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ABSTRACT

Cells in the human body are exposed to a wide range of stimuli, often simultaneously. In order
to survive, cells must mount cell-type-, context-, and stimuli-specific responses, which can be
modulated by genetic variation. The nucleus plays an important role in integrating these
extracellular signals, and producing the appropriate cellular changes. In this thesis I investigate
chromatin and transcriptional changes that occur in an acute myeloid leukemia cell line (HL-60/S4)
after treatment with mechanical and chemical stimuli. I migrated neutrophil-like cells through a
confined space to test the effects of mechanical stimulus on the nucleus. I found that cellular
remodeling is associated with disruption to the organization of silent chromatin, while
transcriptional programs seem largely undisturbed by migration with constriction. Treatment of
undifferentiated and neutrophil-like cells with the proinflammatory cytokine TNF-a identified
cell-type-specific responses to chemical stimulus. Divergent transcriptional responses were
identified in the two cell types, characterized by upregulation of cell cycle genes in undifferentiated
cells, and repression of the same genes in neutrophil-like cells. Comparisons to publicly available
data characterized the genome structures of two versions of the HL-60 cell line, to gain insight
into the reproducibility of experiments performed in this cell line. Multiple samples of HL-60/S4
have highly consistent genomic architectures. However, different sources of the original HL-60
cell line have a small number of disparities in their cytogenetic information. In conclusion, a crucial
role of nuclear architecture is to enhance the response to critical stimuli, while minimizing the
response to irrelevant signals.
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CHAPTER 1
GENERAL INTRODUCTION

Section 1.2 is published in DoHaD
Jacobson E, Vickers MH, Perry JK, et al. Genome organization: Connecting the
developmental origins of disease and genetic variation.
Section 1.3 is published in Nucleus
Jacobson E, Perry JK, Long DS, et al. A potential role for genome structure in the translation
of mechanical force during immune cell development.

1

1.1 Overview
Environmental challenges such as nutritional insult, infection, and psychological trauma can
lead to pathogenic outcomes, but not all individuals are affected to the same extent (e.g. [1–6]).
These differences can be partially attributed to interactions between genetic variation and
environmental risk factors such as maternal nutrition [7–9]. Investigating these gene by
environment interactions can improve our understanding of disease risk. This can be achieved by
moving to a systems-wide view of the processes that are required to decode the information (e.g.
genes) that is encoded within the linear sequence of the DNA. In effect, we must combine genomic
and post-genomic approaches to interpret genome biology so that we can understand how
developmental processes are affected by the combinatorial action of genetic variation and
epigenetics.
Although we must consider the effects of stress at the whole organism level, i.e. the human
body, the effects are ultimately mediated at the level of single cells. Immune cells in particular play
a critical role in non-communicable disease [10], reacting to a wide range of both chemical and
physical environments (e.g. [11,12]). While the former has been extensively studied, there is growing
evidence that physical, and in particular mechanical, forces also affect immune cell behavior and
development. In order to elicit a response that affects immune cell behavior or development,
environmental signals must often reach the nucleus. Chemical and mechanical signals can initiate
signal transduction pathways [13,14], but mechanical forces may also have a more direct route to
the nucleus, altering nuclear shape via mechanotransduction [15]. The three-dimensional
organization of DNA allows for the possibility that altering nuclear shape directly remodels
chromatin, redistributing critical regulatory elements and proteins, and resulting in wide-scale gene
expression changes. As such, integrating mechanotransduction and genome architecture into the
immunology toolkit will improve our understanding of immune development and disease.
This thesis studies the nuclear response to different mechanical and chemical stimuli in a human
leukemia cell line, HL-60/S4. Chapter 2 investigates the impact of migration through a confined
space on spatial genome organization and transcriptional activity. Chapter 3 looks at the cell-type
specific transcriptional changes in response to TNF-a. Chapter 4 contributes to characterizing the
variation in linear genomic sequence in different HL-60 cell lines.
Large sections of this thesis have been published, or are under review, at the time of
examination. Section 1.2 is modified from a paper published in the DoHaD journal as “Genome
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organization in health and disease”. Section 1.3 is modified from a paper published in the journal
Nucleus as “A potential role for genome structure in the translation of mechanical force during
immune cell development”. Chapter 2 is modified from a paper published in BMC Biology as
“Migration through a small pore disrupts inactive chromatin organization in neutrophil-like cells”.
Chapter 3 is modified from a paper submitted to G3: Genes, Genomes, Genetics as “TNF-a
differentially regulates cell cycle genes in promyelocytic and granulocytic HL-60/S4 cells”. Chapter
4 is modified from a paper submitted to Genomics as “Hi-C detects novel structural variants in
HL-60 and HL-60/S4 cell lines”.

3

1.2 Genetic variation can interact with the
environment via spatial genome
organization
1.2.1 Genes are supervened on the genome organization
The end product of a gene can be directly mapped to the sequence of its protein coding exons,
but a functional gene must contain non-coding regulatory regions such as promoters, introns, and
enhancers. Therefore the view that a gene is hard-coded in the DNA sequence [16–19] has a
number of limitations, one of which includes preformation [20]. If each of the ~30,000 human
genes could only have one function, it is hard to imagine how they could create organs as complex
as our brain or liver, let alone an entire human [21]. But just as a human develops from pluripotent
stem cells, not a homunculus, a gene can also be formed from multipurpose building blocks [22].
For instance, an estimated 95% of human genes undergo alternative splicing, resulting in many
more than 30,000 unique proteins [23]. It is clear that genes are not fixed entities; rather they are
supervened on the genome in a manner which is context dependent and programmable by the
environment [24]. This is supported by observations that the functions of defined DNA sequences
are context-dependent [25]. For example, a promoter may become part of an intron resulting in
production of a chimeric messenger RNA transcribed from groups of exons that were previously
ascribed to different genes [26]. If one extends the definition of the gene to include the sequences
that regulate transcription, then current evidence demonstrates that these elements are not fixed,
nor necessarily in cis within the linear DNA sequence. Rather, the combinations are cell-type
specific and this is reflected in the spatial organization of the DNA [27–31].

