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Figure 5.39. The z-score differences of shRUNX1 / shNS Hi-C matrices for each chromosome at 
1Mb bin size. 
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 For instance, the BMP2 gene, which is important for epithelial cell transformation 

[314], is down-regulated by log2 fold change of -1.55 upon RUNX1 knockdown.  The 

BMP2 gene resides inside a sub-TAD, near a TAD border on chromosome 20 (Figure 

5.40a).  Upon RUNX1 knockdown, we observed extensive long-range chromatin 

interaction alterations within +/- 5Mb of the BMP2 locus (Figure 5.40b).  Visualizing 

the significantly altered interactions revealed interesting changes in the higher-order 

chromatin structure of this locus.  The BMP2 locus is flanked by two RUNX1 bound 

regions, harbors several DNase1 hypersensitive sites, and is flanked by CTCF and 

RAD21 (cohesin) binding (Figure 5.40c).  However, upon RUNX1 knockdown, the 

TAD boundary adjacent to the BMP2 gene region is lost (Figure 5.40c), accompanied by 

a loss of long-range interactions between the two TAD borders flanking the TAD border 

that was lost.  Taken together, these results suggest a prominent role for RUNX1 in 

genome architecture. 
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Figure 5.40. An example of interaction changes upon RUNX1 knockdown. a) Genome wide 
interaction heatmap of the BMP2 gene locus indicated by an arrow. +/- 5Mb on chr20 chr20:4388564-
9118290.  The top and the bottom parts of the heatmap show the interaction frequency of the shRUNX1 
and shNS cells, respectively. b) Heatmap of the same region showing the differential interactions between 
shRUNX1 and shNS.  The red and blue pixels denote interactions that are gained and lost upon RUNX1 
knockdown, respectively.  c) Heatmap showing the significantly altered see Methods. interactions around 
the BMP2 gene locus.  In the lower panel, the UCSC genes, MCF-7 ChIP-seq signal for RUNX1 from this 
study, ChIP-seq for CTCF, RAD21 as well as Dnase1 hypersensitivity from the ENCODE database, and 
the TAD borders for shNS and shRUNX1 cells are shown.  The highlighted region indicates the BMP2 
gene.  The TAD border near the BMP2 gene is lost upon RUNX1 knockdown red arrow, and the 
interactions between the surrounding borders are decreased.    
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5.4 Discussion 

  RUNX1 protein can act as a both tumor suppressor and an oncogene depending 

on the cellular context (reviewed in [315; 316]).  Although much is known about the 

role of RUNX1 in breast tumor prognosis [291; 292], its role in mediating gene 

expression and affecting higher-order genome architecture remains unknown.  Here, we 

probed RUNX1-mediated genome-wide transcriptional and architectural changes in the 

MCF-7 breast cancer cells.  Understanding the molecular consequences of RUNX1 loss 

is important in delineating the cell context-specific roles of RUNX1 in breast cancer.  

   RUNX1 depletion in the MCF-7 cell line resulted in down- and up-regulation of 

many genes, suggesting both an activator and a repressor role for RUNX1.  Associating 

RUNX1 localization with other MCF-7 ENCODE datasets suggested that RUNX1 binds 

to the chromatin with different transcriptional regulators and cofactors, likely as part of 

multiple distinct complexes (Figure 5.17).  Therefore, the dual transcriptional role of 

RUNX1 most likely depends on its interaction partners, which is consistent with prior 

findings that the RUNX1 protein harbors many partner proteins [308].  RUNX1 is 

primarily bound to gene bodies (~70%) and to a lesser extent to intergenic regions 

(Figure 5.13).  This suggests a direct regulation of RUNX1-mediated gene expression 

(Figure 5.16).  RUNX1 depletion resulted in the down-regulation cell surface 

connections and extracellular matrix (Figure 5.6); and up-regulation of several 

chromatin modifying genes related to DNA methylation, nucleosome and centrosome 

assembly (Figure 5.7).  All of these categories are tightly associated with tumorigenesis.  

As a result, it can be hypothesized that RUNX1 loss in different cellular contexts may 
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have distinct molecular consequences, therefore distinct phenotypic outcomes.  This can 

partly explain the dichotomous role of RUNX1 in different contexts.  

  From an architectural point of view, Hi-C analysis revealed that the vast majority 

of both the compartments and the TADs are maintained upon RUNX1 depletion (Figure 

5.34).  Even though only a small fraction of the genome displayed an alteration in 

genomic compartments, the changes in gene expression were correlated with the 

compartmental changes for a subset of genes and regions.  This implies a strong 

relationship between genomic compartmentalization and gene expression.  It is still not 

very well understood whether compartment switching affects gene expression or vice 

versa.  There is literature evidence favoring both cases, where the relocation of a gene 

inside the nucleus precedes its transcription [317], or alternatively chromatin 

decondensation (i.e gene positioning) plays a major role in gene expression [221].   

