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CHAPTER 1: INTRODUCTION
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DNA is life 

 DNA, it is the most complex molecule that everyone knows about. Over the past 

few decades DNA has made its claim to fame in pop culture, in movies, in music, and in 

art. One has to only mention Jurassic Park and their thoughts turn to DNA. Indeed, DNA 

has become commonplace from dinner table to benchtop table. It has also become familiar 

the realization by the general public the importance of DNA—from the expression of genes 

to heredity. In the 19th century the father of genetics, Gregor Mendel, was the first to 

unknowingly refer to DNA as a 'substance' that is passed from generation to 

generation(Strachan et al., 2019). The first to isolate DNA was Frederich Miescher also in 

the mid-19th century, and he termed this molecule, nuclein (Dahm, 2008). For the next 

100 years, scientists learned more about this mysterious molecule of life. Further key 

discoveries included the identification of nucleic acids by Albrecht Kossel , "jumping 

genes" by Barbara McClintock (McClintock, 1953), and DNA structure discoveries by 

Roslind Franklin and later James Watson and Francis Crick. But why is there such a fuss 

about DNA? Why is it so important? How does it work? 

  First, we will have to explore what the physical properties of DNA are in terms of 

its chemistry and its structure. We will also explore what the mechanistic properties of 

DNA are, how it interacts with other molecules in the nucleus, and what do we know of 

DNA organization and three-dimensional structure. Lastly, we want to consider what 

techniques that are currently available to interrogate DNA structure in the nucleus, what 

means do we have to study DNA? 

Intrinsic structure of DNA 

The molecular structure of deoxynucleic acid (DNA) consists of the combination of 

four nucleotides, cytosine, guanine, adenine, thymine. These nucleotides are joined 

together by covalent bonds, cytosine and guanine form a pair while adenine and thymine 

form the other pair. The cytosine and guanine pair are held together by three hydrogen 
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bonds while the adenine and thymine pair are held together by 2 hydrogen bonds. This 

means the energy that is needed to form or to break these bonds between these unique 

pairs are different. These nucleotides are joined together between the sugar molecule of 

one nucleotide and the phosphate molecule of another (Gregory et al., 2006). Other 

important components of DNA are phosphate and sugar groups, which forms the 

backbone of DNA. The sugars are joined by phosphate groups that form phosphodiester 

bonds between the 3rd (3'-end) and 5th (5'-end) carbon atoms of the nearest sugar 

molecule. Therefore, any DNA strand normally has one end where a phosphate group is 

attached to a 5' carbon and the other end there's attached to a 3rd carbon. In a single 

strand, the way DNA is oriented confers polarity of the strand itself. This fact becomes 

critical because when two DNA strands come together, they position themselves in a 

manner where the 5'-end on one strand connects to the 3'-end of the opposing strand. 

DNA strands come together in an antiparallel manner, and together with intrinsic steric 

properties of the DNA macromolecule, it forms the infamous double helix discovered by 

x-ray crystallography by Rosalind Franklin (Franklin and Gosling, 1953; Gregory et al., 

2006; Mandelkern et al., 1981, 1970). The DNA has two very essential physical properties 

that is worth remembering, the first is that DNA can form extremely long polymers with by 

repeating backbone and nucleotide units along its length, the other is that DNA it's quite 

flexible along its length, conferring and capable of taking on coiling shapes, looping 

shapes, and many other conformations (Mandelkern et al., 1981). 

Mechanisms in DNA function 

Still to this day, we are trying to figure out the many ways in which DNA functions 

as a key player in cellular functions. It is well established that the role of DNA is to serve 

as the blueprint for transcription and translation of genes--the unit of DNA that contain the 

specific instructions for the formation of functional proteins (Koonin et al., 1989). For 

decades scientists had a very one-dimensional view of how genes were expressed. 
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Indeed, this is how we formulated the central dogma of molecular biology where 

everything starts with the instruction manual of DNA then the code of DNA is transcribed 

to RNA, and then the code of RNA it's translated to form amino acid—the building blocks 

of proteins (CRICK, 1970). However, as the fields and molecular biology and genetics 

progress the central dogma has become more and more appended. We now must make 

space for modifications found in transcription as well translation within the process of 

making proteins (Franks et al., 2017; Struhl, 1999). This, in large part, is due to DNA's 

intimate relationship with many proteins that contribute to its function. Indeed, chromatin, 

the marriage of DNA, polymerases, histones, transcription factors, and others contribute 

to the whole functional unit that make proteins synthesis happen (Dame, 2005). Chromatin 

plays many pivotal roles, the way DNA functions, and the way that DNA is shaped. Within 

a diploid human cell, we can find approximately 2 meters of DNA in ~10 µm diameter 

nucleus. Thus, one of the primary functions of chromatin is to the package DNA into more 

compact structures by use of histones and other structural proteins (Hansen, 2012; 

Mandelkern et al., 1981). 

Chromatin conformation, does form follow function? 

  Now that we know that DNA can take on many shapes with the help of it's structural 

protein partners, does this interplay of chromatin and its ability to change shape contribute 

to function? In other words, does DNA form follow function? It is truly difficult to imagine 

tightly packed DNA and the nucleus can be so dynamic, to take on many forms. Through 

many decades scientists have sought to decipher shapes that DNA can take on, probably 

one of the most striking shapes and most people are mitotic structures that were first 

characterized by Ito, et.al. (Hansen, 2002; Ito et al., 1994; Lieberman-Aiden et al., 2009; 

Maeshima et al., 2010; Mandelkern et al., 1981). This form of DNA is, perhaps, the most 

condensed and it is very tightly wrapped. As molecular techniques and microscopy have 

improved, we now know that the spatial arrangement of chromatin in the nucleus is not 



5 
 

random (Nicodemi and Pombo, 2014). This includes the elusive view within interphase 

nuclei, which gives us insight into the conformations that take place—the part of the cell 

cycle a cell spends the most time within. If we take a zoomed out to a zoomed in view of 

chromatin organization in the nucleus, there is an established hierarchy or model that 

exists in the form of chromosome territories, functional transcriptional compartments, self-

interacting domains, and chromatin loops of active transcription and transcription 

regulatory sites (Gilbert et al., 2004; Lieberman-Aiden et al., 2009; Misteli and Finn, 2021). 

Methods into viewing distinct territories in the genome 

In a diploid cell, there are two copies of each chromosome. Humans have 23 

unique chromosomes and all somatic cells, one copy is maternal and the other copy is 

paternal. Viewing interphase chromosomes has been a technical challenge, even to this 

day. Indeed, scientists were able to view mitotic events with electron and light microscopy 

(Brack and Griffith, 2008; Paweletz, 2001). But the decondensed individual chromosomal 

structures in between cell divisions were elusive. A key experiment by Cremer and Cremer 

confirmed that single chromosomes occupy distinct territories within the confines of the 

nucleus. They did this by implementing a new technology called fluorescence in situ 

hybridization (FISH). The technique used fluorescently labeled probes complementary to 

the DNA sequences of specific chromosomes were used to interrogate the location of 

these structures in an intact chicken nucleus (Cremer and Cremer, 2001). In the field of 

microscopy, FISH became the workhorse when looking at genomic structures like 

chromosome territories. FISH together with high-resolution microscopy, it was discovered 

that these territories consist of multiple subdomains that occupied distinct regions in the 

nucleus, they can border each other closely, and they are not randomly arranged (Cremer 

and Cremer, 2001; Cremer et al., 2012; Langer-Safer et al., 1982). 
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Chromatin Conformation Capture transforms knowledge on genome organization 

  Since the Cremer and Cremer study in 2008, there was a ten-year lag in FISH and 

microscopy technologies to look at the inner workings of chromatin organization. This did 

not deter scientists, however, as multiple molecular techniques were developed to 

interrogate the structure of the genome. One such technique is chromatin conformation 

capture (3C). The 3C technology called HiC, has been instrumental in uncovering lower 

order structures of chromatin. Briefly, it works by cross linking chromatin to formaldehyde 

it is then digested into smaller fragments and relegated such that DNA fragments that are 

in close proximity to each other are covalently linked. These covalently linked DNA 

fragments are then sequenced, and subsequently those sequences can be aligned 

programmatically to the exact genomic coordinates from where they are located. In the 

end the readout is the locations of discrete points of the genome that are found in close 

proximity in situ (Dekker et al., 2002; Lieberman-Aiden et al., 2009). The use of HiC has 

corroborated the existence of chromosome territories, and it has also uncovered 

structures called compartments, and smaller domains called topologically associating 

domains (TADs) (Dixon et al., 2012). Discovery of Compartments happened through 

eigenvector chromatin interaction analysis that found there was higher level of compaction 

end specific regions of the genome. Compartments can be classified as having open 

chromatin states that are called A compartments, and structures having more closed or 

compact states are called B compartments. These distinct regions were confirmed by 

aligning these sequences too epigenetic markers. A compartments, for example, was 

found to have a high level of transcriptionally active genes that correlate with non-

repressive markers such as H3K9ac and H3K27ac, high GC content, as well as 

hypersensitivity to DNAse I. Whereas the opposite was found in B compartment regions. 

B compartment regions contained a high level of silenced genes and had a high correlation 

with repressive histone marks such as H3K9me2, H3K9me3 (Lieberman-Aiden et al., 
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2009). It was also shown that these compartments occupy non-random positions in the 

nucleus. A compartments had a tendency to localize in the center of the nucleus and B 

compartments preferentially localized to the periphery of the nucleus. Electron microscopy 

corroborate with these B compartment findings as it was found that heterochromatic 

regions of the genome localized to the nuclear lamin (Fawcett, 1966; Steensel and 

Belmont, 2017). 

High resolution HiC and eigenvector analysis reveal novel sub-compartments 

  In a landmark study, these compartments were subdivided into sub-compartments. 

This was done in a high resolution (1 kb) HiC dataset on human diploid B-lymphoblasts, 

GM12878. What this group found was that each A/B compartment can be split into at least 

five sub-compartments defined by their long-range interaction patterns. A compartments 

are sub-divided into A1 and A2 sub-compartments. A1 and A2 sub-compartments are 

gene dense, they localize away from repressive regions of the nucleus such as the nuclear 

lamina and nucleolus associated domains (NADs), and they possess chromatin histone 

modification marks such as 3K36me3, H3K79me2, H3K27ac, and H3K4me1 associated 

with active gene expression. The B1 sub compartment is correlated with facultative 

heterochromatin where histone H3K27me3 is found and is depleted with histone 

H3K36me3. Subcompartments B2 and B3 do not possess the histone modification marks 

found on sub compartment B1. The majority (62%) of sub compartment B2 can be found 

in peri-centromeric regions, and it is enriched in nuclear lamin associated domains (LADs) 

and in NADs. Sub compartment B3 is enriched in LADs but depleted in NADs (Rao et al., 

2014).  

Topologically associating domains form functional neighborhoods for gene 

expression 

  Hi-C experiments revealed another level of compaction and chromatin 

organization that is a lower order to compartments, where it was observed that chromatin 
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was partitioned into self-interacting domains. These structures are known as topologically 

associating domains (TADs), and they occupy the genome in arbitrary size ranges from 

Mb to dozens of kb in genomic span (Dixon et al., 2012). TADs have been found among 

many mammalian genomes and thus are most likely highly conserved. TAD boundaries 

have been found to be enriched with CTCF genomic sites where interactions with the 

SMC-cohesin complex occur. In addition, it has been found that some types of genes are 

on the boundaries of TADs. These TAD boundaries are defined by cell type, by the loading 

and unloading of cohesin along the chromatin. Thus, the size of these TADs is dependent 

on the location of cohesin in respect to CTCF sites on chromatin, a highly dynamic process 

(Hughes et al., 2014; Nora et al., 2012). In contrast to this, other data suggest that the 

formation of TADs is random in cells that have been depleted of cohesin, this points to an 

alternative mechanism in which TADs can be generated through spontaneous self-

interactions inherent in chromatin. It is possible that the CTCF-independent generation of 

TADs is connected to the location of gene transcription, as there is evidence that TAD 

boundaries occur near gene promotors—although only when cohesin protein is available 

(Lieberman-Aiden et al., 2009). TADs can be thought of as distinct neighborhoods in which 

the intricate process of gene expression regulation happens. Indeed, within TADs there is 

enrichment for enhancer and promoter interactions, as well as genes. Although the 

complete function of TADs is not fully understood, we can appreciate that they serve as 

fundamental meeting places where all the transcriptional players do gather. 

Exploring the purpose of maintaining a hierarchy within the genome 

  Even though the genome is organized in a hierarchical manner, what would be the 

purpose of such organization? The answer is most apparent in the cases of diseases, or 

some sort of physiological dysfunction. If we assume that normal Physiology confers a 

consensus in chromatin organization at the level of compartments and at the level of 

TADs, it is possible to use the detection of these levels of nuclear organization as a 
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readout of disease or abnormal function. Certainly, when compared to wild type 

organization, the topology of a given locus may encounter events of deletion, duplication, 

inversions, impairment of double stranded break repair, as well as epigenetic changes, 

and novel insertions of viral genome (Boltsis et al., 2021; Misteli, 2010). Any one of these 

events would disrupt the normal pattern within the genome. In that case, it is not 

unconceivable that any one of these incidents could contribute to transcriptional 

alterations on a locus, or a genome wide fashion. Recent studies have shown that the 

cause of aberrant conditions or disease appears to be independent of genome 

conformation alteration mechanism. What this means is that genome architecture is 

closely intertwined with the way in which our genes are expressed and at what levels they 

are transcribed. One hypothesis on how genome organization is tied into abnormal 

transcription is how A/B compartments interact with each other (Bridger et al., 2000; 

Criscione et al., 2016; Xie et al., 2017). There is some evidence that A compartments and 

B compartments are isolated from one another in a membrane-less phase separate state. 