1.2.2 Genome organization: a definition
When looking at a static microscopic image of a nucleus it is easy to forget that it is in a state
of non-equilibrium, constantly exchanging its material constituents with the cytoplasm [32]. This
non-equilibrium is most elegantly demonstrated by the formation of condensed chromosomes
from interphase DNA as the cell enters metaphase of the cell cycle. Yet the DNA is spatially
ordered within the nucleus throughout all phases of the cell cycle; chromosomes reside in regular
domains within the nucleus known as chromosome territories [33]. As such, the 3-dimensional
organization of a genome should be thought of as an emergent property of that particular genome
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in the context of the micro- (i.e. nuclear, intra-cellular) and macro-environments (inter- and extracellular) to which that genome is exposed. Notably, within a population absolute structure cannot
be achieved, as there will always be a degree of stochasticity between the genome structure in
identical cells exposed to identical conditions as a result of diffusion of molecules and random
movement of loci (Brownian motion) [34]. Nonetheless, if we capture the genome structure at any
one moment in a particular cell, by definition it must have a single structure.
Proximity ligation and modern microscopic approaches are capable of capturing genomes in
the different spatial organizations that they assume. Despite the inherent limitations of these
methods [35], results from recent studies suggest that the genome and nucleus collectively forms
a constrained system that is maintained on the boundary of order and chaos [36]. Within this
constrained system, genomes are interleaved entities [37] that are spatially organized into
hierarchically organized domains of different sizes (e.g. chromosome territories and topological
associated domains) [30,38]. The organization of these domains enables the rapid, simultaneous,
and appropriate accessing of hard-coded information within the DNA sequence as chromatin
regions come in and out of contact.
Reproducible and directed changes to genome organization are observed throughout the cell
cycle [35] and development [28,31,39,40]. For example, reprogramming of mouse pre-B cells,
bone-marrow derived macrophages, neural stem cells and embryonic fibroblasts demonstrated
that early passage induced pluripotent stem cells carry reproducibly acquired features of genome
organization that are contingent on their cell of origin [40]. Assuming that genome organization
emerges from the positioning of chromatin (Figure 1-1), it is likely that dynamically stable, i.e.
metastable, genome conformations are captured by the combined effects of environmentally
signaled changes to the synthesis and degradation [41] of proteins and RNA [42] that occur during
the reprogramming. These programs of change are dependent upon the cell-of-origin composition
of transcription factors, proteins and RNAs and the environmental signals that the cell is exposed
to. In such a scenario, genome organization is not deterministic. Rather, it captures the sum activity
of the nuclear functions that are occurring at a moment in time, including patterns of gene
regulation [43–47] and ultimately cell fate choices [27,48]. These choices often occur in early
development, but can affect the activity of key metabolic organs for a lifetime [49,50].
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Figure 1-1 Genomic structure emerges from the positioning of chromatin by either active
or passive means to create phase separated subcompartments for stable gene regulation,
repair and replication.
a) Chromatin is held in position by complexes (e.g. CTCF and cohesin, [51–53]) which are continuously binding and
releasing the DNA template. b) The structured chromatin creates a region in which diffusible nuclear components become
retarded (i.e. caged region). c) Concentrations that affect phase transitions and promote nuclear functions are ultimately
attained [54]. In this model, the retention within the caged region is promoted by high numbers of binding sites directly in
the co-located chromatin loci or with other proteins bound to the chromatin [55–57].

1.2.3 How does genome structure link to the
developmental origins of disease?
Metabolic disorders such as obesity and diabetes are recognized as being highly heritable, i.e. an
individual’s risk is increased if they have affected family members, but despite significant progress
[58–65] their genetic basis has not been fully explained [66,67]. The majority of disease associated
Single Nucleotide Polymorphisms SNPs (daSNPs) are found in non-coding regions of the genome
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[68]. Traditionally, these intergenic or intronic daSNPs have been thought to act on the nearest
gene, under the assumption that regulatory interactions involve cis acting sequences that are linked,
or proximal, to the gene of interest [69]. While this assumption is often correct, the 3-dimensional
nature of the genome allows regulatory sequences to interact with and modify the expression of
distal genes; these may be many kilobases (kb) or megabases (Mb) away on the same chromosome,
or even on different chromosomes [27,70,71].
While the exons of a gene tend to occur in a linear order along the chromosome, the DNA
elements that are necessary for the regulation of gene transcription can be located almost anywhere
within the genome [48,70]. This includes distal intergenic regions [72,73] and the introns of other
genes [74,75]. However, in order to contribute to the regulation of gene expression, at least a subset
of these regulatory elements must physically associate with the target gene promoter. This is
facilitated by the formation of DNA loops which allow the regulatory element to come into spatial
proximity with the target gene [76,77]. A mutation in an enhancer element may disrupt this
regulatory cluster, altering transcription of the target gene. Genetic variants that alter gene
expression in this way are known as expression quantitative trait loci, or eQTLs [78].
eQTL analysis has proved valuable in assigning function to intergenic SNPs associated with
disease in genome-wide association studies (GWAS) [78]. Combining eQTL analyses with
chromatin capture techniques (e.g. 3C [79], 4C [80], GCC [81], Hi-C [31]), which detect spatial
proximity of chromosomal loci, provides further evidence that an enhancer in which a SNP resides
is spatially and functionally linked to the target gene [71,73,74,82–84]. Utilizing spatial proximity
data to identify candidate regulatory targets increases the power of the study; fewer putative eQTLs
are calculated and thus the statistical correction for multiple testing [85,86] is less severe [73]. For
example, an obesity-associated locus on chromosome 16, identified from GWAS studies, was
found to have no effect on transcript levels of the nearest gene (FTO) [74]. Instead circular
chromatin conformation capture followed by high-throughput sequencing (4C-seq) identified
IRX3, a gene 300kb away, as the target of the daSNPs [74,75]. These combined analyses help to
interpret the effects of intergenic and non-coding SNPs by identifying the genes and genetic
pathways that they affect. However, this approach relies upon the underlying assumption that
intergenic and intronic daSNPs mark regulatory loci (e.g. enhancers, repressors, or their modifiers).
Intergenic SNPs are difficult to categorize, as they often fall outside conserved regions, noncoding RNAs, known enhancers, or distal regulatory elements (DREs). Chen and Tian (2016)
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approached this issue by grouping all intergenic SNPs with their nearest regulatory element. They
then predicted the target genes of each regulatory element using spatial proximity, epigenetic data,
and phylogenetic profiles [72]. This approach found that the predicted targets of the regulatory
elements were often enriched for protein-coding genes associated with the investigated diseases.
However, assigning SNPs to the closest regulatory element in cis, without evidence for a functional
connection, is a problematic assumption. In many respects this approach perpetuates our earlier
practice of assigning SNPs to the closest protein-coding gene.
Combining information on the spatial organization and functional impact (e.g. eQTLs) of
daSNPs to determine how they contribute to a phenotype is further complicated by the complexity
of the regulatory circuits that exist within eukaryotic nuclei. For example, enhancers or repressors
need not act individually. Rather, the elements are combinatorial and the tissue specific manner in
which they connect contributes to counteract stochastic variation in the regulation of the target
gene. Consistent with this, Corradin et al. (2016) found that within clusters of super-enhancers,
isolated SNPs can have large effects on the disease risk in combination with known risk SNPs,
even if one variant does not reach genome wide significance or have a detectable spatial interaction
with the target gene [87]. Moreover, variants that alter epigenetic patterns can affect not just local
gene regulation but large scale genome organization. For instance the CCCTC-binding factor
(CTCF) is a key architectural protein [88], holding together the base of megabase scale DNA loops
[89]. These loops are known as topologically associated domains (TADs), due to the increased
incidence of interactions between loci within the TAD, therefore insulating genes in one TAD
from the effects of enhancers in another [89]. CTCF binding varies greatly between cell types, and
can be sensitive to DNA methylation [90,91]. Variants that affect methylation patterns (meQTLs)
[92] could therefore cause widespread transcriptional changes by disrupting TAD boundaries [93].

