.05 mM dATP), there is a loss of 5mC,  
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  (a) 

 
(b) 

 
(c) 

 
Fig. 32 | psc5mC+DamID v2.2 (A-Tailing and Poly-T priming) libraries vs. references. (a) 5mC profile from  

(Top) Bulk 5mC+DamID v2.0 (Next four) 15’ TdT with 0.5 mM dATP, 30’ with 0.5 mM dATP, 15’ with 0.05 

mM dATP, 30’ with 0.05 mM dATP (b) Dam profiles from same conditions and order as (a). (c) 5mC and Dam 

profiles from  (Top) bulk 5mC+DamID v2.0 and (Bottom) psc5mC+DamID v2.2, 15’ TdT with 0.05 mM dATP. 
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hypomethylation, at the LADs (Fig. 32c), however the LAD signal is wrong. Given the 

success of this method in detecting 5mC, which is read off the DpnI cut fragments, further 

optimizations were made to improve the Dam signal. 

To optimize this (RA3)TTTTTT(V) priming strategy, a three variable, two level factorial 

design was implemented. The first variable was the TdT concentration, which was increased 

based on the hypothesis that more enzyme would result in more tails added to the fragments, 

producing an increase in efficiency. The second optimization was both increasing and 

decreasing the concentration of the (RA3)TTTTTT(V) primer. Since decreasing the dual 

phosphorylated RA3 adapter from 100 μM to 10 & 1 uM improved the TACS reads, the 

(RA3)TTTTTT(V) primer was likewise decreased. Lastly, the polyT priming was increased 

from one to two rounds, since additional priming would likely increase the amount of 

material gaining the RA3 adapter, and it was previously observed that read complexity 

increases with up to four rounds of priming at the single-cell level (data not shown). For all 

of these conditions, 15 minute TdT incubation was used and 0.05 mM dATP, based on the 

parameters of the top psc5mC+DamID v2.2 condition. This experiment was performed on 

(a)             (b) 

 
Fig. 33 | 23 Factorial Designs for dATP version of sc5mC+DamID+T and sc5mC+DamID. (a) 

sc5mC+DamID+Transcriptome method (b) sc5mC+DamID method 
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two 384 well plates of single cells, one plate with the “standard” protocol (5mC+DamID), 

and the second with an extended version of the protocol (5mC+DamID+Transcriptome), 

which will be discussed in more depth in Chapter V: Adding Transcriptome Measurements 

and Epitranscriptome. When including the transcriptome measurement, the volumes and 

reagents are different than the standard protocol, so a control condition was performed for 

each of the factorial designs (Fig. 33). 

Of the 16 possible conditions, 15 libraries were successfully synthesized and sequenced. 

Similar to the previous sets of experiments, sequencing efficiencies were measured as part of 

the analysis. The ligation site dinucleotide was most frequently TT for all the conditions (Fig. 

34a) however, there was a better efficiency for the non-transcriptome version of the protocol. 

To measure the 5mC and Dam sequencing efficiencies, the lines in the final 5mC and Dam 

output files were counted and normalized to the number of raw read (Fig. 34b) as before with 

the TACS and other dATP analysis. Based on the Dam read output efficiency, the top 

5mC+DamID+T conditions were (1) decreasing the primer concentration and increasing 

priming rounds, (2) the control, and (3) increasing the priming rounds (Fig. 34d). The worst 

conditions all had an increase in the TdT concentration. The single variable that had the 

greatest positive effect was the priming rounds because the Dam read output efficiency was 

higher for two rounds of priming (0.147%) than for lowering the primer concentration to 0.1x 

(0.115%). For the standard, non-transcriptome version of the protocol, a similar efficiency 

ranking of the variables was observed, where only increasing the rounds of priming produced 

a 0.222% Dam read output efficiency compared to only increasing the primer concentration 

(0.147%). The worst conditions all had increased TdT enzyme concentration. In addition to 

measuring the 5mC percentage in the CpG context, the cytosine methylation in the non-CpG 
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context (CHG or CHH, where H is A/C/T) was also measured to assess if the APOBEC was 

correctly deaminating (Fig. 34c). The 5mC percentage in the CpG context should be between 

60-80% and the methylation in the non-CpG context should be low (<10%). Both 

methylation percentages were correct for the sc5mC+DamID conditions (sorted on the Sony 

(a)              (b)                    (c) 

 
(d) 

 
(e)                        (f) 

 
Fig. 34 | psc5mC+DamID(+T) v2.2 (A-Tailing and Poly-T priming) library statistics. (a) Ligation site TT 

dinucleotide frequency (b) Final line count of Dam and 5mC files, normalized to raw read count. (c) Cytosine 

methylation percentage in the CpG and Non-CpG context (d) Summary of best and worst conditions (e) 5mC and 

Dam profiles from top psc5mC+DamID+T and  (f) psc5mC+DamID conditions. 
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SH800S), however for the sc5mC+DamID+T conditions (sorted on the Sony MA900) the 

methylation was low in the CpG context and high in the CHG/CHH context. Examining the 

non-normalized Dam and 5mC signals of the top three conditions from each plate, the Dam 

signal was correct for the 5mC+DamID+T plates that were sorted on the MA900, however 

their 5mC profiles were not correct along most of chromosome 17 (Fig. 34e). This was the 

first time the Dam signal was correct, displaying high signal to noise, at the pseudo single-

cell level with the v2 protocol (without MspJI), making this a milestone. For the standard 

5mC+DamID plates that were sorted on the SH800S, the Dam profiles were wrong, however 

the 5mC profile were correct, with hypomethylation at the LADs (Fig. 34f). This was 

surprising because a mostly similar protocol was performed on each of the plates and the 

tubes were handled at the same time. What likely occurred was the variations between the 

sc5mC+DamID+T and sc5mC+DamID protocols lead to the former favoring the Dam signal 

and the latter favoring the 5mC signal, since the psc5mC+DamID v2.2 experiment was 

repeated with a plate sorted on the MA900 and produced similar results (data not shown). 

This raised the idea that the 5mC signal may be improved when there are many cuts 

along the chromosome, since the 5mC is read off the fragments that the Dam adapters bind 

to. Therefore, the 5mC may have had worse quality in the 5mC+DamID+T experiment 

because there were only cuts at the LADs. This would suggest the 5mC percentages in these 

LAD regions should be correct, whereas in the surrounding iLADs the percentages should be 

incorrect. To test the hypothesis that accurately measuring all 5mC may require frequent 

digestion, condition L4_1 (the library with the best Dam signal on the 5mC+DamID+T plate, 

seen in Fig. 35c) was used to determine LAD and iLAD coordinates, and the 5mC 

percentage was calculated at LAD and iLAD regions in each chromosome for the top three 
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conditions from each plate. The conditions from both plates had similar LAD methylation 

percentages, with a median in the 50%’s (Fig. 35a,b, red), suggestion the LAD methylation 

was correct. The MA900 plates however, where most of the Dam reads were only at the 

LADs, had 5mC percentages higher in the LADs than in the iLADs (Fig. 35a). The trend is 

supposed to be the other way around, since LADs are hypomethylated compared to iLADs, 

which was seen with the SH800S plates (Fig. 35b) that contained more uniform Dam signal 

instead of LAD peaks (Fig. 35d,e). This suggests that 5mC may only be good quality when 

there are many cuts along the chromosomes, a trend observed in all of the v2 libraries so far. 

(a) 

(b) 

(c) 

(d) 

(e) 

Fig. 35 | Detecting iLAD methylation may require frequent digestion. (a) Chromosomal 

percentage of 5mC in LAD and iLAD regions in top psc5mC+DamID+T and (b) psc5mC+DamID 

conditions. For (a,b) it was considered a LAD/iLAD if there were 2 bins or greater of 

contact/noncontact. Thresholded for bins containing a minimum of 20 CpG 5mC plus non-

methylated CpG reads. (c) Dam signal of psc5mC+DamID+T v2.2 condition L4_1, the library with 

the best Dam signal in all of version 2, OE normalized, horizontal red line drawn at OE = 1 (d) 

5mC and Dam Signal of psc5mC+DamID+T v2.2 condition L4_1 and (e) psc5mC+DamID v2.2 

condition L8_1. 
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4. Adaptase (v2.3) 

One last random priming alternative was attempted to improve the Dam signal, the xGen 

Adaptase Module. Although this method was designed originally for bisulfite converted 

DNA from single cells, the manufacturer (IDT) claimed it should work with enzymatic 

converted DNA fragments, such as in the APOBEC strategy used in all of v2 of the protocol. 

This strategy is very similar to the TACS method, in that an Adaptase step simultaneously 

performs end repair, tailing and ligation of an “R2 stubby adapter” to the 3’ end of each 

fragment. The tailing step is similar to TdT, however it adds a low complexity, G-rich 

polynucleotide tail, with a median length of eight bases101, and the R2 stubby adapter serves 

the same purpose as the dual phosphorylated RA3, for later attaching the full P7 Illumina 

sequence via PCR. IDT released two versions of the adaptase protocol: (1) (Fig. 36a) where 

the R2 stubby adapter was attached directly to bisulfite converted ssDNA fragments102, tested 

at the 100 pg – 100 ng input range, and (2) (Fig. 36b), where random priming is first used, 

however PCR is performed directly on ssDNA that contains priming sites on the 5’ and 3’ 

ends103, and the version was tested on single cells. Parts of each of these protocols were 

combined (Fig. 36a,b, red box), to create a method for sc5mC+DamID that doesn’t include 

random priming and has just one PCR step. The benefit to this strategy is it integrates well 

with the 5mC+DamID v2 protocol and allows for faster library preparation, with only two 

streamlined reactions after the cytosine deamination to reach the final library. The downside 

is the Adaptase kit is more expensive than the other priming strategies and not compatible 

with the aforementioned RPI and RPI[xx] primers used for PCR, requiring the need to 

redesign the PCR primers. The schematic of the method is seen in Fig. 36d, where the 

adaptase step adds a tail and ligates the R2 stubby adapter to the 3’ end of the bottom strand 
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of the Dam adapter-ligated fragment. From here, it goes directly into the PCR step, using 

both the PCR handle on the Dam adapter and the R2 stubby adapter as the PCR priming sites 

(Fig. 36e). Since the protocol doesn’t use the typical RPI and RPI[xx] primers, custom 

versions of the TruSeq HT combinatorial dual index adapters were designed and used for the 

(a)            (b)           (c) 

 
(d) 

 
(e) 

 
 

Fig. 36 | sc5mC+DamID (v2.3) Random priming alternative: Adaptase. Schematic of (a) xGen 

Methyl-Seq DNA library prep kit protocol and (b) xGen Adaptase Module protocol. (c) Pros and cons 

of adaptase method. (c) Schematic of sc5mC+DamID using adaptase to add R2 stubby adapter tail and 

(d) PCR of fragment to generate final library. 



   80 

adaptase experiments. The 5’ PCR primer is a joined Illumina P5 + P5 stubby + PCR handle 

sequence and the 3’ PCR primer is the reverse complement of the joined Illumina P7 and P7 

stubby sequence that was truncated to lower the ΔTm between the primers to ensure a 

universal annealing temperature.  