Any perturbation that happens with the any of the incidents mentioned would potentially 

disrupt the intricate and ordered phases of each compartment (Feric and Misteli, 2021; 

Feric et al., 2016). For example, some cancers show widespread epigenetic changes 

where A/B compartmental switching, A/B compartmental mixing, and TAD alterations are 

observed when compared to the compartment and TAD architecture of non-cancerous 

cells.  

  Although the recent discoveries of genome hierarchy have transformed the field of 

biology and how we think of the way the genome occupies space. This, with additional 

insight into the way it works, these findings are mostly connected through analysis of 

molecular techniques such as HiC. One significant limitation of these molecular 

techniques is that they are applied to large populations of nuclei to identify chromatin in 

close proximity. While this gives us reliable insight and to pooled population biology, it has 
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not been so reliable for features that may be found on a single cell level—this would 

include homolog resolved analysis in diploid cells. Therefore, it is important to have 

accessibility to a technology or technologies that would enable us to resolve features on 

a single cell level. Recently, the development of new fluorescent in situ hybridization 

(FISH) techniques as well as super-resolution microscopy has opened the doors for 

interrogating the structure of the genome. 

Exploiting novel genome labeling and microscopy technologies to visualize DNA 

  The knowledge that we have gained from HiC over the past few years has been 

astounding. Scientists have gathered many insights into the organization of the genome 

through this molecular technique. HiC, however, has an inherent limitation where the 

observation of the genome is purely synthetic and computationally based. The Holy Grail 

would be the use of techniques that would enable us to observe the genome and it's 

architecture in situ. Surely, it cannot be argued that targeting specific regions of the 

genome and visualizing the genome has been a tall order for many decades. This is largely 

because there are several obstacles to overcome. First, if we were to target the genome 

the first set of obstacles would be physical in nature such as the cell membrane contents 

of the cytoplasm the nuclear membrane and heterogeneous milieu that we find in the 

nucleus. Second, we must probe specific sequences within the approximately 3 billion 

base pairs in the genome. Lastly, once your regions of interest are targeted, how does 

one visualize in a manner that suits your experimental questions? How large or how small 

are these regions of interest? For many years scientists have encountered and tried to 

resolve these problems. Fortunately, over the past decade there have been a few 

technologies that are beginning to address each one of these limitations. The first is 

advancement is the development of Oligopaints, and the second is the availability of 

super-resolution microscopy. At this period of time, we are at an inflection point where 
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these technologies can be combined to leverage our ability to target and observe the 

genome with high accuracy and high resolution. 

Oligopaints: a flexible and precise way to probe DNA in situ 

  The recent implementation of the new FISH probe technology, Oligopaints, has 

transformed the field of genome detection in situ (Beliveau et al., 2012). Prior to 

Oligopaints, probe design was limited to longer sequences and less efficient single 

stranded DNA or RNA probes, and they did not always confer a high level of region 

specificity. The development of Oligopaints used a bioinformatics pipeline that simulated 

the thermodynamics of probe target hybridizations across the whole genome, and 

included added flexibility of testing for melting point temperature and GC content. The 

result of this simulation produced probes that were about 32-mer sequences, a length that 

is compatible with accurate and dense coverage of the genome. The human database for 

these probes is also cross-checked with multiple organisms such as organisms in the 

microbiome to make sure that there will be no overlaps in probe sequences. Thus, the 

result is a list of probes of short sequences that are designed to have complementarity to 

unique sequences of the genome with high specificity (Beliveau et al., 2012). Since the 

first iteration of Oligopaints, the technology has evolved to be even more specific targeting 

more regions of the genome—doing this with multiple human genome assemblies and 

other model organism genomes (Beliveau et al., 2018; Boettiger et al., 2016; Kishi et al., 

2019; Nguyen et al., 2020; Nir et al., 2018). With the generation of probes that would have 

homology to the genome, there is also a generation of a database of probes/sequences 

that will not have any homology to the human genome. The list of these non-homology 

(nGHR) sequences added flexibility to Oligopaints. nGHR can be appended to the 5'-end 

or the 3'-end of the Oligopaints probe sequence. This gives an innate ability two bar code 

for potentially two different features on a probe-by-probe basis. to visualize these probes 

individually, fluorescent conjugates are typically used. These conjugates can either be 
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bound to the probe itself or they may be bound to other secondary probes with 

complementarity to 5' and 3' nGHR. At its highest potential, one can detect single bursts 

of fluorophore molecules to represent a single probe(Beliveau et al., 2012; Nir et al., 2018). 

3D STORM: observing beyond the diffraction limit of light 

  What is the single best way to observe the genome in situ? What are the most 

important factors that one must consider? Especially in the case of interphase cells, the 

use of microscopy to visualize the genome has been elusive. This is because the signal-

to-noise ratio/contrast has been low, our targeting technologies has been weak, and our 

resolution less than ideal. Historically the best method that was used to image the genome 

what is the use of electron microscopy (EM) (Dehghani et al., 2005; Golomb and Bahr, 

1974). Although, EM had the main benefit of absolute resolution, it is limited and that I 

cannot select specific regions of interest to target and visualize. Recent work in the 

electron microscopy field, however, has made some headway and being able to isolate 

nuclear ultra-structures within their fields of view. The recent development of ChromEMT 

Is a good example of this (Ou et al., 2017). In addition, there has been some headway on 

the benchtop where fluorescent microscopy and electron microscopy are performed in 

tandem, opening exciting new ways to visualize biology. While it doesn't have the 

resolution of electron microscopy, fluorescence microscopy has evolved to have the 

capability to image at a resolution beyond the diffraction limit of light. The development of 

super-resolution microscopes has transformed the way we can visualize biology with high 

signal-to-noise and with high resolution (Diezmann et al., 2017; Rust et al., 2006; 

Vangindertael et al., 2018). In conjunction with microscope evolution, there has been great 

headway in the field of fluorophore chemistry, together this has made super-resolution 

possible (Dempsey et al., 2011; Kozma and Kele, 2018). Although there are many 

versions of super-resolution microscopy, the use of Stochastic Optical Reconstruction 

Microscopy (STORM) has gained traction in the genomic imaging field. 3D STORM is an 



13 
 

imaging platform that allows for the detection of the location of single molecules (SML) in 

three-dimensional space. Briefly, the way it works is by the detection of the activated state 

of fluorescence and photo-switchable molecules. This must be done in a manner that 

ensures sufficient number of photons to be omitted two and able a precise localization on 

that molecule before it becomes deactivated and goes into a dark state or is 

photobleached. Thus, there is a subset of fluorophore chemistries that will work in 

STORM. In addition, these activated fluorescent molecules must be in a distance that 

exceeds the diffraction limit of light (~250 nm) In order to have concurrent recording of 

many individual molecules. To overcome the diffraction limit of light, these fluorophore 

emitters have a unique quality that enables them to emit light in a spontaneous or 

stochastic manner. These bursts of emissions are recorded as point spread functions 

(PSF, the spread of light) of individual molecules with high precision. Next, the positions 

of the PSF molecular centroids are recorded in the x, y, z coordinates. The centroid 

position of each identified molecule is statistically fitted to a Gaussian function Where the 

precision is correlated to the number of detected photons from single molecules. 

Therefore, the precision increases with respect with the number of photons captured. The 

coordinate location of each molecule recorded in a table format which can be used to 

generate a reconstructed image from these coordinates (Bates et al., 2005; Bock et al., 

2007; Dempsey et al., 2011; Heilemann et al., 2008; Hess et al., 2006; Lee et al., 2010; 

Rust et al., 2006; Vogelsang et al., 2009). 

Oligopaints and 3D STORM: two forces combined to make in situ observation of the 

genome hierarchy achievable 

  Because of the added flexibility the barcoded nGHR provides on Oligopaints, 

several laboratories have exploited this unique feature so that multiplexing can be 

incorporated into imaging experiments. Typically, this involves the use of either a 

pneumatic or a peristaltic microfluidics system end which multiple reservoirs can be used 
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2 sequentially hybridize new probes, implement washes, all done by simple programming. 

For example, Nir, et.al. was able to trace an 8 megabase locus of human chromosome 

19. the eight megabase region was split into 9 segments, where each individual segment 

can be targeted and imaged one at a time via a fluorophore-conjugated secondary oligo 

that has complementarity to and binds the 5'-end nGHR. This same segment can be 

further divided into several sub-regions where each individual sub-region is sequence 

barcoded differentially with the 3'-end nGHR. Thus, one can perform several rounds of 

hybridizations and microscopy acquisitions to target any region that is sequence barcoded 

on either 5'-end or 3'-end nGHR. By using this method Nir, et.al. was able to walk along 

the eight megabase region with an output that is in the nanoscale resolution. This 

landmark study was the first of its kind to display a contiguous trace at that scale (8 Mb) 

of two human chromosome homologs using sequential Oligopaints and 3D STORM 

(Beliveau et al., 2018; Nir et al., 2018). 

Experimental rationale 

The invention of Oligopaints and super-resolution microscopy has opened the door 

for exploration of the intricacies of genome organization. For the first time history, we can 

visualize and scrutinize the 3-dimensional makeup of the genome given the high resolution 

and coverage possible with these two technologies. Thus, one of the questions that we 

wanted to explore with the study detailed in this document was, how far can we push the 

technical limits of these methods? Specifically, with the direct goals of improving 

resolution, increasing total time in image acquisition, and targeting larger overall size of 

genomic loci. Prior to the study covered in this document, one of the most comprehensive 

publications in this field came from Nir, et. al. 2018, by using only OligoSTORM to peer 

into genome organization. In this study, they were able to interrogate several segments in 

~8.0 Mb region of human chromosome 19 over the course of multiple rounds of automated 

microfluidics and OligoSTORM. This landmark study was a proof-of-concept 
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demonstration that components of genome organization can be isolated and visualized at 

a resolution greater than the diffraction limit of light—giving us insight into the structural 

features of lower-order portions of the genome, such as, topologically associating 

domains. To add to pushing the limits from a technical perspective, we must consider the 

infrastructure needed to undertake such data intensive procedures. The ultimate goal in 

the field is to image and record the 3-dimensional genome using super-resolution 

microscopy, and improvements are necessary in the aspects of data processing speeds, 

data analysis, and data storage capacity in order to make this "moonshot" possible. 

Another open area for us to exploit is to observe key genome organization levels; from 

higher-order to lower-order, such as chromosome territories, functional compartments, 

sub-compartments, and topologically associating domains; imaged concurrently to assess 

their spatial relationship in respect to each other. We aimed to do this using super-

resolution, as this is the only way in which we can observe all these features. Indeed, the 

question remains, what does the genome look like with the context of whole chromosome 

territory, compartment/sub-compartment, and topologically associating domain context. 

Given the accessible resolution demonstrated by OligoSTORM, we sought to compare 

high resolution HiC of a cell type from a pooled analysis to that of single cell display from 

super-resolution microscopy—how reflective is pooled HiC data to single cell super-

resolution microscopy? 
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Chapter 2: Materials and Methods 
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2.1 Manual curation of topologically associating domains from a HiC dataset 

Genomic coordinates of GM12878 chromosome 9 (Chr 9) topologically associating 

domains (TAD) were manually curated using version 1.9.8 of Juicebox: Visualization 

software for HiC data. The final genomic coordinates recorded reflect the most resolute 

TADs using a balanced normalization in a viewing window of 1.0 kb, 10-15 kb or 25 kb. 

As such, recorded coordinates are regions that span the genomic length of a single 

topologically associating domain (TAD) at the highest resolution viewing window. In 

addition, all topologically-associating domains were assigned to sub-compartments (A1, 

A2, B1, B2, B3) as defined by Rao, et al (Rao et al., 2014; Robinson et al., 2018).  

2.2 Mining of Oligopaints on human chromosome 9 

OligoMiner was used to sort out a balanced selection of in situ hybridization 

oligonucleotide probes (Oligopaints) from a repeat-masked hg19 reference genome. 

These Oligopaints (GHR) of 35-42-mer of single-stranded DNA were qualified for their 

homology to genomic regions of curated TAD coordinates recorded from GM12878 Chr 9 

HiC, at a coverage density of 2.2-10.3 probes kb-1TAD-1. Thus, an Oligopaints library was 

designed programmatically to extract the probes that intersect only our TAD genomic 

coordinate regions from manual curation. All oligopaints probes were then appended with 

non-genomic homology sequences that flanked the GHR on 5' (Mainstreet) and 3' 

(Backstreet) ends. The goal was to use Mainstreets and Backstreets as nucleotide 

barcodes to specifically target regions of interest, i.e. individual TADs or all TADs in a 

functional sub-compartment. These appended streets, together with a universal library 

forward priming index sequence (terminal 5'-end) and universal reverse priming index 

sequence (terminal 3'-end), were assembled with OligoLego where each probe is 

composed, from 5’ to 3’: universal forward priming index (FPR); 5’-non-genome-homology 

nucleotide barcode region (Mainstreet); GHR; 3’-non-genome-homology nucleotide 

barcode region (Backstreet); universal reverse priming index. Each Oligopaints probe also 
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included sites for a “toehold” site that facilitates multi-cycle and multi-directed imaging 

using automated microfluidics (Beliveau et al., 2018). 

