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Abstract 

 
Microscopy and Chromosome Conformation Capture (3C) are the two main techniques 

for studying the three-dimensional (3D) organization of the genome. Microscopy, 

allowing the visualization of genomic loci in individual nuclei, pioneered the field of 

structural genomics and became the gold-standard for the validation of new discoveries. 

3C and 3C-based techniques, identifying the number of contacts between pairs of 

genomic loci, have already been key to unveil the importance of the 3D genome 

organization in many cellular processes. Both techniques are continuously evolving 

pushing forward the technologies and giving rise to innovative assays that require the 

support of new computational methods for data collection, analysis and modeling.  

In this thesis, I have contributed to provide these essential computational methods to the 

Structural Genomics community. In Microscopy, I participated in the design and 

implementation of OligoFISSEQ, a novel multiplexing imaging technology to visualize 

multiple genomic regions in hundreds and thousands of individual cells. In 3C-based 

techniques, I contributed to the development of a tool for the reconstruction of the 3D 

organization of chromatin from highly-sparse 3C-based datasets (e.g. Promoter Capture 

Hi-C). Finally, I have introduced pTADbit, a novel approach for the reconstruction of the 

3D Genome organization integrating both Microscopy and 3C data via the application of 

Machine Learning methods. 
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Nuclear Organization 

 

Each human cell contains around 2 meters of DNA packed inside its nucleus which has a 

diameter of approximately 10-15 micrometers. Despite this level of compaction, DNA 

folds and unfolds efficiently allowing the dynamic interactions that are essential for the 

transcriptional and regulatory processes occurring inside the nucleus. Such processes are 

only possible by virtue of a highly organized nuclear structure. Furthermore, although 

containing identical genomic sequence, nuclei of different cell types exhibit specialized  

types of processes which are only feasible by the acquirement of specific organizations 

(Winick-Ng et al. 2021) 

 

The first level of organization of the DNA is the wrapping of the double helix molecule 

around the histone proteins forming nucleosomes and preventing the stretching and 

possible breakages of the chain (van Emmerik et al. 2019).  Free linker DNA connects 

adjacent nucleosomes constituting a “beads-on-a-string” 10-nm structure that we refer as 

the chromatin fiber. The specific positions of the nucleosomes and linker DNA in the 

chromatin denotes a further degree of organization and compaction. The spacing between 

consecutive nucleosomes differ between cells and regions and it influences gene 

expression by controlling DNA accessibility of many binding proteins and regulatory 

elements (Bai et al. 2010). The 10-nm chromatin fiber is further compacted and organized 

in higher-order structures up to 30 nm width in conformations that are still focus of study. 
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Figure 1. The Organization of the Eukaryotic Genome. DNA is hierarchically organized, first 
wrapped around histone proteins assembled in nucleosomes, forming all together the chromatin fiber. 
Chromatin folds into loops, often bringing gene regulatory elements (yellow), like enhancers, into 
proximity to promoters of genes (gold/blue) to control their transcription (black arrow). Then it is further 
organized in chromatin domains, referred as TADs, and in larger domains referred as compartments. 
Each chromosome occupies distinct volumes, or chromosome territories inside the cell nucleus. The 
nucleus also contains RNA and protein aggregates which form nuclear bodies (blue). Figure from 
(Misteli 2020). 

 

In mammalian cells, evidences exist that cohesin, a ring-shaped structural maintenance 

of chromosome (SMC) complex, extrude the chromatin fiber until it finds a CCCTC-

binding factor (CTCF) site in what is known as the loop-extrusion model (Sanborn et al. 

2015). The mechanism would produce the folding of the chromatin in globular 3D 

conformations that have been observed in single cells imaging experiments (Bintu et al. 

2018). Although the high variability between cells (Nagano et al. 2013; Szabo et al. 2020), 

a preferential position of the borders of the blobs of chromatin in CTCF motifs explains 

the chromatin organization of Topologically Associating Domains (TADs) and loops 

observed in population-based Chromosome Conformation Capture (3C) experiments 

(Lieberman-Aiden et al. 2009; Dixon et al. 2012; S.S. Rao et al. 2014).  

 

TADs were identified in the context of Hi-C and 5-C assays, 3C-based experiments 

(Dekker et al. 2002). TADs have been defined as domains of contiguous sequential 

regions of dense self-interactions and have been highlighted as architectural chromatin 

units in many cellular contexts (Nora et al. 2012; S.S. Rao et al. 2014). TADs are stable 

across different cell types and highly conserved across mammalian species and often 
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isolate and constraint the essential interactions for gene regulation, for example between 

enhancers and gene promoters (Bonev et al. 2017; Zhan et al. 2017). During 

differentiation, the likelihood of co-regulation of genes located within the same TAD is 

maximized (Zhan et al. 2017) and during replication, TADs are stable units of replication 

timing (Pope et al. 2014).  

 

At larger scales, Hi-C has also revealed the existence of another layer of organization 

constituted by the preferential long-range interaction of domains that segregates 

chromosomes in two different compartments, referred as “A” and “B” (Lieberman-Aiden 

et al. 2009). The A compartment contains active and open chromatin (euchromatin) while 

the B compartment inactive and close chromatin (heterochromatin). Later studies have 

further subdivided those compartments by the association of different epigenetic marks 

(S.S. Rao et al. 2014; Xiong et al. 2019; Liu et al. 2021; Vilarrasa-Blasi et al. 2021).  

 

Cohesin depletion experiments has shown the abolishment of the preferential position of 

TAD boundaries at CTCF sites but also the prevalence of TAD-like structures and 

compartments in bulk Hi-C and single cells (S.S.P. Rao et al. 2017; Schwarzer et al. 2017; 

Bintu et al. 2018), which indicates the existence of multiple mechanisms complementary 

to loop-extrusion in chromatin folding. One of such mechanisms that has been proposed 

to shape the structure of the genome is phase-separation. In this thermodynamic process, 

a high-concentrated macromolecule in a mixture is partitioned into two or more distinct 

phases with different physical and chemical properties. During the process, the 

macromolecules condense into a dense phase characterized by the formation of liquid-

like compartments which coexists with a dilute phase  (Banani et al. 2017; Alberti et al. 

2019). Indeed, membrane-less assemblies in the form of liquid-phase condensates have 

been shown to be involved in transcriptional control (Boija et al. 2018; Sabari et al. 2018) 

and gene regulation (Larson et al. 2017; Guo et al. 2019). 

 

Polymer models strengthen the idea that both mechanisms, loop-extrusion and phase 

separation, co-exist having complementary tasks in the shaping of chromatin architecture. 