1.3 Genetics and the environment can interact to
modify genome organization
A limitation of many genetic studies, including genome-wide association studies, is their
inability to account for environmental factors that modify the penetrance and expressivity of
genetic variants [94–96]. Cells with the same genetic background and minor changes to their
environment can be induced to follow vastly different trajectories, a fact that allows for the
possibility of multicellular life [97]. The differentiation of immune cells is a particularly interesting
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model to study, as the immune system undergoes developmental processes throughout the life of
an individual, maintaining plasticity into adulthood [98–100]. Studying immune development,
differentiation, and activation in genetically identical cells allows us to probe the mechanisms and
outcomes of different environmental stimuli.

1.3.1 Immune cells regularly change environments
Immune cells are exposed to a vast array of different microenvironments as they travel through
the body in search of foreign agents. The mammalian immune system is remarkably effective at
clearing pathogens and tumors while leaving commensal bacteria and healthy tissue intact [101].
Tight self-regulation and rapid responses maintain the balance of pro-inflammatory and antiinflammatory factors at a healthy level, while allowing high levels of inflammation at local sites of
infection [102]. However this balance is disturbed in autoimmune disorders, where local
inflammation is maintained at damaging levels without the presence of a pathogen, destroying
otherwise healthy tissue [103]. Further, global low grade inflammation gives rise to the comorbidities associated with obesity [104]. Much is already known about the environmental and
genetic factors that contribute to the development and differentiation of the wide range of proand anti-inflammatory cells, particularly in regard to cytokines and protein-altering mutations
[105,106]. However, it remains possible that the mechanical processes (i.e. mechanotransduction
[107]) associated with the physical environment also directly contribute to development of immune
cells in vivo.

1.3.2 Chemical signals regulate cell differentiation
Immune cells are surrounded by a chemical milieu in vivo [108], which induces and directs
immune cell differentiation [105]. Many cell types, including immune cells, secrete cytokines into
the extracellular matrix (ECM). When cytokines come into close proximity with a cell with an
appropriate receptor, the cytokine will bind, initiating a signal transduction cascade that activates
or represses target genes [109] – often transcription factors [110]. This in turn induces further
changes in gene expression, often upregulating the original cytokine(s) [105] and creating a positive
feedback loop. For example, exposing a naïve CD4 + T helper (Th) cell to the interferon (IFN)-y
cytokine upregulates the T-bet transcription factor, which in turn upregulates IFNγ [111]. This
feedback loop maintains the newly differentiated pro-inflammatory Th1 cell [105].
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In an appropriate cytokine environment, CD4+ T helper cells can differentiate into a wide
range of subtypes in addition to Th1 cells [105,112,113]. The mechanisms of induction and
behavior of some of these subtypes (e.g. allergen associated Th2 cells [114], pro-inflammatory Th17
cells [115], and anti-inflammatory Treg cells [116]) are well characterized. In contrast, the induction
and behavior of other T helper cell subtypes, including Tfh, Tr1, Th3, and Th9, is less well
understood [105]. However, even the classical subtypes are more plastic and variable than originally
thought, particularly in humans [117].

1.3.3 Spatial DNA organization modulates immune cell
development
We have gained significant insight into the effects of cytokines on differentiation and disease,
[105,118] and recent progress has also been made into the role of genetic variation in the human
immune response [68]. One area of interest is the role of regulatory variants in immune cells, where
recent studies of expression quantitative trait loci (eQTL) have shown that genetic variants located
in regulatory regions cause immune cells to be more or less receptive to certain environmental
signals [11,119]. Both studies identified many more cis-eQTLs (<1Mb from the promoter) than
trans-eQTLs (>1Mb from the promoter, or on a different chromosome), most likely because
multiple testing dramatically reduces the power to detect long-range eQTLs [120].
The trans-eQTLs that were identified in Fairfax et al. [11] and Lee et al. [119] were attributed
to cis-eQTLs affecting major pathway regulators [11,119]. However, trans-eQTL effects can also
be directly mediated by the spatial organization of DNA, which is critical in immune cell
development. This is best illustrated by the T helper 2 locus control region (Th2 LCR), which has
long been known to regulate expression of Th2 cytokines (Interleukin(Il)-4/5/13) in cis [121].
Recent experiments have demonstrated that the Th2 locus also regulates key Th1 (IFNγ) and Th17
(Il-17) cytokines in mice – even though they are found on different chromosomes [122]. This
critical stage in the regulation of T cell differentiation [122] is achieved by the formation of a spatial
connection between three different chromosomes, possibly mediated by a transcription factory
[48]. Disruption of this interchromosomal connection, by deleting the DNase I hypersensitive
region RHS6 of the Th2 LCR, increases the proportion of Th17 cells produced [122,123]. Thus,
this raises the possibility that genetic variants within this LCR could result in dysregulated Th cell
differentiation and an autoimmune disorder [124].
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Disruption of the Th2 LCR has a major impact on Th cell development, therefore it is
reasonable to assume that variants with this effect are unlikely to become common in the
population [125]. However, mutations that modulate, instead of disrupt, the activity of regulatory
regions are common polymorphisms [68]. As with many complex disorders [126], immune cell
enhancers are enriched for autoimmune-associated single nucleotide polymorphisms (SNPs) [68].
Moreover, these enhancers frequently form spatial connections with promoters more than 500kb
away, even if there are promoters that are more proximal [127].
While the linear order of elements within a chromosome is important, DNA has a threedimensional spatial organization that is a store of epigenetic information during cellular and
organismal development. DNA is flexible and forms many chromatin loops, which are clustered
into topological domains [128,129]. These topological domains interact with other domains of a
similar chromatin state, creating a hierarchical organization of DNA [130]. This means that
regulatory elements can interact with gene promoters from many kilobases away, or even on
different chromosomes [123,131,132]. Some of these interactions are mediated by transcription
factories: regions of the nucleus containing a high density of active RNA polymerase and other
transcriptional components, resulting in high levels of transcription of proximal loci [133–137]. If
a mutation in one locus affects the composition or localization of the transcription factory, it could
disrupt the expression of some or all of the genes associated with that factory [138].
The accurate annotation of trait-associated variants requires the integration of spatial
information because of the interleaved organization of the genome. This requirement is illustrated
by the SNP rs9930506, which is strongly associated with obesity [2]. rs9930506 is located in an
intron of the FTO gene. FTO codes for the fat mass and obesity-associated protein and was initially
thought to be the target of rs9930506 activity [139]. However, chromatin capture techniques, such
as 4C which identifies spatial interactions between genomic loci, and subsequent eQTL analysis
revealed that rs9930506 was localized to an enhancer that regulates two different genes, IRX3 and
IRX5, 600kb and 1.2Mb away respectively [74,140]. These genes code for the Iroquois homeobox
proteins 3 and 5, which are transcriptional regulators involved in the differentiation of adipocyte
progenitor cells into either lipid-storing white adipocytes or lipid-utilizing beige adipocytes, the
latter being protective against obesity [74,140]. Thus, by only considering the linear organization
of DNA, analyses into the function of rs9930506 incorrectly focused on FTO for many years,
before IRX3 and IRX5 were investigated in relation to this obesity associated SNP [2,139,141].
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As with the FTO SNP rs9930506 [74], integrating spatial genomics data into genome wide
association study (GWAS) analyses is likely to produce novel and actionable insights into the
genetic basis of complex autoimmune disorders (e.g. [142]). Moreover, since the effects of some
variants are only apparent under certain environmental conditions [11,119] or at a specific point
in development [143], a range of relevant stimuli, both chemical and mechanical, should be used
to investigate the functionality of a SNP.