2.3 Design of an Oligopaints library targeting multiple regions of human 

chromosome 9 

An Oligopaints library of 88,666 probes was synthesized by Twist Biosciences 

Oligo Pools service (San Francisco, CA) and were generated with the following 

specifications: genome homology regions (GHR) were designed to uniquely target and tile 

all regions of interest (ROI) in the library. Mainstreets are nucleotide barcoded for specific 

targeting of the pre-selected 80 individual TAD ROI. Backstreets confer specific targeting 

of the first TAD of segments 1-8 and the first TAD of segment 9 (BrT), these TADs are 

known as segment representatives. These segments, consisting of multiple sequential 

TADs each, were selected to isolate approximate genomic equidistant TAD clusters 

spanning the length, p-arm to q-arm, of chromosome 9. Minus the probes of segment 

representative TADs, all other Oligopaints probes were appended with Backstreet 

barcodes to identify their sub-compartment assignment on an individual sub-compartment 

basis. Given this, analysis of BrT Backstreet targets was performed using a multiple step 

qualification process via image co-localization and density-based clustering to confirm its 

sub-compartment assignment. 

2.4 Oligopaints library synthesis and amplification to a working concentration 

The Oligopaints library was synthesized by Twist Biosciences (San Francisco, CA) 

as a pool of a non-working stock solution. The amplification of our sub-libraries begins by 

validating and optimizing the concentrations of template and primers (Integrated DNA 

Technologies, Coralville, IA) using real-time polymerase chain reaction (PCR). After 

optimization, we performed large scale PCR to amplify our single-stranded template into 

a double-stranded product. Subsequent to PCR, product was purified using a DNA Clean 

and Concentrator-25 kit (Zymo Research, Irvine, CA). This purified product served as a 
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template to for in vitro transcription of our product using a T7 RNA polymerase reaction 

(targeting a T7 promotor sequence overhang from the reverse primer) (New England 

Biosciences E2040S). The single-stranded (ss) RNA product from this reaction is then 

reverse transcribed (ThermoFisher Scientific EP0752). Single-stranded is generated from 

the reverse transcription reaction and RNA contamination is digested by a mixture of (1:1) 

0.25M ethylenediaminetetraacetic acid (EDTA) and 0.5M sodium hydroxide (NaOH) in 

95°C high heat for 10.0 minutes. Finally, the ssDNA product is concentrated and purified 

using the DNA Clean and Concentrator-100 kit using a oligo binding solution for selective 

single-stranded clean-up. As a last validation step, we performed DNA gel electrophoresis 

to assess DNA band size to our expected probe length (Beliveau et al., 2012, 2018; Nir et 

al., 2018). 

2.5 Cell culture of GM12878 B-lymphocytes 

GM12878 cells were handled and maintained in accordance with the standard 

operating procedures formulated by the 4D Nucleome Consortium (National Institutes of 

Health). GM12878 cell cultures were grown in 5.0% CO2 and atmospheric O2 at 37.0°C to 

a confluency of ~2.0 million cells/mL in Roswell Park Memorial Institute 1640 (Corning 15-

040-CM) media suspension conditioned with 2.0 mM L-glutamine (Gibco 25030081) and 

15.0% fetal bovine serum (Seradigm 1500-500 lot 035B15). Cells were grown and 

expanded as needed in conditioned media. 

2.6 Cell and cell substrate preparation 

#1.5 40.0 mm german borosilicate glass coverslips (Bioptechs, Butler, PA) were 

cleaned and sterilized by ultrasonication (Branson 2800) in series with Branson solution, 

ddH2O, and ethanol for 10.0 min each; and finally coated with 0.01% (w/v) poly-l-lysine 

(Millipore Sigma P8920). GM12878 cells were seeded on poly-l-lysine coated glass 

coverslips with conditioned media for 1.0 hr in 5.0% CO2 and atmospheric O2 at 37.0°C. 

Coverslips were then gently washed in 37.0°C phosphate buffer saline (PBS) and fixed in 
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4.0% paraformaldehyde (Electron Microscopy Sciences 15710) for 10.0 min at room 

temperature (RT). Formaldehyde polymerization reaction was quenched with 25.0 mM 

sodium borohydride (Millipore Sigma 452882) for 7.0 min at RT. The cells were then 

permeabilized in 0.5% (v/v) Triton-X100 (Thermo Scientific 85112) in PBS for 10.0 min 

and subsequently in 0.1 N HCl for 5.0 min both at RT (Nir et al., 2018). 

2.7 3-dimensional DNA fluorescent in situ hybridization 

Fixed and permeabilized samples were prepared for 3-dimensional DNA 

fluorescent in situ hybridization (3D DNA FISH) by washing in 0.1% (v/v) Tween-20 

(Thermo Scientific J20605AP) 2X saline sodium citrate (Sigma Aldrich S6639) solution 

(2X SSC-T) at RT for 2.0 min two times. Unless stated otherwise, our sample of seeded 

GM12878 cells remained hydrated with buffer solution to aid in preserving the 3D integrity 

of chromatin. Next, we incubated in a 50.0% (v/v) Formamide (Millipore Sigma 344206) 

2X SSC-T used to facilitate sample DNA denaturation for 5.0 min at RT followed by 20.0 

min at 60.0°C (pre-conditioned). For each 40.0 mm coverslip, 35.0 μL of primary 

hybridization mixture was made by combining 50% formamide, 25% of 40% Dextran 

sulfate in 8X SSC-T, 1.4 μL RNase A (10.0 mg/mL, Thermo Scientific EN0531), 100.0 

pmol Oligopaints probes (2.85 μM probe/1.5 Mb target), volume ddH2O to 35.0 μL) is 

deposited on sample, sandwiched with a clean 22.0 mm X 30.0 mm glass coverslip, and 

edges sealed with rubber cement to prevent sample dehydration. The samples were 

immediately denatured for 3.0 min at 80.0°C and held at 47.0°C for ~48.0 hrs. After this 

primary hybridization incubation, samples were washed in pre-heated 2X SSC-T for 10.0 

min at 60.0°C and repeated four times. Coverslips were finally washed and held in PBS 

before time of automated microfluidics and image acquisition preparation (Nir et al., 2018). 

2.8 Preparation of microfluidics and OligoSTORM image acquisition 

We used an integrated microfluidics (Bruker, Billerica, MA) and single molecule 

localization nanoscope (Bruker Vutara 352) to perform all image acquisitions. A 1:600 
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dilution of 90 nm gold nano-urchin beads (Millipore Sigma 797707):1X PBS was mixed 

and 150 µL of the mixture was deposited on each sample coverslip. The mixture was 

spread on the sample by sandwiching with another 40.0 mm glass coverslip. Each sample-

containing coverslip was embedded with the gold nano-urchin beads by centrifugation at 

600xg for 3.0 min. These gold nano-urchin beads now embedded onto the sample serve 

as fiducial markers for drift correction because of extended time in 3D STORM acquisition. 

After centrifugation, the sandwiched coverslips were separated, and the sample 

containing coverslips are stored in 1X PBS (Nir et al., 2018). 

2.9 Diffraction limited image acquisition test of Oligopaints library 

For validation of the TAD library, GM12878 cells were seeded on Ibidi µ-Slide VI 

0.5 glass bottom slides (Ibidi 80607) and 3D DNA FISH was performed as described. 

Multi-stack fluorescence images were acquired using a Nikon Eclipse Ti2 Series inverted 

microscope. N=25 nuclei imaged for BrT backstreet target and N=22 nuclei imaged for 

TAD-1 target. Image processing and segmentation was performed using Imaris software 

suite (Oxford Instruments). 

2.10 Multistep OligoSTORM for library validation 

Multistep STORM was done using the 3D biplane Vutara 352 single molecule 

localization system from Bruker Nano equipped with a 60X silicon objective (Olympus 

Lifesciences) with a 1.3 numerical aperture (NA), and Bruker Microfluidics Accessory. This 

objective is not susceptible to spherical aberrations known to happen with other objectives 

of this type, making it suitable for interrogating the genome in 3D. For 3D STORM 

acquisition, our Oligopaints were detected with Alexa Fluor 647 tags and Alexa Fluor 405 

for photoactivation. Detection of the fluorescent signal was done via a sCMOS camera 

(Hamamatsu Orca-flash 4.0). Regions of interest were capture using a 10.0 ms exposure 

time within a 40.0 μm x 40.0 μm x 11.0 μm (x,y,z) field of view (FOV). A total of 5 nuclei in 

2 FOVs were imaged using 100 nm z-steps. Nuclei were selected based on their ploidy, 
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where only interphase diploid nuclei were chosen. For future reference, cells were 

numbered according to their x,y position in the FOV—the FOV was split into 4 quadrants 

where cells were identified numerically in the following manner: upper left, upper right, 

lower left, lower right. 

2.11 Automated microfluidics and 3D STORM: setup and implementation 

After primary hybridization and gold nano-urchin beads were embedded, the 

coverslip is mounted on the microfluidics chamber (Bioptechs FCS2) and microfluidics 

lines are connected to the Bruker Microfluidics Accessory. 2X SSC-Tween 20 (0.1%) 

buffer is pumped into the chamber displacing any air bubbles that may have formed. The 

small amount of detergent in our buffer also aids in preventing future bubbles from forming 

during the acquisition steps. Finally, the chamber with the sample is mounted on the 

microscope stage. The microfluidics and image acquisition cycles for OligoSTORM is 

programmed in Vutara SRX (Bruker's proprietary software) in the following fashion (flow 

rate=120.0 µL/min., and room temperature conditions, unless specified otherwise): (1) 

550.0 µL of 2X SSC-T held for 3.0 min. (2) 700.0 µL hybridization mixture 1 (50.0 pmol 

backstreet bridge BrT, 50.0 pmol AlexaFluor647-conjugated secondary oligos, 30% 

formamide in 2X SSC-T) held for 45.0 min. (3) 550.0 µL of imaging washing buffer (40% 

formamide in 2X SSC-T) held for 3.0 min. and repeated once. (4) 800.0 µL of 

STORM/switching imaging buffer containing 10% (w/v) glucose, 2x SSC, 50 mM Tris, 1% 

(v/v) β-mercaptoethanol, and 2% (v/v) of a GLOX stock solution consisting of 75 mg/mL 

glucose oxidase (Sigma Aldrich G2133250KU), 7.5 mg/mL catalase (Sigma C40-500MG), 

30 mM Tris, and 30 mM NaCl, flowed in the chamber twice and held for 5.0 min. so all 

fluid movement stops (5) FISH signal assessed using fluorescent widefield. (6) Fields of 

view (FOV) and their x, y, z-range coordinates are recorded, as well as a widefield 3D 

fluorescent image, stored as a reference for each FOV. (7) OligoSTORM single molecule 

localization (SML) begins (640 nm laser capturing 500 frames at 100 frames/sec. and 10.0 



23 
 

ms exposure time) with coordinates of FOV 1, capturing the whole range in the z-axis. 

After FOV 1 is captured to completion, the scope objective moves to  FOV 2 and repeats 

the 3D STORM cycle. (8) Steps 1-7 are repeated for each additional target. SML of a total 

of ten targets were imaged: (1) backstreet bridge (BS) BrT (2) mainstreet bridge (MS) 

TAD-1 (3) MS TAD-59 (4) TAD-95 (5) TAD-131 (6) TAD-191 (7) TAD-249 (8) TAD-300 (9) 

TAD-363 (10) TAD-431. 

2.12 Pre-analysis filtration and drift correction of SML data 

 The particle file for single molecule localization (SML) data from OligoSTORM 

acquisition was filtered where all particles fit ≤50.0 nm axial precision. Sample drift was 

corrected in x, y, z using at least 3 gold nano-urchin fiducials per field of view (FOV) using 

15 time interval setting on Vutara SRX program. Fiducials for each round of 

microfluidics/imaging were qualified using low-tolerance density-based spatial clustering 

of applications with noise (DBSCAN) of a maximum particle distance of 30 nm and a 

minimum 500 particles to form a single cluster, where each cluster represents a single 

round of imaging.  

2.13 Density-based analysis of single molecule localization data 

 We used Bruker's own SRX software to assess the spatial overlap and clustering 

of our single molecule localization (SML) data. First, we perform localization filtering where 

we disqualify all localizations under an axial precision of 50 nm. Drift correction is next 

performed using a center-of-mass function of fiducial clusters that are segmented using 

high stringency of density-based spatial clustering of applications with noise (DBSCAN). 

Qualification of fiducial localizations using high stringency of DBSCAN is applied so that 

the drift is corrected with very high accuracy. After drift correction, we applied DBSCAN 

again to filter only high-quality localization clusters. We next applied alpha surfaces to our 

clusters using an alpha radius of 100 nm, a global target distance setting (applied to all 

ROI) that is tethered to the maximum particle distance using in DBSCAN. Generation of 
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these alpha shape surfaces was essential to determine the spatial overlaps between more 

than one cluster. For example, we were able to determine quantitatively the overlap 

between DBSCAN qualified cluster(s) from round 1 of acquisition to round 2 of acquisition. 

2.14 Sample preparation and strategy for OligoSTORM of 86 genomic targets 

 GM12878 cells underwent the same preparations in terms of culturing conditions, 

sample preparations, and 3D DNA FISH detailed in sections 2.10-2.13 of this document. 