For instance, loop-extrusion establishing TAD borders and loop interactions and phase 

separation segregating different regions and creating less variable regulatory structures 

(Nuebler et al. 2018; Conte et al. 2021). 
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Chromosomes occupy defined regions of the genome called Chromosome Territories 

(CT) (Cremer et al. 2001) with gene-rich chromosomes preferentially positioned towards 

the nuclear interior, whereas gene-poor chromosomes preferentially positioned towards 

the periphery (Tanabe et al. 2002). During interphase, long-range chromatin repositioning 

occurs only during a relatively short time window, after which chromatin movements are 

constrained within small nuclear subdomains (Walter et al. 2003). CTs intermingle 

significantly creating regions that have been shown to potentially contain transcription 

factories and shape the chromatin structure (Branco et al. 2006). One of the most visible 

and notorious example of nonrandom inter-chromosomal assembly in human nuclei is the 

formation of the nucleolus (Figure 1) in which five different acrocentric chromosomes 

come into physical proximity in the human genome (Maass et al. 2018). 

 

Surrounding the nucleus, the lamina constitutes the outer functional organization of the 

genome with the association of chromatin in lamina-associated domains (LADs). LADs 

are blocks of chromatin ranging from 50kb to 10Mb in size that are in close proximity to 

the nuclear lamina. They represent a strongly repressive chromatin type exhibiting 

heterochromatic features,  including low gene density, low transcriptional activity and 

late replication timing (Buchwalter et al. 2019). If we aggregate the contacting regions 

with the lamina over multiple individual cells, LADs account for approximately 35% to 

40% of the mammalian genome (Guelen et al. 2008). In reality, given the stochastic 

nature of the contacts between LADs and the lamina, any given locus may be contacting 

the lamina only in a subpopulation of cells. 

 

All these highlighted genomic features reveal a complex and hierarchical organization of 

the genome emerging from the stochastic nature of the chromatin movements. A 

coordinated system of segregation and congregation in which compartmentalization is 

key to guarantee the correct regulation and function of the nuclear processes.  An 

organization flexible enough to ensure the creation of the needed micro-environments in 

which the most essential and conserved gene transcription occur but also able to facilitate 

the creation of more transient domains. 
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Methods to study chromatin structure 

 
Microscopy 
 

Microscopy has been one of the main techniques traditionally used to study the nuclear 

structure. However, it has been long time undermined by the low statistical power of low-

throughput techniques both in terms of the number of loci that can be visualized in each 

individual cell and in the number of cells that can be analyzed in a single sample. It is 

only now that the latest developments in the field (see next sections), to which I 

contributed (Nguyen et al. 2020), have allowed us to reach the required resolution and 

statistical power to study in detail the organization of chromatin.  

New imaging techniques have been designed to capture the high variability observed in 

the cell population by increasing the number of loci detected in each individual nucleus 

and optimizing the processes to provide large numbers of imaged cells. A key 

breakthrough in the field have been the development of array-based oligonucleotide 

synthetic probes, being Oligopaints (Beliveau et al. 2012) the variant used by the majority 

of imaging methods in the field due to its improved computational design and probe 

synthesis. Oligopaints are computationally designed DNA sequence-specific probes with 

additional non-genomic sequences (streets) that enable additional functionalities, 

including amplification, indirect labeling, barcode-based multiplexing, and sequential 

and combinatorial labeling.  

The following technologies deserve special mention in the field of multiplexed genomic 

imaging: 

 

- Multiplexed diffraction-limited FISH (Wang et al. 2016; Bintu et al. 2018): it relies 

on the sequential labeling and imaging of multiple DNA loci with Oligopaints. The 

oligonucleotides targeting each genomic locus contain unique streets with specific 

sequences or barcodes that could be independently read by complementary, fluorescently 

labeled oligonucleotide readout probes. The amplification of the signal is achieved by the 

aggregation of hundreds of probes per target that share the same barcode. Strand 

displacement and photobleaching is used to extinguish the signal between rounds. 

The technique has been used to study the conformation of regions of approximatively 

2Mbp regions in around 40 sequencing rounds using two imaging channels. 
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- Optical reconstruction of chromatin architecture (ORCA) (Mateo et al. 2019): 

regions of interest (100-700 kb) are tiled in short sections (2–10 kb) targeted by primary 

Oligopaint probes with unique barcodes that are similar to the ones used in multiplexed 

error-robust fluorescence in situ hybridization (MERFISH) that allows the measurement 

of hundreds to thousands RNA molecules within a single cell (K.H. Chen et al. 2015).  

The primary probes are labelled with fluorophores and imaged sequentially. One of the 

streets is labelled with a fiducial fluorophore (fiducial oligo) that improves the registration 

of the images through the sequencing rounds and therefore enhance the genomic 

resolution. The readout probe (readout oligo) binds to the barcode sequence in the other 

street, is imaged together with the fiducial oligo and subsequently removed by strand 

displacement. The process is repeated for each barcode. Each barcoded region contains 

at least 20 primary probes allowing the resolution of the targets in diffraction-limited 

images.  

ORCA improves the resolution attained by other methods by focusing on specific regions 

of interest and improving the registration of round-to-round images. The use of strand 

displacement for the removal of the imaged readout oligo allows for repeated 

measurements of the same barcode which is especially useful for error quantification and 

correction. 

 

- Hi-M (Cardozo Gizzi et al. 2019): it also relies on the sequential labeling and imaging 

of multiple DNA loci with Oligopaints. The probes in this technique contain a cleavable 

bond allowing the elimination of the fluorescence signal of a particular barcode from one 

cycle to the next. The amplification of intensity in the images is achieved by the 

aggregation of hundreds of oligos per detected target. By multiple sequential cycles of 

hybridization, washing, and imaging of each barcode, Hi-M has proven to simultaneously 

label around 20 different loci. 

The incorporation of combinatorial labeling schemes should make it possible to 

considerably increase the number of detected loci without increasing the number of 

hybridization cycles. 

 

- OligoFISSEQ (Nguyen et al. 2020): is the combination of fluorescent in situ 

sequencing (FISSEQ) technologies developed originally for in situ transcript localization 

and quantification (Je Hyuk Lee et al. 2015) and Oligopaints. In OligoFISSEQ, barcodes 
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are embedded in the Oligopaint streets and sequenced in situ. By bringing together 

hundreds to thousands of identically barcoded Oligopaints to a genomic target, 

OligoFISSEQ does not require the type of amplification FISSEQ needs; the signal is 

strong enough to acquire diffraction-limited images using conventional microscopes 

achieving throughputs on the order of hundreds to thousands of cells and thus providing 

the statistical power necessary for addressing cell-to-cell variability. 

OligoFISSEQ allows also an exponential increase of the number of targeted regions with 

the number of hybridization rounds, potentially reaching thousands of different loci in 5 

rounds and 4 channels. 

 
 
- DNA-MERFISH (Su et al. 2020): it is also a natural extension of MERFISH that allows 

the measurement of hundreds to thousands RNA molecules within a single cell (K.H. 