1.3.4 Do mechanical forces regulate immune
differentiation and disease?
The tensegrity model proposes that cell shape is maintained by pre-stressed networks
containing both stiff and flexible structures held under constant tension: the cyto- and nucleoskeletons [15]. The cyto- and nucleo-skeletons [144] are mechanically linked via a protein complex
that spans the nuclear envelope, known as the LINC (Linker of Nucleoskeleton and Cytoskeleton)
complex [145]. This pre-stressed network provides a conduit through which mechanical forces can
have immediate effects on nuclear shape (Figure 1-2), altering chromatin organization and
dynamics [146–148].

Figure 1-2. Tensegrity architecture coordinates responses to mechanical signals.
Cell surface receptors are mechanically linked to the nucleus via the cytoskeleton and LINC complex [149]. These interconnected skeletons can transduce mechanical signals, including fluid shear stress [150] to rapidly remodel the cyto- and
nucleo-skeletons [149].

Immune cells are exposed to a wide range of mechanical environments. The physical
characteristics of these environments range from shear stress in the blood stream [151], to cellular
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deformation during diapedesis, i.e. migration through the blood vessel wall [152] (Figure 1-3), and
the complex mechanical environments of the bone marrow [153], organs [154], tissues [155–158],
and tumors [14,159,160]. Each of these environments plays a role in the development or behavior
of immune cells, and ultimately the overall immune activity in the human body. However,
mechanosensing in mature immune cells has remained relatively understudied due to the
commonly held belief that mature immune cells lack myosin IIB [161] and Lamin A [162], which
are crucial mechanosensory components of the cyto- and nucleo-skeleton, respectively [153].
Despite this we know that Lamin A plays a critical role in T cell activation [163] and that immune
cells respond to mechanical forces throughout their lifetime [164–166].

Figure 1-3. Immune cells are exposed to a variety of mechanical environments.
a) During development in the bone marrow, hematopoietic stem cells (HSCs) divide symmetrically (i) in the soft marrow
[153], but divide asymmetrically upon reaching the stiff matrix (ii) [153]; one daughter cell maintains stemness, while the
other begins differentiation [153]. The differentiating cell migrates into the blood vessel by squeezing through the
endothelial cell layer, which deforms the nucleus (iii). The cell is then subject to fluid shear stress in the blood stream (iv)
[167]. This step is particularly important for the development of megakaryocytes into platelets [167]. b) During
inflammation, the matured immune cell must then extravasate to enter the infected tissue [168]. To migrate through the
endothelial cell layer, the cell first makes contact with the endothelial cells (rolling adhesion, (i)), then becomes more
strongly adherent (firm adhesion, (ii)), and finally undergoes diapedesis (iii) [168]. After successful migration, the cell may
be exposed to a range of tissue microenvironments (iv,v) [155,165,169,170]. Finally, the cell may return to the blood stream
(c) [171], again deforming the nucleus to migrate through the endothelial cell layer, and once again becoming exposed to
fluid shear stress.
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Hematopoietic stem cells (HSCs) develop in the bone marrow, a complex tissue that is very
soft in the center, but increases in stiffness towards the periphery [153]. Early HSCs divide
symmetrically in the soft interior, but once reaching the stiff ECM in the periphery of the marrow,
they divide asymmetrically [153] (Figure 1-3a). This occurs because a soft matrix represses
polarization of myosin IIB, a mechanosensory component of the actin cytoskeleton. As the HSC
reaches the stiff matrix, myosin IIB becomes polarized and asymmetrically segregates during cell
division, resulting in two daughter cells: a stem cell, and a differentiated cell containing the low
myosin IIB levels characteristic of differentiating blood cells [153]. Mature immune cells also
respond to matrix stiffness; neutrophil-like HL-60 cells [172] alter cell and nuclear morphology, as
well as chemotaxis speed and directionality, in proportion to substrate elasticity [164].
The mechanical environment directly influences cell fate determination in mesenchymal stem
cells (MSCs) [173] by altering the composition of the nuclear lamina, which is composed of two
intermediate filament subtypes; Lamin A/C and Lamin B form a mesh layer on the inner surface
of the nuclear envelope [144]. Lamin A/C has low elasticity, while Lamin B is more extensible
[146,174]; thus the ratio of Lamin A:B determines nuclear stiffness [152] and is highly variable
between cell types [175], correlating with the size of the forces they are exposed to [176]. Stiff
matrices (~100kPa) or shear stress induces high Lamin A [176] and expression of osteoblast genes,
whereas soft matrices (~1kPa) induce low Lamin A [176] and expression of adipocyte or neuronal
genes [169,176,177]. Manipulation of Lamin A levels can reproduce these cell fate decisions [178],
indicating that the increased Lamin A expression caused by mechanical forces influences gene
expression in developing MSCs. The flow of causality in this case demonstrates that the mechanical
environment shapes the nucleoskeleton composition, which then allows all other gene expression
changes to complete differentiation of the cell. This ensures that cells have the appropriate
nucleoskeletal architecture for their environment.
The endothelial cells that line blood vessels are also highly responsive to shear stress; their
nuclei flatten and align in the direction of blood flow [150,179,180]. Endothelial cells within blood
vessels also respond to the composition of the underlying basement membrane, which often
stiffens as we age. Stiffening of the basement membrane directs changes in endothelial cells that
affect their responses to fluid shear stress [181]. Growth on a stiff matrix also alters the
differentiation trajectory of MSCs in response to the cytokine transforming growth factor (TGF)β [173]. Thus, the mechanical environment alters cellular responses to mechanical and chemical
signals affecting cell activity and differentiation.
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The mechanical composition of the bone marrow niche may be sensitive to the compressive
and tensile forces applied to bones [182], which could influence HSC differentiation [153]. While
there are currently no studies showing a direct link between bone loading, marrow composition,
and HSC development, many groups have noted the connection between exercise or microgravity,
and immune activity [183–187]. For instance, chronic low-grade inflammation is a hallmark of
obesity, and often leads to metabolic disorders such as type 2 diabetes [10,188]. These disorders
can be mitigated by exercise, i.e. increased bone loading [185], which reduces the peripheral white
blood cell count of at-risk women [185]. Conversely, astronauts regularly suffer from immune
deficiency during spaceflight as a result of microgravity, i.e. severely reduced mechanical loading
[186,187]. The results of these studies seem contradictory, indicating that mechanical loading can
both increase and reduce white blood cell count. However, it is possible that mechanical loading
results in a regression to the mean, preventing the extreme phenotypes of both immune depletion
[186] and overstimulation [185]. Although these effects could be due to cytokine or hormonal
signaling [189], the mechanical forces applied to bone from gravity or exercise may affect immune
cells directly [190], or via altered bone marrow composition [182].