Once sample preparations were complete, automated microfluidics protocol was 

programmed into SRX for sequential hybridizations of 87 steps/rounds to include flow of 

hybridization mixes, washing buffers, and STORM imaging buffer in a manner and 

sequence detailed in section 2.3.9. Fields of view (FOV) were selected based on the 

criteria of robust FISH signal from all cells, nuclei had to present no visible aneuploidy, 

maximum number of cells in super-resolution FOV (40 µm x 40 µm). The first step of the 

sequential hybridization targeted the universal priming index regions with probes tagged 

to Alexa Fluor 568, and the BrT Backstreet barcode with probes tagged to Alexa Fluor 647 

(AF647). The diffraction limited FISH signal for BrT was used to assess the quality of the 

cells on the sample coverslip, and to select all the FOVs. Next the z-range was determined 

by the Alexa Fluor 568 FISH signal for the priming index sequences. This step was 

significant because we wanted to make certain the whole contents of our Oligopaints 

library had the potential to be imaged in OligoSTORM—capturing the whole potential z-

range of chromosome 9. Both diffraction limited BrT and priming index sequence FISH 

signals had the addition benefit of serving as region references, later used in ROI selection 

and confirmation steps. In all, six FOVs were selected, each containing 5-6 nuclei, utilizing 

the same microscope and microfluidics system settings detailed in section 2.3.9. Our 3D 

STORM system utilized single molecule detection of AF647 in all rounds of imaging, where 

AF647 is photoactivated in stoichiometric 1:1 ratio by a 405 nm-oligo-dye. The sequential 

OligoSTORM rounds included: round 1 targeted BrT Backstreet barcode, rounds 2-6 
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targeted a single sub-compartment Backstreet barcode in each round 

(B1>A1>B2>A2>B3). Image acquisition was terminated at round 23, where rounds 7-23 

targeted 3 individual TADs at a time, each belonging to a unique sub-compartment using 

their Mainstreet barcode. A maximum of all five sub-compartments and 52 of 80 TADs 

were acquired per chromosome 9 territory in each nucleus.  

2.15 Particle localization filtration and drift correction of 52 TAD multiplexed dataset 

 After 23 rounds of 3D STORM image acquisition, we encountered a large amount 

of noise in our localization data. For this reason, we needed to establish a novel protocol 

to isolate our nuclei of interest and to segment our signal with the least background 

possible. As a first step, we filtered all localizations that fit an axial precision of <50 nm. 

Doing this aided in cutting out about 1/3 of total localizations. We next located all nuclei 

that were imaged and numbered each nucleus according to their quadrant position. We 

then selected nuclei that were near three or more fiducial gold nanourchin beads. The 

reason for doing this is because it was observed that the bead drift pattern was not all the 

same, even in the same field of view. The opposite observation was made of beads that 

were in close proximity to each other and to their respective nuclei. A possible cause of 

this may be related to the position of nuclei in the FOV contributing to altered fluidics flow 

patterns. We cropped each nucleus that met the qualification for drift correction, so that it 

was less taxing on the workstation gpu and cpu. A drift correction setting of 15 intervals 

from the volumetric centroids of the fiducial beads where the tract of 23 beads is clearly 

visible. This process is repeated for each nucleus that fits in the fiducial bead location and 

visibility guidelines.   

2.16 Decoding of regions of interest using density-based spatial clustering of 

applications 

 The decoding of our regions of interest (ROI) involved multiple layers of criterion 

steps. The first step was to apply a density-based spatial clustering of application 
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(DBSCAN) analysis to rule in particles that were no further than 150 nm and contained at 

least 100 localizations to form a cluster. We also applied alpha shape surfaces on clusters 

using a 150 nm setting, reflecting DBSCAN analysis parameters. Next, we selected the 

most high-quality (clusters with high particle counts) super-resolution clusters that formed 

an overlay with the widefield reference BrT signal. This overlay method proved to be a 

reliable way to call the 9 TAD representatives of each segment per homolog. Together 

with the BrT clusters and the widefield reference of the universal priming index signal, we 

were able to spatially populate rounds that targeted sub-compartment TADs. Building off 

the known positions of BrT and clusters for TADs in each sub-compartment, we were able 

to use those as reference points to qualify individual TADs that were imaged as a multiplex 

of three TADs per round. This manual process of decoding was performed on 12 nuclei. 

Each nucleus underwent this multistep process of cluster selection three times as to limit 

manual selection bias.  

2.17 Analysis of 3D structural TAD features 

 Each individual TAD was examined for possible 3D physical feature correlations. 

These physical features included volume, surface area, compaction factor, sphericity, 

radius of gyration. To do this we applied a student's T-test to the comparing the differences 

in means of each physical feature in a homolog specific manner. Variances between cell 

to cell was also assessed. For sub-compartment statistics, a multi-variable one-way 

ANOVA was used on all collective data for all cells analyzed. 

2.18 Analysis of human chromosome 9 pairing 

 All called TADs underwent manual inspection on an individual basis and on a 

collective basis. This gave us insight and context into the shapes and spatial 

distributions of matched TADs across homologs. First, we determined how close both 

homologs of chromosome 9 were to each other by visual inspection, and application of 

cluster co-localization on SRX to assess how truly close observed TADs were to each 
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other. TADs were ruled to be paired based on a 500 nm threshold. Paired TADs were 

recorded and plotted with frequency of their pairing occurrences. 

  



28 
 

Chapter 3: Results
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3.1 Manual curation of a high resolution HiC dataset yields 431 domains spanning 

whole human chromosome 9 

To date several studies have shown with super-resolution microscopy the 

interaction of chromatin on the level of compartment domains and consecutive domains 

(TADs). Very little is known, however, of shortrange interactions like we observe in TADs, 

with other characterized long range hierarchical structures such as sub-compartments and 

whole chromosome territories—and how they appear and interact with each other in 3-

dimensional (3D) space in nano-scale resolution using microscopy. Our goal in this study 

was to explore the possibility of assessing the conformation status of the genome at the 

levels of TADs, sub-compartment, and chromosome territories at an unprecedented scale 

in situ. To do this we employed the use of two landmark technologies, Oligopaints and 3D 

stochastic optical reconstruction microscopy (STORM). Together, these technologies 

allowed for a flexible experimental design and execution technique to target and visualize 

the genome that would be representative of the genome's 3D scale in x, y, z planes.  

3.2 Selection of domains and sub-compartments of human chromosome 9 

In this work, we combined a stepwise and multiplexed approach using 3D DNA FISH, 

microfluidics, and STORM (collectively known as OligoSTORM) to target sequential TADs 

and groups of TADs spanning from p-arm to q-arm of human chromosome 9 (Chr 9). Due 

to the spatial resolution necessary to employ OligoSTORM it was essential that an 

Oligopaints library design be at the highest resolution possible. To do this, we used the in 

situ HiC dataset from Roa, et al. 2014, which gave us a maximum contact frequency 

resolution of 1.0-kb of human B-lymphoblast cell type, GM12878. Since there is no 

standardized way of calling TADs using a HiC dataset of this type, we elected to use the 

JavaScript program Juicebox.js to manually curate the genomic coordinates of TADs 

along the whole span of human Chr 9. Chromosome 9 was selected for based on its 

relatively middling size, and for not being enriched or depleted of genes. The size range 
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of TADs vary greatly, and there is little consensus from previous studies to point to exact 

size. Since we worked with a high-resolution dataset, we called TADs based on and 

outward-in method where the genomic coordinates are recorded starting from what can 

be observed from a 10- to 15-kb resolution on Juicebox, which yields TADs in Mb size 

range (Figure 1a). This locus is re-assessed at the 5-kb level to yield TADs in the 100- to 

500-kb size range (Figure 1b). A last assessment was done at 1-kb resolution to call TADs 

at the highest level when observed, to yield TAD size of 20- to 80-kb (Figure 1c). Called 

TADs were aligned with genomic coordinates of sub-compartments according to the same 

study to reflect their epigenetic status. Altogether, 431 TADs with size ranges of their sub-

compartmental addresses were recorded spanning the length of chr 9 (Rao et al., 2014; 

Robinson et al., 2018). 

3.3 Mining for Oligopaints probes to interrogate the hierarchical organization of 

human chromosome 9 

Considering the technical and financial constraints of sequentially imaging 431 TADs in 

super-resolution, we decided to subset the total Oligopaints library into a more feasible 80 

TADs. We programmatically selected Oligopaints probes through an OligoMiner hg19 

(same genome as Rao, et.al. study) probe database and appended these probes with 

unique barcodes using OligoLego. TADs qualified in this library were between 40-kb to 

1.2-Mb in size, with sub-compartment distribution of 12 TADs in B1, 8 TADs in B2, 6 TADs 

in B3, 9 TADs in A1, and 32 TADs in A2 (Table 1). As previously stated, this 80-TAD 

Oligopaints library contained a pool of 88,666 unique probes that are appended with 

unique nucleotide barcodes on the 5'-end (Mainstreet) and the 3'-end (Backstreet) to 

reflect specific sub-regions that can be targeted on an individual-TAD manner (Figure 2a). 
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Figure 1|Manual curation of topologically associating domains (TAD) using HiC analysis 

tool Juicebox. 

The java script software analysis tool Juicebox was used to visually call TADs using the in situ HiC 

dataset of human B-lymphoblast GM12878 from Rao, et al. 2014. TADs were called at the highest 

resolution possible. Regions of enrichment where chromatin self-interactions appear on three 

levels of resolution, aligned to sub-compartment placement. a, 10-15 kb resolution is where 

domains can be observed in the megabase-scale (insert), however, toggling to the next highest 

resolution. b, 5 kb resolution is where domains are observed on the 100s kb-scale (insert). In this 

locus the genomic coordinates of three individual TADs. c, (shaded yellow) all belonging to sub-

compartment A2 were called and recorded. A total of 431 TADs from whole chromosome 9 were 

called using this method. 
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Table 1|80 TADs are selected for an Oligopaints library. 

Individual TADs are colored according to their sub-compartment address; sub-compartment A1, 

blue; A2, aqua; B1, red; B2, dark red, B3, brown. Mainstreet (MS) unique barcodes are assigned 

to each individual TAD, green; and backstreet (BS) unique barcodes are assigned to the first TAD 

of segments 1-8 and the last TAD of segment 9, purple; all remaining TADs are uniquely barcoded 

on BS to reflect the sub-compartment they belong, color-coded same as above. 
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In addition, groups of sequential TADs are segmented into 9 parts. Thus, individual TADs 

can be viewed individually through the Mainstreet (MS) barcode, and each TAD sub-

compartment assignment or the first TAD in segments 1-8 and last TAD in segment 9 can 

be targeted by the Backstreet (BS) barcode (Figure 2b). The library pool of oligos goes 

through a rigorous process of in vitro amplification and purification steps that have been 

previously described. 

3.4 Oligopaints library validation by diffraction-limited fluorescence microscopy 

 As a first step, it was necessary to validate the Oligopaints library by 3D FISH. 

Resources were used to culture GM12878 human diploid B-lymphocytes. These naturally 

spherical-shaped cells were seeded onto cover glass to take on a more convex 

morphology—including the nucleus. The cover glass with seeded GM12878 underwent a 

3-dimensional fluorescent in situ hybridization (3D FISH) procedure so not to alter the 

spatial integrity of the chromatin structure. Using fluorescent widefield microscopy, we first 

targeted BS for BrT. We were able to visualize a robust signal-to-noise ratio (SNR) 

counting a median of 9 foci per cell (n=25) using post-acquisition segmentation, spanning 

most of the spatial breath of the nucleus (Figure 3a, 3c). TAD-1 in sub-compartment B1 

(SC-B1) was also selected as a target where we were able to detect a median of 2 foci 

per cell (n=22) after segmentation (Figure 3b, 3c). Based on these observations we can 

firstly concluded that our parameters and SNR for 3D FISH are optimal to proceed to 3D 

STORM; second, diffraction-limited microscopy is not sufficient to detect all 9 segments 

of our TAD Oligopaints library. For 2 homologs, we expected a total of 18 foci per cell to 

be visualized. Third, a single TAD (TAD-1), belonging to the smallest third in genomic size 

and average Oligopaints probe density, can be individually observed. This indicated that 

image acquisition of a single TAD of this composition in 3D STORM is plausible, giving us 

confidence to pursue sequential acquisition of TADs (Figure 3a-c). 
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Figure 2|Oligopaints probe anatomy and distribution of 80 TADs spaning the length of 

human chromosome 9. 

a, Each Oligopaints probe consists of five distinct areas. The Genome Homology Region (GHR) 

complements specific regions of the genome (in this case, TAD loci on human chr 9) with high 

affinity. The GHR is flanked on both sides by nucleotide barcode sequences that do not 

complement the human genome. On the 5' end, Mainstreet (green) is barcoded for each individual 

TAD (any TAD can be imaged individually). On the 3' end, Backstreet is barcoded to target all 

together the first TAD of segments 1-8 and the last TAD of segment 9 (BrT). Backstreet is also 

barcode-assigned to all TADs that belong to their respective sub-compartment (A1, A2, B1, B2, 

B3). b, The TAD distribution across human chromosome 9, each colored bar represents a single 

TAD and its designated sub-compartment. Purple bars indicate TADs belonging to BrT. Each 

segment (S1-S9) is shown with their sequential TADs assignment. Yellow bar in between S3 and 

S4 is the location of chr 9 centromere, separating p-arm from q-arm. 
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Figure 3|Widefield fluorescence microscopy displays relative location of 9 TAD segments 

and a single TAD of human chromosome 9. 