Chen et al. 2015). In DNA-MERFISH, synthetic single-stranded DNA probes are used to 

image many chromatin loci simultaneously in each round of sequencing. Each probe 

incorporates two distinct readout sequences corresponding to the sequencing round in 

which the locus is expected to be detected. The distinct identities of the loci are 

determined based on the combinations of rounds in which they appear and that match the 

designed barcodes. Not all combinations of rounds correspond to a possible barcode 

increasing the error-robustness of the scheme. Bringing together hundreds of consecutive 

oligos allows for the use of diffraction-limited images. 

The technology has been used to image thousands of genomic loci in 50 rounds of 

hybridization and 2 color channels per round. 

 

- seqFISH+ (Takei et al. 2021): it is based on seqFISH, a sequential barcoding scheme 

to multiplex different mRNAs. SeqFISH+ is based on sequential hybridization and the 

aggregation of hundreds of synthetic single-stranded DNA probes per target to amplify 

the signal intensity. Primary probes are ligated to the DNA binding sites and padlocked 

(Nilsson et al. 1994) at the binding sites after the initial hybridization to stabilize them 

during the sequential rounds. Each primary probe is flanked by the several unique readout 

probe binding sequences which are hybridized by fluorescent oligos, imaged and stripped 

over sequential rounds. 

The schema allows the identification of 2,460 different loci in 80 rounds of sequential 

hybridization and 2 channels. 
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- In situ genome sequencing (IGS) (Payne et al. 2021): it uses a different approach to 

identify multiple targets per cell combining in situ and ex situ sequencing. The main idea 

behind the method is the imaging of the positions of genomic loci without specifically 

target DNA motifs and the determination of their genomic sequence a posteriori. 

To accomplish that, IGS randomly incorporates DNA sequencing adaptors into fixed 

genomic DNA with Tn5 transposase preserving genomic fragments in their spatial 

positions (X. Chen et al. 2016). Tn5 transposase selectively inserts the adaptors into 

accessible chromatin loci in the living cells. Those transposed fragments are circularized 

in situ by the ligation of two DNA hairpins that contain a unique molecular identifier 

(UMI) and primer sites used for in situ and ex situ DNA sequencing, followed by the 

amplification of the circular templates using rolling circle amplification. The spatial 

positions of the amplicons are determined using sequential rounds of in situ sequencing 

by ligation (SBL) and fluorescence imaging (J. H. Lee et al. 2014). Then, the amplicons 

are dissociated and amplified using PCR to produce an in vitro sequencing library. 

Finally, in situ amplicon positions and ex situ paired-end sequencing reads are 

computationally matched. 

IGS allows the simultaneous sequencing and imaging of genomes within intact biological 

samples, spatially localizing thousands of genomic loci in individual nuclei. Due to its 

genome-wide sampling frequency (at most ~1 Mb), IGS is currently limited in its ability 

to examine specific genetic loci at higher-resolutions. 

 

Chromosome Conformation Capture (3C) and derived technologies 
 

Chromosome Conformation Capture (3C) techniques appeared already twenty years ago 

(Dekker et al. 2002) and have been key to unveil the importance of the 3D structure of 

the genome in many cellular processes by resolving finer details of the genome structure. 

3C-based assays provide rich, high-throughput and genome-wide data describing genome 

topology and enabling systematic studies at high resolutions. 

The principal strategy of 3C techniques to study chromatin topology is the quantification 

of the contact frequencies between distal loci in cell populations. The main steps of 3C-

based protocols are similar and consist in chromatin crosslinking using most often 

formaldehyde, digestion by sonication and/or using restriction enzymes and re-ligation 

of the resulting sticky ends to form chimeric molecules (Figure 2).  
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Figure 2. Comparison of different 3C-based methodologies. Figure adapted from (Davies et al. 2017) 

 

After reversing the crosslink, the molecules (3C templates) are amplified by PCR, 

sequenced and mapped to the appropriate reference genome. The crosslinked DNA 

fragments may be distant in the genomic sequence, but they are close in 3D space 

allowing the inference of the chromosomal conformations by counting the number of 

occasions that those fragments co-occur in the chimeric molecules.  

The following techniques are part of the 3C-based family: 

 

- Chromosome Conformation Capture (3C) (Dekker et al. 2002): after the re-ligation 

of the fragments and using PCR primers designed to amplify specific ligation junctions, 

3C can retrieve interactions between two targeted loci in the cell population. The kind of 

information obtained with this technique is a one-versus-one interaction profile. The 

requirement for PCR primers designed to amplify regions of interest limits the method to 

the detection of spatial relationships between known DNA sequences. 
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- Circular Chromosome Conformation Capture (4C) (Simonis et al. 2006; Zhao et 

al. 2006): the most important innovation of the 4C techniques is that it allows the 

detection of unknown DNA regions with a targeted region of interest (viewpoint). The 

4C protocol differs after reversing the crosslink; a second digestion with a different 

restriction enzyme creates fragments that can re-ligate and circularize. Primers binding 

the known DNA fragment are used to amplify the DNA circles containing the viewpoint 

and its interacting DNA and the result can be analyzed by microarrays or next generation 

sequencing (NGS). 

 

- Chromosome Conformation Capture Carbon Copy (5C) (Dostie et al. 2006): it 

enhances the main 3C technique by incorporating special primers designed with 

oligonucleotides containing universal sequences. Thanks to those sequences, all 3C 

templates can be simultaneously amplified in a multiplex PCR reaction. The junctions 

can be analyzed by microarrays or by NGS. The information obtained by the technique 

is the interacting profiles of a set of continuous regions of interest in a "many versus 

many" form. The main disadvantage of the 5C protocol is the primer design needed to 

interrogate the region of interest, making it unfeasible for genome-wide studies. 

 

- Hi-C (Lieberman-Aiden et al. 2009): after the digestion with restriction enzymes the 

sticky ends are filled with biotin-labeled nucleotides. The 3C templates are re-ligated, 

sheared and purified by biotin pull-down using streptavidin beads. The purification 

ensures that only junctions with biotin are selected for high-throughput sequencing. The 

chimeric reads are mapped to the reference genome allowing the construction of matrices 

of interactions between all fragments in the genome providing "all versus all" 

information. 

A variation of Hi-C that increases considerably the resolution of the obtained contact 

matrices is Micro-C (Hsieh et al. 2015) in which micrococcal nuclease is used instead of 

restriction enzymes to fragment chromatin and obtain single nucleosome resolutions. 

Further adaptations of the Hi-C technique have allowed the application of the protocol to 

individual cells (Nagano et al. 2013; Ramani et al. 2017). 