1.3.5 Immune cell shape changes during diapedesis
Once blood cells have matured in the bone marrow, they enter circulation, where fluid shear
stress from blood flow affects many immune cell types [150,151,167]. Megakaryocytes are torn
apart to produce immature thrombocytes [167]. which continue to mature in the laminar flow
[191]. Fluid shear stress prevents pseudopod formation and prevents immune cells adhering to
endothelial cells [192], although this response can be modulated by inflammatory signals [193].
Shear stress from blood flow is crucial for the activation of neutrophils [151], and encourages
CD3+ T cell migration across the endothelium [194], also known as trans endothelial migration
(TEM) or diapedesis [168]. To complete diapedesis, cells must change their shape to fit between
the endothelial cells [152] (Figure 1-3b), presenting a further mechanical challenge to the cell and
nucleus.
Diapedesis is necessary at many stages of immune cell development, from leaving the bone
marrow, to entering and leaving lymph nodes and other organs [195] (Figure 1-3). Briefly, the
immune cell first attaches to the endothelial cell, initiating an adhesion cascade, before polarizing
and migrating through an endothelial cell junction [168] (Figure 1-3b). This paracellular route is
most commonly observed, but some cells actually undergo transcellular diapedesis and migrate
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through the center of the endothelial cell [195]. Either way, the cell must deform itself to leave or
enter the blood vessel, resulting in changes to the immune cell [168]. For example, in a recent
study, Zimmermann et al. [171] showed that reverse transmigration (i.e. migrating from the tissue
to a vessel) enhances the proinflammatory behavior of macrophages compared to those that
remain in the tissue [171]. This observation can be explained by: 1) the possibility that
proinflammatory cells are more inclined to migrate; or 2) the cell deformation during reverse
transmigration altering macrophage gene expression to activate proinflammatory pathways.
Migration is known to induce expression of β1-integrin in neutrophils [196–198], supporting the
explanation that migration alters expression of pro-inflammatory genes.
Recently, Raab et al. [199] have shown that migration through physiologic (mouse ear explant)
and non-physiologic (PDMS micro-channels, collagen matrix) spaces much smaller than the
nucleus can result in the nuclear envelope of dendritic cells rupturing [199]. Prior to rupture, the
nucleus undergoes extensive deformation, and some nuclei fail to rupture at all [199]. When the
nucleus loses membrane integrity, extensive DNA damage can occur [199,200]. However, it
remains unknown how nuclear deformation without rupture influences the spatial organization of
DNA, and whether deformation results in programmed gene expression changes or simply a DNA
damage response.
Microscopic and other observations indicate that chromatin reorganization must occur during
migration [201]. However, the nuclear shape change that takes place may be due to
mechanotransduction or programmed remodeling. When a mechanical force is directly applied to
a cell, it must respond quickly to prevent damage [202], making mechanotransduction a likely
response mechanism [149]. However, diapedesis is a controlled process [168]. Programmed
chromatin remodeling could be initiated at any stage of diapedesis, pre-empting the nuclear shape
changes to avoid damage during migration. In either case, nuclear remodeling must occur for the
immune cell to complete diapedesis, and may result in widespread gene expression changes [152].
The nucleus is known to be a highly mechanosensitive organelle [203]. This is supported by
observations that cytoskeletal regulated changes to nuclear shape result in altered dynamics for
heterochromatic foci [148,201] and telomeres [148]. Mechanosensitivity is not limited to the
movement of chromatin and nuclear structure. Transcription factors, including NF-kB [202] and
the chromatin remodeler HDAC3 [204], have been observed to move from the cytoplasm to the
nucleus in cells under mechanical stress [202,204]. Physiological levels of stress have also been
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shown to disrupt protein complexes; notably this has included the dissociation of coilin from the
survival motor neuron protein (SMN) deep within the nucleus [205]. Finally, a recent study has
shown that chromatin stretching in response to a directional force increased chromatin
accessibility and resulted in higher gene expression [206]. In isolation, these responses seem
insufficient to account for the highly specific gene expression changes that occur in response to
mechanical forces. However, the combination of chromatin movement, a dynamic proteome, and
interactions between these elements, may be sufficient to culminate in global but precise
transcriptional changes.
Many proteins are associated with the nucleoskeleton and chromatin [137,207]. These proteins
include, but are not limited to: sumo1 [208,209], a post-translational modifier of many nuclear
proteins [210,211]; the retinoblastoma protein [212–214] which is critical to cell cycle control and
differentiation [215]; and a range of transcription-associated proteins and complexes [216,217].
Mechanical directed movement of chromatin [147,148], including that which occurs during
migration, may: 1) result in disruption or repositioning of transcription factories [137], chromatin
remodeling complexes [218] and other nuclear bodies [205] that alter the expression of many genes
at once (Figure 1-4a,b); or 2) expose previously hidden genomic regions to different nucleoskeleton
and chromatin associated proteins. Naturally, these options need not be mutually exclusive.
Notably, even if the repositioning is only transient, the chromatin and/or transcriptional changes
may be sustained long after migration, as a result of enduring post-translational modifications and
the prevalence of feedback loops in eukaryotic gene regulation [211,219–222] (Figure 1-4c).
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Figure 1-4. Chromatin architecture may translate mechanical forces to gene expression
changes.
Changes in nuclear shape may affect nuclear activity in several ways. The most simple model (a) shows repositioning of
DNA relative to a transcription factory [223]; the purple and green chromosomal regions alternate activity based on the
proximity of the transcription factory. Due to the constant binding and unbinding of proteins to DNA [224], these changes
are rapidly reversible and may not be maintained in the absence of the force in either the structure or the function of the
nucleus. b) Some chromatin remodeling proteins are known to ‘slide’ along DNA [225]. Therefore, pulling on chromatin
loops brings two or more proteins into close proximity, forming the complexes necessary to initiate transcription. This
may result in a stable change to both genome organisation and function. c) Changes in nuclear shape may bring a modifier
and its target into contact, allowing a transient change to chromatin architecture to result in a stable change to nuclear
function. For simplicity, SUMOylation has been illustrated as the post-translational modification (PTM) of the
transcription factor, shown here tethered to the nuclear lamina [208]. Transcription factors and other accessory proteins
have SUMO (Small Ubiquitin-like Modifier) [210,211], ubiquitin [226], or other PTMs [227,228] delivered by modifiers
which are often tethered to chromatin or nucleoskeleton components [208,209,229]. These modifications may activate or
repress transcriptional activity, or target the protein for degradation [211,227,228].
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1.4 Assessing nuclear responses to stimuli
A challenge presented by systems biology questions is that a huge number of factors are
integrated by a cell, which then results in a large number of outputs. The omnigenic model of
complex traits proposes that every genetic variant interacts with every other genetic variant to
produce a phenotype [230]. As discussed earlier, the genetic background then interacts with the
current environment of the cell – which can include a large number of additive and/or competitive
chemical and mechanical signals – and the past environment, which has determined its cell type
and priming. These factors lead to changes in DNA methylation [231,232]; histone modification
[233–236] and chromatin accessibility [237,238]; post-translational modification [227,239,240] and
location [241–244] of transcriptional proteins; clustering and compartmentalization of DNA,
RNA, and protein [245–248].
The space of possible individual and combinatorial treatments and measurable outcomes is
therefore so large as to be effectively infinite. So, to answer our systems biology questions, we
must still take a reductionist approach and select a small number of treatments and outcomes. In
this thesis, we have chosen to treat cells with the same genetic background (HL-60/S4) to different
environmental stimuli (granulocytic differentiation, migration, tumor necrosis factor), and measure
genome organization and transcriptional activity as the output.