3-dimensional fluorescent in situ hybridization was performed on GM12878 cells using the amplified 

Oligopaints library. FISH signal (magenta) is shown for, a, the diffraction-limited location of the 9 

TAD segments and for, b, the first most upstream TAD in the oligopaints library, TAD-1. c, total 

number of FISH signal foci were counted for each FISH condition where number of cells, n=25 for 

BrT and n=22 for TAD-1. Pictographs of an Oligopaints probe and chr 9 scale indicates a Mainstreet 

or Backstreet target and specific TAD targeted, respectively. 
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3.5 Super-resolution 3D STORM is sufficient to spatially resolve single TADs 

 To address the questions of the genomic spatial limits of view TADs in super-

resolution, and the reproducibility of multi-round STORM using fluidics, we devised an 

experimental plan to do so. We proceeded with a general workflow that has been tested 

for multi-round OligoSTORM (Figure 4a-d). The imaging sequence included, in the first 

round of imaging targeting the TADs of the BrT BS barcode (TADs 1, 59, 95, 131, 191, 

249, 300, 363, 431). This allowed us to visualize a TAD representative for each segment 

all together. Subsequent rounds of 3D STORM acquisition targeted TADs belonging to 

BrT on an individual basis using their specific TAD MS barcode (Figure 4e). This ultimately 

allowed us to overlay and decode each individual TAD based on the BrT BS barcode 

round of imaging (round 1). Interphase nuclei of GM12878 cells (n=5) in 2 fields of view 

(FOV) went through 10 rounds of microfluidics/image acquisition. We filtered raw single 

molecule localizations to fit a 50 nm axial precision to give us an average particle 

localization precision of 23.14 ± 2.91 nm and 21.22 ± 1.32 nm in the x and y axes, 

respectively. To select for the highest quality localizations, we applied global selection 

parameters of density-based spatial clustering of applications with noise (DBSCAN) of BrT 

(round 1). Completion of this analysis qualified all clusters that co-localizes with a 

fluorescent widefield reference overlay image of BrT taken before 3D STORM acquisition 

(Figure 4f). DBSCAN parameters were toggled to reveal all 9 TADs of BrT in each of two 

homologs of Chr 9 and each cluster was spatially distinguishable one from another 

(Figure 4g). The same DBSCAN parameters were subsequently applied to the single 

molecule localizations from rounds 2-10. A high-quality cluster from each round of image 

acquisition co-localized with clusters from BrT in round 1 of imaging with a high percentage 

of volumetric overlap (Figure 4h). These data suggest that single molecules detection 

from our Oligopaints library are done in nano-scale resolution. Additionally, TADs can be 

visualized with a relatively high degree of confidence and reproducibility using multiple 
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and mixed use of microfluidics, and OligoSTORM targeting MS and BS barcodes—

validating our Oligopaints library and experimental design process (Figure 4a-h). 
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Figure 4|General workflow for multistep OligoSTORM and Oligopaints library validation. 

a, The Oligopaints library is included in a primary hybridization that targets all 80 TADs on both 

homologs of chromosome 9 in a 3D-FISH procedure. After hybridization, the sample is embedded 
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with gold nano-urchins to serve as fiducials to correct for drift after STORM acquisition. The cover 

glass containing the hybridized sample is installed and mounted to a microfluidics chamber, and 

finally to the microfluidics instrument. b, A secondary hybridization step included hybridization of 

oligos called a Bridge (purple) that has complementarity to the Backstreet barcode. Additionally, 

another secondary oligo with AlexaFluor 647 (AF647) conjugates on both ends complements and 

binds one end of the Bridge—the AF647 signal, thus, serves as a tether for the Oligopaints probe 

itself. After a washing step to decrease background levels, c, widefield fluorescent microscopy is 

used to confirm FISH signal and to designate the x, y, and z-range coordinates for all fields of view 

(FOV). These exact coordinates serve as reference points for all rounds of fluidics and STORM 

acquisition. For each FOV, a widefield reference image is acquired. Next, the microfluidics system 

is programmed to flow in STORM switching buffer into the sample chamber and STORM image 

acquisition begins with FOV 1 and the microscope continuously acquires until the last FOV is 

imaged to completion. Round 1 includes the first fluidics and first STORM imaging cycle, b and c. 

The fluidics and imaging cycle is repeated for Round 2, d, with the inclusion of an additional oligo 

meant to remove the previous round's Bridge with its attached fluorescent secondary oligo using a 

Toehold (black/white dots). This removal of the previous round's Bridge ensures non-conflicting 

signal in subsequent rounds. Another Bridge (green) with its secondary fluorescent oligo is also 

flowed into the sample chamber to bind its specific Oliogopaints probe Mainstreet barcode. e, 

Oligopaints library validation was performed in 10 rounds. f-g, results of 10 rounds of imaging. f, 

widefield fluorescent reference image of BrT, top; overlay of single molecule localizations (SML) 

from STORM after round 1, bottom. g, SML displaying 9 segments placed along the length of chr 

9, dashed line demarks chr 9 homologs. h, SML of BrT (yellow), top; SML overlay of TADs 1, 59, 

95,141,191, 249, 300, 363, 431 after 10 rounds (purple). Superimposition (yellow and purple) of 

matched TADs belonging to BrT aligned to an average of 73% ± 6% (n=6) based on centers of 

mass. 
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3.6 Grouped TADs between sub-compartments are spatially distinct 

 In addition to validating the spatial occupancy of the 9 segments spanning Chr 9 

in super-resolution, we also questioned the placement of sub-compartments relative to 

each other. We, therefore, performed OligoSTORM to target the BS barcode for the 

groups of TADs that correspond to their sub-compartment address. Six rounds of imaging 

were performed, one round for each sub-compartment. Single molecule precision and 

DBSCAN parameters were pre-defined on previous metrics from the library validation 

steps. All five sub-compartments were detected with high precision and formed cluster 

numbers consistent with the number of TADs that constitute their appropriate sub-

compartment (Figure 5a-f). Finally, sub-compartment localization clusters of higher 

particle count aligned with BrT fluorescent widefield and super-resolution clusters. Except 

for sub-compartment B3, we were able to distinguish both territories/homologs of Chr 9 in 

a sub-compartment manner. Sub-compartment B3 occupied significantly more space 

relative to other sub-compartments imaged (Figure 5e). We next analyzed inter-sub-

compartment volumetric centroid distances and spatial overlap and found that TADs in 

each sub-compartment are spatially isolated from each other. However, no pairwise 

median distance relationship was uncovered between individual TADs between sub-

compartments. Together, these observations suggest that sub-compartments mostly 

occupy distinct spaces with little overlap. Also, since these sub-compartments can be 

singled out one from another, it can serve as another qualifying variable to aide in a 

multiplexed imaging approach, similar to an approach previously done that utilized BrT 

and reference images. 
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Figure 5|Observing human chromosome 9 sub-compartments in nanoscale. 

a-f, automated microfluidics and OligoSTORM was performed in five rounds, one round per sub-

compartment, to reveal distribution of sub-compartments as single molecule localization point (20 
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nm) cloud views. Shown is sub-compartment A1, a; A2, b; B1, c; B2, d; B3, e. f, displays a view of 

sub-compartments merged. 
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3.7 A multiplexed microfluidics and imaging approach captures 52 TADs located 

end to end on human chromosome 9 

Extensive consideration was taken when deciding a strategy for image acquisition 

of all 80 TADs in our Oligopaints library. The fact that multiple GM12878 nuclei in a single 

FOV, together, occupies an imaging z-range of average of 9.6 ± 1.6 µm, the sample time 

in acquisition, time in automated microfluidics, and half-life of STORM switching buffer, 

was a determining factor for the precision of single molecule localizations. Thus, we 

proposed a logical workflow based on previous observations that we made from target 

BrT backstreet (Figure 4g), sequential imaging of BrT TADs on mainstreet (Figure 4h), 

and sub-compartment spatial distribution (Figure 5). An added benefit of our imaging 

system is the integration of the use of reference images. Considering all of these variables, 

our workflow followed this sequence using the same general workflow in figure 4a-d: (1) 

initial 2° hybridization of AF488-cojugated oligo targeting the 5' and 3' primer index 

sequence (2) initial 2° hybridization also included BrT BS Bridge (AF647-conjugate) (3) 

FISH signal-to-noise ratio assessed for primer index and BrT (4) selection and loading of 

x,y,z-range coordinates for 6 FOV containing non-aneuploid nuclei (5) 3D STORM to 

complete round 1 of imaging of BrT (7-12) all sub-compartments are individually imaged 

completing rounds 2-6 (13) three TADs belonging to a mix of sub-compartment 

assignments are targeted and imaged concurrently, i.e. TAD-5/B1; TAD-150/B2; TAD-

363/A2 to complete round 7 (14) another three TADs imaged using same qualifications as 

previous step, i.e. TAD-69/B3; TAD-364/A1; TAD-198/A2 (15) format repeated for the next 

multiplex of three TADs (Table 2, figure 6a-e). 
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Round Target Genomic start 
(hg19) 

Genomic end 
(hg19) 

Size (kb) 

1 BrT variable variable 3510 
2 SubC-B1 variable variable 2070 
3 SubC-A1 variable variable 979 
4 SubC-B2 variable variable 3500 
5 SubC-A2 variable variable 4070 
6 SubC-B3 variable variable 3550 
7 TAD-5 B1 897001 1002000 105 
 TAD-150 B2 72584001 72731000 147 
 TAD-363 A2 127064001 127174000 110 
8 TAD-69 B3 19927001 20350000 423 
 TAD-364 A1 127187001 127296000 109 
 TAD-198 A2 86879001 86936000 57 
9 TAD-2 B1 277001 475000 198 
 TAD-192 B2 85951001 86162000 211 
 TAD-12 A2 2016001 2086000 70 

10 TAD-68 B3 19470001 19923000 453 
 TAD-427 A1 139986001 140134000 148 
 TAD-11 A2 1947001 2014000 67 

11 TAD-1 B1 202001 273000 71 
 TAD-59 B2 16160001 17100000 940 
 TAD-7 A2 1452001 1610000 158 

12 TAD-95 B3 29795001 31015000 1220 
 TAD-365 A1 127297001 127375000 78 
 TAD-9 A2 1702001 1871000 169 

13 TAD-3 B1 614001 795000 181 
 TAD-60 B2 17122001 17465000 343 
 TAD-10 A2 1875001 1940000 65 

14 TAD-96 B3 31123001 31805000 682 
 TAD-366 A1 127376001 127473000 97 
 TAD-64 A2 19051001 19177000 126 

15 TAD-4 B1 811001 890000 79 
 TAD-62 B2 17808001 18210000 402 
 TAD-65 A2 19188001 19228000 40 

16 TAD-97 B3 31827001 32344000 517 
 TAD-367 A1 127476001 127528000 52 
 TAD-66 A2 19235001 19374000 139 

17 TAD-6 B1 1023001 1451000 428 
 TAD-63 B2 18257001 19030000 773 
 TAD-67 A2 19375001 19456000 81 

18 TAD-149 B3 72321001 72580000 259 
 TAD-368 A1 127537001 127619000 82 
 TAD-70 A2 20361001 20620000 259 

19 TAD-8 B1 1625001 1688000 63 
 TAD-99 B2 32590001 32966000 376 
 TAD-98 A2 32380001 32579000 199 

20 TAD-104 B1 33625001 33730000 105 
 TAD-428 A1 140182001 140304000 122 
 TAD-100 A2 33001001 33076000 75 

21 TAD-249 B1 99090001 99426000 336 
 TAD-191 B2 85602001 85914000 312 
 TAD-141 A2 71197001 71301000 104 

22 TAD-301 B1 113101001 113147000 46 
 TAD-429 A1 140305001 140434000 129 
 TAD-142 A2 71326001 71394000 68 



45 
 

23 TAD-302 B1 113191001 113304000 113 
 TAD-430 A1 140508001 140670000 162 
 TAD-143 A2 71464001 71540000 76 

 

Table 2|Sequential OligoSTORM on multiple TAD targets on human chromosome 9. 

List of all targets in chromosome 9 that underwent sequential OligoSTORM. The first six rounds of 

automated fluidics and 3D STORM targeted one Backstreet barcode in each round. Rounds 7-23 

targeted a multi-plex of three TADs at a time with their Mainstreet barcode. Each TAD in the multi-

plex belonged to unique sub-compartments. 
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Figure 6|3D STORM composite display of human chromosome 9. 

a-e, displays composite SML point cloud and alpha hull cluster reconstructions of 23 rounds of 

automated fluidics and 3D STORM. a, round 1 point cloud clusters (sphere point=20 nm diameter) 

of target BrT Backstreet barcode. b, rounds 2-6 composite point cloud clusters (1 point=20 nm 

diameter) targeting TADs of each sub-compartment on their Backstreet barcode. c, rounds 7-23 

composite point cloud clusters (1 point=20 nm diameter) targeting individual TADs on their 

mainstreet barcode. d, ideogram of human chromosome 9 showing all TADs acquired after 23 

rounds of automated fluidics and 3D STORM with their relative genome location and genomic size. 

e, display of TADs of Chr 9 as cluster alpha hulls 
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3.8|Walking along the TADs of human chromosome 9 from p-arm to q-arm  

The TAD walk along chromosome 9 was terminated on round 23 after 16 days of 

continuous automated microfluidics and 3D STORM acquisition for six fields of view. This 

included two hours for automated fluidics to flow in secondary hybridization/STORM 

switching buffer and subsequent single molecule localization of 11 hours for each 

individual round. The size range in the Z-axis of Chr 9 selected measured 10.3  ± 1.4 µm 

is a compatible depth range of the single molecule localization microscope used for these 

data (Bruker Nanosystems Vutara 352). This dataset employed significant time and 

storage resources where raw particle counts exceeded 18-billion and occupied about 32 

terabytes of storage targeting 58 total sub-regions of Chr 9. Thus, a defined strategy was 

necessary to filter the raw data for into sub-parts was vital to facilitate real-time and 

reasonable single molecule reconstruction image manipulation (through Graphics 

Processing Unit) and STORM data table processing (through Central Processing Unit). 