  In the three dimensional genome, TADs are regarded as the functional 

transcriptional units where the genes inside a given TAD are regulated differently 

compared to the genes inside another TAD [75].  Remarkably, we identified an 

enrichment of RUNX1 binding at TAD boundaries (Figure 5.36).  This is consistent 

with the fact that TAD boundaries are also enriched for genes [73].  It has been shown 

that, in flies, combinatorial binding of multiple architectural proteins are associated with 

TAD boundary strength [79].  In vertebrates, the insulators cohesin, condensin, and 

especially CTCF, were shown to be strongly associated with TAD boundaries and 

looping formation [78; 81].  There are ~1400 sequence specific transcription factors in 

the human genome [268].  Therefore, it is possible that, either directly or indirectly, 
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RUNX1 may also contribute to the TAD structure as a genome regulator along with 

these other important insulators.  Finally, RUNX1 loss resulted in the disruption and 

emergence of thousands of individual interactions, demonstrating a structural role for 

RUNX1 in the organization of chromatin structure throughout the genome (Figure 5.39 

and Figure 5.40). 

  Taken together, these results provide insight into how several cellular processes, 

including transcription and genomic organization, are perturbed upon RUNX1 loss.  

Further studies assessing the architectural consequences of RUNX1 loss in different 

tumor subtypes will shed light into the underlying mechanisms of RUNX1 action in 

breast cancer.  
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CHAPTER 6: Outlook and Future Directions 

6.1 Long-range gene regulation and higher-order genome structure 

  The transcriptional programs that establish and maintain specific cell states are 

orchestrated by the binding of regulatory proteins to specific genomic elements [318].  

There are thousands of enhancers within a given cell [312; 319].  The mechanisms of 

how individual enhancers regulate the expression of their target genes in a specific 

manner is not fully understood.  Insulator proteins are known to block enhancer function 

across an insulator element [320].  Apart from regulatory proteins, it is now widely 

accepted that long non-coding RNAs are also a fundamental part of transcriptional 

regulation and genome organization [321; 322].  For instance, the expression of non-

coding RNAs from enhancer regions, known as eRNAs [323], orchestrated with the 

binding of chromatin modifiers and transcription factors (reviewed in [324] ), result in 

the long-range looping interaction with their cognate gene promoter [94].  Several recent 

studies suggest that the transcriptional regulation occurs in the context of three-

dimensional chromatin structures.  Understanding the patterns of mechanisms and 

underlying principles in this molecular “lego” will be a long-lasting vocation for many 

scientists.  It is becoming increasingly evident that studying a physiological process in 

the context of a linear genome is not sufficient to elucidate the full picture of the nuclear 

processes.  Therefore, it becomes vital to understand the higher-order chromatin 

structure during physiological and disease states.  The key question is: What is the 

difference in the genome structure that results in massive changes in cellular physiology, 
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including the morphology and phenotype of the cells, the transcriptional landscape and 

the different characteristics that the cell acquire? 

  In this thesis, I aimed to understand the higher-order structural chromatin 

structure alterations using bone differentiation and breast cancer as model systems 

(Chapters 2 and 3).  Moreover, in the context of breast cancer, I studied the architectural 

role of the ATPase subunit of the SWI/SNF chromatin remodeling complex, BRG1 

(Chapter 4); and a transcription factor, RUNX1 (Chapter 5), both of which have been 

implicated in breast tumorigenesis, and identified previously unknown effects for these 

factors in three-dimensional genome organization. 

6.2 Implications in bone biology and bone metastasis 

  The findings in Chapter 2 provides an important foundation for future studies 

regarding bone-related diseases and cancer metastasis to bone.  Our 3C analysis have 

identified dynamic three-dimensional interactions between the Runx2-P1 and the 

syntenic Supt3h promoters.  I have furthermore presented a mechanistic insight into the 

effect of this looping interaction on Runx2-P1 expression.  These results provide a 

model for many dimensions in higher-order genome structure.  Firstly, from the 

developmental point of view, the Runx2 gene expression stands high in the hierarchy in 

the transcriptional cascade, as Runx2 null embryos are impaired in bone development.  