1.4.1 HL-60/S4
HL 60/S4 is a cell line derived from a female acute promyelocytic leukemia patient in 1976
[249]. It is an appealing model to use as it is relatively straight-forward to grow and manipulate
[152], can differentiate into several immune cell types [250], and is well characterized [152,251–
254].
HL-60/S4 was developed as a retinoic acid super-responsive derivative of the original HL-60
cell line [255,256], and has been used to investigate a number of nuclear processes and properties
[152,253,257–259]. It is a promyelocytic cell with a round nucleus, and when treated with retinoic
acid for four days differentiates into a granulocytic cell with a lobed nucleus and other
characteristics of neutrophil-like cells [250].
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In this thesis we expand the explored space of HL-60/S4 stimulus response, and further
characterize its spatial and linear genome structure.

1.4.2 Capturing nuclear state
There are many features of nuclear biology that can be captured with current technologies,
some of which identify specific changes to DNA, such as methylation [260] and protein binding
[261], and some which capture the result of the sum of these changes, such as transcription [262]
and genome organization [263].

1.4.2.1 Transcription
RNA is the main output of the nucleus, with a clear functional role in translating the DNA
sequence into protein and therefore affecting the cellular phenotype[264]. It is possible to capture
only the RNA that has been processed and ready for translation by sequencing only the RNA
molecules with poly-A tails, otherwise known as messenger RNA (mRNA) sequencing [262].
However, protein production is not the only function RNA can have. Non-coding RNA molecules
can have regulatory roles [265–268], and the process of transcription can alter nuclear biology
without necessarily producing ‘functional’ RNA molecules [224,269]. In contrast to mRNA
sequencing, total RNA-sequencing following ribosomal depletion captures all long RNA
molecules, including mRNA and long non-coding RNAs [262].

1.4.2.2 Genome organization
Chromosome conformation capture identifies pairs of DNA molecules that are spatially
proximal in the nucleus [270]. Initially used to investigate contact frequency between two known
genomic loci, a high-throughput method (Hi-C) now allows untargeted identification of contacts
between any two regions of the genome [263,271]. As with RNA sequencing technologies, targeted
approaches such as capture Hi-C allows analysis exclusively of a large predefined set of targets
[272,273]. For example, capturing all contacts involving a promoter region improve the chance of
detecting a classical gene regulatory contact such as a promoter-enhancer interaction [274]. In
contrast, untargeted Hi-C covers the whole genome, making it difficult to gain enough power to
detect individual functional interactions [274]. The advantage of classical untargeted Hi-C is that
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it can reveal multiple hierarchical features of spatial genome organization [263,271,275], and even
changes to the linear organization of the genome [276,277].
Briefly, Hi-C is performed by crosslinking protein and DNA with formaldehyde fixation;
digesting the genome with a restriction enzyme; ligating the loose ends together to link spatially
proximal fragments; isolating and shearing the DNA; enriching for chimeric fragments with a
biotin pulldown; and then finally sequencing the chimeric fragments (Figure 1-5) [263,271].

Figure 1-5. Hi-C protocol.
a) DNA is organized non-randomly in the interphase nucleus. b) Formaldehyde fixation cross-links protein and DNA. c)
Crosslinked DNA is digested with a restriction enzyme. d) Digested ends are filled in and biotin tagged. e) Filled-in ends
are ligated together. f) DNA is isolated, sheared, and enriched for chimeric fragments containing a biotin tag. g) Fragments
are paired-end sequenced. h) Read pairs are aligned independently to the genome, each pair provides evidence for a spatial
contact between the two regions.

The data Hi-C produces can be represented as a two-dimensional matrix, where the x-axis
reflects the linear position of read one, and the y-axis reflects the linear position of read two (Figure
1-5h). Since linearly proximal loci are also necessarily spatially proximal, there is a high chance of
seeing chimeric fragments between loci that are close in the linear organization of the genome
[278].
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The Hi-C matrix can be analyzed for features representing different layers of the hierarchical
organization of the genome [263,271]. Chromosome territories reflect the highest level, whereby
loci are more likely to interact with loci on the same chromosome, than on different chromosomes
[271]. Within chromosomes exist non-contiguous compartments that are extracted by performing
PCA on a correlation matrix of a single chromosome [271]. The first eigenvector (PC1) broadly
reflects clustering by chromatin type, i.e. heterochromatin or euchromatin, although distinct forms
of chromatin can be forced into the same compartment by loop extrusion [279]. Loop extrusion
occurs when chromatin is pulled through an SMC complex, such as cohesin or condensin [279–
282]. The SMC complex moves along the chromatin forming an increasingly larger loop, until it
encounters two convergent CTCF proteins, which causes the extrusion process to pause and a
stable loop is maintained until one of the loop extrusion proteins disassociates [283]. This is one
way to create a topologically associated domain (TAD), which is a local contiguous cluster of highly
interacting DNA at the megabase scale that can also be detected from Hi-C data [129,284]. Finally,
individual contacts and loops can be identified in high-resolution data, which can indicate the
presence of a promoter-enhancer interaction [285].
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1.5 Conclusion
Gene regulation and regulatory networks are a critical component of developmental processes
and environmental responses. Genome structure acts in a read-write capacity capable of capturing
the underlying action of the regulome or possibly even directly inducing changes under conditions
of physical stress [286]. These interactions contribute to explaining how the various levels of
nuclear control (structural, epigenetic, and proteomic) come together to define genes and ensure
immune cell behaviors and responses through appropriate gene regulation. Developing a systems
understanding of the immune system that enables rapid and reliable therapeutic intervention
requires an interdisciplinary approach to immune development that incorporates both mechanoand genome biology, and considers the wide range of stimuli an immune cell is exposed to
throughout its lifetime.
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1.6 Thesis direction
This thesis explores chromatin organization and transcription in a genetically homogenous cell
line (HL-60/S4) as two different cell types, responding to a mechanical and a chemical stimulus.
Chapter two, investigates how spatial genome organization and transcription change in neutrophillike cells when they are forced to remodel in order to migrate through a small pore. Chapter three
compares the transcriptional response to tumor necrosis factor alpha (TNF-a) in two different
cell types. In order for small-scale studies such as chapters 2 and 3 to maximize their contribution
to our understanding of context-specific responses, we must understand the genetic heterogeneity
of our sample system [287]. Given that our study was performed in a cell line first isolated in 1976
[249], we wanted to further investigate the genetic variation that exists within different sublines
and samples of HL-60. Chapter four characterizes structural variants based on: the data generated
in this thesis, existing data generated but not yet published, and publicly available data.
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1.7 Hypotheses
1.