First, we aimed to partition the data by selecting nuclei <0.5 µm of at least two 90 nm drift 

correction-purposed gold nano-urchin beads. This was done because we observed that 

the total number of fiducial beads varied by FOV, and the drift pattern in x,y,z of each bead 

showed significant variability even in the same FOV. Selecting beads in close proximity to 

each nucleus and bead-to-bead, was essential to have homogeneity, reproducibility, and 

accuracy in x,y,z drift correction. Nuclei that did not meet this drift correction criterion was 

discarded and not used for any further analysis. After successful particle drift correction, 

we used DBSCAN to assess the general density clusters that fit in our regions of interest 

(ROI) starting with round 1, BrT. After DBSCAN, the resultant super-resolution clusters for 

BrT were confirmed by its widefield reference overlay, the widefield overlay of the 

universal reference (signal coverage of all Oligopaints probes), and comparison of particle 

counts from previous runs of STORM (Figure 6a). The collective location of each segment 

using the BrT Backstreet barcode in round 1 of automated fluidics and 3D STORM (Figure 
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6a) was selected by particle number, particle density, and a widefield reference 

overlay/co-localization. The result can then be applied to select sub-compartment TADs 

(Figure 6b) in rounds 2-6 with the additional help of the widefield reference overlay of the 

universal labeled probes that targets the entirety of the Oligopaints library (all TADs at 

once). Individual TADs that were imaged using Mainstreet barcodes were selected using 

these same parameters. By doing this, we were able to observe 110 (52 TADs in each 

homolog) single clusters with an approximate 3D tract that mimics that of the BrT and sub-

compartment distribution of clusters (Figure 6c). To visualize more clearly the borders of 

TADs we applied a cluster hull around singular localization clusters using a hull alpha 

measure of 50 nm (Figure 6e). This allowed us the opportunity to visualize clear 

distinctions between TAD entanglements, spatially distant TADs, TADs in p versus q-arm 

of Chr 9, and the relative boundaries separating Chr 9 homologs. 

All subsequent decoding of sub-compartments (Figure 6b) and by the 3-TAD-

multiplex (Figure 6c, 6e) took on a similar workflow of confirmatory steps where a sub-

compartment ROI is qualified by BrT cluster co-localization (TADs with matching sub-

compartment) and universal reference overlay (overall diffraction limited Oligopaints 

probes signal tract). Individual TAD (mainstreet) molecule localization clusters after 

DBSCAN were decoded and called based on a few qualifying steps; for example, a 

DBSCAN candidate cluster for TAD-1 (imaged MS in round 11) was super-imposed or 

entangled with a cluster from BrT (imaged BS in round 1), near flanking TADs i.e., TAD-2 

spatially occupied between TAD-1 and TAD-3. These general steps were repeated for 

each individual TAD of the 52 TADs that were potentially imaged in each cell—in addition, 

the process from drift correction, DBSCAN cluster analysis, to individual TAD selection 

was repeated independently three times to refine the TAD calls. Using these high levels 

of stringency resulted in a final TAD call in 12 nuclei in four separate fields of view. Overall, 
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all TADs in sub-compartments A1, B2, and B3 were potentially called (homolog 

dependent), while 11/12 B1 and 17/32 A2 TADs were called. 

A representative virtual walk along genomically-sequential TADs was created to 

observe a cumulative view of human chromosome 9, where each TAD sub-compartment 

assignment is also shown (Figure 7). After TAD calls for each cell, we were pleased to 

observe chromosome 9 occupying two spatially distinct territories with no entanglements. 

Number of total TADs called differed on a homolog basis with minimum 36 and maximum 

of 52. The reason for this is likely due to the high amount of noise present in the raw data, 

making it not suitable to qualify TADs with confidence. No correlations were found 

between TAD genomic size, Oligopaints probe density, of sub-compartment assignment, 

with singular levels of noise contribution. There is more enrichment of TADs captured on 

the p-arm compared to the q-arm, which is reflective of the Oligopaints library design—

although the tract of each Chr 9 territory is still well defined. 
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Figure 7|A TAD walk from p-arm to q-arm along human chromosome 9 

A virtual TAD-walk displays an accumulative assembly of human chromosome 9. From the top left, 

the walk starts with a SML point cloud (spheres, 20 nm) cluster hull view of both copies of TAD-1 

(number 1) of sub-compartment B1 (red). TAD-1 is traced to its relative position and relative 

genomic size on the most upstream location on Chr 9, p-arm. TAD-1 is also the first TAD in segment 

1 (bracket). All 9 segments are bracketed appropriately to contain their assigned TADs and 

genomic locations. All other TADs imaged and decoded are added onto the whole Chr 9 view in 
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numerical order, from p-arm to q-arm. Solid lines with arrows are directed to the exact location of 

a single TAD in view. Dotted lines with arrows are directed to TADs that are behind or masked by 

the current view. The centromeric region is indicated by yellow box and all TAD sub-compartment 

assignments are color-coded as shown. 
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3.9 Multiple TADs display variability in 3D STORM measured structural features 

Subsequent to TAD decoding with DBSCAN, we were able to assess the spatial 

distribution of all TADs and correlations we can extract from their sub-compartment 

assignment, their position in respect to each other in the same homolog and from their 

opposing homolog, and how they distribute on the whole (Figure 8a). We have observed 

from a chromosome territory perspective a few things: in 5 out of the 12 nuclei that made 

it through analysis, we observed the occurrence of homolog pairing (pairing qualified as 

an inter-distance of <500 nm); wide variance in sub-compartment entanglement, p-arm 

orientation in the 5' direction of homologs is typically mirrored (Figure 8a). Because the 

amount of total data we had to analyze was insurmountable, to make more key 

observations looking at chromosome 9, we were prompted to analyze on a single TAD 

level to parse out any significant difference that may be contained in our data. To leverage 

the strengths of 3D STORM and since a super-resolution view of a whole chromosome 

containing groups of sequential TADS on this scale was not yet performed using single 

molecule localization data, we were interested in an application-based assessment of 

volume (µm3), surface area (µm2), compaction factor (nucleotides/µm3) which measures 

TAD chromatin density, sphericity which measures how closely TADs reflect the shape of 

a sphere, and radius of gyration (nm) which measures the average radius distance of a 

3D shape given its known center of mass. Based on alpha shape cluster hulls generated 

with a 100 nm alpha limit, the volumetric space occupied, TAD to TAD, varied between 

1.2 nm3·kb-1 - 1.4 µm3·kb-1. Even though this is 1000-fold difference in range of volumes 

(Figure 8b-d, Table 3, Supplementary data S1), there were few significant differences 

of volumes between matched TADs of the same cell (between homologs), whereas we 

observed more volumetric differences between matched TADs between cell to cell (Table 

3). Interestingly, measures of surface area of TADs imaged showed largely the same 

trends as volumetric measurements in terms of absolute surface area measurements, and 
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in terms of the TADs that show significant differences in measurements when compared 

to the mean (Figure 8e, Table 3, Supplementary data S2). Among all the physical 

measurements that were assessed in this study, we were intrigued by the comparison of 

the sphericity between multiple TADs, TADs between homologs, and TADs between cells. 

In general, the sphericity of TADs measured were not significantly different one from 

another or much difference was found between homologs or matched TADs between 

cells. Only 3 TADs appeared to be different between homologs and four different TADs 

showed some significant differences on a cell-to-cell basis (Figure 8g, Table 3, 

Supplementary data S4). The radius of gyration of matched TADs were, in general, about 

the same between homologs and not much difference was found between nuclei (Figure 

8h, Table 3, Supplementary data S5). TAD compaction factors or chromatin density, 

however, displayed significant differences between matched TADs for most of the ROI 

acquired via 3D STORM but not much difference between matched TADs in the same cell 

(Figure 8f, Table 3, Supplementary data S3). Together these data suggest that TAD 

volumes, surface areas, radiuses of gyration and compaction factors show more variation 

between different cells than between homologs. 
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Figure 8|Structural composition of TADs in human chromosome 9 
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Extended figure 8|Structural composition of TADs in human chromosome 9 

a-h, view of whole chromosome 9 and 3D STORM-based structural features measured. a, 

cumulative TAD view of two homologs of chromosome 9, each TAD is represented as alpha shape 

hulls of single molecule localization point (colored spheres=20 nm) clouds. b-h, boxplots displaying 
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the range and median of measured features for each individual TAD (displayed as black dots) in 

each homolog (solid bars indicate homolog 1, open bars indicate homolog 2). Boxplot color is an 

indicator of sub-compartment assignment. Individual absolute TAD volumes, b, are measured in 

μm3 by homolog. c, displays TAD volumes in a single cell and homolog level. d, display TAD 

volumes (nm3) of homologs plotted against each other, colored by sub-compartment designation; 

e, surface area measured in μm2; f, compaction factor in nucleotides/ μm3; g, sphericity; and h, 

radius of gyration (nm). 
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Table 3|Distribution of TADs with significant differences in structural measures of volume, 

surface area, sphericity, radius of gyration, and compaction factor. 

TADs are colored by significance comparing TAD-TAD by homolog or TAD-TAD by cell. 

  

Vol. homologs S.A. homologs Sph. homologs R.G. homologs C.F. homologs Vol. nuclei S.A. nuclei Sph. nuclei R.G. nuclei C.F. nuclei
TAD1B1 ***
TAD2B1 ****
TAD3B1 **
TAD4B1 *
TAD5B1
TAD6B1 ** * ** ****
TAD7A2 **** ** *
TAD8B1 ** ** * **** ** * **
TAD9A2 *** **
TAD10A2
TAD11A2
TAD12A2
TAD59B2 * **** * **
TAD60B2
TAD62B2 *
TAD63B2 ** ** ** ** ***
TAD64A2
TAD65A2 ***
TAD66A2 *** ** **
TAD67A2 ** ** ** ****
TAD68B3
TAD69B3 * ***
TAD70A2 * * * *** **
TAD95B3
TAD96B3 ** * * **
TAD97B3
TAD98A2 * ** **
TAD99B2 ** ** ** * **

TAD100A2 ** ** **
TAD141A2 ** ** **
TAD142A2 * ***
TAD143A2 * * *
TAD149B3 ** ** * * ****
TAD150B2 **
TAD191B2 **
TAD192B2 *
TAD249B1 *
TAD301B1
TAD302B1 * * **
TAD363A2 ** ** ** * * ****
TAD364A1 **** * *
TAD365A1 *** **
TAD366A1 *
TAD367A1 ** ** ** *** **
TAD368A1 ** ** ** * * ****
TAD427A1 *
TAD428A1 ** * *
TAD429A1 ** ** * ****
TAD430A1 ** ** ** * * **
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3.10 TADs display shape heterogeneity between homologs and between cells 

We next sought to assess the shape of TADs in 3D. To do this, we visually 

inspected each individual TAD called through our DBSCAN analysis. We observed these 

TADs as cluster hulls which allowed us to view structures where its borders are visible, as 

point (spheres=20 nm) clouds which allowed us to visualize each individual particle (single 

molecule localization), and point splatting which allows for a inferred view of signal density 

and overlap on any given viewing angle (Figure 9a-d). We have observed that matched 

TADs from opposing homologs show single particle distribution variation, in terms of local 

area density (Figure 9a). This was the case for the same homolog matched TADs in all 

other cells (Figure 9b). The multi-pockets of particle density were visible in almost every 

case when manually observing each TAD for all homologs for all cells. Because we had 

the opportunity to scrutinize the shape of each TAD on an individual basis, two remarkable 

features struck us: B-compartment TADs (n=69) displayed extensions from a central mass 

taking on a drumstick appearance (Figure 9c), and A-compartment TADs (n=53) 

displayed a shape that consisting of two polar sides of higher density of particles taking 

on a dumbbell appearance (Figure 9d). More strikingly, is the observation that these 

shapes were homolog locked. This means that all drumsticks and all dumbbells in any 

given cell was found only in one of the two homologs of Chr 9, where the homolog location 

for drumsticks or dumbbells appeared to be independent of each other. 

3.11 Structural differences of TADs can be isolated by functional sub-compartments 

After analyzing 3D STORM-based features of structural differences on an 

individual TAD level, we next wanted to assess if significant TAD structural variance can 

be deciphered at the level of functional compartments and sub-compartments (Figure 

10a-c). Our analysis shows that the volumes (Figure 10a) and surface areas (Figure 10b) 

between compartment A and B TADs are not different, however, significant TAD 

differences can be isolated at the level of sub-compartments. Interestingly, this was not 
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the case when looking at sphericity where TADs between A and B compartments, as well 

as between sub-compartments vary significantly (Figure 10c). Together, this means TADs 

can be grouped based on these physical feature measurements on the basis of functional 

sub-compartments. 
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Figure 9|TAD structural differences are observed by single cells and single homologs 

Singular and close-up views of individual TADs and its match in the opposing homolog. a-b, alpha 

shape hull view (left), point cloud (colored spheres=20 nm) (center), and point splatting displays 

(right) of TAD-1 in two different nuclei (red/blue). B compartment drumsticks, c. A compartment 

dumbbells, d. 
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Figure 10|TAD structural signatures by functional compartment and sub-compartment 

Violin plots display the distribution, range, mean, and significance of mean differences of TADs 

plotted in a compartment A or B, or sub-compartment approach. TAD volume, normalized to 

genomic size (µm3/kb) is shown in a; surface area in b; and sphericity in c. 
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3.12 Single molecule localization microscopy reveals inter-TAD distance 

anomalous patterns 

A TAD distance transformation matrix was created for each homolog and for 

matched TADs in each cell (Figure 11a-f) using the volumetric centroids of each TAD. 

We have observed distinct distance patterns when comparing maps of TAD distances 

between homologs of the same cells (Figure 11a, b). Using our example nucleus, 

distances between TAD-1 to TAD-150 region are, in general, closer in proximity when 

compared to all other TADs distributed in the rest of the q-arm—downstream of TAD-150. 