 

- Chromatin Interaction Analysis by Paired-end Tag sequencing (ChIA-PET) 

(Fullwood et al. 2009): combines 3C with chromatin immunoprecipitation (ChIP) to 

study chromatin interactions bound by one specific protein. The 3C templates are 
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enriched by ChIP using a specific antibody and DNA sequences tethered together and to 

the protein of interest are re-ligated with oligonucleotide DNA linkers, the sequence of 

which contains restriction sites for a posterior digestion. The resulting Paired-End Tags 

(PETs) are sequenced and mapped to the reference genome. This technique provides 

information of interactions between regions brought together by proteins. An improved 

version of ChiA-PET is HiChIP (Mumbach et al. 2016) which lower the requirements in 

terms of number of input cells while achieving better signal-to-background ratios than in 

situ Hi-C.  

 

- Capture-C (Hughes et al. 2014): combines 3C, NGS and oligonucleotide capture 

technology (OCT). After the standard 3C experiment, the 3C templates are sonicated and 

paired-end sequencing adaptors are added. Then, capture probes with biotin hybridize in 

a set of fragments of interest and are pull-down by streptavidin beads. The captured DNA 

fragments are amplified and sequenced allowing the generation of genome-wide contact 

profiles from hundreds of selected loci at a time with a reduction of the costs compared 

to standard 3C experiments. 

The application of the Capture-C strategy can be used to enrich Hi-C libraries in a 

technique known as Capture Hi-C (CHi-C) (Mifsud et al. 2015) enabling deep sequencing 

of target fragments and excluding uninformative background. 
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Three-dimensional modelling of the genome from 3C data 

 

The inherent nature of proximity-based crosslinking of the 3C techniques do not allow a 

direct measurement of the physical distances between regions in the genome. Instead, 

they provide a quantification of the frequencies of contact between distal loci that is a 

proxy for its spatial distance. The inference of those distances from interaction 

frequencies is a transformation to which we refer as modelling. The reconstruction of 3D 

chromatin structures from its interaction data allows the analysis of the genome in 

metaphase and interphase in its spatial context providing richer information to the 

scientist. 

The modelling strategies used to obtain 3D conformations from interaction data can be 

divided in two categories: data-driven modeling and thermodynamics-based modelling. 

 

Data-driven modelling 
 

Data-driven modelling methods provide solutions, generally faster than thermodynamics-

based approaches, that are compatible with the given input data subject to the constraints 

of the considered environment. In data-driven models all parameters can be derived from 

the input data. Generally, data-driven methods adopt simplified representations of 

chromatin using spheres or points as chromosome regions or loci adopting a coarse-

grained “beads-on-a-string” configuration. 
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Figure 3.  Genomic regions 3D structure reconstruction workflow of data-driven modelling 
methods. Step 1: The input preparation, usually, 3C-based contact data and sometimes empirical extra 
parameters. Step 2: The three data-driven modelling approaches depending on the strategy used to model 
the interaction frequency (IF). Step 3: Structural modelling with each tool defined sampling strategy, 
and Step 4: generation of a consensus average structure or a group of structures. Figure adapted from 
(Oluwadare et al. 2019). 

 

According to the type of structures generated data-driven methods can be largely 

classified in two main groups: consensus-based  (Hu et al. 2013; J. Paulsen et al. 2015; 

Rieber et al. 2017; J. Li et al. 2018; Abbas et al. 2019; F.Z. Li et al. 2020) or ensemble-

based (Rousseau et al. 2011; Tjong et al. 2016; Tuan Trieu et al. 2016b; T. Trieu et al. 

2016a; Jonas Paulsen et al. 2017; Serra et al. 2017; Zhu et al. 2018; T. Trieu et al. 2019). 

Consensus-based methods transform the interaction frequencies into a single 3D 

conformation which, in the case of 3C data produced from a population of cells, represent 

an average solution of the ill-defined modelling problem. Ensemble-based methods, 

instead, take into consideration that the information has been produced from an ensemble 

of cells that could eventually adopt different conformations. Therefore, they explore 

solution spaces in which individual structures satisfy not all but some of the imposed 

restraints. Different conformations satisfy different sets of input restraints forming a final 
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ensemble that satisfy most of the defined restraints. Ensemble-based methods aim to 

reproduce the heterogeneity of the cell to cell variability of the population. 

According to the method used in the modelling, data-driven methods can be divided in 

three categories: distance-based, contact-based and probability-based methods. 

 

- Distance-based methods (Tuan Trieu et al. 2016b; Jonas Paulsen et al. 2017; Rieber et 

al. 2017; Serra et al. 2017; J. Li et al. 2018; T. Trieu et al. 2019): are characterized by the 

initial conversion of the interaction frequencies to physical distances and the 

reconstruction of the spatial coordinates that satisfy those distances. It is the most 

followed approach in the determination of 3D structures probably inspired by classical 

multidimensional scaling (Torgerson 1958). The main differences between the methods 

in this category are how the interaction frequencies are converted to distances and the 

method used to infer the coordinates from them. In a distance-based method a 3D 

structure is initialized and an objective function is used to quantify the difference between 

the inferred 3D structure and the distances expected from the obtained transformation. 

The 3D structure is iteratively updated to minimize the objective function using 

multidimensional scaling or other optimization techniques (J. Paulsen et al. 2015).  

Although it is commonly assumed that the interaction frequency between two loci is 

inversely related to its distance, the scaling factor of that relation might be different from 

organism to organism and even among different cell types. The scaling factor is one of 

the main parameters that the different methods try to optimize.  

Some methods introduce additional restraints obtained empirically like the minimum and 

maximum distances between adjacent loci, the positions of telomeres and centromeres or 

the confinement of the nuclear lamina to produce more accurate reconstructions of the 

3D models. 

One of the main drawbacks of distance-based approaches is that weak interaction 

frequencies, strongly affected by noise, are normally unreliable for the prediction of long-

range distances. 

 

- Contact-based methods (T. Trieu et al. 2016a; Jonas Paulsen et al. 2017; Zhu et al. 

2018): this group of methods use the interaction frequencies directly to model 3D 

structures. As such, they do not require the pairs of regions to satisfy a specific distance.  

Some methods falling into this category require distances to be below a certain threshold 

as to simulate the 3C crosslinking (T. Trieu et al. 2016a). Others, model the frequencies 
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as neighboring affinities to construct interaction networks and derive structures with 

optimization processes inspired by manifold learning (Zhu et al. 2018). 

 

- Probability-based methods (Rousseau et al. 2011; Hu et al. 2013; Tjong et al. 2016): 

methods in this category model the interaction frequencies using probabilistic 

frameworks. Considering that most of 3C-based assays are conducted in cell populations, 

probabilistic methods are appropriate to consider the outcome data as an average of an 

undetermined ensemble. The main advantage of these methods is that the uncertainties in 

the experimental data can be overcome through a probabilistic representation. Systematic 

biases such as GC content and the uneven distribution of the restriction enzyme cutting 

sites need to be considered in the probabilistic models. 

Probabilistic-based methods infer ensemble of structures, through Bayesian inference 

(Hu et al. 2013) or maximum likelihood optimization (Rousseau et al. 2011; Tjong et al. 