Chromatin is a mechanoresponsive element of the nucleus, and facilitates direct signal
transduction of mechanical forces to nuclear function.

2.

Some changes to nuclear function in response to extracellular signals are cell-type specific.

3.

Responses to extracellular signals are also modulated by genetic variation, which is
increased in cell lines that have been cultivated for many decades.
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1.8 Predictions
1. Immune cell migration with constriction will directly remodel the spatial organization of
the genome. This remodeling will lead to changes in gene expression. Moreover,
mechanically reorganized regions will be enriched in loci genetically associated with immune
disease risk.
2. Differentiation of stem-like leukemia cells will lead to an enhanced transcriptional response
to TNF-a.
3. Different sources of the early cell line HL-60 will have large genetic differences. In contrast,
the modern derivative HL-60/S4 will be genetically homogenous.
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1.9 Aims
The primary aims of this thesis are to investigate the cellular response to mechanical and
chemical signals, how this response can be modulated by differentiation status, and how this relates
to immune-associated disease and cancer. A secondary aim is to contribute to evaluating the
reproducibility of research performed in cell lines.

1.9.1 Specific aims
1. Identify the changes in genome organization and transcription associated with migration
through a confined space, and use these changes to contribute to our understanding of the
genetics of immune-associated diseases.
2. Gain a deeper understanding of the conserved and cell-type specific responses to TNF-a.
3. Assess the large-scale genetic differences within and between the HL-60 and HL-60/S4 cell
lines.
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CHAPTER 2
MIGRATION THROUGH A SMALL PORE
DISRUPTS INACTIVE CHROMATIN
ORGANIZATION IN NEUTROPHIL-LIKE
CELLS

Chapter published in BMC Biology
Jacobson EC, Perry JK, Long DS, et al. Migration through a small pore disrupts inactive
chromatin organisation in neutrophil-like cells.
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2.1 Background
Mammalian cells are subject to a wide range of mechanical environments and processes,
including fluid shear stress [150], matrix stiffness [169], and migration [288]. Mounting an
appropriate response to these stimuli is crucial for blood vessel development [150], cardiac health
[289], muscle tone [290], bone strength [291], and the immune response [12]. Dysfunctional
responses can lead to a wide range of diseases [292].
Cells are mechanically connected to their surroundings by integrins and other
mechanoresponsive cell surface proteins [293]. In turn, these mechanoresponsive cell surface
proteins are connected to the cytoskeleton, which remodels in response to chemical and
mechanical signaling (reviewed in [294]). Cytoskeletal remodeling controls the shape of the cell,
the nucleus, and even chromatin organization [147,204,295]. External mechanical signals pass
directly to the nucleoskeleton [144] through the linker of nucleoskeleton and cytoskeleton (LINC)
complex, which connects the cytoskeleton to the nucleus [296]. A major mechanoresponsive
element of the nucleoskeleton is the nuclear lamina, a key structural element which forms a mesh
around the inside of the nuclear envelope [174]. The mammalian lamina consists of two major
forms of intermediate filament; A-type lamins (Lamin A and C) and B-type lamins (Lamin B1, B2)
[297]. High levels of Lamin A/C result in a stiffer nucleus [152,169,176], although it is becoming
increasingly recognized that chromatin also contributes to nuclear mechanics [298,299].
Heterochromatin stiffens the nucleus [298], interacts preferentially with the nuclear lamina, [300]
the LINC complex [301], and other nuclear envelope proteins [302] and is therefore believed to
play a role in the mechanoresponsiveness of the nucleus [234,298].
There are many acute consequences of mechanically challenging the nucleus [303,304]. When
endothelial cell nuclei are exposed to shear stress, the position and shape of the nuclei aligns with
the direction of the shear stress [150]. This alignment extends to loci within the nucleus, which
move in the direction of the force after exposure to shear stress for more than 30 minutes [201].
Shear or stiffness induces cytoplasmic to nuclear shuttling of transcriptional and chromatin
remodeling proteins including yes-associated protein (YAP)/transcription coactivator with PDZ
binding domain (TAZ) [241] and chromatin modifier histone deacetylase 3 (HDAC3) [204]. In
response to acute, applied force, chromatin linearizes [206,305] and becomes more
transcriptionally active [206]. However nuclear remodeling that occurs during cell migration is
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associated with chromatin condensation, with chemically-induced decondensation reducing the
rate of migration [234,306].
Migration through a constriction provides unique mechanical challenges [307]. Due to its size
and stiffness, the nucleus is the rate limiting step for size reduction [152,308], but it also provides
a stiff internal surface for the cytoskeleton to ‘push’ on and generate force [309]. Nuclear
positioning during migration is tightly controlled by the cytoskeleton, and it is usually positioned
towards the back of the cell [310]. However, the nucleus leads transendothelial migration in
immune cells, with nuclear lobes ‘drilling’ between endothelial cells to increase the gap between
them and allow the neutrophil to pass through [311,312].
The nucleus plays a critical structural role during migration through constricted space, yet the
spatial organization of DNA is critical for transcriptional regulation [313], and neutrophils must
retain the structural features that are required for normal gene expression. Heterochromatin is
tightly packed, self-interacting, and tethered at the periphery of most cells, while transcriptionally
active euchromatin is found towards the center [314]. Within these compartments, local clusters
of DNA are formed by loop extrusion [280,315], increasing the interactions between enhancers
and promoters that are found within each topologically associated domain (TAD) [129]. Beyond
individual enhancer/promoter interactions [71], active genes and enhancers cluster together [316]
around the transcriptional machinery [317]. While many studies have described chromatin
reorganization during differentiation and disease (for example, [318–320]), it is not known how
genome organization is affected by the acute shape changes that occur during migration with
constriction. Neutrophils are highly migratory cells, with features that may contribute to nuclear
stability, including a lobed nucleus, low Lamin A, and high heterochromatin content [152,234,321].
Here, we investigated whether migration with constriction has an acute impact on chromatin
conformation and transcriptional activity using an in vitro cell migration model. Neutrophil-like
HL-60/S4 cells were differentiated and migrated through 5µm pores (constricted migration) or
14µm pores (non-constricted migration). When the two migration conditions were compared to
each other, and to unmigrated cells, RNA-seq identified a strong transcriptional response to
migration, and additional effects associated with constriction. Hi-C analysis demonstrates that
global genome structure is largely maintained following constricted migration, with local disruptive
effects occurring preferentially in inactive chromatin.
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2.2 Results
2.2.1 Development of a modified boyden chamber
Continuous collection of migrated cells allows investigation of chromatin architecture almost
immediately following migration. All commercially available boyden chambers are static, allowing
collection at only one time point, so I modified a static boyden chamber to incorporate continuous
flow of cells and media during the migration assay.
A boyden chamber consists of two compartments separated by a porous membrane. The lower
well usually contains a chemotactic agent, while the upper well contains migratory cells [322]. many
modern boyden chambers are cell culture plates with membrane inserts, but more traditional
chambers are also available. I chose to modify a more traditional chamber, the Neuro Probe
Boyden Chemotaxis Chamber (Neuro Probe, SKU: BY312, Figure 2-1a).
The main goal of the flow chamber is to minimize the time between migration and fixation.
Firstly, I removed the plug and drilled a hole in the opposite end of the chamber, to allow liquid
to be pumped through the length of the chamber. A second hole was drilled in the side at a 45
angle to allow continuous pumping of formaldehyde into the flow of media and migrated cells, as
shown in Figure 2-1b. However, formaldehyde is much denser than the media flowing through
the chamber, so the formaldehyde sank to the bottom without mixing. The second design bypasses
the density disparity between RPMI media and formaldehyde by adding formaldehyde after cells
have been collected, instead of continuously. To reduce cell retention time, the chamber was cut
in half so the cells have less distance to travel after migration (shown in Figure 2-1c). A truncated
pipette tip was used to direct the media with cells into a test tube. Cells in the collection tube were
processed every 30 minutes.
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Figure 2-1. Boyden chamber modifications.
a) Shows the unmodified static chamber. The first design b) removed the plug, drilled a hole in the opposite end, and
added a second hole diagonally in the side to continuously input formaldehyde. Due to insufficient mixing of the
formaldehyde with the media, the second design c) shortened the chamber to reduce the time cells are retained in the
chamber, and formaldehyde is added after collection into the test tube. d) Shows the final design being used in a migration
assay
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Figure 2-2. HL-60 cells differentiated into neutrophil-like cells and migrated through two
pore sizes.
a) Flow cytometry analysis of expression of the CD11b marker on HL-60/S4 and HL-60/S4-RA cells. HL-60/S4 cells
treated with all-trans retinoic acid (ATRA) had higher levels of CD11b, indicating successful differentiation. Representative
histogram shown. b) HL-60 cells were cytospun onto microscope slides and Wright-Giemsa stained to compare nuclear
morphology. Undifferentiated cells treated with vehicle (ethanol) for four days had spherical nuclei (i), while cells
differentiated with retinoic acid for 4 days had lobed or partially lobed nuclei (ii). Representative images shown. c) Flow
cytometry analysis of Alexa Fluor 488-annexin V and propidium iodide (PI) staining of live, dead and apoptotic cells
following differentiation with ATRA (i) undifferentiated HL-60/S4 and (ii) differentiated HL-60/S4-RA cells. Over 85%
of both HL-60/S4 and HL-60/S4-RA were viable. d) The JuliBr cell counting system (automated hemocytometer) was
used to count and measure the diameter of cells in suspension. Cells were stained with trypan blue to distinguish live and
dead cells. Histogram shows mean count of cell diameters across 3 independent differentiation assays. Viable cells had an
average diameter of 6.99 µm (SD=0.327). e) Migration rate through 5 µm and 14 µm diameter pores. Cells were collected
and processed every 30 minutes during the migration assay, and formaldehyde fixed cells were counted to assess migration
rate. All time points were pooled per experiment, up to two experiments were pooled for Hi-C replicates of 14 µm pore
migration, and up to four experiments were pooled for Hi-C replicates of 5 µm pore migration. Migration rates were
consistent within and between replicates at each time point. Cells migrated more slowly through 5 µm pores when
compared to migration though 14 µm pores, as they are required to remodel to fit through the smaller pore size.
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2.2.1 An in vitro cell migration model
To investigate the effects of acute cell shape change, we developed a simplified model of
neutrophil migration. HL-60/S4 cells were differentiated into neutrophil-like (granulocytic) cells
using retinoic acid (HL-60/S4-RA) [257]. Increased cell surface CD11b and nuclear lobulation
confirmed differentiation (Figure 2-2a and b). Cell viability was confirmed with flow cytometric
analysis of annexin V immunolabelled and propidium iodide stained cells (c).
HL-60/S4-RA cells were migrated through two pore sizes, 5µm and 14µm, to simulate
migration with and without constriction (Figure 2-3a). As a control, HL-60/S4-RA cells were
processed without exposure to the migration chamber.