The general inter-TAD distances, however, is not consistent with genomic distances as 

we did notice that we are not able to visualize the centromeric region in this pair of 

chromosome 9 territories' distance heat map, which lies between TAD-105 (chr9: 

33,818,001- 33915000) and TAD-141 (chr9: 71197001- 71301000) (Figure 11a, b). Other 

differences include pockets of TAD clusters found in one homolog, and not in the other. 

Possibly indicating possible folding in this region. Due to this finding we sought to 

interrogate what the distances are between TADs of opposing homologs of the same cell 

plotted TADs of one homolog against the other (Figure 11c). This analysis revealed that 

the close proximity of TADs is not limited to constitutive TADs of the same homolog. We 

observe through this analysis that homolog pairing of TADs do occur in interphase nuclei. 

To get a strengthened idea of the placement of these TADs, made ball-and-stick models 

(Figure 11d, f) to have another visualization representation of the TAD distance 

transformations. Ball-and-stick models corroborate what we observe in heat maps. In 

addition, we compared what we observed in heat maps and with ball-and-stick models to 

the 3D composite of Chr 9 of the same cell, where it also corroborates with these homolog-

paired TADs (Figure 11e). 
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3.13 Evidence of chromosome homolog pairing in mammalian diploid interphase 

cells 

By doing further analysis of inter-TAD distance transformations, we uncovered 6 

of 12 nuclei that were imaged showed some form of homolog pairing. We counted a total 

of 94 pairing events within 6 nuclei (Figure 12, extended figure 12a). A pairing event was 

qualified based on TADs that were closer than 500 nm, edge-to-edge. These paired 

borders were as close as 50-60 nm, which is a resolution well within our imaging resolution 

(Extended figure 12b). Decoding the identity of the paired TADs indicated that there is 

enrichment of pairing events in 4 segments of Chr 9. These regions include TADs of 

segment 1, segment 4, segment 8, and segment 9 (Figure 12). TADs that displayed a 

higher frequency of pairing typically paired with its matched counterpart (Extended figure 

12c) on the opposing homolog, and these TADs were isolated to the extreme telomeric 

ends of the p-arm and q-arm (Figure 12, extended figure 12c-d). Together these data 

points to the capabilities of a super-resolution system like OligoSTORM to target the 

genome in order to extract fine details not possible with other methodologies.  
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Figure 11|Inter-TAD and inter-homolog distance matrices coincide with ball-and-stick 

representations 

Distances between the center of masses of TADs of a single cell, per homolog, are measured and 

represented as a distance matrix, a and b. Distance matrix of matched TADs in a single cell were 

plotted to assess how TADs interact on a homolog basis in c. A ball-and-stick representation, d, of 

heatmap of figure a is displayed. e, is a whole chromosome 9 view, colors point to the location 

highlighted in the heatmaps. A ball-and-stick view in f, displays a representation that mirror the 

heatmap in figure c of TADs in homolog 1 and homolog 2. 
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Figure 12|Close proximity of TADs between paired homologs 

Chromosome 9 homolog pairing was observed in multiple nuclei, a. A distinct case in one Chr 9 

pairing event, b. A cumulative view of matched TADs from figure b are shown in c. A cumulative 

view of non-matched paired TADs from the same nucleus, d, TADs from figure c are grayed out. 
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Extended figure 12|Heatmap of interphase homolog pairing events.  

Observed in human B-lymphoblast cells (GM12878) showing pairwise TADs of homolog 1 on 

vertical (light blue) and homolog 2 on horizontal. Approximate location of centromere is indicated 

by magenta crosslines. 
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Supplementary data 

Supplementary data S1: Volume TADs 1-63 
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Supplementary data S1: Volume TADs 64-143 
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Supplementary data S1: Volume TADs 149-429 
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Supplementary data S1: Volume TAD 430 
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Supplementary data S2: Surface area TADs 1-63 
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Supplementary data S2: Surface area TADs 64-143 
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Supplementary data S2: Surface area TADs 149-429 
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Supplementary data S2: Surface area TAD 430 
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Supplementary data S3: Compaction factor TAD 1-63 
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Supplementary data S3: Compaction factor TAD 64-143 
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Supplementary data S3: Compaction factor TAD 149-429 
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Supplementary data S3: Compaction factor TAD 430 
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Supplementary data S4: Sphericity TAD 1-63 
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Supplementary data S4: Sphericity TAD 64-143 
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Supplementary data S4: Sphericity TAD 149-429 
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Supplementary data S4: Sphericity TAD 430 
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Supplementary data S5: Radius of Gyration TAD 1-63 
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Supplementary data S5: Radius of Gyration TAD 64-143 
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Supplementary data S5: Radius of Gyration TAD 149-429 
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Supplementary data S5: Radius of Gyration TAD 430  
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CHAPTER 4: DISCUSSION 
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4.1 Making use of novel technologies to benefit and drive genomic imaging 

In this study we were able to leverage two technologies of 3D STORM and 

Oligopaints to interrogate the genome in unprecedented detail. In addition to this, we were 

able to evaluate genome organization at the level of topologically associating domains, 

sub-compartments, and the chromosome territory of human chromosome 9. To our 

knowledge, assessment on these different levels of chromosome organization and 

structure concurrently has not been previously done at this scale. through this process we 

were able to work out some of the drawbacks and some of the benefits of performing such 

a study. Our desire in doing this study was to assess what was already known about 

human chromosome organization through our knowledge of HiC, and to test the limits of 

OligoSTORM in terms of time in acquisition, data storage capabilities, storm analysis 

pipelines, data and graphics processing of single molecule localization data sets. All of 

these matters are significant to consider, since there is an ongoing movement to capture 

larger portions of the genome, i.e. imaging the whole genome using super-resolution 

microscopy (Gagnon, 2020).   

4.2 Curation of HiC targets for the use in Oligopaints library comes with limitations 

To date, we have used the molecular method of chromosome confirmation capture 

method, HiC, to get a glimpse of how the genome is organized. This is the rationale why 

we wanted to look at TADs, as it serves it's the smallest functional unit of chromosome 

interaction. In addition, it is at this level of genome organization where transcriptional 

players interact. The generation up our Oligopaints library came with a few challenges. 

The first challenge was the classic view of TADs changed when we apply different settings 

in the Jukebox application. Even though we carried out the manual curation of TADs of 

chromosome 9 six different times, we recognize that there were inconsistencies based on 

what display monitor was used, what calibrations were used for the monitor, what 

resolution we were viewing within the jukebox application, as well as the native TAD calling 
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feature on the application itself. Because of this we were not able to call some TAD 

positions Due to disagreements and the different iterations of our calling procedure. 

Indeed, there are multiple TAD colors that are available now, but still the native TAD calling 

functions are not consistent between these applications (Durand et al., 2016; Robinson et 

al., 2018). Another drawback in terms of our Oligopaints library, is the exclusion of some 

key repetitive element domains or regions. These would include telomeric regions and 

centromeric regions (satellite DNA) at the very least. We recognize that this may have 

been an easily missed opportunity to assess how these large regions of repetitive 

sequences may interface with the genome hierarchy. Certainly, repetitive regions 

represent an area of chromosome architecture that is overlooked, as it is a difficult to target 

in HiC and in FISH/microscopy. We also encountered some discrepancies with calling 

established sub-compartments based on the Rao, et.al. study. In Juicebox, some of the 

sub-compartment calls were mis-aligned or would be placed in a fraction of a single TAD 

or multiple sub-compartments what occupy the same TAD. In these instances, these TADs 

were also eliminated from our final call as they were confounding and did not amount to a 

significant proportion of the total library. 

4.3 Selection and handling of a model system used for imaging is significant 

Based on our study goals, we selected the HiC data set from Rao, et.al. that used 

the human diploid B-lymphoblast cell type GM12878 two gather a remarkable 1 kb 

resolution. This is a well-established and studied cell type, they are easy to culture and 

are easy to handle. There are limitations, however, that we should consider of the cell 

type. First, these cells were transformed with human Epstein Barr Virus (EBV) as a means 

to alter their proliferative capabilities. As such, these cells have indefinite proliferative 

potential. The drawback is that there are several studies that suggest EBV may produce 

aberrant chromatin structure changes at the level of the epigenome (Avolio-Hunter and 

Frappier, 2003; Day et al., 2007; Lieberman, 2008). We are not fully aware, however, of 
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how this may or may not transiently contribute to chromosome organization. Another factor 

that may be worth discussing, is the way GM 12878 cells are prepared in order to go 

through OligoSTORM. The cells are seeded onto a layer of poly L lysine for a time period 

in which these cells, with their cell bodies and nuclei, take on a convex shape rather than 

their native spherical shape. Even though this is a necessary step, we may consider what 

this dramatic physical transformation may do to our overall 3-dimensional assessment of 

the spatial occupancy of different regions of interest in the genome. If we were able to 

image GM 12878 cells in their native state, how would this reflect in 3D STORM analysis? 

An interesting future proposition could be to image at super-resolution nuclei of different 

cell types that possess dramatically differences in their gross appearance, such as B-

lymphocytes compared to multi-lobular neutrophils. Another avenue that is worth some 

thought is the manner in which cells are fixed to preserve the three-dimensional structure 

of the genome. It is worth noting that there are multiple ways in which cells can be 

crosslinked prior to a 3D FISH procedure. In our case, we elected to fix in formaldehyde, 

as this has been at work-horse chemical for the use of FISH procedures, however, there 

is evidence that time and fixation it's critical two per serving cellular compartment integrity. 

In addition to this, and taking into account the extended auto-microfluidics and 

OligoSTORM session detailed in this study, an important consideration was the structural 

integrity of our samples. Indeed, we did observe a slow depletion of number of particle 

count based on sample time in STORM imaging/switching buffer (FOV1->FOV6 in the 52 

TADs imaging sequence) and degradation obtained over consecutive days of imaging. 

The question here, remains, at what point is the imaging session deleterious or at what 

point can we rely on or not relay on the accuracy of our data? Is it plausible that a standard 

operating procedure can be made where pulses of sample fixation can aid in a multi-day 

imaging session such that structural integrity is held in place—and what fixative will work 

best in this scenario? There is room for improvement when these matters are concerned. 
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4.4 Multi-day 3D STORM requires a robust infrastructure in computational 

processing and data storage 

The use of single molecule localization (SML) microscopy has transformed the way 

we view biology. To clearly visualize parts of a cell beyond the diffraction limit of light has 

truly been an exhilarating experience. In this study, we have pushed the limits of SML 

acquisition in terms of total time in imaging and the total particle count acquired. We were 

encouraged that the Bruker Vutara 352 SML microscope used in this study performed 

optimally throughout the 16-day course of imaging. But we did not fully expect  the amount 

of data that would be generated through this imaging session (imaging of 5 sub-

compartments and 52 TADs). All told we generated dozens of billions of single molecule 

localizations, and we had the daunting task of filtering each one of those particles. This 

quantity of data took a toll the computational power that we had on hand—from a CPU 

and GPU standpoint. Computational tasks that normally take one or two minutes to 

perform, in our case took hours or even days to complete. Because of this, we were 

extremely limited and how the data was processed post imaging. We came up with 

creative means to manipulate the data by separating it out into data subsets. Even so 

manipulation and analysis of data was extremely taxing. Taking into consideration that an 

overarching goal is to image the whole human genome using super resolution microscopy, 

serious consideration for data manipulation and analysis must be at the forefront of 

discussion and implementation.  

4.5 Ways to improve on 3D STORM data analysis and infrastructure for genomic 

imaging 

The first point to consider is data storage infrastructure. We have imaged in this 

study a small portion of the genome, yet it occupied over 30 terabytes of storage. Serious 

attention should be taken in terms of total capacity of storage as well as lossless 

compression or compartmentalization of data such that we can minimize total storage 
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capacity needed. The second point to consider is real time handling of SML data. A 

possible field to explore is that of automation through machine learning or artificial 

intelligence. There is an open window of opportunity for machine learning to be used within 

the workflow of single molecule localization filtration and analysis. For example, for a large 

data set as we have dealt with, our first obstacle was to find the gold nano urchin fiducials 

(beads) within the three-dimensional field of dense particles. Given that these beads have 

a unique signature of particle density and particle number, the task of drift correction 

through these signatures can be a simple and defined task to train machine learning 

algorithms. Because of the slow image acquisition nature of STORM imaging, however, it 

would be seemingly difficult to gather a number of data points sufficient for training. A 

possible way in which we can overcome this is to implement mock, multi-day experiments 

where fiducial beads are embedded unto coverslips without any biological samples at high 

density. This method may possibly give us a way to generate the number of data points 

necessary for machine learning training application for the purpose of drift correction 

automation. Another way in which automation can be helpful in the analysis of SML data, 

is through selection of clustering algorithms in order to filter through which localizations 

belong to our regions of interest and those localizations that do not. Using density based 

spatial clustering of applications (DBSCAN), the clustering algorithm that we implemented 

in this study, there are defined and discrete tasks within that analysis workflow that can 

be automated. For example, the determination of maximum particle distance and the 

number of minimum particles to form a cluster can be predefined such that, in the end of 

automation, there would be multiple iterations of clustering parameters available. In other 

words, the output could be multiple data tables of clusters, which can visualize one at a 

time one data table output versus others. This type of process would be extremely helpful 

because it gives multiple options for the researcher to select the best fit, the best 

representation of data based on clustering of SML particles.  
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4.6 Making the case for using 3D STORM-based super-resolution microscopy over 

HiC 

A goal in our study was to attempt to answer open questions of genome 

organization with the use of microscopy. We planned to connect how well HiC data would 

recapitulate with imaging data. The major differences between interrogating the structural 

genome through microscopy is that it is a single cell process, whereas the most reliable 

HiC datasets are performed on pooled data. Another benefit of using microscopy is that 

we are able to observe striking differences between the structures of chromosome 

territories or homologs. Our decision to use 3D STORM was because this is a super-

resolution technology that allows for an appropriate image acquisition compatibility with 

the depth of field we required to image the whole span of chromosomes on the z-axis. 