 

C. Simultaneous digestion with DpnI & a Frequent Cutter (HpyCH4V or HincII) 

(v3.0) 

Motivated by the results of the A-Tailing and Poly-T Priming (v2.2) section, signal needs 

to be acquired everywhere along the chromosome to measure all the 5mC. However, this 

appears to create a paradox, because cuts are only made by DpnI at the G(m6A)↓TC motif 

that primarily occurs in LADs. Since the 5mC is read off only these fragments, 5mC will 

mostly be measured in the LADs when the Dam signal is correct, characterized by having 

high signal to noise. To measure both 5mC and genome-NL contacts with 5mC+DamID v2, 

cuts must be made everywhere along the chromosome while also cutting at the LADs in a 

way that is differently identifiable. This is best achieved by using a frequent blunt cutting 

enzyme that cleaves in a different context than DpnI, is incubated at the same temperature, 

and is able to be heat inactivated. Restriction enzymes HincII and HpyCH4V fit these 

criteria. HincII cuts in a GTY↓RAC context and is blocked by some combinations of 

overlapping CpG methylation104, resulting in a cut frequency of  <1/1024 bases, due to the 

presence of these R/Y variable bases. HpyCH4V creates blunt cuts in a TG↓CA context105 

and is not sensitive to CpG methylation, resulting in a cut frequency of 1/256 bases. DpnI is 

added simultaneously with HincII creating blunt cuts at both genome-NL contact sites and < 

1/1024 bp, respectively (Fig. 37b). Since blunt cuts were made, the blunt-ended Dam adapter 
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can ligate to both restriction digestion sites, and different dinucleotides will be adjacent to the 

ligation sites following the cytosine deamination. 5’ TU is adjacent to the DpnI cut site, 

which will be converted to the extensively discussed TT dinucleotide following PCR 

amplification, and either 5’ GA or AA is adjacent to the HincII cut site. By filtering for only 

(a) 

 
(b) 

 
(c) 

 
 

Fig. 37 | Improve 5mC signal acquisition with frequent DNA digestion. (a) 5mC and Dam profiles 

when detecting Dam signal (Left) only at the LADs and (Right) everywhere along the chromosome. 

(b) Simultaneously cutting the DNA with DpnI and HincI or (c) HpyCH4V (top), ligating Dam 

adapters (left), and fragment sequence after deamination (right).  
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TT ligation sites during the Dam analysis, only the genome-NL contact profile will be visible 

(Fig. 37a, left), while 5mC will be detected all along the chromosome due to the frequent 

cutting (Fig. 37a, right). Using HpyCH4V follows a similar scheme to HincII (Fig. 37c), 

however it cuts more frequently (1/256 bases) and the 5’ CA and UA is adjacent to the 

HpyCH4V cut site (depending on if the cytosine was unmodified/converted), and the UA is 

converted to TA following PCR amplification. By filtering the DpnI “TT” sites from the 

HpyCH4V cut sites, Dam signal can be discerned from the frequent cutting used for the 5mC 

signal. 

The psc5mC+DamID v2.3 and v3.0 methods with adaptase were performed on the 

MA900 plates, from the same round of sorting as the plate with the correct Dam profiles. An 

efficiency analysis was performed on the adaptase libraries, like what had been done with the 

TACS and dATP libraries. Most reads were lost at the .sam deduplication file (Fig. 38a,b) 

for the adaptase HpyCH4V, HincII, and DpnI only conditions compared to the reference, 

suggesting the presence of PCR duplicates. The 5mC percentage was slightly lower than 

expected with a range of 53-61% 5mC compared to the psc5mC+DamID v2.0 one round of 

random priming condition that had 68% 5mC. The effect of frequent cutting was observable, 

as the HpyCH4V condition had the most lines in the non-methylated CpG and 5mC files, 7 

and 8, (Fig. 38b, green bar), and the least lines in the final Dam output file (Fig. 38a, green 

bar). This is due to most of the detected sites pertaining to the HpyCH4V restriction sites, 

rather than the DpnI cut sites. The ligation site dinucleotide of this condition had 82% of 

adapters bound to TA sites, the correct restriction site of HpyCH4V, verses 12% binding to 

the DpnI “TT” site (Fig. 38c), suggesting HpyCH4V is cutting too frequently and 

outnumbering the genome-NL contact site cuts. HincII however had 55% TT sites and 14% 
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AA and 9% GA sites, the correct restriction sites for this enzyme, validating that blunt 

cutting less frequently than HpyCH4V (Fig. 38c) increases the proportion of TT ligation 

sites. The DpnI only condition had 77% TT ligation sites, however overall, the adaptase 

    (a)               (b) 

 
   (c)                (d) 

 
 

Fig. 38 | psc5mC+DamID v2.3 and v3.0 (Adaptase - DpnI only & DpnI+HincII/HpyCHV) library 

statistics. (a) Line count of Dam and (b) 5mC files, normalized to raw read count. (c) Ligation site 

dinucleotide frequency. (d) Expected ligation site for blunt adapters onto HpyCH4V and HincII  cut sites. 



   84 

method had lower efficiency than the v2.2 priming strategy (Fig. 38a,b, brown vs. blue 

bars). Comparing the sc5mC+DamID version 1 CG normalized 5mC profile to the 5mC 

profiles of the adaptase conditions, only HpyCH4V produces the correct profile (Fig. 39a). 

The HincII and DpnI only profiles are noisy from too few reads, lacking solid peaks and 

methylation dynamics along the chromosome, such as hypomethylation seen in the 

(a) 

 
(b) 

 
Fig. 39 | Adaptase 5mC and Dam profiles on 96 cells chromosome 17 vs. reference. (a) CG 

normalized 5mC profiles of sc5mC+DamID v1, psc5mC+DamID v3.0 (HpyCH4V then HincII), 

psc5mC+DamID v2.3. (b) OE normalized Dam profiles of sc5mC+DamID+T (L4_1), 

psc5mC+DamID v3.0 (HpyCH4V then HincII), psc5mC+DamID v2.3 . 
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HpyCH4V condition. However, this confirms the hypothesis that more frequent digestion 

improves the 5mC signal, meaning this should fix the issue when the Dam is correct, but 

5mC is only correctly measured in the LADs and not the iLADs. Despite the 5mC profile 

being correct in the adaptase condition with the addition of the HpyCH4V, the adaptase Dam 

profiles did not match the top dATP Dam profile (Fig. 39b). This could be explained by the 

low efficiency of the adaptase strategy at the single-cell level, seen by generally more PCR 

duplicates compared to v2.2, or because of the variation in the reagents and volumes between 

the sc5mC+DamID+T and sc5mC+DamID methods. This suggests reverting to the A-Tailing 

and Poly-T priming strategy (v2.2) with the sc5mC+DamID+T method, using additional 

rounds of priming, the most effective variable in the full factorial design, and adding HincII 

or HpyCH4V, as in v3.0, to simultaneously digest with DpnI. 
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III. Single-Cell 5mC and DamID Results  

A. 5mC & Genome-NL Contact Anticorrelation in Single Cell 

This chapter aims to answer if 5mC and genome-NL contacts are anticorrelated at the 

single-cell level. It has been described previously that they are anticorrelated in bulk, but it 

has never been observed along a full chromosome at the single-cell level1. To lay the 

(a) 

 
(b) 

 
(c) 

 
(d) 

 
 

Fig. 40 | 5mC and Genome-NL Contact Profiles on Chr 17 in Single Cells. (a) Measured only 5mC or (b) 

only genome-NL in many cells by using either MspJI or DpnI. Row: cell, column: pos. on chr 17, Pixel 

intensity: amount of 5mC/genome-NL contact. (c) Combined measurements – 5mC + DamID, same rows 

represent corresponding profiles of the same cell. For (a ,c), only cells that contained over a threshold of 10,000 

total 5mC reads were considered for analysis. For (a-c), spikes of technical artifacts from mapping repetitive 

sequences near the centromere were removed. (d) Contact frequency of chromosome 17 in single cells from 

sc5mC+DamID. Values range between 0 and 1 indicating no cells make NL contacts within the bin or all cells 

make NL contacts within the bin, omitting the centromeres. 
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foundation for simultaneous sequencing, first single-cell 5mC only sequencing was 

performed, using a strategy similar to v1, omitting simultaneous digestion and just using 

MspJI, generating the profile in Fig. 40a. The cells display heterogeneity in their 5mC 

expression and hypomethylation, such as around 50 Mb and 70 Mb. Single-cell DamID was 

performed similar to v1, but only using DpnI in the digestion step, generating the LAD 

profile in Fig. 40b. Heterogeneity in contact within LADs is observed between the cells, and 

in some cells there is an absence of certain LADs, such as the LAD at 10 Mb in cell 18. To 

further validate the LADs were measured correctly, the percentage of the chromosomal bins 

that were considered LADs out of the total LAD and iLAD bins were assessed for each 

chromosome. Chromosome 18 displayed the greatest percentage of LADs and chromosome 

19 displayed the least percentage of LADs, seen in Fig. 41a, which is in agreement with 

previous studies that indicated chromosome 18 tends to be located at the periphery, and 

chromosome 19 tends to be located at the interior106,107. Even though these 5mC and 

genome-NL contact marks were observed in different cells, the locations of the LADs are 

visible and correspond with the locations lacking methylation. However, this does not fully 

prove methylation loss occurs at genome-NL contacts, requiring making the measurements 

within the same cell. Using the sc5mC+DamID v1 method, 5mC and genome-NL contacts 

marks were measured within the same cell (Fig. 40c). The combined and separate epigenetic 

measurements produce the same profiles, and there is a visual anticorrelation between the 

5mC and LADs. Since the same hypomethylation profile is present in sc5mC as in the 5mC 

measurement of the combined, it confirms the observed hypomethylation in the combined 

measurement is not a result of adding both enzymes, MspJI and DpnI, at the same time, 

creating competition for the sites and a loss of reads.  



   88 
  

(a) 

 
(b) 

 
(c)                 (d) 

  
 

Fig. 41 | (a) KBM7 LAD coverage from scDamID data. Chromosome 18 contains the most LADs and 

chromosome 19 displays the fewest number of LADs. (b) LAD heterogeneity between single cells on 

Chromosome 17 from scDamID data. First seven lanes are LAD profiles of seven single cells, and the last lane 

is the Dam read ensemble of all the single cells. Consistent and variable LADs are highlighted by red and  green 

boxes, respectively. (c) Cumulative contact frequency distribution of contact frequencies in all chromosomes. 

LADs within the lower CF range represent more variable LADs, whereas LADs in the higher CF ranges 

represent consistent LADs. (d) Contact frequency of LADs vs. the length of the LAD. 
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Focusing on chromosome 17, Dam reads from seven single cells, measured with 

scDamID, were plotted alongside the ensemble of Dam reads (Fig. 41b). They displayed 

consistent LADs, those making genome-NL contact in most cells (such as the LAD at 50-55 

Mb and 65-70 Mb), variable LADs, regions only making contact in some of the cells (such as 

the LAD at 32-35 Mb), and inter-LADs where OE < 1. Motivated by the heterogeneity in 

genome-NL contacts in the single cells, the contact frequency (CF), or in what fraction of 

cells a region contacts the NL was quantified with the single-cell measurements of genome-

NL contacts. It is scored as a fraction between 0 and 1, where 0 represents none of the cells 

making an NL contact in the bin and 1 representing all cells making an NL contact in the bin. 

A LAD is considered consistent, if the contact frequency is closer to 1, such as the LAD 

around 50 Mb, that appears in most cells (Fig. 40d) or it is considered a variable LAD if the 

contact frequency is closer to 0.5, such as the LAD around 30 Mb. Contact frequencies were 

plotted cumulatively in Fig. 41c for the entire genome. The contact frequency of each LAD 

was plotted against the length of the same LAD (Fig. 41d). As the length of the LADs 

increase, the CFs tend to shift towards higher values, supporting the notion that LADs 

represent long stretches of DNA that regulate gene expression by peripheral positioning into 

heterochromatin. 