Our 3C work provides the first framework in which the higher-order genome structure 

affects the gene expression.  The osteogenic progenitor cells appear in fusiform, 

fibroblast cell-like morphology; however upon osteogenic differentiation they start to 

mineralize and their size is significantly reduced, forming the cobblestone-like 
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structures.  It is of great interest to find out what nuclear structural changes accompany 

these dramatic morphological changes.   This study, in the future, can be followed by 

performing more high-throughput chromosome conformation capture approaches (4C, 

5C and Hi-C) to obtain a bigger picture of the nuclear architecture in conjunction with 

transcriptional changes.  To obtain an alternate view of genomic structure during 

osteogenesis, ChIA-PET experiments using an antibody against the RUNX2 protein can 

be performed, thereby providing a RUNX2-centric point of view of the genome at high 

resolution.  The resulting RUNX2-bound interactome dataset can be combined with 

other available ChIP-seq and DNase1 hypersensitivity data [167] to infer the underlying 

mechanisms of bone differentiation-dependent changes in the transcriptional cascade 

and chromatin structure.  These approaches need not only be followed during 

osteoblastogenesis.  Several bone related diseases, such as cleidocranial dysplasia, 

harbor mutations or contain single nucleotide polymorphisms in the Runx2 gene locus.  

Even though certain mutations fall in the exonic regions and cause a change in the 

RUNX2 protein structure leading to perturbed protein functions, many other mutations 

are either in the introns or in other cis-regulatory regions of the Runx2 gene.  By 

performing 3C-based approaches in patient cells and utilizing the current findings in this 

thesis as a reference point may help us decipher the underlying causative effects of these 

mutations on the disease prognosis.  With the emerging more precise CRISPR-Cas9 

genome editing techniques [325; 326], there is a therapeutic potential in correcting the 

the malfunctioning genomic regions of the Runx2 locus. 
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  These possible approaches outlined are not only deemed for the contexts of 

differentiation and disease.  RUNX2 is significantly implicated in several types of 

cancer, and especially cancer metastasis to bone.  A part of my study in Chapter 2,  I 

probed the long-range interactions of Runx2-P1 in silico in various cancer cell lines. 

Further experiments comparing the interactions between non-metastatic cancer cells and 

cells metastasizing to the bone, where Runx2 is frequently over-expressed, may yield 

prognostic biomarkers in the future.   

  From an evolutionary point of view, the Runx2 gene locus is an interesting locus, 

where the spatial distance between Runx2-P1, Runx2-P2 and Supt3h promoters are 

conserved from sponges to humans.  In this study we show that, at least in mice and 

humans, there is a steady state detectable interaction frequency between the Runx2-P1 

and Supt3h promoters.  It is very possible that this spatial proximity appeared early in 

the evolutionary tree, which can be followed up by performing 3C between these two 

regions in a myriad of species not limited to model organisms.  This finding also hints at  

the higher-order structural relationships between the homologous genomic regions in 

different species.  It is known that the TAD structures are conserved in homologous 

regions in different species [78].  Therefore, the outstanding question is: can we say 

whether the local looping interactions at tightly linked loci stable across evolution?  A 

supporting evidence comes from a recent study applying the 4C technique in flies and 

humans showing that the enhancer-promoter looping interactions are more dynamic and 

cell-type specific in developmentally regulated genes (example: the β-globin gene), but 

more stable in housekeeping gene loci [327]. 
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6.3 Implications in breast cancer 

   Cancer is pathologically charaterized by iregularly shaped nuclei, and the 

pattern of the heterochromatin / euchromatin distribution inside the nucleus is perturbed.  

Understanding the molecular alterations in the cancer nucleus has been and still is a 

long-standing challenge involving scientists from several fields of biology and medicine.    

There are numerous studies charting the mutational, transcriptional and epigenomic 

landscape between the normal and cancer cells.  Emerging trends and patterns of 

regulations from these studies result in many thereupeutic agents to increase the 

prognosis of the disease.  For instance, histone demethylase or bromo-domain inhibitors 

have been successfully used to treat a subset of cancer patients [328; 329].  Thus, a 

deeper understanding of the cancer-specific alterations in the nucleus is of great 

importance in developing new treatments. 