2016), that are statistically consistent with the input data as the best approximation of the 

underlying true population of structures given the available data. 

 

Thermodynamics-based modeling 
 

The modelling strategies based on thermodynamics apply polymer physics principles to 

simulate the dynamics of the chromatin fiber. These modelling approaches treat each 

chromosome as a biopolymer frequently represented as a coarse-grained "beads-on-a-

string" model seeking to reproduce and understand the underlying principles of chromatin 

organization by applying a set of parameters that characterize its global properties and 

motion. The defined functions and properties governing the chromatin dynamics in the 

simulations can be known from statistical physics or hypothesized from empirical 

observations. With them, polymer physics models have been successfully used to 

simulate chromosome folding at large-scales. 

 

Different types of polymer models have been proposed to explain the observed behavior 

of chromatin in the nucleus. Before the birth of Hi-C, a densely knotted and compact 

conformation in equilibrium referred as "globule" was commonly proposed to simulate 

chromatin (Münkel et al. 1998). But the measure of the contact probability of two intra-

chromosomal loci depending on their genomic distance, brought the “fractal globule” 

model to the scientists’ attention. The fractal globule is a long-lived and non-equilibrium 
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state proposed in the nineties (Grosberg et al. 1993) in which a compact unentangled 

polymer crumples into a series of small globules under certain topological constraints 

(Mirny 2011). Such polymer state is unknotted facilitating the unfolding and refolding in 

the cell cycle and during gene activation and repression. Furthermore, a polymer in such 

state tend to form spatial domains at the mega-base scale of the size observed in 3C data. 

In contrast, the equilibrium globule is highly knotted and do not present similar spatial 

domains. 

 

However, the fractal globule model fails to explain certain experimental observations. 

One of them is the plateau at large genomic distances observed in FISH experiments when 

measuring the mean-square spatial distance between two genomic regions as a function 

of their genomic distance. Such plateau is produced by the organization of chromosomes 

into territories. Another observation that is not explained by the fractal globule model is 

the variability of the exponential decay of the contact probability among different regions 

and cell types. Moreover, one needs highly specific simulation constraints for a polymer 

to reach the specific conditions of the fractal globule state in which it stays briefly before 

converging to a different equilibrium state. 

 

More recent polymer models are able to simulate more accurately the experimental 

observations. The "String and Binders Switch model" (SBS) (Barbieri et al. 2012) 

explains the genome folding as the effect of the binding of macromolecules (binders) on 

chromosomes (string). Each chromosome has different binding sites to which certain 

binders have specific affinities. The introduction in the simulations of the binders in 

certain concentrations would explain the formation of domains and other observed 

phenomena. Furthermore, the SBS model has been shown to be compatible with 

thermodynamics mechanisms of phase separation in single cells (Conte et al. 2020) in 

which chromatin adopt two main states: one in which is randomly folded and another 

where it is organized in segregated globules. The concentration and affinity of the binders 

switches the system from one state to the other in what is referred as phase separation. 

The globular state allows the establishment of stable environments where specific 

contacts are highly favored over stochastic encounters. The coexistence of the distinct 

states in the cell population give rise to many different single-molecule conformations 

which are compatible with the highly variable structural and temporal patterns of contacts 

observed within TADs.  
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The "loop-extrusion" model (Sanborn et al. 2015; G. Fudenberg et al. 2016; Gassler et al. 

2017) is based on the binding of loop-extrusion factors which extrude chromatin and form 

the observed organizational domains by their continuous loading and unloading and the 

presence of boundary elements.  

Another suggested model hypothesizes on the formation of loops in the loop-extrusion 

model as supercoiling processes induced by transcription (Racko et al. 2018). Supercoiled 

chromatin would better explain the increase of inter-contacts within TADs. 
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The main objective of this thesis is to develop computational tools for the analysis of the 

three-dimensional structure of the genome contributing to the main two approaches used 

to study it: microscopy and Chromosome Conformation Capture (3C) technologies. 

Additionally, to combine Hi-C analysis techniques with innovative microscopy 

technologies to relate the genome structure of individual cells with the average 

population. To achieve the main objective, the following projects were conducted: 

 

1. The provision of the indispensable computational tools to decode and analyze 

OligoFISSEQ images. First, the design and implementation of an automated 

decoding pipeline prepared to handle the high-throughput nature of the 

technology. Second, the analysis of the results and the interpretation of the 

structural information provided by OligoFISSEQ. 

 

2. Contribute to the development of a new method for the modelling of genomic 

regions from sparse 3C-based information. 

 

3. The development of probabilistic TADbit (pTADbit) that produces ensembles of 

three-dimensional structures of genomic regions combining Hi-C data and 

information from imaging experiments using Machine Learning (ML). 
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This thesis dissertation is composed of three scientific publications to which David 

Castillo has significantly contributed. The first two manuscripts have been published in 

Nature Methods and NAR Genomics and Bioinformatics. The third article will be 

submitted to peer-review in the following months and a pre-print version is already 

available in BioRxiv.  

The first and third articles in which David is co-first and first author respectively 

constitute the main projects of his PhD. The impact factors of the journals and the specific 

contributions of David to each manuscript are indicated in the following section. 

 

 

 

 

 

Marc A. Marti-Renom 
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3D mapping and accelerated super-resolution imaging of the human 

genome using in situ sequencing 
Huy Q. Nguyen*1, Shyamtanu Chattoraj*1, David Castillo*2, Son C. Nguyen, Guy Nir, 

Antonios Lioutas, Elliot A. Hershberg, Nuno M. C. Martins, Paul L. Reginato, 

Mohammed Hannan, Brian J. Beliveau, George M. Church, Evan R. Daugharthy, Marc 

A. Marti-Renom & C.-ting Wu 

 
* These authors contributed equally 
1 Department of Genetics, Harvard Medical School, Boston, MA, USA 
2 CNAG-CRG, Centre for Genomic Regulation (CRG), Barcelona Institute of Science and Technology 

(BIST), Barcelona, Spain 

 

- Published in Nature Methods, July 2020 

- 5-year impact factor: 34.975 

- URL: https://doi.org/10.1038/s41592-020-0890-0 

- Author's contribution: This is the main published article of David's thesis. He 

showed all his outstanding skills in designing and implementing the decoding 

pipeline to de-multiplex the information in the OligoFISSEQ high-throughput 

images. David’s contribution was essential to the analysis of the raw images and 

the interpretation of the structural information provided by OligoFISSEQ.  

Huy Nguyen and Shyamtanu Chattoraj designed the OligoFISSEQ protocol and 

perform the described experiments. 