The 5mC levels were measured in LADs and iLADs of a single cell, using the OE 

normalized genome-NL contacts to determine which regions were at, and away, from the 

nuclear periphery (Fig. 42a). Lower amounts of 5mC were observed in the LADs compared 

to in the iLADs, suggesting that 5mC and genome-NL contacts are anticorrelated at the 

single cell level. Single-cell DamID data was then used to compute the contact frequency and 

single-cell 5mC data was used to compute the 5mC as a function of its contact frequency. 
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Regions that frequently contact the nuclear lamina, consistent LADs, tended to have lower 

5mC levels than more variable LADs (Fig. 42b). This suggests the extent of methylation loss 

depends on the amount of contact with the periphery in the cell line. The 5mC levels were 

analyzed in corresponding bins of single cells along the chromosome and assessed for 

variability, considering whether they were in LADs or in iLAD regions (Fig. 42c). LADs 

     (a)              (b) 

 
      (c)                       (d) 

 
 

Fig. 42 | (a) 5mC & Genome-NL Contact Anticorrelation in the Single Cell. 5mC levels in 100 kB 

bins marked as LADs or iLADs. CG normalized. Statistical significance assessed with a Mann-

Whitney test, P value < 0.0001. (b) Mean 5mC levels vs. contact frequency. (c) Coefficient of 

variation (CV) of 5mC vs. mean 5mC in LAD or iLAD regions. Each point is position along the 

chromosome. (d) CV(5mC) vs LAD contact frequency at fixed mean, defined by window drawn in 

(c). For b-d 5mC is from sc5mC only cells, and relations are from corresponding bins between single 

cells. For a-d, LAD/iLAD coordinates and contact frequencies along chromosomes were defined 

from pseudobulk DamID data. 
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(red) tended to reach lower maximum amounts of 5mC than iLADs (blue) and have more 

variability in 5mC at any mean level of 5mC. iLADs however had lower noise in 5mC for 

any average level of 5mC, suggesting a similar iLAD methylation pattern between cells, 

rather than the cells experiencing varying degrees of methylation loss in the LADs. After 

controlling for mean 5mC levels, it was found as contact frequency increases, the variability 

in 5mC increases, suggesting in this cancer cell line, the frequent NL contacts are subject to a 

greater heterogeneity in their methylation loss (Fig. 42d). The reason the 5mC level needs to 

be controlled for while computing the variability in 5mC, is that a low 5mC baseline could be 

more prone to fluctuations in 5mC, that could be mistaken for a higher CV(5mC). To 

summarize, there is lower 5mC in LADs compared to iLADs, and the most hypomethylation, 

or methylation loss, occurs at frequent genome-NL contacts in this cancer cell line. 

 

B. LAD Multivalency and Contact Runs Correlates with 5mC Levels 

 

Motivated by the variations in genome-NL contacts at the single-cell level, the gaps 

between the contacts were examined for methylation trends. Presented in Fig. 43a are three 

high resolution 5mC+DamID profiles, each corresponding to simultaneous measurements 

from the same cell. Even though they are profiles of the same chromosome, they display 

different distributions of contact lengths in similar LAD regions (Fig. 43b). This suggests 

some cells don’t maintain stretches of genome-NL contact for as long within the same 

locations on the chromosome, and this phenomenon will be referred to as the “contact run”. 

By measuring both epigenetic marks within the same cell, this contact run metric can be used 

to better understand why certain LADs tend to be more hypomethylated. Some cells have 

more fragmented contact runs, seen by comparing the contacts in the LAD regions  



   92 
  

(a) 

 
(b) 

 
(c)                   (d) 

 
(e) 

 
 

Fig. 43 | LAD Multivalency and Contact Runs. (a) 5mC and Dam profiles from sc5mC+DamID v1.0 (b) 

Contact lengths of LADs in chromosome 17 from cells in (a). LADs are called when 2 consecutive bins have 

OE > 1 (c) 5mC and Dam profiles from the same cell, highlighting the differences in contact runs and 5mC 

profiles. (d) Fraction of pseudobulk called LAD in contact at the single-cell level. (e) Average distribution of 

LAD run lengths for genome-NL contacts (top) and non-contacts (bottom). Normalized by cell count in 

sample. 
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highlighted in red in cell 1 and cell 6 in Fig. 43c, and in fact a significant number of LADs 

are not 100% in contact at the single-cell level, ranging from 80-90% in Fig. 43d. This 

suggests a coordination between neighboring segments, meaning an entire region could still 

be anchored to the nuclear lamina, even though it is less than 100% in contact. This 

phenomenon has been observed previously8, and it is analogous to how a dress shirt can still 

be attached without buttoning every button. These contact run lengths can extend up to 

around 9 Mb long, based on their average distribution between the cells (Fig. 43e). Given the 

variability in contact runs within LADs at the single-cell level, it was investigated if the 

methylation patterns in LADs with more contacts are different than those with less contacts. 

By defining the LAD boundary coordinates using a pseudo-bulk interpretation of the 

scDamID data, the space between genome-NL contact runs becomes visible (Fig. 44a). For 

example, the contacts of cell 1 and cell 6 are highlighted within the LAD at position 50-55 

Mb on chromosome 17, and cell 1 makes more contact (shown in black) along the region, 

whereas cell 6’s contact is broken into more and smaller segments, containing white 

segments of noncontact. Within the LADs, the segments of contact have less 5mC than the 

segments of noncontact, suggesting LAD 5mC is partitioned and is concentrated in the 

noncontact segments (Fig. 44b). The amount of 5mC within each of these contact and 

noncontact segments is further dependent on the length of the segment (Fig. 44c). Longer 

contact (and noncontact) segments are more hypomethylated  than shorter segments, and the 

noncontact segments have greater average amounts of 5mC for all segments lengths up to 

around 1 Mb. The noncontact segment trend past 1 Mb is likely explained by the limited 

number of noncontact segments of this size, and likewise the behavior of the contact 

segments approaching 10 Mb (frequencies seen in Fig. 43e). However, there appears to be 
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some degree of balance in contact and noncontact segment 5mC, because when there is lower 

5mC in contact segments, there is also lower 5mC in the noncontact segments of the same 

single-cell LAD (Fig. 44f). As LADs fragment, represented by more segments of noncontact, 

(a)                 (b)      (c) 

 
(d)                   (e)                   (f) 

 
(g)        (h)          (i) 

 
 

Fig. 44 | Space Between Multivalent Contacts Correlates with 5mC Levels. (a) Contact segments and non-

contact segments in LAD at 50-55 Mb on Chr 17. (b) Sum of 5mC levels in contact and non-contact segments of 

LADs normalized by total run lengths. Kolmogorov-Smirnov test (P value <0.0001) (c) Average level of 5mC in 

contact and non-contact segments as a function of segment length. (d) Average 5mC levels in each single cell LAD 

vs. the number of non-contact segments or (e) non-contact length, both normalized by LAD length. (f) 5mC in non-

contact segments vs. in contact segments of the same single-cell LAD. (g) CV of 5mC levels in each single cell 

LAD vs. the number of non-contact segments, at a  fixed mean 5mC, or (h) non-contact length, both normalized by 

LAD length. (i) Average 5mC of each single cell LAD vs. transitions between contact and non-contact regions (2 

or more consecutive bins), normalized to LAD length. (b-i) Includes only LADs spanning over 500 kb (5 bins) and 

in (b,d,e,g-i) each data point is 1 LAD.  
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they tend to reach higher average levels of 5mC and less 5mC variation along the single-cell 

LAD (Fig. 44d,g), however this trend is noisier and weaker than 5mC vs. segment length. 

Similarly, LADs that have a greater fraction of the region not in contact tend to mostly reach 

higher average levels of 5mC and lower 5mC variation along each single-cell LAD (Fig. 

44e,h), however again the trends are weaker than the 5mC vs. segment length. This may be 

explained by using small and non-uniform bin sizes in the plot, but it is most likely explained 

by not factoring in how long the contact and noncontact segments are, which appears to have 

the stronger correlation with 5mC. For example, LAD “A” could have a noncontact fraction 

of 0.5 with two long noncontact segments and three long contact segments, and a similarly 

sized LAD “B” could also have a noncontact fraction of 0.5, but contain five small 

noncontact segments alternating with six small contact segments. Because smaller segment 

lengths are well correlated with higher levels of 5mC, LAD “B” would contain more 5mC 

than LAD “A”, despite having the same noncontact length, resulting in a confounded 

correlation, such as in Fig. 44e. Therefore, an alternative analysis could consider how 

frequent the contact and noncontact alternates (or transitions) within a region, as in (Fig. 

44i). With more switching between contact and noncontact, the 5mC tends to increase, most 

likely due to the noncontact and contact segment sizes shrinking. However, this analysis does 

not consider the lengths of each contact/noncontact segment, only the number of transitions 

between them. This could lead to states of parity in transition number but different average 

5mC levels in the LAD, similar to the aforementioned LAD “A” / LAD “B” cases, e.g. a 

LAD transition in the form of ShortContact→LongNoncontact→ShortContact→LongNoncontact (3 

transitions) or LongContact→ShortNoncontact→LongContact→ShortNoncontact (3 transitions). These 

results elucidate the previous observation that LADs are hypomethylated, but it is not simply 
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the DNA contacts the NL so there is loss of 5mC, but the LAD hypomethylation depends on 

the length of the segments in contact (and not in contact) with the NL, where longer stretches 

of contact are correlated with less 5mC. Further, within the LAD region, 5mC density is 

partitioned between the contact and noncontact segments, where more 5mC is found in 

noncontact segments than contact segments of the same length. 

 

C. iLAD 5mC Partitions into Contact and Noncontact Segments 

With noncontact segments appearing in LADs at the single-cell level and displaying 

trends with increased methylation, iLADs were studied to determine whether they display the 

opposite correlation, making some contact with the NL lamina, causing loss in methylation, 

depicted in Fig. 45a. LADs and iLADs display parallel trends, including segmentation based 

on contact frequency, revealing a similar negative correlation between noncontact segments 

& LAD contact frequency and contact segments & iLAD noncontact frequency (in what 

fraction of cells the region is situated away from the nuclear lamina). LADs frequently 

situated at the NL tend to have fewer noncontact segments than more variable LADs, that 

have more noncontact segments (Fig. 45b). The same trend holds true for iLADs, where 

consistent iLADs, domains that rarely contact the NL, contain few contact segments at the 

single-cell level, whereas more variable iLADs make some contact with the NL (Fig. 45c), 

however not enough for the entire domain to be situated at the periphery. Like LADs, iLAD 

5mC density is partitioned into its noncontact and contact segments, where most 5mC is in 

the noncontact regions (Fig. 45d). In terms of segment length, longer contacts in iLADs have 

less average 5mC in the segment and are more hypomethylated than shorter contacts, and 

there was always more 5mC in noncontact segments of the same length (Fig. 45e). 
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Therefore, the segments in iLADs display the same trend with methylation as in LADs (Fig. 

44c) and more generally this observation supports regions that contact the NL are 

Fig. 45 | iLAD 5mC Partitions into Contact and Noncontact Segments. (a) Depiction of noncontact 

segments in LADs (top) and contact segments in iLADs (bottom). (b) LAD contact frequency as a  function of 

noncontact segments and (c) iLAD noncontact frequency as a  function of contact segments, each normalized 

by LAD or iLAD length, respectively. (d) Sum of 5mC levels in contact and non-contact segments of iLADs 

normalized by total run lengths. Kolmogorov-Smirnov test (P value <0.0001) (e) Average level of 5mC in 

iLAD contact and non-contact segments as a function of segment length. (f) Average 5mC levels in each single 

cell iLAD vs. the number of contact segments or (g) contact length, both normalized by iLAD length. (h) CV 

of 5mC levels in each single cell iLAD vs. the number of contact segments or (i) contact length, both 

normalized by iLAD length. 
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hypomethylated. However, there is no change in 5mC based on the noncontact segment 

length, likely because iLADs in cancer cells aren’t normally hypomethylated like the LADs. 

iLADs with more contact segments reached lower average 5mC than those iLADs with fewer 

contact segments (Fig. 45f), and a similar trend held with contact fraction (Fig. 45g). 

Likewise, iLADs with more contact segments had more variable 5mC along the region (Fig. 

45h), however this was a weak correlation, and a greater contact fraction in iLADs displayed 

a positive correlation with variability in 5mC (Fig. 45i). These trends were weaker than the 

segment trends in iLADs and are again explained by the contact segment size in iLADs 

contributing more to the 5mC levels than the number of contact segments or fraction of 

contact in the iLAD. The range of mean iLAD 5mC levels for a fixed number of contacts or 

contact fraction is most likely explained again by parity situations, such as iLAD “A” 

containing the same number of contact segments or contact fraction as iLAD “B”, but the 

sizes of the segments are different, resulting in different amounts of 5mC. To summarize, 

contacts within iLADs observed at the single-cell level correlate with losses of 5mC, and 

further reflect genome-NL contacts are hypomethylated in cancer.  

 

D. Activating and Repressive Histone Modification on Contact Frequency 

Publicly available data KBM7 ChIP-Seq sets108,109 were used to draw more connections 

between how genome-NL contacts and epigenetic features are related, focusing on the 

correlation between activating and repressive histone modification and contact frequency. 