Unlike the latest innovations in point spread function centroid based super-resolution 

extrapolation, we were interested in the space-filling qualities of 3D STORM. For this 

reason, we focused on structural features such a volume, surface area, sphericity, 

compaction factor, and radius of gyration. 

4.7 TAD volumes and surface area follow the same measured trends 

By doing analysis of TAD absolute volumes showed us substantial variation and 

very little correlation to genomic size of individual TADs. For this reason, we used a 

normalized measurement of volume against the genomic size of each TAD. Because we 

did this, it represented a better size comparison between TADs as volume/kb (genomic 

span) (Figure 8). This remained true when we normalized volumes to genomic span of 

these TADs. This observation does not support previous studies that showed a correlation 

between volume of TADs and genomic size (Bintu et al., 2018; Boettiger et al., 2016; Nir 

et al., 2018). This could be because of selection bias, as very few unique TADs were 

imaged in these studies. Another difference between our study and others is that we have 

assessed only using 3D STORM a more diverse set of regions of interest along parts of a 
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whole chromosome—allowing for the capture for up to 52 unique TADs. This gave us the 

unique position to compare multiple TADs from different regions of a whole chromosome. 

A question here is, do TADs in the same chromosome region have significant differences 

in volume or do they follow a predictable pattern? An interesting finding based on 3D 

STORM-based physical feature analysis is that TAD surface area followed the same 

quantitative trends in measurements as our volumetric measurements. What this could 

mean is that the surface area to volume ratios of TADs is close to 1. In future analysis of 

this type of data, a surface area:volume  measurement could serve as a metric or a 

readout to assess structural differences between genomic features of physiologically 

altered cells when compared to normal cells. 

4.8 Genomic feature sphericity displays measures that are tightly packed between 

TADs 

An unexpected finding that was observed in this study was the measurements of 

TAD sphericity (Extended figure 8). What we found was a TAD sphericity that oscillated 

groups of consecutive TADs with a predictable amplitude. This is truly a striking finding 

which suggests that how spherical TADs are in situ is tied to their genomic position. To 

our knowledge, this is the first study to show this feature when looking at multiple 

sequential domains. This finding may support the concept of DNA taking on a similar 

chemical behavior consistent with a complex polymer folded into a confined space. In 

general, the hypothesis states that the topology of DNA can be predicted based position 

due to the intermolecular forces that are involved between complex structure of charged 

macromolecules (Dalal et al., 2005; Li and Miramontes, 2006). It is plausible that there 

might be some interplay between this observed spherical periodicity and the location of 

different groups of sequences, repetitive or otherwise, or epigenetic differences between 

consecutive TADs. What this implies is that we may have serendipitously found, in TADs, 

the scale of DNA topology at which these oscillations occur. 
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The measures of radius of gyration and compaction factor did not yield any 

remarkable results in terms of correlating these physical measurements to genomic size 

of TADs, or to their compartment and sub-compartment assignments. Bases on measured 

compaction factor, we did observe the same oscillation pattern present in sphericity, but 

with the difference of relative higher amplitude in measure. One other observation that we 

made was that the compaction factor/density of our TADs followed an unexpected trend 

when compared with genomic scale of these TADs. Larger TADs had a tendency to be 

less dense than smaller TADs. A possible explanation for this might be that larger TADs 

have more pockets of compact DNA versus smaller TADs. These two observations of 

radius of gyration have not be quantified, and it is unclear whether this is a result because 

of an artifact of STORM specific imaging or if this is a true feature at the level of the 

genome. To answer this question of compaction more studies with a higher number of 

data points will have to be performed to test this.  

4.9 TADs are more different between sub-compartments rather than A/B 

compartments 

When analyzing these TAD physical features in the context of compartments and 

sub-compartments we were able to extract significant differences between these features. 

Looking at all data points of TAD volume separated into their respective A or B 

compartment, there is no significant difference between these. However, when these 

same data points are compared by their sub-compartment assignments, we do see 

significant differences between these groups for volume and for surface area. However, 

in terms of sphericity, TADs can be distinguished at the compartment and the sub-

compartment level. In our study, the measure of sphericity was the most consistent and 

predictable for the comparison of compartment functional status. The relationship between 

epigenetic condition and to what extent the structure of genomic domains, such as TADs, 

resembles a sphere is understudied. Understandably, our work here may be the first to 
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report on this particular sub-compartment-TAD correlation with functional compartment 

assignment. This may be because sub-compartment assignments of TADs were done at 

the level of the primary Oligopaints library, thus, contributing to inherent bias originating 

from the HiC dataset used to design the library. Even so, this would still tie back to the 

way sub-compartments were defined. According to Rao, et.al. the sub-compartments were 

in large part defined by epigenetic status, each with their own histone modification 

patterns. What this may indicate is that TAD volumes can be distinguished on the level of 

sub-compartments and thus the level to which these TADs are transcriptionally active or 

not, could be prudent to correlate TAD assignments to their position in the nucleus—that 

is not an analysis that was not performed in this study. We know from previous work from 

multiple groups that nuclear position of chromatin is determinant of histone modifications 

status (Steensel and Belmont, 2017; Vilarrasa-Blasi et al., 2021). This would be an 

intriguing motivator to corroborate a TAD-epigenitic-nuclear position enrichment study. To 

do this, a cell type agnostic coordinate system of nuclear position would have to be 

developed. A possible way to do this is to treat each nucleus to be contained in a perfect 

sphere, where its radius is equal to the distance from its volumetric centroid to the furthest 

distance point on the nuclear surface. This sphere can then be segmented into 100 nm 

grids in x, y, and z axes; thus, creating a conserved cubed-sphere geometry that can be 

transformed arbitrarily to reflect the context of what nuclear structures are being studied. 

4.10 TAD-to-TAD observations reveal striking structural differences between cells 

and homologs 

Another unique opportunity that we had in doing the study was to do comparison 

of TADs on an individual TAD-to-TAD basis. We were able to evaluate the shapes of TADs 

in the context of homologs, sub-compartment assignments, and between cells. The 

rationale for doing this was because even though the same a matched TAD would share 

very similar volumes and their respective homolog; we did observe striking differences in 
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their overall alpha hull shapes. In addition to these three-dimensional shapes, we also 

observed that the chromatin density patterns are also very different between homolog 

matched TADs of the same cell. Although a quantitative analysis was not done, we can 

speculate that the differences in chromatin density may be reflective of the overall 

compaction difference is we observed in homologs of the same cell. Another shape feature 

that was very striking what's the appearance of drumstick and dumbbell shaped TADs 

(Figure 9). the drumstick shaped TADs were only reserved to TADs of the B compartment. 

The dumbbell shaped TADs were reserved to TADs of the A compartment. The most 

peculiar fact about these unique shapes was the way they were distributed. In the case 

where dumbbell or drumstick shaped TADs were observed, they were found and 

distributed on one but not both homologs of chromosome 9. To which homolog the 

drumsticks and dumbbells were distributed was independent of each other. The exact 

reason for the appearance of these dramatic shapes is unclear, we can contemplate that 

it could be connected to transcriptional status, or to a loop extrusion event—which case, 

the two may be connected. Much like the "stripes" that other groups have observed in HiC 

contact heat maps, it could be that these structures are in a transitional state reflective of 

CTCF and cohesin position (Yoon and Vahedi, 2021). Therefore, what we may be 

observing are very large loop extrusions within TADs. A possible way in which we can test 

for this it's to co-stain with immune markers/primary antibodies for cohesin such as RAD 

21 on the current Oligopaints TAD library to evaluate the positioning of these components 

in respect to each other. If cohesin is involved, then we can expect it to be localized along 

the "pinch points" of our TAD masses. Because of the compartment B connection to only 

drumsticks and the compartment A connection to only dumbbells, the loop extrusion 

hypothesis may not hold up, as we would expect to observe a more expanded repertoire 

of shapes connected to the dynamic process of loop extrusion (Figure 9). 
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4.11 Chromosome 9 homolog pairing was only possible through 3D STORM 

Indeed, one of the breakthrough findings of this human chromosome 9 study is the 

observation of homolog pairing in interphase cells. The overall design of the Oligopaints 

library is one of the reasons that made this possible. This is because Oligopaints probes 

incorporated targets that would enable us to view each significant domain and 

compartment that compose a more complete view of chromosome structural hierarchy. In 

addition to this, we can make the case that 3D STORM and the combined OligoSTORM 

exercise was instrumental in uncovering these TAD pairing events. To date, the combined 

technology of specific genome targeting and microscopy resolution had not intersected to 

make this type of observation possible. This finding of TAD pairing is significant because, 

to our knowledge, this is the first time that homolog pairing has been detected in interphase 

mammalian cells in situ. Homolog pairing within interphase has been observed in 

drosophila somatic cells where pairing events were characterized by the amount of 

minimum distance to which homologs came together known as loose and tight pairing, 

respectively (Abed et al., 2019; Erceg et al., 2019). In our work we surveyed pairing on a 

whole chromosome territories context, with the added assessment of TAD positions within 

the span of the chromosome. Therefore, we had the framework to visualize multiple areas 

of enrichment where pairing occurred. What we have observed are chromosomal regions 

of enrichment in which pairing events happened (Figure 11, figure 12, extended figure 

12). These hotspot regions are the telomeric ends of both p-arm (~200kb from the terminal 

end) and q-arm (~50-100 kb from terminal end), as well as regions in proximity to the 

centromere; that are gene poor, and TAD-depleted in the middle of chromosome 9. 

Because of where on chromosome 9 these paired TADs are found; it is convenient to 

postulate that their proximity to large regions of repetitive sequences may point to a 

mechanism in which pairing happens. Our knowledge to date has only characterized and 

observed pairing of homologs during prophase of meiosis in mammals. Although the 
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pairing mechanism is a largely understudied area in biology, there has been strong 

correlations of structural mechanistic players of telomeres, centromeres, histone 

modifications, and small non-coding RNAs being involved in the pairing process in 

meiosis—can it be similar in somatic cells? While we did not observe a complete alignment 

of interphase homologs in our study, we did observe pairing events in regions of 

chromosome 9 that are, at least, suggestive of these mechanistic players being involved 

due to their proximity to hotspot TADs. One of the main reasons homolog pairings is 

understudied is because they are difficult to find in interphase nuclei. With the recent 

explosion of and implementation of several genome targeting and microscopy techniques, 

it would be just a matter of time before a consensus is made in terms of human homolog 

chromosomes pairing in interphase cells. A possible proposal to do this would involve 

whole genome imaging by Oligopaints, targeting by chromosome territory. Doing this 

process would have to be performed to answer the first question of whether there is 

enrichment of any territories that pair to one another. This can be achieved using 

diffraction-limited methods like spinning disk confocal microscopy or conventional 

widefield fluorescence microscopy—to influence precision and speed with the goal of 

imaging thousands of loci in an efficient manner. To obtain qualitative data of pairing 

events, this case would require OligoSTORM or another single molecule localization-base 

method. Just as we have done in our TAD study, techniques such as STORM has the 

inherent ability to provide the "space filling" quality that is needed to make more defined 

assessments of pinpointing the finite regions that are in close proximity; at a resolution not 

possible with other fluorescent-based methodologies. 

4.12 Future directions to explore close proximity chromosome homologs in human 

cells 

Indeed, further exploration into past studies into pairing phenomena are needed to 

pursue further the prospect of understanding a mechanism by which these pairing events 
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happen in somatic cells in mammals. Our observations here can be characterized in two 

ways. Homolog pairing of matched TADs and homolog pairing of non-matched but 

adjacent TADs. To our knowledge in the case of pairing events that occur in Drosophila, 

homologous chromosomes align themselves where the locus from one homolog is in line 

with its counterpart in the other homolog. Our observations do not perfectly fit this 

mechanism of homolog positioning where we do observe locus mismatches across one 

homolog from another. Based on this, an alternative mechanism should be explored to 

describe our observed homolog "kissing" events, rather than pairing.  

The reasons for why human chromosome 9 is involved in these homolog kissing 

events in somatic cells is perplexing. There are multiple factors to consider such as, are 

these events chromosome specific, are they cell type dependent, what are the biological 

precursors needed to promote homolog kissing? We first should explore the hotspots for 

the kissing events. A next step would be to explore the chromosome territory position 

enrichment of all human chromosomes. This can be performed at a lower resolution as 

the assessment would only involve gross positioning in the nucleus. This assessment will 

be needed to be performed in different cell types to disclose what tissue differences there 

may be. If there are enrichments of chromosome territory position tied together with 

homolog kissing events, a last step can be done using low coverage Oligopaints and 

conventional microscopy to do a comparative study of cells of physiologically normal cells 

to aberrant cell types. Even though this type of assessment would be significant and 

informative, to the point that it could be used for medical diagnostics, it would not shed 

light on the mechanism of how these kissing events occur. As a future direction of 

exploration on this topic and given the homolog kissing distribution in the terminal ends of 

chromosome 9 arms, we can hypothesize that these kissing events are connected to 

regions of large repetitive sequences of the genome (Figure 13). To test for this, super-

resolution microscopy is necessary as these events should be characterized at the highest 
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resolution possible. The biological areas of exploration are almost limitless because it is 

still unclear the prerequisites necessary for these events to happen. 
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Figure 13|Human chromosome 9 homolog kissing 

Proposal of chromosome homolog kissing. Mechanism involves the alignment based on large 

regions of repetitive sequence. In this case, telomeric regions (grey) and centromeric regions 

(yellow).  
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