 

3D reconstruction of genomic regions from sparse interaction data  
Julen Mendieta-Esteban*, Marco Di Stefano, David Castillo, Irene Farabella, Marc A 

Marti-Renom 

 

- Published in NAR Genomics and Bioinformatics, March 2021 

- 5-year impact factor: Not determined (<2 years old journal) 

- URL: https://doi.org/10.1093/nargab/lqab017 

- Author's contribution: The article introduces a new method to reconstruct the 

chromatin structural (3D) organization from sparse 3C-based datasets such as 

pcHi-C. David contributed to this work in the development of the computational 
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framework TADdyn, a tool that integrates restraint-based modelling and 

molecular dynamics. 

 

Probabilistic 3D-modelling of genomes and genomic domains by 

integrating high-throughput imaging and Hi-C using machine learning 
David Castillo*, Julen Mendieta-Esteban, Marc A Marti-Renom 

 

- Pre-print version available in BioRxiv, September 2022 

- URL: https://www.biorxiv.org/content/10.1101/2022.09.19.508575v1 

- Author's contribution: This manuscript corresponds to the other big share of 

David’s thesis after the publication of the first article. David was involved in all 

the sections of the article, from the design and implementation of the Machine 

Learning neural networks to the development of the software for the modelling 

of chromatin from 3C data.  
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Chapter I 

 

3D mapping and accelerated super-resolution imaging of the human genome using 
in situ sequencing 
 

There is a need for methods that can image chromosomes with genome-wide coverage, 

as well as greater genomic and optical resolution. We introduced OligoFISSEQ, a suite 

of three methods that leverage fluorescence in situ sequencing (FISSEQ) of barcoded 

Oligopaint probes to enable the rapid visualization of many targeted genomic regions. 

Applying OligoFISSEQ to human diploid fibroblast cells, we show how four rounds of 

sequencing are sufficient to produce 3D maps of 36 genomic targets across six 

chromosomes in hundreds to thousands of cells, implying a potential to image thousands 

of targets in only five to eight rounds of sequencing. We also used OligoFISSEQ to trace 

chromosomes at finer resolution, following the path of the X chromosome through 46 

regions, with separate studies showing compatibility of OligoFISSEQ with 

immunocytochemistry. Finally, we combined OligoFISSEQ with OligoSTORM, laying 

the foundation for accelerated single-molecule super-resolution imaging of large swaths 

of, if not entire, human genomes. 
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Chapter II 
 

3D reconstruction of genomic regions from sparse interaction data 
 
Chromosome conformation capture (3C) technologies measure the interaction frequency 

between pairs of chromatin regions within the nucleus in a cell or a population of cells. 

Some of these 3C technologies retrieve interactions involving non-contiguous sets of loci, 

resulting in sparse interaction matrices. One of such 3C technologies is Promoter Capture 

Hi-C (pcHi-C) that is tailored to probe only interactions involving gene promoters. As 

such, pcHi-C provides sparse interaction matrices that are suitable to characterize short- 

and long-range enhancer–promoter interactions. We introduced a new method to re- 

construct the chromatin structural (3D) organization from sparse 3C-based datasets such 

as pcHi-C. Our method allows for data normalization, detection of significant interactions 

and reconstruction of the full 3D organization of the genomic region despite of the data 

sparseness. Specifically, it builds, with as low as the 2–3% of the data from the matrix, 

reliable 3D models of similar accuracy of those based on dense interaction matrices. 

Furthermore, the method is sensitive enough to detect cell-type-specific 3D 

organizational features such as the formation of different networks of active gene 

communities. 
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Chapter III 

 

Probabilistic 3D-modelling of genomes and genomic domains by integrating high-
throughput imaging and Hi-C using machine learning 
 
Among the existing techniques for interrogating the genome structure, Hi-C assays have 

become the most performed experiments and constitute the majority of the publicly 

available datasets. As a result, there is a continuous demand to create and improve 

algorithms and methods to assist the scientific community in the interpretation of Hi-C 

experimental data. Here we introduce probabilistic TADbit (pTADbit), a new approach 

that combines Deep Learning and restraint-based modelling to infer the three-

dimensional (3D) structure of genome and genomic domains interrogated by Hi-C 

experiments. pTADbit uses thousands of microscopy-based distances between genomic 

loci to train a neural network model that aims at predicting the population distribution of 

the spatial distance between two genomic loci based solely on their Hi-C interaction 

frequency. pTADbit produces more accurate chromatin models compared to the original 

TADbit as well as other available 3D modeling methods, while drastically reducing the 

required computation time. The resulting ensemble of models not only agree consistently 

with independent measures obtained by imaging experiments but also better capture the 

heterogeneity of the cell population. The development of pTADbit lays the basis for the 

integration of data produced from high-throughput imaging assays into the 3D modelling 

genomes and genomic domains.  
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Discussion 
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Until the development of 3C techniques, imaging methods were the main approach used 

to study the structure of the genome. The use of imaging, predominantly FISH, has 

allowed the discovery of many important features of genome conformation, like the 

existence of chromosome territories (Cremer et al. 2001) or the striking differences in 

nuclear position and topology between some similarly sized chromosomes (Croft et al. 

1999). Those used imaging techniques were characterized by their low-throughput nature 

and its inability to evaluate high numbers of simultaneous loci in each individual cell. 

Then, the emergence of 3C technology revolutionized the field of structural genomics by 

bringing unprecedent resolutions and providing the necessary sample size to apply the 

power of statistics to drive the scientific conclusions (S.S. Rao et al. 2014).  Imaging was 

then somewhat relegated, thanks to the orthogonality of the information provided, to a 

validation method for 3C predictions. But the last innovations in microscopy, mostly in 

the massive development of FISH probes, have given a new impulse to imaging 

technologies. Indeed, the advances in the massive synthesis of custom and complex 

oligonucleotides, led by Oligopaints (Beliveau et al. 2012), has opened a new era of multi-

targeted and high-throughput oligo-based microscopy. OligoFISSEQ, introduced in 

Chapter I of this thesis, is part of this new age of oligo-based technologies. 

Despite the unquestionable value of the provided information, 3C technology introduce 

its inherent biases to the data and do not provide a direct measure of the physical distances 

in the experiment. The analysis of cross-linked data is further challenged by the inclusion 

of biases that are specific to the 3C method used. In Chapter II we provide a modelling 

strategy that corrects those biases in the case of Promoter Capture Hi-C (pcHi-C). 

This thesis project contributes to the provision of analysis tools and pipelines for both 

imaging and 3C data and concludes with the development of pTADbit in Chapter III, a 

tool that combines high-throughput imaging data and Hi-C. 

 

3D mapping and accelerated super-resolution imaging of the human genome 

using in situ sequencing 
 
In Chapter I of this thesis, we designed and developed the decoding pipeline of the 

oligoFISSEQ technique. In OligoFISSEQ images, the signal is entangled between the 

different channels and sequencing rounds. The encoding of the information used by the 

technique allows the imaging of large numbers of loci in individual cells in a reduced 
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number of sequencing rounds. The multiplexing of the information, however, implies the 

use of specialized algorithms to decode the signal. 