Consistent LADs tend to have fewer activating histone modifications (H3K4me1, H3K4me2, 

H3K4me3, H3K9ac, H3K27ac, H3K36me3, H3K79me2, H4K16ac) than variable LADs 

(Fig. 46a-h). Since LADs are typically thought of as transcriptionally silent condensed DNA 
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at the periphery, it agrees that regions frequently in contact with the NL will have less of 

these activating histone modifications. DNA that is less frequently in contact with the NL, 

considered as more uncondensed and transcriptionally active towards the nuclear interior, 

would contain more activating modifications. Consistent LADs tended to have more 

(a)                (b)               (c)                   (d) 

 
(e)                     (f)                 (g)           (h) 

 
        (i)           (j) 

 
   (k)             (l) 

 
Fig. 46 | Activating and Repressive Histone Modifications on Contact Frequency. (a) Amount of 

H3K4me1, (b) H3K4me2, (c) H3K4me3, (d) H3K9ac, (e) H3K27ac, (f) H3K36me3, (g) H3K79me2, 

(h) H4K16ac, (i) H3K27me3, and (j) H3K9me3 as a function the contact frequency of the bin. (k) 

H3K27me3 and (l) H3K9me3 marks as a function of genome-NL contact OE score. 
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repressive histone modifications (H3K27me3, H3K9me3) than variable LADs (Fig. 46l,j). 

Considering H3K9 methylation is linked with NL tethering110,111, it is unsurprising this mark 

was most present at the regions that most frequently contacted the NL. 

 

E. Proposed Schematic of Noncontact Segment Phenomena in LADs 

 

Fig. 47 | Proposed schematic of noncontact segment phenomena in LADs (a) Hypomethylation 

occurring at genome-NL contacts, LADs, and normal methylation at regions away from nuclear 

lamina, iLADs. (b) Within LADs there are segments of contact that contain less 5mC than segments 

of noncontact of the same size. (c) Higher concentration of 5mC is in LAD noncontact segments per 

Mb, and longer segments have less 5mC per Mb. 

 

(a) 

(b) 

(c) 
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Considering noncontact segments in LAD regions appear at the single-cell level, the 

understanding of the spatial organization of genetic information within the nucleus and its 

links with methylation is expanded. A conventional image of LADs and iLADs may be 

thought of as what is depicted in Fig. 47a, and with simultaneous measurement of genome-

NL contacts and 5mC within the same cell, it is understood LADs have methylation loss 

compared to iLADs. However within these LAD regions, determined by an OE score greater 

than one in the bulk context, single cells display variability in contact, each having unique 

contact runs and segments of noncontact (Fig. 47b), creating multivalent contacts to anchor 

the region to the NL. With simultaneous epigenetic measurements, greater 5mC density was 

observed within the noncontact segments than in the contact segments (Fig. 47c, summing 

the 5mC), which can be thought of as smaller “subLADs”, since they display the same 

hypomethylated trend as their larger parent LAD. Long segments of contact have less 5mC 

per Mb than short segments, representing the extent of methylation loss in a bulk defined 

LAD region is dependent on the lengths of the continuous stretches of contact observed at the 

single-cell level.  

 

  



   102 

IV. Decitabine to Reorganize the Genome 

A. Schematic and DAC dosage studies 

 Considering the correlation between 5mC and genome-NL contacts in CML cells at the 

single-cell level, these marks could be functionally linked, or the observation could be a 

consequence of other epigenetic components. To determine if there is a direct connection, 

two scenarios could be tested: (1) changing the 5mC and observing if it produces a change in 

the genome organization, and (2) disrupting the genome organization to change the 5mC 

levels. Scenario 1 was implemented using an FDA approved chemotherapy drug, decitabine 

(Dacogen, DAC), to globally decrease 5mC levels in KBM7, with the hypothesis that this 

         (a) 

 
(b) 

                
 

Fig. 48 | Decrease Global 5mC with Decitabine to Reposition LADs (a) Hypothetical 5mC 

and genome-NL contact profiles initially at t0, DAC is added, and t1 is after changes to the 

epigenome occur. (b) Repositing of LAD to nuclear interior. 
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would impact the genome organization and reposition the LADs if a connection exists. 

Decitabine is a cytosine analog that incorporates itself into DNA to irreversibly sequester 

DNA methyltransferases (DNMTs) thereby inhibiting DNA methylation, and is prescribed in 

chemotherapy to treat myeloid leukemia112. Upon addition to cell growth media, decitabine 

would be expected to globally demethylate the epigenome via passive demethylation, from 

the usual 60-80%9 to a significantly lower percentage (Fig. 48a, left). Once the methylation 

is lost, if hypothesis that the epigenetic features are functionally linked holds true, the 

domains would reposition (Fig. 48a, right). How they would reposition is the greater 

question; at first one may imagine all the heterochromatin would decondense to euchromatin 

and relocate to the nuclear interior, however this idea isn’t realistic due to the enormous 

amount of genetic material that must be compacted in order to fit within the nucleus. 

Therefore it may be best to envision the response as something similar to searching for a 

parking spot in a densely packed lot; as soon as spaces become available, they will be 

promptly filled, and thus it will create a situation more along the lines of a genome 

reorganization, rather than all of the LADs, covering 40% of the genome22, becoming 

detached. This reorganization could create a profound effect on expression and could be 

thought of as switching from a minor to a major musical chord, in that 2/3 of the tones 

(contacts) remain unchanged, and the one that is shifted by the smallest interval creates a 

dramatic change in the expression, from sad to happy. 

Initial studies tested the effect of decitabine dosage on KMB7 cell viability and 

proliferation, in order to determine the optimal dosage to use in DamID sequencing 

experiments. Cells were dosed with serial dilutions of either DAC in DMSO or DMSO only 

as a control, for three days, and measured for cell count and viability on day three. Cells 
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viability decreased, relative to the control, in a dose dependent manner and began to level out 

when DAC was greater than or equal to 0.5 μM (Fig. 49a,b). This suggested that the optimal 

dosage, the minimum dosage needed to produce an effect on the epigenome, would likely be 

0.1-0.5 μM. Higher than this dosage would likely lead to increased cell death, without 

increased global demethylation. The experiment was repeated, omitting the unnecessarily 

high 10 μM dose, and cells were counted each day to determine how soon the drug starts to 

influence cell viability. Cell viability was affected by the DAC starting on day 2 (Fig. 49c), 

seen by the DMSO condition cells starting to proliferate at a faster rate, with the cell count 

each day changing in a dose dependent manner. A longer-term study was performed, 

(a)          (b) 

 
(c)       (d) 

 
 
 

Fig. 49 | Decitabine dosage affects KBM7 viability and proliferation. (a) Cell count and (b) 

viability in response to DAC treatment. Measured at the end of 3 days. (c) Cell proliferation in 

response to DAC treatment, measured daily for 3 days and (d) 10 days. 
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utilizing a finer tuned 0.1-0.5 μM DAC range, to determine if cell growth would become 

arrested, since it is known that this drug can cause cell cycle arrest at the G1 and G2/M 

phases113. Cell count was measured daily for 10 days, and it was found that cells stop 

growing after 5 days in culture (Fig. 49d), informing us to limit their DAC exposure to 5 

days, or to start with a high seeding density to account for cell cycle arrest for there to be 

sufficient cells for sequencing. Genomic DNA (gDNA) was harvested from cells in each of 

these conditions and DamID was performed in bulk to determine if this drug, known for 

global demethylation, was capable of repositioning LADs. 

 

B. Global Demethylation Triggers LAD Repositioning 

Since decitabine is known to globally demethylate the epigenome, cells that have been 

exposed to this drug should have a reduction in their 5mC levels compared to a non-drugged 

control. 5mC percentage at CpG sites was measured in bulk using 5mC+DamID version 2.0 

(Fig. 50, top), displaying a reduction in the 0.5 μM DAC condition. Compared to the control 

treated with DMSO for three days (Fig. 50, bottom) that contained a higher percentage of 

 
Fig. 50 | Decitabine Reduces Global 5mC Levels. 5mC profiles of three day 0.5 μM DAC (top) or 

DMSO treated (bottom) KBM7. 5mC measured in bulk with 5mC+DamID v2.0 
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methylation, the significant 5mC reduction with the DAC suggests the drug incorporated 

itself into the DNA to irreversibly sequester the DNA methyltransferases. 

Given the significant reduction in 5mC levels, the DamID method (similar to the v1.0 

method, omitting MspJI) was used to measure the genome-NL contacts in response to the 

global demethylation to determine if 5mC reduction is capable of triggering genome 

reorganization. Three characteristic changes in LADs were observed across the 

chromosomes, which can be described as “sinking”, “eroding”, and “cracking” (Fig. 51a). 

“Sinking” is when a genome-NL contact decreases in contact score relative to the control, 

which represents a decrease in the average contact score of the bulk population, suggesting 

fewer cells are making the contact. This is equivalent to a reduction in contact frequency if it 

were measured at the single-cell level, and overall, there are less marks being placed on the 

genomic region by the Dam-LaminB1 fusion protein. “Eroding” is when the side of a LAD 

moves away from the NL, analogous to when ocean bluffs erode. “Cracking” is when just 

part of the LAD moves towards the nuclear interior, which could indicate a weak point 

destabilizing and detaching. Using the DMSO control to determine the LAD coordinates, the 

same LAD regions in the control condition reached higher average contact scores than in the 

DAC condition (Fig. 51b), suggesting there were more attachments to the NL at LAD 

regions in the control. Correspondingly, LADs in the DAC condition reached higher noise in 

contact (Fig. 51c), representing more variability along the profile, which could occur with 

loss in contacts, such as “sinks”, “erosion”, and “cracking”. Parallel lines were drawn to 

encompass 90% of the data in both of these plots (Fig. 51b,e), and the 10% of LADs having 

the highest contact score in the control condition were in fact LADs in the DAC condition 

that had high contact noise (Fig. 51c), suggesting certain LADs are breaking contact in 
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response to the DAC treatment. Likewise, the LADs in the DAC condition that had the 

highest noise along their contact, corresponded with the same LADs in the DMSO control 

condition that had higher contact scores (Fig. 51d), further validating certain LADs are 

experiencing repositioning likely due to the phenomena of sinking/eroding/cracking. A 

similar correlation was additionally observed when comparing 0.5 μM DAC to 5 μM DAC 

treated cells, where the LADs in the higher DAC concentration condition had more contact 

noise along their profile (Fig. 51g), however there wasn’t a significant deviation from the 

identity line when comparing OE scores (Fig. 51f). Since low values and baselines are 

subject to more variability, the average OE score of each LAD was compared to the CV(OE)  

Fig. 51 | Global Demethylation Triggers LAD Repositioning in Bulk. (a) Comparison between OE scores of 

the same locations in DAC and DSMO conditions. LADs in DAC treated cells appear to “sink”, “erode”, or 

“crack”. (b) Average or (c) coefficient of variation of OE score of the same LAD in 0.5 μM DAC and DMSO 

treated condition, each point is a  LAD. Equidistant parallel lines from y = x drawn to encompass 90% of data 

of (b). Red points correspond to same LADs between (b,c). (d) and (e) are same data points as (b) and (c), 

except parallel lines to encompass 90% of data drawn from (e). (f) Average or (g) coefficient of variation of 

OE score of the same LAD in 5 μM and 0.5 μM DAC treated condition, each point is a  LAD. 
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  (a) 

 
(b) 

 
(c) 

 
Fig. 52 | DAC induced LAD repositioning in along chromosome. (a) Bulk DamID profiles of KBM7 treated 

with 5 μM, 0.5 μM, 0.05 μM DAC, or DMSO. Chr 17, normalized as OE. (b) Dam profile of DMSO and 0.5 μM 

DAC treated cells, with heatmap of percent difference between OE scores along chromosome, for chromosome 5 

and (c) chromosome 13. 
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of that same LAD, and it was confirmed that these parameters do not display a correlation 

(data not shown). Since the CV was not a strong function of the mean, it suggests the 

observed correlations are not due to fluctuations, such as LADs with low levels of signal 

producing the contact noise along the chromosomes. These results suggest there are changes 

in contact with the addition of DAC, characterized by LADs frequently having lower OE and 

higher noise along the chromosome profile relative to the control condition. 