  In Chapter 3 of this thesis, I present for the first time in the literature, a genome-

wide molecular view of differential genomic-organization between normal and cancer 

cells.  We observed extensive differential interactions in small chromsomes, and at 

telomeres between normal and breast cancer cells.  These changes were accompanied by 

the transcriptional differences, thereby providing a nice evidence of the connection 

between gene expression and nuclear architecture.  Even though this study involves two 

cell lines commonly used to study the progression of breast cancer, further experiments 

inlcuding more cell lines with diverse hormonal backgrounds (ER, PR and HER 

markers) will yield insight into biology of breast cancer modesl.  The Hi-C technique 

allows us to obtain interaction data from as low as ~5 million cells, in which the 
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resulting data will have enough resolution to obtain infromation about the chromosomal 

interactions and the genomic compartments.  Therefore, further extending these findings 

with primary tumors, and their matched controls will no doubt shed light on the common 

architectural abnormalities in breast cancer.  Another finding in Chapter 3 is the 

differential telomeric interactions between  normal and cancer cells.  Telomere biology 

is a growing field with severe implications in cellular transformation, and have been 

frequenctly implicated in cancer.  In this thesis, alterations in telomeric interactions 

provide a fundemental resource for future studies on a number of aspects, including 

telomere length and prognosis, the effect of telomere length in telomere clustering, and 

different telomere maintenance mechanisms including the alternative lengthening of 

telomere (ALT) mechanism.   

  More importantly, the Hi-C datasets provided in Chapter 3 can be utilized in a 

myriad of ways.  First, one can integrate SNP and copy number variation analysis of 

these cells and examine whether higher-order structure is associated with common or 

unique genomic signatures.  Furthermore, the MCF-7 breast cancer cell is part of the 

ENCODE consortium, and there are many different types of genome-wide epigenomic 

marks readily available in these cells.  Further meta-analysis of the epigenomic 

signatures integrated with the expression and chromatin interaction datasets would 

provide mechanistic perspective about how the binding of different factors, the presence 

of different histone modifications and the chromatin accesibility is affected by or affect 

higher-order chromatin structure.   
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  In Chapter 5, we characterize the consequences of RUNX1 perturbation in breast 

cancer cells.  The RUNX1 transcription factor is most studied in the context of 

leukemia.  However, RUNX1 is also a significant contributor to breast cancer and the 

molecular effects of its perturbation is not well-understood.  Here, I presented RUNX1-

dependent transcriptional and structural changes, and how these changes associated with 

RUNX1 binding in breast cancer cells.  Even though there are some studies which 

demonstrate the effects of RUNX1 in the tissue or the organismal level in the context of 

breast cancer, this study stands out as one of the first molecular characterization of 

RUNX1 deficiency in breast cancer.  Future studies dissecting the causative effects of 

ectopic RUNX1 binding, or disruption of RUNX1 binding at target loci, especially in 

relationship with its co-regulatory interaction partners, will help us understand the exact 

roles of RUNX1.  For instance, performing a mass spectrometry analysis of RUNX1, 

followed by ChIP-seq analysis of the RUNX1-interacting partners that bind to DNA 

would yield significant views in transcriptional regulation and chromatin structure that is 

RUNX1 dependent.  Finally, by combining the Hi-C data from the MCF-7 cells in 

Chapter 3 and Chapter 5, one can achieve a very high resolution (<20kb) interaction 

map of the MCF-7 cells.  A similar approach has been used previously by combining the 

Hi-C data from TNFalpha treated and control fibroblast cells [170].  The same approach 

for achieving high resolution Hi-C data can also be followed for BRG1 and MCF-10A 

cells.   As a result, the findings in this thesis open up new avenues for many different 

types of basic and therapeutic research projects.  
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6.4 Implications in the biology of TAD structures 

  One of the main results in Chapters 3, 4 and 5 of this thesis is that the TAD 

boundaries are largely invariant between normal epithelial and breast cancer cells 

following BRG1 and RUNX1 depletion, respectively.  These results are consistent with 

earlier reports that the TAD boundaries are largely invariant across species, 

physiological cues, tumorigenesis, and factor depletion including histone H1 [73; 76; 77; 

98; 263; 330]. Even though the genes inside a single TAD are co-regulated, the 

formation and disappearance of TAD boundaries is not necessarily correlated with gene 

expression [73; 74; 98; 263].  A recent study in fly cells in which the global gene 

expression has been shut off by heat shock demonstrates that the localization of the 

TAD boundaries is not altered; rather the strength of the boundaries is decreased, 

allowing more inter-TAD interactions [80]. It has been suggested that the TADs are the 

principle units of DNA replication [72].  The biology of TAD structures is still not very 

much understood.  In flies, it was shown that the localization of architectural binding 

proteins at TAD boundaries affected the strength of a TAD boundary, as demonstrated 

by the presence of increased number of architectural binding proteins at stronger TAD 

boundaries [79; 267].  The definition of a TAD boundary is a stretch of a genomic 

region, ranging from a few to tens of kilobases, rather than a localized spot.  Thus, it is 

still unclear what underlying characteristics establish a TAD boundary.  It is known that 

the presence of genes, active histone marks, and certain transcription factors are 

enriched across the TAD boundaries.  Is the enrichment of these characteristics at 