 
We demonstrated the potential of OligoFISSEQ with the design and use of two libraries: 

one targeting six regions along each of six human chromosomes: 2, 3, 5, 16, 19 and X 

(36plex) and the other labelling 46 regions along the human X chromosome (ChrX-

46plex). The use of the 36plex library in male PGP1f cells allowed us to validate the 

technique by reproducing well-known structural features like chromosome territories or 

the tendency of smaller chromosomes to be positioned toward the center and larger 

chromosomes towards the periphery of the nucleus. It also allowed us to show the 

potential application of OligoFISSEQ to study the genome structure with enough number 

of samples to reach statistical significance.  We next showed the power of OligoFISSEQ 

to trace chromosomes with finer genomic resolution by applying the ChrX-46plex library 

to male PGP1f cells. We were able to generate 176 traces spanning the entire X 

chromosome permitting both single-cell as well as population-based analysis. The 

clustering of the traces revealed two major groups that differed significantly in their radii 

of gyration, one cluster consisting of 20 chromosomes (11%) and the other comprising 

156 (89%).  

 
To exhibit the potential use of OligoFISSEQ with other labelling technologies, we applied 

the ChrX-46plex library in female IMR90 cells in conjunction with immunofluorescence 

(IF) to macroH2A.1 which preferentially binds the inactive X chromosome. Using 

OligoFISSEQ we traced and analyzed separately the active and inactive X chromosomes 

and were able to validate known features like their difference in occupied volume and the 

separation in two megadomains of the inactive X chromosome. 

 

Finally, we demonstrated the capacity of OligoFISSEQ to accelerate super-resolution 

imaging. Combining OligoSTORM with four rounds of OligoFISSEQ we achieve a 36-

fold reduction in imaging time. 

 

OligoFISSEQ is one of the multiplexing imaging technologies in the undeclared race to 

image the full genome providing as high-resolution as possible. Bintu et al 2018 (Bintu 

et al. 2018) is probably the first manuscript in which acquired imaging data enabled 

enough resolution and throughput to match 3C-based data in the 2Mbp targeted regions. 



 

 113 
 

 

Not only that, up to date no multiplexing imaging dataset provides thousands of different 

cells in a resolution as high as 30kbp. Their findings demonstrate that TADs are structures 

present in single cells and not an emergent property of population averaging. The main 

difference between OligoFISSEQ protocol and their multiplexed approach is the 

entanglement of the signal in different wavelengths used by the former. That allows 

OligoFISSEQ to image similar number of targets in fewer number of rounds. The sequel 

manuscript from the same research group Su et al 2020 (Su et al. 2020) further improves 

their multiplexing strategy using three different imaging wavelenghts and more than 200 

sequencing rounds to image almost the entirety of chromosome 21 at 50kbp resolution. 

Such an increase of the number of targets using the original protocol would have boosted 

dramatically the cost of the experiments because the number of imaged loci grows only 

linearly with the number of sequencing rounds. The cost factor is one of the advantages 

of OligoFISSEQ against other technologies due to its reduced number of sequencing 

rounds. Scaling to longer regions allowed them to better characterize certain domain 

properties and demonstrate the tendency of loci in A and B compartments to spatially 

segregate, although often incompletely, in single cells. In the same manuscript, they 

accomplished the imaging of the full human genome in thousands of different cells using 

a variation of MERFISH (K.H. Chen et al. 2015) tailored to DNA which translated in a 

10-fold reduction in the number of rounds compare to the sequential approach. Although 

the low resolution attained, the visualization of the full human genome is an astonishing 

breakthrough in the field. Full genome imaging provides an unprecedent vision of the 

genome organization that allowed them the study of the chromosome overlapping that 

suggests the existence of substantial trans-chromosomal interactions. 

SeqFISH+ (Takei et al. 2021) reaches also the full genome scale imaging mouse 

embryonic stem cell nuclei at 1Mbp resolution using two microscope channels. 

Simultaneously, they imaged several 1.5Mbp regions at 25kbp resolution using a third 

one. In total they reach 3,660 different targets using 80 rounds of sequential hybridization 

for the 1Mbp localizations and another 80 rounds for the 25kbp detailed regions, together 

with 17 chromatin marks and subnuclear structures and the expression profile of 70 

RNAs. With this strategy they observed that many DNA loci, especially active gene loci, 

reside at the surface of nuclear bodies and zone interface. 

Another recent addition to new multiplexing imaging technologies is in situ genome 

sequencing (IGS) (Payne et al. 2021) which uses a different approach to reach full 

genome visualization by combining in situ and ex situ sequencing. The use of ex situ 
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sequencing allows the identification of the imaged loci with the precision required to 

distinguish different alleles and spot their structural differences. However, their un-

targeted approach makes the method un-suitable for the examination of the structure of 

specific loci compared to methods like OligoFISSEQ in which the targets are 

bioinformatically designed. Indeed, the use of in situ transposition to incorporate the 

DNA-sequencing adapters randomly in the genome prevents the selection of a set of  

specific loci. 

All the mentioned technologies, including OligoFISSEQ, rely on customized detection 

and analysis pipelines that combine image analysis and statistical approaches. Few 

initiatives exist that englobe the needed tools to process all these different imaging 

techniques. Maybe the closest to such platform would be Starfish (Axelrod et al. 2021), 

a Python library that contains the basic functions for the analysis of spatial genomics. 

 
3D reconstruction of genomic regions from sparse interaction data 
 
In Chapter II of this thesis we presented a novel tool for the 3D reconstruction and 

analysis of chromatin regions from the sparse interaction data obtained with 3C-based 

experiments. These types of assays are conceived to capture interactions between specific 

regions and the rest of the genome, for example, loci enriched in a specific protein 

(Mumbach et al. 2016) or regions known to contain gene promoters (Schoenfelder et al. 

2015). Capturing specific interactions allows the production of high-resolution 

interacting profiles. Contrary to the output of experiments providing continuous matrices 

of pair-wise interactions, these profiles when represented as matrices are characterized 

by data sparsity because the large majority of the cells in the interaction matrix belong to 

non-captured fragments and, as such, are empty. Additionally, they are heavily biased on 

interactions between captured fragments.  Most of the computational tools for the analysis 

of 3C experiments are designed to handle dense interaction matrices and are ill-suited for 

the sparsity of the capture experiment’s profiles, for instance in the reconstruction of 3D 

structural models.  

 

In the case of pcHi-C, the existing tools (ChiCMaxima (Ben Zouari et al. 2019), Chicago 

(Cairns et al. 2016), … ) are mainly focused on the implementation of normalization 

strategies to reduce the impact of biases and on the assessment of the significance of 

interactions between captured loci. Contrarily, the work presented in this thesis allows 



 

 115 
 

 

the analysis and interpretation of pcHi-C assays by producing ensembles of three-

dimensional structures that are compatible with the experimental data. This methodology 

covers the normalization of the data, the detection of significative interactions and finally 

the recovery of the full structural organization of a genomic region in study. 