Through DamID on DAC treated bulk KBM7 samples, changes to genome-NL contact 

profiles were observed relative to the DMSO control. The changes reflect reorganization of 

the genome, rather than all the LADs moving towards the nuclear interior. Plotting the 

contact score verses the position on the chromosomes revealed some of the changes (Fig. 

52b,c), however the repositioning was best seen by computing the percent difference in OE 

score between corresponding bins of the DAC and DMSO condition, omitting all of  the 

 
 

Fig. 53 | LAD repositioning in each chromosome. Heatmap of percent difference between 0.5 μM DAC 

and DMSO OE scores along each chromosome. 
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iLAD and centromeric regions in the analysis. On the heat map, there were many regions 

displaying significant changes, in red and yellow, with up to 40% difference in contact score 

in response to the DAC demethylating agent. The DAC caused LAD repositioning in Chr 5, 

observed by a sinking at 20-30 Mb to below under OE = 1, an erosion on the left and right 

sides of the crack just past 100 Mb, and an erosion on the left side of the LAD at 120 Mb 

(Fig. 52b). In Chr 13, there was LAD repositioning in the form of sinking near 65-70 Mb, 

where the crack in the LAD at 67 and 70 Mb dropped below OE = 1, a small and wide 

cracking of the LAD at 82.5 and then 85 Mb, and an overall sinking between 85 to 95 Mb 

(Fig. 52c). LAD repositioning occurs in each chromosome (Fig. 53) and those with major 

changes were highlighted in the heat map. Chr 17 (Fig. 52a) did not have major repositioning 

as with the other chromosomes.   

To better understand the effects of DAC, specific genes that repositioned to the nuclear 

interior were examined. On Chr 12, a crack appears in the LAD at 83.1-83.2 Mb (Fig. 54a), 

which corresponds with the TMTC3 gene, and there is an erosion to the nuclear interior on 

the right side of the LAD at 89.3-89.4 Mb, which corresponds to the gene KITLG. The gene 

TMTC3 is not directly cancer related, although it is involved in the control of ER stress 

response (TMTC3 Gene, GeneCards). However, KITLG is essential in regulating cell 

survival and proliferation, hematopoiesis, and migration, suggesting it is a cancer related 

gene that may be dysregulated in this cell line as cancer progresses (KITLG Gene, 

GeneCards)114. Its repositioning suggests the gene may have been abnormally expressed or 

suppressed in the cancer state, and it could have been anchored to the NL because it was 

close to a LAD, acting as a straggler. By adding DAC, the expression was corrected because 

it was weakly attached. Another example of a gene that repositioned to the nuclear interior 
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was LINC00320 on Chr 21 (Fig. 54c), which is tumor suppressive lncRNA, known to down-

regulated in glioma tissues115. Considering it is harbored at the nuclear lamina before DAC is 

added, it may represent a gene that is supposed to be expressed at the nuclear interior in a 

normal cell, but it is turned off in a cancer cell. Another example of a repositioned gene is 

ZSWIM2 on Chr 2 (Fig. 54b), which is involved in regulating apoptosis, and DAC treatment 

relocated this gene to the nuclear interior for expression (ZSWIM2 Gene, GeneCards). 

Fig. 54 | A few genes that relocated to nuclear interior upon DAC treatment. (a) KITLG on 

chromosome 12, 89.3-89.4 Mb, gene “erodes” alongside TMTC3 “cracking” at 83.1-83.2 Mb. (b) 

ZSWIM2 on chromosome 2 “sinks”, 187.6-187.7 Mb. (c) LINC00320 on Chr 21, gene “sinks”.   

ZSMIM2 

LINC00320 

KITLG 

(a) (b) 

(c) 
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Given that the global demethylation caused loss of contact in LADs, contact run analysis 

was performed to measure how much contact was being lost and if there were any additional 

factors that contributed to why certain LADs had lost contact. Of the 621 LADs present in 

non-DAC treated KBM7, 249 of these LADs (or 40.1%) lost contact with the NL when 

treated with 0.5 μM DAC (Fig. 55a). Some of these LADs lost up to 40% of their contact, 

many losing 15-20%, (Fig. 55b) and some even lost most of their contact. The loss of contact 

was dose dependent, in that higher noncontact fractions were frequently observed in the same 

LAD when the higher concentration of 5 μM DAC was used, as opposed to 0.5 μM of DAC 

(Fig. 55c). LAD contact score was measured between the DAC treated condition and the 

control, showing a greater change in contact occurred for fewer LADs, and this tend levelled 

off after a 40% higher contact score in the DAC condition (Fig. 55d). Correlations can be 

drawn along this curve, such as 10% of LADs had a 30% higher contact score in the control 

than in the DAC condition. LAD properties including LAD length, contact frequency, and 

contact score were further correlated with the amount of repositioning. The noncontact 

fraction in the 0.5 μM DAC condition at LAD regions defined by the LAD coordinates of the 

DMSO control, was measured as a function of LAD length, contact frequency, and contact 

score (Fig. 55e-g). The ratio of change (DAC noncontact fraction > 0) to no change (DAC 

noncontact fraction = 0) (depicted in Fig. 55h), was used to determine the percentage of 

nonchanging LADs in response to global demethylation (Fig. 55i-k). Longer LADs were 

more likely to undergo some changes than shorter LADs, most likely because there are more 

sites that could reposition, meaning there are more potential regions for cracks to occur, for 

example. Using contact frequency measurements from scDamID data, consistent LADs did 

not tend to reposition when DAC was added, however more variable domains were likely to  
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       (a)                        (b) 

 
           (c)               (d) 

 
      (e)       (f)              (g)                  (h) 

 
                 (i)            (j)                            (k) 

 
 

Fig. 55 | Global Demethylation Causes Loss of Contact in LADs. (a) Noncontact fraction in LAD in 0.5 uM 

DAC condition vs the noncontact fraction of the same LAD in the DMSO condition. (b) Number of LADs with a 

certain noncontact fraction. (c) Noncontact fraction of LADs in 5 uM vs. 0.05 uM DAC treated cells. Each data 

point is the same LAD. (d) Percentage of LADs displaying certain OE percentage changes between 0.5 uM DAC 

and DMSO treated cells. (e) 0.5 uM DAC treaded cell LAD noncontact fraction as a function of the LAD length, 

(f) average contact frequency of the LAD, and (g) the LAD contact score of the corresponding LAD in the DMSO 

treated cells. (h) Method for calculating nonchanging LAD percentage. (i) Percentage of non-repositioning LADs 

in the 0.5 uM DAC condition as a function of the LAD length, (j) the average contact frequency of the LAD, and 

(k) the LAD contact score of the same LAD in the DMSO condition. 
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reposition to the nuclear interior. This result elucidates the definitions of consistent and 

variable LADs, in that consistent LADs may overall create stronger attachments to the 

nuclear lamina across all of the cells than variable LADs. This suggests when all LADs are 

subject to perturbation by global demethylation, the variable LADs will most often lose 

contact, and crack first per se. Likewise, a similar trend was observed with contact score and 

percentage of unchanged LADs; LADs with lower average contact scores tended to change 

more than LADs with much higher contact scores that d id not change. Since it takes an 

average of the whole LAD’s contact score, it does not consider the variability in the contact 

score, which would indicate if there were weaker regions that would be more prone to 

cracking. This likely explains why the contact frequency metric reached 25% unchanged 

LADs at low contact frequency verses the contact score metric only reached 50% unchanged 

LADs at low contact scores. This further supports the need for single-cell measurements, 

such as contact frequency, over bulk measurements, such as OE score, since they can reveal 

stronger correlations because LAD changes are occurring at the single-cell level. 

 

C. Activating and Repressing Histone Modifications and DAC LAD Repositioning 

Besides LAD metrics, there are other contributors to why certain LADs reposition, such 

as histone modification. Publicly available KBM7 ChIP-Seq data108,109 was used to determine 

the coordinates of activating and repressive histone modifications, which were then 

compared to the locations of contacts and newly formed noncontacts within DMSO called 

LADs in cells that were treated with DAC. The amounts of histone modifications at each 

genomic bin were measured against how much that location’s contact score changed when 

DAC was added (Fig. 56). For activating histone modifications (H3K4me1, H3K4me2, 
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H3K4me3, H3K9ac, H3K27ac, H3K36me3, H3K79me2, H4K16ac), the trend was subtle, 

however LADs that had repositioned the most, represented by 30-40% difference in contact 

score between the DMSO and DAC conditions, tended to have more activating histone 

modifications (Fig. 56a-h). The repressive histone modifications (H3K27me3 and 

H3K9me3) had a much more significant trend (anticorrelation) with the DAC mediated LAD 

repositioning than the activating histone modifications (Fig. 56i,j). LADs that didn’t 

reposition upon global demethylation had high levels of repressive marks, and those that did 

reposition had much fewer of these marks. H3K9 methylation is known to be associated with 

gene repression and NL tethering, which was seen by these data. When many H3K9me3 

(a)            (b)            (c)             (d) 

 
(e)              (f)          (g)                (h)    

 
(i)    (j)   

 
 

Fig. 56 | Activating and repressing histone modifications and DAC LAD repositioning. (a) 

Amount of H3K4me1, (b) H3K4me2, (c) H3K4me3, (d) H3K9ac, (e) H3K27ac, (f) H3K36me3, (g) 

H3K79me2, (h) H4K16ac, (i) H3K27me3, and (j) H3K9me3 as a function the percent change 

between the genome-NL contact OE score in LADs between 0.5 uM and DMSO treated cells. 
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marks were present, there was a lack of LAD repositioning, however fewer of these marks 

were associated with less genome-NL contacts remaining after DAC treatment. These results 

suggest that histone modifications do contribute to which parts of LADs reposition, which 

helps to elucidate the bigger picture of how multiple components of the epigenome work 

together to influence gene expression. 

 

D. Global Demethylation Causes Gains of Contact in iLADs 

Similar to how LADs repositioned to the nuclear interior in response to the DAC 

treatment, iLADs also repositioned from the nuclear interior to the nuclear periphery, 

suggesting a genome wide rearrangement. Global demethylation by DAC treatment caused 

iLADs to gain contacts, and 21.7% of iLADs had regions that moved towards and contacted 

the nuclear lamina compared to the DMSO control (Fig. 57a). Of these repositioned iLADs, 

many gained 10-20% contact with the nuclear lamina, and a significant amount gained 40% 

contact (Fig. 57b). The properties of iLADs, such as the length, average noncontact 

frequency, and contact score, mostly correlate with the amount of repositioning towards the 

nuclear lamina, however, the correlations are not as strong as those observed with the LAD 

regions moving towards the nuclear interior (Fig. 55a,b). The ratio of change (DAC contact 

fraction > 0) to no change (DAC contact fraction = 0) (depicted in Fig. 57c-e), was used to 

determine the percentage of nonchanging iLADs in response to global demethylation. 

Typically, the longer iLADs were more likely to experience some change, gaining contact, 

compared to the smaller iLADs, which were more likely to remain unchanged (Fig. 57f). 

iLADs known to always be situated away from the nuclear lamina, those having an average 

noncontact frequency close to 1, were unchanged by the global demethylation, and did not  
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  (a)                    (b) 

 
(c)             (d)                 (e) 

 
(f)             (g)           (h) 

 
 

Fig. 57 | Global demethylation causes gain of contact in iLADs. (a) Contact fraction in iLADs in 0.5 uM 

DAC condition vs. the contact fraction of the same iLAD in the DMSO condition. (b) Number of iLADs 

with a certain contact fraction. (c) 0.5 uM DAC treaded cell iLAD contact fraction as a  function of the iLAD 

length, (d) average noncontact frequency of the iLAD, and (e) the iLAD contact score of the corresponding 

iLAD in the DMSO treated cells. (f) Percentage of non-repositioning iLADs in the 0.5 uM DAC condition as 

a function of the iLAD length, (g) the average noncontact frequency of the iLAD, and (h) the iLAD contact 

score of the same iLAD in the DMSO condition. 
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gain contacts with the nuclear lamina (Fig. 57g). iLADs that contained regions that 

sometimes contact the nuclear lamina (average noncontact frequency < 1), repositioned in 

response to the DAC, however it appeared to be more of binary event than dependent on the 

noncontact frequency of the iLAD. This could be explained by whenever a space opened at 

the nuclear periphery after a LAD moved to the nuclear interior, a nearby iLAD region 

makes contact and starts condensing into heterochromatin to prevent accumulation of 

uncondensed DNA in the cell nucleus. By this rationale, iLADs display a binary preference 

for reorganization; either most of their domain was away from the nuclear lamina (NCF = 1) 

and they won’t reposition, or when some regions of iLADs were close to the nuclear lamina 

in an ensemble of single cells (NCF < 1), repositioning occurs if space to harbor becomes 

available. iLAD contact score had no strong correlation with iLAD repositioning, and this is 

likely because contact score is a metric meant for detecting LADs and not iLADs, and is used 

to determine if contact is made based on how much m6A was added to regions that contacted 

the Dam-LaminB1 fusion. Any observed/expected m6A score less than 1 doesn’t have 

considerable meaning, other than statistically, contacts weren’t made at that region (Fig. 