localized regions sufficient enough to generate a TAD boundary?  If one used the 
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CRISPR/Cas9 technique to cut a defined TAD boundary and paste it into a non-

boundary region, would it create a new TAD boundary?  How would the expression of 

the genes proximal to the new TAD boundary be affected?  What is the localization (i.e 

radial positioning) of the TAD boundaries in the nucleus?  Is the separation of two 

neighboring TADs a result of an active biological consequence of protein (and lncRNA) 

binding at/near gene bodies, or a passive biophysical separation of different genomic 

regions, similar to the notion of nuclear bodies?  These are all outstanding questions 

regarding TAD boundaries and their biological roles as they are conserved in evolution, 

evidenced by the presence of TADs, chromatin interaction domains (CIDs) and gene 

crumples in worm, bacteria and yeast, respectively [171; 213; 331].  

  A growing evidence of TAD boundary formation comes from the meta-analysis 

of CTCF bound sites in the genome.  It was shown by multiple groups that the 

convergent binding of CTCF is very strongly associated with TAD boundaries [81; 217; 

332; 333]. In this thesis, I showed that RUNX1 and BRG1 are enriched at TAD 

boundaries.  Following the depletion of BRG1, a reduction in TAD boundary strength 

was observed (Chapter 4).  Given complexity of the protein repertoire of the nucleus at 

any given time,  and given the regulatory mechanisms of many proteins at the post-

translational level, the complex architectural regulation at TAD boundaries likely 

involves binding of several proteins.  This can be achieved dependent or independent of 

the recruitment of CTCF to TAD boundaries by co-regulatory proteins.  The multiplicity 

and the redundancy in transcription factor binding especially at TAD boundaries may 

explain why the localization of TADs are not that easy to disrupt.  
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  Rao et al. suggests an alternative view of TADs, claiming that each individual 

TAD is a single chromatin looping event and the intervening enriched interactions inside 

a TAD appear as a consequence of closer proximity resulting from the looping of the 

two elements located at the boundaries.  They also suggest that instead of millions, there 

are only ~10,000 interaction events in the human genome [217].  An appropriate 

analogy would be to fold the ends of a piece of paper, where the ends represent the TAD 

boundaries, and as a result all the mid-sections of the piece of paper are now in 

proximity in 3D space.  This phenomenon is evidenced by the fact that in certain TADs, 

there is a significantly elevated single interaction event between the boundaries of the 

TAD, and the rest of the interactions inside the same TAD are seen as an averaged 

interaction pattern, rather than sharp, discrete spots [217].  Even though this hypothesis 

may be true for a subset of TADs, there are several TADs without such a prominent 

discrete boundary-to-boundary interactions [217; 263].  Therefore, the proposed 

hypothesis does not necessarily explain the second type of TAD structures.  It may be 

that the genome contain two different types of TAD structures.  It was recently predicted 

by computational modeling that the chromatin acquires diverse fluctuating 

configurations inside a TAD rather than displaying stable structures [334].  A more 

recent study investigated the higher-order interactions that the TADs make with each 

other, and identified hierarchical structures with domains-within-domains which they 

termed “meta-TADs” [335]. The meta-TADs are stable during differentiation and are 

correlated with epigenetic signatures and gene expression, and the tight packaging of the 

genome without losing contact-specificity [335].  With all these important findings at 
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hand, it is still under discussion whether it is the dynamic interactions inside a TAD that 

form the topologically associating domains, or is it the molecular and physical barriers 

at the TAD boundaries that form them [82].  I propose a possible alternative view for 

TADs, that each TAD, in conjunction with the interactions the TAD makes with other 

TADs (meta-TADs), may represent different nuclear bodies in the nucleus.  A testable 

hypothesis is provided by two recent studies where the authors determine the viscosity 

(or phasing) of the nuclear body emanating from the introduction of an RNA-protein 

complex [336; 337].  Therefore, it could be possible that each TAD, and its interacting 

TAD partners, may constitute a separate nuclear body in the nucleus.  This hypothesis 

would be consistent with the correlated expression of genes inside a TAD (and other 

TADs), and the notion of transcription factories [338], splicing sites [339], and many 

other nuclear bodies such as the RUNX2 nuclear bodies, or any protein that has a 

“puncta” pattern of immunoflourescence staining.  The findings in this thesis add 

significant insights into the missing TAD puzzle, by providing evidence that chromatin 

modifiers other than well-studied insulators can also in fact affect TAD boundaries.  

This important finding opens up new exploratory avenues for other factors that 

potentially affect TAD boundaries.   
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APPENDIX 

1. Table of 3C primers in Chapter 2. 
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