 
In our approach, a genomic region is reconstructed using a restraint molecular dynamics 

approach with TADdyn (Di Stefano et al. 2020). The polymer is constituted by spherical 

beads of 50 nm of diameter each containing 5kb of chromatin fiber and is subjected to 

the potential energy composed by the chain stiffness, connectivity and excluded volume. 

The known interaction frequencies are converted to spatial restraints that are imposed 

progressively to the interacting beads using a steered molecular dynamics protocol.  

 
Using the explained methodology, we modelled 12 genomic regions from Promoter 

Capture Hi-C (pcHi-C) data and compared the ensemble of structures with their 

equivalent ensembles reconstructed from Hi-C. Additionally, to quantify the effect of 

sparsity in the comparison, we reconstructed ensembles from virtual capture interaction 

matrices (pcHi-Cvirt) built by selecting from normalized Hi-C matrices the rows and 

columns of the regions captured in the experiments.  

 
The comparison between the sparse and dense derived 3D model ensembles revealed that 

it is possible to recover most of the 3D organization of the dense dataset in spite of the 

data sparsity. Indeed, we obtained high median distance correlation between the sparse 

and dense derived 3D model ensembles for both pcHi-C and pcHi-Cvirt.  In summary, 

these results indicate that the sparse derived ensembles of 3D models are a good 

representation of the dense experiments. 

 
Probabilistic 3D-modelling of genomes and genomic domains by integrating 

high-throughput imaging and Hi-C using machine learning 
 
In Chapter III of this thesis, we introduced pTADbit which combines Hi-C interaction 

data with high-throughput microscopy information to produce ensembles of 3D structures 

that reproduce more reliably the heterogeneity of the cell population. In this regard, 

pTADbit lays the foundations for the application of Artificial Intelligence in the 

modelling of chromatin from 3C data.  
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We demonstrated that pTADbit produces 3D ensembles that are in high agreement with 

both Hi-C interaction matrices and independent imaging data with inferred structures that 

are closer to represent the large heterogeneity observed in imaging experiments. 

Moreover, pTADbit compares favorably against other modelling frameworks while 

drastically reducing the required computation time.  

 

Although having imaging data from only a few regions of the genome, the method is 

applicable, not surprisingly, to the rest of the human genome. However, we cannot discard 

the presence of small biases in the distance predictions caused by the scarcity of datasets 

used for the training of the NNs. We anticipate an increase in the accuracy of the 

predictions with the release of new high-throughput imaging datasets of different regions. 

Additionally, pTADbit is not restricted to the existing trained NNs and it is prepared to 

use other future Tensorflow networks trained with more extensive datasets.  

 

The use of distances from imaging experiments in neural networks (NNs) allows pTADbit 

to overcome one of the major difficulties in the modelling of genomic regions: the 

inference of the equivalence between interaction frequencies and distances. The direct 

transformation from Hi-C data to distances is one the strengths of pTADbit compared to 

existing methods.   

 

Among the innumerable tools for the three-dimensional modelling of chromatin, it is 

difficult to find tools that combine high-throughput imaging data and Hi-C. The main 

reason is probably that imaging datasets are scarce and quite recent. A tool integrating 

Hi-C and FISH data to obtain more accurate three-dimensional models is GEM-FISH 

(Abbas et al. 2019). GEM-FISH allows the reconstruction of 3D models of chromosomes 

integrating Hi-C and FISH data and prior biophysical knowledge of polymer physics. As 

pTADbit, GEM does not rely on any specific conversion between the Hi-C contact 

frequencies and the corresponding spatial distances, but directly encodes the proximity 

of cross-linked data and FISH distances as spatial restraints. It also uses a divide-and-

conquer approach similar to pTADbit in which a TAD-level lower-resolution structure is 

first computed and finally integrated with higher-resolution conformations of each TAD 

to complete the final 3D model of the chromosome. 
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As for the use of Artificial Intelligence (AI) to 3C data, we find several examples where 

deep learning is used to predict contact frequencies using as input different chromatin 

features. For example, in DeepC (Schwessinger et al. 2020) or Akita (Geoff Fudenberg 

et al. 2020) contact frequencies are predicted using the DNA sequence and different types 

of neural networks. These applications of AI in the field of chromatin folding have the 

objective of predicting Hi-C data while pTADbit focuses on the reconstruction of the 3D 

structures from it.  

To the best of our knowledge, no computational approach has been proposed previously 

to predict interacting chromatin distances through AI using Hi-C data. 
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Conclusion 



 

 119 
 

 

  

The two main approaches to study the structure of the genome are 3C technologies and 

imaging. Although many tools exist for the analysis of 3C-based data, the innumerable 

variations and adaptations of the technology makes still essential the provision of new 

computational libraries. On the one hand, as part of this thesis, we developed a pipeline 

for the reconstruction and analysis of Promoter Capture Hi-C (pcHi-C) a 3C technique 

that generates sparse data. On the other hand, during the last years, imaging has 

experienced a major revolution with the appearance of new high-throughput multiplexing 

techniques capable of reaching unprecedent resolutions in single cells. In this thesis we 

developed OligoFISSEQ, one of those emerging technologies and provide tools for the 

analysis of its generated information.  Finally, we developed a tool that combines 3C-

based and high-throughput imaging data to bring together information of both worlds to 

enhance the three-dimensional reconstruction of genomic regions. 

 

From Chapter I, we can specifically conclude: 

 

1. We designed and implemented OligoFISSEQ a novel imaging technology to 

visualize multiple genomic regions in hundreds and thousands of individual cells. 

2. We demonstrated the capacity of OligoFISSEQ to study chromatin organization 

in both individual cells and populations. 

3. Thanks to its multiplexing strength, OligoFISSEQ has the potential to scale the 

labelled regions in individual cells to hundreds or even thousands of loci. 

4. We showed the capacity of OligoFISSEQ to accelerate the rate at which multiple 

genomic regions can be visualized in super-resolution images. 

 

 

From Chapter II, we can specifically conclude: 

 

1. We developed a bioinformatics tool for the reconstruction of the 3D organization 

of chromatin from sparse pcHi-C datasets. 

2. The structures reconstructed with our methodology are highly similar to those 

obtained with benchmarked tools using dense datasets. 

3. The designed methodology can be easily adapted to other sparse 3C-based data 

sets.  
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From Chapter III, we can specifically conclude: 

 

1. We developed pTADbit, a novel approach for the reconstruction of the 3D 

organization of chromatin from Hi-C data that makes use of imaging information 

and Machine Learning (ML). 

2. pTADbit produce ensembles of 3D models that reproduce more accurately the 

heterogeneity of the cell population.  

3. The inference of the equivalence between interaction frequencies and distances 

from high-throughput imaging experiments allows pTADbit to dramatically 

reduce the computation times in the generation of 3D structures. 
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