57h). These results together suggest that in addition to LADs repositioning in response to 

DAC treatment, iLADs reposition as well. However, LAD repositioning appears to be the 

main event due to stronger correlations with LAD properties such as length, contact 

frequency, and contact score than iLADs with their iLAD properties, implying iLADs likely 

reposition in response to LADs repositioning. 
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E. Proposed Schematic of Genome Rearrangement 

From the results of the DAC experiment that demonstrated a simultaneous repositioning 

of LADs and iLADs in response to global demethylation, a schematic was drawn to describe 

the full picture of what was occurring. Consider a genome arrangement before (State 1) and 

after (State 2) the response to the DAC treatment (Fig. 58a), in which certain regions start at 

the nuclear periphery (drawn in red) and others start at the nuclear interior (blue). When parts 

(or all) of certain LADs decondense, and these newly unrepressed genes reposition towards 

the nuclear interior for their expression (State 2), the quantity of space that the DNA takes up 

in the small nucleus reaches a maximum. In order to decrease this amount back to baseline, 

new contacts form with the nuclear lamina, corresponding to parts of the iLADs, to limit the 

amount of uncondensed DNA, effectively repositioning iLADs to the nuclear periphery. The 

parts of LADs and iLADs that do reposition display certain characteristics, mainly a lower 

contact and noncontact frequency, respectively. This is depicted in Fig. 58b, where genome-

NL contact profiles for State 1, the (-) DAC condition, and State 2, the (+) DAC treated 

condition are shown. Consistent LADs (those with high contact frequencies) are less likely to 

have much or any of their domain moved towards the nuclear interior, represented by a low 

or no noncontact fraction, compared to the more variable LADs, that will lose more contact 

with the nuclear lamina, displaying a higher noncontact fraction. The iLADs behave 

similarly, in that they gain contacts with the nuclear lamina as the LADs reposition, however 

they don’t reposition proportionally to their noncontact frequency in the way that LADs 

reposition proportionally to their contact frequency. The most consistent iLADs won’t gain 

any contacts, however any with less than 90.9% average noncontact frequency will gain 

contacts, based on Fig. 57g. This idea of genome repositioning parallels the “Cat’s Cradle”  
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(a) 

 
(b) 

 
 

 

Fig. 58: Proposed schematic of simultaneous repositioning of LADs and iLADs. (a) State 1 has 

red region (LAD) at nuclear periphery, and blue region (iLAD) at nuclear interior. Upon addition of 

DAC, state 2 has red region repositions and becomes iLAD and blue region becomes LAD. (b) 

Hypothetical LAD and iLAD profiles along chromosome based on Chapter IV trends before and 

after DAC addition. Moderately consistent defined as more frequent than variable, around 90%, but 

not 100% consistent, as those LAD/iLADs don’t tend to reposition. 

Moderately Consistent Moderately Consistent 
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model of gene expression, in which transcription and spatial organization of the genome are 

connected, since expressed lncRNA acting as handles for nuclear proteins to reshape the 

genomic architecture3. Although gene expression was not also directly measured in this 

experiment (though it is possible with the protocol, described in Chapter V), it is conceivable 

that some of the genes that repositioned to the nuclear interior for expression via global 

demethylation were in fact lncRNA that could further facilitate repositioning the LADs and 

iLADs into their final reorganized state. 

 

V. Adding Transcriptome Measurements and Epitranscriptome 

A. Schematic and Sequencing Results 

For the complete picture of how epigenetic features such as DNA modification and 

spatial organization of the genome are correlated and influence gene expression, the 

transcriptome, or the ensemble of all mRNA expressed by the cell, can be measured 

simultaneously with 5mC and genome-NL contacts, at the single-cell level. Transcriptome 

measurements can be incorporated into both version 1 (DpnI + MspJI) and version 2 (DpnI + 

TET2/APOBEC) of the sc5mC+DamID protocol by adding a few more initial steps prior to 

the DNA digestion, making the technique versatile. Before adding a modified lysis buffer 

and sorting Shield1+, G1/S phase cells into 384 well plates, single stranded CEL-Seq 

barcoded adapters are added to each well. These adapters are used to capture and later 

amplify the mRNA of each cell. On the first day of library preparation, the protocol starts 

with reverse transcribing (RT) all the mRNA (Fig. 59,1) into cDNA (first-strand synthesis) 

utilizing the polyA tail endogenously present on the mRNA molecules and a complementary  
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Fig. 59 | sc5mC+DamID+Transcriptome schematic. (1) mRNA molecules from the single cell are reverse 

transcribed using CEL-Seq barcoded adapter. (2) Second strand synthesis. (3) Lyse cells and protease 

nucleosomes, as in sc5mC+DamIDv1/2. (4) Digest DNA m6A mark on GATC with DpnI. (5) Ligate barcoded 

Dam adapters. (6) Amplify mRNA component with in vitro transcription. (7a) Enrich for mRNA and save (7b) 

DNA flow through. (8a) Add RA3 Illumina adapter to mRNA with random hexamer priming. (9a) Amplify 

library adding both the 5’ and 3’ Illumina adapters to generate final library. (8b) Deamination of DNA component 

with TET2/APOBEC and generate final library with strategies discussed in Chapter II (v2.0-v2.3). 
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polyT tail on the CEL-Seq adapter. The attached adapter has a cell specific barcode to 

identify which RNA molecule originated from each cell, a unique molecular identifier (UMI) 

used for determining transcript counts, the Illumina RA5 adapter, which is part of 5’ Illumina 

sequencing adapter that allows it to bind to the flow cell for sequencing, and lastly a T7 

promoter to amplify the mRNA in each cell with in vitro transcription (IVT) to a higher 

concentration to meet the threshold needed for sequencing. Next, second strand synthesis 

(SSS) is performed to generate the full double-stranded cDNA product (Fig. 59,2), protecting 

it from degradation by RNases at ambient temperatures that would reduce the yield if it were 

RNA. At this point, the protocol continues into the standard protocol, described in Chapter 

II, in which the cells are lysed to expose the chromatin, and the DNA is unwound from the 

histones using protease to make it accessible for enzymatic digestion (Fig. 59,3). These steps 

can all be performed on the same day, with RT and SSS in the morning followed by protease 

in the afternoon, rather than only protease in the afternoon as in the sc5mC+DamID protocol, 

meaning up to this point the transcriptome measurement incorporation doesn’t add an extra 

day to the protocol. The following day, the DNA is reacted with either MspJI and DpnI (v1), 

or just DpnI (v2) to digest the m6A contact mark added to LADs by the Dam-LaminB1 

fusion (Fig. 59,4). For the sake of simplifying the schematic, only version 2 of the method 

will be depicted, however it is compatible with both versions. Double-stranded Dam 

adapters, containing the cell/mark specific barcode, a PCR handle for attaching the 5’ 

Illumina adapter for sequencing, and a fork to prevent end to end adapter blunt ligations, are 

ligated (Fig. 59,5) overnight to the DpnI cut sites. The 384 well plate is pooled into 4×96 

barcoded libraries, each containing all the single-cell material with unique barcodes for the 

DNA and RNA components. The samples are processed as bulk and IVT is performed (Fig. 
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59,6) on all the material using the T7 promoter on the CEL-Seq adapter to amplify the RNA 

component, while leaving DpnI cut DNA unchanged. The DNA and RNA components are 

then separated with an RNA enrichment strategy that uses dA+Biotin primers attached to 

streptavidin beads (Fig. 59,7a). The dA component of the beads binds to the uracil repeat that 

was generated by IVT, corresponding to the polyA tail of the mRNA molecules. The mRNA 

derived eluate is further processed the same as the steps post IVT in the sc5mC+DamID v1 

protocol, and the flow through supernatant is saved for the TET2/APOBEC conversion (Fig. 

59,7b). On the mRNA derived eluted material (Fig. 59,8a), the Illumina RA3 adapter is 

attached with random hexamer priming, generating a complementary DNA strand. 

Exponential PCR is used to attach the complete Illumina P5 and P7 indexing primers (Fig 51, 

9a), producing a final library structure containing the UMI, cell/transcriptome specific 

barcode, ultimately followed by the transcript sequence. The protocol is continued on the 

DNA component from the bead flow through, performing the enzymatic version of bisulfite 

conversion with TET2/APOBEC (Fig. 59,8b), and then the RA3 Illumina sequence is 

attached with either random priming (v2.0), TACS ligation (v2.1), A-Tailing with dATP and 

Poly-T Priming (v2.2), or adaptase (v2.3), followed by their corresponding amplification 

scheme to generate the final DNA library structures. 

Single-cell 5mC+DamID+Transcriptome sequencing was performed on 84 cell libraries 

and the transcriptome reads were aligned with Star aligner116,117. Analysis post alignment 

indicated 84 cells were detected based on UMI count, ranging from 10,000-100,000 per cell 

for 84 of the cell barcodes, and less than 100 for the remaining cells (Fig. 60a). The aligner 

outputted Summary.csv, a sequencing statistics file that indicates the efficiency of mapping 

and sample quality, as well features.tsv and matrix.mtx, which are critical for determining 
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both variable and highly expressed genes across all the cells in the sample (Fig. 60c-e). The 

matrix.mtx file has three columns: (1) the gene identity number, which corresponds to the 

line in the features.tsv file that has the index of the possible genes transcribed, (2) the cell 

barcode representing which cell the transcript originated from, and (3) the gene expression 

score, representing how many times that gene was expressed in a single cell. As an example, 

[1 2 1] would represent geneID = 1, which is DDX11L1 (Fig. 60d), being transcribed by cell 

= 2, at a frequency = 1 time. By summing the transcript counts per cell barcode, the total 

gene expression count was determined per cell (Fig. 60b). Each cell numbers corresponds to 

the same in Fig. 60a, indicating the genes were filtered from their original UMI count to 

 (a)               (b) 

(c)                     (d)              (e) 

 
 

Fig. 60 | Simultaneous sc5mC+DamID+Transcriptome sequencing, statistics of RNA component. 

(a) UMI count per cell. (b) Total gene expression scores per cell. Same cell order as in (a). STAR output 

files: (c) Summary.csv, (d) features.tsv, and (e) matrix.mtx. 
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produce the final expression count. Cell 1-84 range from 10,000-100,000 transcripts per cell, 

and cell 85-96 have less than 1 gene expressed per cell, confirming those cells were not 

present in the library. 

By utilizing the matrix.mtx file, the top genes expressed across the cells were determined. 

This is done systematically by first determining the top 100-200 genes per cell based on gene 

score. Next, my algorithm counts how frequently each of those genes occur across all the 

cells in the data set (the number of gene intersections, representing the frequently expressed 

genes), and subsequently sums the scores of each gene across the cells in the data set (the 

magnitude of expression). The genes are then sorted by a two-level hierarchy either by (1) 

ordering by the number of times a gene occurs across the cells (the most intersections), 

followed by the sum of each gene score across the cells, or (2) sorting first by the sum of the 

scores for each gene across the cells, followed by the number of times each gene appears in 

the cells in the data set. Sorting strategy (1) allows the most frequently expressed genes to 

appear at the top of the list, whereas strategy (2) puts the genes with the highest total scores 

at the top of the list, which can reveal genes that have high expression scores in some cells, 

that may not be expressed in all the cells, signifying expression variability. After the genes 

have been ordered, the top 50-100 are selected and the gene score for each cell is plotted in a 

heatmap (Fig. 61). To account for cells that have lower total gene expression, the score of 

each gene in each cell is normalized by the total (overall) expression score in that cell (Fig. 

60b). It is necessary to normalize by the total gene score in each cell because certain cells 

have lower total expression, such as cell 17 and 68, causing their expression to not be visible 

in the heatmap (Fig. 61a vs. b, c vs. d). The different sorting strategies reveal genes such as 

EEF1A1, PTMA, and PABPC1 were most common across all of the cells (Fig. 61b) and  
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   (a)                (b) 

 
 (c)               (d) 

 
 (e)                  (f) 

 
Fig. 61 | Single-cell gene expression score heat maps. (a) 100_1_50. (b) 100_1_50,norm. (c) 100_2_50. (d) 

100_2_50,norm. (e) 200_1_100. (f) 200_2_100. For (a-f), the naming is: xx_y_zz,norm. xx = number of top genes 

surveyed from each cell, y = sorting strategy (1) or (2), zz = number of genes across the cells plotted, “norm” = if 

individual gene score is normalized by total gene expression score in that cell. 
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genes such as MALAT1 and HMGB1 had the highest overall expression across all of the cells, 

but they were not present in every cell (Fig. 61d). Numerous ribosomal genes were 

frequently expressed, including those with the prefix RPL or RPS, which could additionally 

be filtered out of the gene list. With single-cell 5mC+DamID+Transcriptome analysis, the 

top expressed genes can be referenced to their coordinates on the chromosomes, and the 

corresponding LAD and 5mC profiles can be observed to see how they are correlated with 

the amount of gene expression within the same cell. 

 

B. Epitranscriptomic and Epigenetic Links in Chronic Myeloid Leukemia Cells 

In addition to the field of epigenetics that aims to understand the modifications to DNA 

and proteins that affect gene expression, modifications can also be made to RNA, known as 

the emerging field of epitranscriptomics. Features of the epigenome, such as 5mC, genome 

organization (seen via genome-NL contacts), and histone modifications such as the 

repressive marks H3K27me3 and H3K9me3, were seen to be linked in KBM7 in the DAC 

experiment, because global DNA demethylation repositioned primarily LAD regions with 

lower repressive histone marks. Therefore, it is plausible that epitranscriptomic and 

epigenetic links may exist as well in chronic myeloid leukemia cells to influence gene 

expression (Fig. 62a). It has been found that m6A marks on RNA are able to influence DNA 

methylation in proximity to the location of the transcription. As RNA polymerase II (Pol II) 

transcribes the DNA into RNA, m6A methyltransferase METTL3 co-transcriptionally adds 

m6A marks to the newly formed RNA, which is interpreted by m6A reader FXR1, which 

recruits Ten-eleven translocation methylcytosine dioxygenase 1 (TET1) to the site to 

demethylate the 5mC (Fig. 62b). It was found that RNA m6A was anticorrelated with DNA 
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5mC due to the co-transcriptional TET1 activity, which raises the question, does m6A on 

RNA influence other epigenetic features, such as genome organization? One limitation to the 

study was the m6A level was not normalized to gene expression, which could interfere with 

the results if more m6A was appearing in the immunoprecipitation for a specific gene only 

because that gene was more frequently transcribed, allowing more m6A marks to be placed 

co-transcriptionally by METTL3. 

To study the relationships between the epigenome and the epitranscriptome, publicly 

available bulk K562 MeRIP-seq (m6A immunoprecipitation) data118 was used and compared 

with single-cell 5mC and DamID data. There was no KBM7 data publicly available at the 

time, however both cell lines are chronic myelogenous leukemia (CML), meaning that 

comparisons can still be made. As shown previously in Chapter III, 5mC is anti-correlated 

 (a)            (b) 

      
 

Fig. 62 | Features of epigenome, transcriptome and epitranscriptome display links. (a) 5-

methylcytosine, histone modification, and genome-NL contacts may all interact synergistically to 

influence gene expression, which is further modified my m6A. Likewise, gene expression may 

influence these epigenetic and epitranscriptomic features. (b) RNA m6A formation-coupled DNA 

5mC demethylation. METTL3 co-transcriptionally recruits TET1 by m6A reader FXR1. Figure 

adapted from S. Deng et al. Nat. Genet (2022).  
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with LADs, displaying hypomethylation at the single-cell level (Fig. 63a, top two tracks). 

However, LADs don’t have RNA m6A (Fig. 63a, bottom two tracks), suggesting the genes 

in LADs have been shut down and the lower gene expression levels prevent the m6A from 

being co-transcriptionally added by METTL3 and later detected by MeRIP-seq. This 

supports a hierarchy of epigenetic control with spatial organization of the genetic material 

(a) 

 
(b)                    (c)                 (d) 

      
 

Fig. 63 | RNA m6A anticorrelated with genome-NL contacts and DNA 5mC in iLADs. (a) 

5mC (top) and genome-NL contacts (middle) from the same KBM7 cell (sc5mC+DamIDv1) and 

bulk RNA m6A (bottom) in K562. (b) 5mC vs. m6A levels. (c) Genome-NL contact score vs m6A 

levels. In (b,c) the ranges of m6A were put into bins for box plot (min/mix) (d) Range of bin and 

m6A amount. 
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having the most influence over gene expression. In iLAD regions, m6A may be anti-

correlated with 5mC levels, seen by the iLAD highlighted at 73-83 Mb that contains high 

m6A and low 5mC, at 36-45 Mb with higher m6A and lower 5mC than the adjacent iLAD 

coordinates of 34-36 Mb with less m6A and more 5mC. Position 32-33 Mb is a variable LAD 

(Fig. 40d) that doesn’t appear in this single-cell, based on the absence of Dam signal at that 

position, however there is low m6A from the bulk profiled cells. What is likely occurred was 

the cells that were making the contact had no m6A at that region, and the cells that didn’t 

make that contact may have had some, however, it is obscured by the bulk m6A 

measurement. This supports the need to measure epigenetics and epi-transcriptomics within 

the same cell to get the full picture of how these features are related. Quantitatively, the 5mC 

and contact score (OE) of single cells were compared to the RNA m6A in the same genomic 

bins (Fig. 63). For the LADs (Fig. 63c), the first bin reached the highest contact scores, 

supporting there was low m6A at LAD regions, confirmed by later bins 2-25, containing 

more m6A and having low contact scores, with the upper quartile less than OE of 1. This 

implies that RNA m6A is found mostly in iLADs. For the 5mC (Fig. 63b), the first bin had a 

wide range of 5mC levels, reaching the highest and lowest levels, which is most likely 

explained by LADs with no m6A having low amounts of 5mC because they are 

hypomethylated, and iLADs with no m6A having high amounts of 5mC because TET1 is not 

co-transcriptionally recruited to demethylate the region. Bin two and onwards, until there 

were few data points, displayed decreasing lower quartiles of 5mC levels as the amount of 

m6A increased, suggesting more m6A is associated with reaching lower amounts of 5mC 

through DNA demethylation. Future analysis would include segregating the 5mC and m6A 

levels into which data points originated from LADs and iLADs to fully explain the wide 
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5mC range in the first bin. The expected outcome is there would be low amounts of 5mC in 

the first bin for the LADs, and high amounts of 5mC in the first bin for the iLADs. 

Additionally, the m6A levels could be normalized to the average expression along each gene 

region, as the paper also included the corresponding RNA-seq data. Highly expressed genes, 

typically containing more 5mC in the gene body, may appear to have more RNA m6A in the 

immunoprecipitation from their high expression, therefore acting as a confounding variable. 

To summarize, the data seems to suggest RNA m6A is anticorrelated with genome-NL 

contacts and iLAD DNA 5mC, and sequencing both the epigenome and the epitranscriptome 

within the same single cell would prove useful in better understanding the correlations 

hidden by bulk measurements, such as how the segments of noncontact in LADs affect the 

transcription and m6A levels in corresponding locations in the same cell. 

To identify the genes that have high m6A levels, an online tool called Genomic Regions 

Enrichment of Annotations Tool (GREAT) was used to associate the genomic regions from 

the K562 MeRIP-seq data with nearby genes119. GREAT works by first assigning each gene 

a regulatory domain that extends in both directions from its transcription start site (TSS) until 

reaching the next nearest gene, and then each inputted coordinate is associated with the 

regulatory domains it overlaps to determine which genes it could have originated from. Since 

the tool only takes the coordinates as input and not the m6A score, the coordinates were 

inputted multiple times into the program proportional to the score magnitude, thresholding 

the input above a low m6A score. This approach can be visualized in Fig. 64a, where each 

position on the chromosomes was surveyed for its m6A score, and scores greater than an 

initial low score threshold (red horizontal line) were assigned an input count to GREAT 

(proportional to the size of the green arrow over the red baseline). The input count was  
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         (a) 

 
(b) 

 
  (c) 

 
          (d) 

 
 (e) 

 
   (f) 

 
 

Fig. 64 | Identify genes with high m6A RNA modification using GREAT. (a) Pipeline for identifying genes. 

Scores multiplied by 10, otherwise rounded input counts will be the same. (b) Nearest genes to locations with 

high m6A levels. (c) Genes of interest and surrounding regions in Integrative Genomics Viewer (IGV)121, with 

peaks corresponding to m6A magnitudes: MALAT1, (d) NEAT1, (e) DDIT4, (f) CALR. 
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further subject to a second round of thresholding (brown vertical line to tune how far above 

the initial threshold) to include only genes with the highest m6A scores. After running the 

thresholded, score-replicated coordinates through GREAT, it was counted how many times 

coordinates were associated with a gene. Numerous genes were found to be associated with 

the inputted coordinates (Fig. 64b). The gene with the most m6A was actually MALAT1 

(Metastasis Associated Lung Adenocarcinoma Transcript 1), a lncRNA just upstream of 

SCYL1 (Fig. 64c, likely misidentified because it is lncRNA rather than a standard gene), 

which acts as transcriptional regulator for genes that play a role in cell migration, metastasis, 

and cell cycle regulation (MALAT1 Gene, GeneCards). This lncRNA is of utmost importance 

because when it is upregulated in cancer, the tumor cells experience metastasis and have 

increased proliferation. The gene with the second most m6A was actually NEAT1 (Nuclear 

Paraspeckle Assembly Transcript 1), a lncRNA just downstream of FRMD8 (Fig. 64d, likely 

misidentified because it is lncRNA rather than a standard gene), which is significant because 

it acts as a transcriptional regulator for genes that affect cancer progression (NEAT1 Gene, 

GeneCards). The gene with the third most m6A was DDIT4 (DNA Damage Inducible 

Transcript 4) (Fig. 64e) which plays a role in regulating p53/TP53-mediated apoptosis when 

DNA damage occurs, as well as regulating cell survival and proliferation by inhibiting 

mammalian target of rapamycin complex 1 (mTORC1) activity (DDIT4 Gene, GeneCards). 

One of the next genes with the most m6A was CALR (Calreticulin), just upstream of RAD23A 

(Fig. 64f), which is known to regulate how much calcium is stored within cells, in turn 

influencing gene activity, cell growth and movement, and cell death (CALR gene, NCI 

Dictionary of Cancer Terms). Further analysis would include normalizing the m6A scores by 

gene expression from the RNA-seq data to account for the possibility that the m6A amount in 
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the immunoprecipation may be influenced by how much mRNA is available for methylation 

by METTL3. Besides using GREAT for only m6A, any coordinates can be inputted, such as 

the regions within LADs that reposition after global DNA demethylation via DAC, to better 

understand the genes that are influenced by epigenetic regulation. 

 

VI. Summarizing Discussion 

The epigenome can influence gene expression in cells by chemically modifying DNA 

with 5-methylcytosine and spatially reorganizing genetic material, such as anchoring regions 

of DNA to the nuclear lamina to repress genes. Although 5mC and genome-NL interactions 

have both been independently examined at the single-cell level, and display correlation in 

bulk studies, they had yet to be measured simultaneously within the same cell, making it 

unknown if they were truly related within the same cell or were a result of the bulk 

measurement. Here we developed two methods for their simultaneous measurement in single 

cells, demonstrating that in the KBM7 cell line, regions that contact the nuclear lamina 

coincide with loss of 5mC, suggesting these epigenetic features are anticorrelated. 

Furthermore, LAD methylation is dependent on the contact frequency of that domain, such 

that more consistent LADs have a greater amount and noise in their 5mC, than variable 

LADs, which contain higher levels of 5mC. More variable LADs tend to have higher levels 

of activating histone modifications compared to consistent LADs that have more repressive 

histone modifications, supporting the role of the repressive H3K9 methylation in NL 

tethering. At the single-cell level, LADs have regions of noncontact, suggesting a multivalent 

coordination of contacts to anchor the genome to the NL. Longer segments of contact tend to 

have less average 5mC than shorter segments, and a similar trend was observed for the 
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noncontact segments in the LAD, however most of the 5mC density is located within the 

noncontact regions. This contact length methylation trend was also observed in iLADs, and 

longer contact runs display less average methylation levels. 

Further studies were aimed at determining whether 5mC and genome-NL contacts 

display causality, which could be pivotal for better understanding how epigenetic features 

combine to regulate gene expression. The genome was globally demethylated using 

decitabine, which caused rearrangement of LADs to the nuclear interior and to a lesser 

degree iLADs to the nuclear periphery. The regions of LADs that repositioned (in the form of 

“cracking”, “sinking”, and “eroding”) were not random, and in fact were based upon the 

contact frequency of the region and the amount of repressive histone modifications 

(H3K9me3 and H3K27me3). Regions with lower contact frequently and lesser amounts of 

repressive histone marks were more likely to reposition, suggesting multiple epigenetic 

features working together to control the spatial organization of the genome, which in turn 

influences the gene expression. 

A method for measuring the transcriptome simultaneously with the epigenetic marks 

within the same cell was implemented by reverse transcribing the mRNA with barcoded 

CEL-seq adapters prior to digestion with DpnI, allowing for determining how the epigenome 

regulates the transcriptome. m6A RNA modifications were compared to the LAD profiles, 

indicating that this epitranscriptomic feature does not exist in the LAD regions, only in the 

iLADs, and the amount of iLAD RNA m6A is anti-correlated with DNA 5mC levels, where 

more RNA m6A is associated with less DNA 5mC. This is supported by co-transcriptional 

interactions between PolII, METTL3, FXR1, and TET1, to demethylate DNA near RNA that 

contains m6A marks. Together this supports a larger mechanism of coordination between 
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5mC, spatial organization of the genetic material, histone modification, and RNA 

methylation, to influence gene expression. While the method was implemented using a 

cancer cell line, this technology could be applied to any cell line, allowing scientists to better 

understand how the epigenome is dysregulated in a broad range of illnesses. 

 

A. Application 

An application of this technology is characterizing epigenetic heterogeneity in tumors. 

Cancer is one of the primary causes of death in people under 70 years old globally and curing 

the disease is considered the most important factor to increase life expectancy in the next 

century120. However, the path to treating cancer has been challenging due to a growing 

understanding of the hallmarks of the disease and how genome instability elicits tumor 

proliferation and evasion of growth suppressors121,122. Although changes to the epigenome of 

both individual cancer cells and cells within the surrounding extracellular matrix 

environment likely influence the hallmarks of cancer, the interactions of epigenetic 

components in these single cells have yet to be fully explored. Since the heterogeneity in 

5mC and genome-NL contacts can be characterized in a cell line, and each are known to 

regulate gene expression in cancer, I would expect in a complex system, such as a tumor or 

the tumor microenvironment, there will be even more epigenetic heterogeneity between the 

cells that can be characterized. Previously, much cancer research has focused on whole 

population (bulk) studies, effectively treating tumors as homogenous, and using therapeutics 

to target variants that are only detectable above background 123. However, the driver of the 

cancer may not be detectable above background, such as in the case of rare circulating tumor 

cells (CTCs), which are released from primary tumors to seed metastasis, in parallel with 
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epithelial-mesenchymal transition (EMT)124,125. Single-cell sequencing is therefore crucial 

for characterizing the complete heterogeneity of the cells in tumors and the tumor 

microenvironment since cancer is comprised of many cell states with divergent gene 

expression. Development of this technology to study the dysregulated state of the cancer 

epigenome will allow for characterizing which cell types in the tumor, and which regions of 

the cancer epigenome, have misregulated gene expression due to aberrant 5mC and genome-

NL contacts. The impact this will have on the field is expanding our understanding of how 

multiple epigenetic features are related and dysregulated in cancer cells and underlying 

causes of the disease at the molecular level in individual cells. 

 

B. Future Directions  

1. Increase Throughput with Single-Cell Combinatorial Indexing 

To increase the number of cells that can be sequenced in one experiment, a single-cell 

combinatorial indexing (sci) strategy could be used. Sci methods have been implemented to 

measure chromatin accessibility, DNA methylation, transcriptional dynamics, and profile the 

genome with a potential throughput of up to one million single cells by a three-level 

barcoding strategy94,126–128. Combinatorial indexing allows sequencing of many cells by 

creating unique barcodes for each cell that are a fusion of multiple rounds of barcoding. The 

method typically starts by isolating nuclei from cells, crosslinking them with formaldehyde 

to keep the nuclei intact, and then depleting the nucleosomes with SDS (Fig. 65a). Next, 

nuclei are distributed into individual wells and are each molecularly tagged with well specific 

barcodes, using restriction enzymes to create the sites for adapter attachment. Nuclei are 

pooled, a limited number are redistributed into the wells to prevent cells from receiving the  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

 

 
Fig. 65 | Increase cell throughput with single-cell combinatorial indexing (sci). (a) Formaldehyde fixed 

nuclei are depleted of their nucleosomes, distributed to the well plate, enzymatically digested with DpnI and 

MspJI, and then well/mark specific barcodes, containing a spacer, are ligated to the fragments. (b) Nuclei are 

pooled and redistributed into wells to attach the second set of barcoded adapters, containing similar 

components as in sc5mC+DamID v1. (c) Nuclei are pooled and retributed a final time and IVT and RT are 

performed. (d) The third set of barcodes are added via PCR to produce the final library. 
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same barcode, and then a second round of barcodes is added by ligation (Fig. 65b). Nuclei 

are pooled one last time and redistributed, lysed, IVT and RT are performed (Fig. 65c), and 

the third barcode is added by PCR using modified Illumina adapters, increasing the unique 

combinations of barcodes (Fig. 65d). This strategy may be implemented as sci-5mC+DamID 

sequencing by first modifying the 5mC and DamID adapter ligation step, seen in Fig. 9b, to 

initially attach only a cell barcode that contains an overhang for ligating an adapter onto it. 

The adapter will be a modified version of the adapters in Fig. 9b, containing a 

complementary overhang to attach to the first barcode. By attaching the first barcode to the 

restriction sites, pooling, splitting, and then ligating to it the modified version of the 

5mC/DamID adapter, two barcodes will be added in series to each cell. The third barcode 

will be added in the PCR step, seen in Fig. 9d, in which the Illumina P5 PCR primer will be 

modified to contain a barcode after the sequence complementary to RA5. A barrier to the sci 

method may be keeping the nuclei intact, to ensure they can be sorted without their contents 

leaking. This will likely involve optimization of the reagents and concentrations used in the 

protocol. Currently our method only allows for sequencing up to 384 cells per plate, however 

we are still able to see heterogeneities in 5mC and LAD profiles with even a few cells. A sci 

technique would prove particularly useful for dissociating a tumor and profiling the 

epigenomes of all the cell types it contains as well as profiling rare cell types within the 

tumor.  
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2. Reposition LADs by Perturbing Boundaries to Change 5mC and the full hierarchical 

mechanisms of epigenetic regulation 

To further investigate and subsequently prove the causation between changes in 5mC and 

genome organization, individual LADs could be repositioned with the notion that this will 

impact genome methylation. A method to repositioning LADs is perturbing their boundaries 

by adding methylation to boundary elements. Editing DNA methylation has been achieved 

by using a dCas9-DNMT3A/TET complex and guiding it to a DNA target site with guide 

RNA to add/remove 5mC (Fig. 66a)129. LADs could be repositioned to the nuclear interior 

using dCas9 tethered to an enzyme that changes DNA methylation, such as DNMT, to target 

the borders of LADs (Fig. 66b), containing the insulator protein CTCF which is thought to 

play a role in LAD confinement, and maintaining boundary and structure22. By adding 5mC 

to the boundary of the LAD, the potential outcomes are it will destabilize the LAD and 

reposition it to the nuclear interior, or changing the methylation of only the boundary 

elements is not sufficient to reposition the LAD. If the LADs do reposition (Fig. 66b, 

(a)                       (b) 

      
 

Fig. 66: Repositioning LADs by perturbing boundaries to change 5mC. (a) dCas9-DNMT3A/TET 

complex for modifying DNA methylation at target locus. Figure adapted from X. S. Liu et al. Cell 

(2016). (b) Hypothetical 5mC (left) and Dam profiles (right) before LAD boundary elements 

modification (top), after modification (t0) and after methylation response to genome reorganization (t1). 
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middle), a corresponding methylation change in the region in most of the cells will occur if 

these epigenetic features display causation (Fig. 66b, bottom), or the repositioning may not 

change the methylation, which suggests the observed repositioning of LADs and iLAD in 

response to DAC global demethylation may be a part of a higher mechanism of epigenetic 

regulation. The genome-NL contact profiles and methylation would be measured in a time 

course experiment to observe the stages of repositioning and to determine the response time 

delay in methylation change. A backup strategy if adding the methylation to the boundary 

elements isn’t sufficient to reposition the LADs is using siRNA to knockdown nuclear 

envelope transmembrane proteins to reposition LADs, which has been shown to reversibly 

reposition the normal peripheral positioning of chromosome 5 in liver cells130. Alternatively, 

the dCas9-TET system could be used to demethylate a tumor suppressor, which could in turn 

cause global reorganization of LADs/iLADs, which may result in global methylation 

changes. The CRISPRa (dCas9 activation) system should not be used initially however, 

because although it can activate genes and reposition them to the nuclear interior, it could 

change more epigenetic features than 5mC, such as histone modification as well, obscuring 

the direct relationships between genome-NL contacts and DNA methylation. The full 

causation of DNA methylation and genome organization will be proved if in addition to 

changing the 5mC repositions the LADs, as observed in the DAC experiments, repositioning 

the LADs changes 5mC at the single-cell level. 

To better understand the full hierarchical mechanisms of epigenetic regulation within the 

single cell, additional components can be measured simultaneously by developing more 

advanced sequencing strategies. One such method could be measuring 5mC, genome-NL 

contacts, histone modification, and transcriptome all within the same cell for the larger 
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picture of the causation between epigenetic features and the transcriptome. Measuring 

genome-NL contacts and transcriptome within the same cell was already achieved with A-

Tailing and Poly-T Priming (v2.2 of the protocol), which will be described further in Chapter 

V, and measuring 5mC and genome-NL contacts within the same cell is doable, suggesting 

measuring the additional features is possible. A way to observe this with the methods already 

developed is by adding a polycomb repressive complex 2 (PRC2) inhibitor to the cell media, 

preventing methylation of histone H3 on lysine 27131,132. Since the H3K27me3 histone 

modification is associated with high contact frequency (consistent) LAD regions (Fig. 46i) 

and the locations in LADs that don’t reposition when DAC is added (Fig. 56i), if DAC and 

PRC2 inhibitor are added together, there would likely be an increase in genome 

reorganization compared to adding only DAC, which could result in further methylation 

changes. By using this PRC2 inhibitor alongside DAC and performing the 

sc5mC+DamID+Transcriptome protocol in Chapter V, the connections between DNA 

methylation, genome-NL contacts, transcriptome, and histone modification (H3K27me3 in 

this example) would be revealed (Fig. 67). 

 

 

 
 

Fig. 67 | Causality of epigenetic features and transcriptome. 5-methylcytosine, histone 

modification and genome-NL contacts may all interact synergistically to influence gene expression. 

Likewise, gene expression may influence these epigenetic features.  
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