Figure 2-3. Neutrophil-like cells (7 µm diameter) were migrated through two sizes of
porous membrane.
a) A classical Boyden chamber was modified to allow a continuous flow of media (0.2 mL/min) through the lower well.
Migrated cells were processed every thirty minutes. Three experimental conditions were used: b) cells that were not
migrated, c) cells that were migrated through pores larger than themselves (14µm diameter), and d) cells that were migrated
through pores smaller than themselves (5µm diameter).
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Figure 2-4. SEM of porous membranes.
a) Scanning electron microscopy of the smooth (i-v) and rough (vi-x) sides of polycarbonate membranes with 5µm diameter
pores. b) Scanning electron microscopy of the rough (i-iv) and smooth (v-x) sides of polycarbonate membranes with 14µm
diameter pores. Although both membranes contained pores that were joined to make a larger single pore, the majority
were joined at the edges and thus did not increase the minimum diameter of the pore.

Consistent with previous reports [152], viable HL-60/S4-RA cells had an average diameter of
7.0 ± 0.3µm (Figure 2-2d) and passed through the 14µm pores rapidly. By contrast, the rate of
migration through 5µm pores was much slower, most likely due to the remodeling required for a
cell to fit through a pore smaller than itself (Figure 2-2e). Migration rate was unlikely to be affected
by pore availability as electron microscopy confirmed that the 5 and 14µm pores cover
approximately 9% or 5% of the membrane surface, respectively (Figure 2-4). No additional
chemoattractants were added to the lower well, as the gradients of both cell density and serum
were sufficient to induce migration. The small pores used in our assay do not require extreme
deformation. However, increased nuclear stiffness significantly slows migration rate of HL-60/S4RA cells through 5µm diameter pores, consistent with nuclear remodeling representing the ratelimiting step in this assay [152].
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2.2.2 Transcriptional changes after migration and
remodeling are distinct
We captured acute responses to migration with or without constriction by processing cells
within 30 minutes post-migration, when early responses to inflammatory stimuli can be detected
[323]. We contend that this model allows us to isolate the effects of passage through the transwell
chamber from the effects of nuclear remodeling that resulted from constricted migration. We used
total RNA-seq to identify genes that were differentially expressed, comparing unmigrated control
cells with cells that migrated through 5µm or 14µm pores. This enabled us to identify changes in
steady-state total RNA levels associated with migration per se, and to distinguish them from
transcriptional changes specific to migration with constriction.
Comparisons of gene transcript levels between cells migrated without constriction and
unmigrated cells identified 304 genes that were significantly upregulated and 216 significantly
downregulated genes (False discovery rate adjusted p-value (FDR) <0.05). Comparisons of gene
transcript levels between cells migrated with constriction and unmigrated cells identified 1057
significantly upregulated and 984 significantly downregulated genes (FDR<0.05). Comparisons of
cells migrated with and without constriction identified 204 significantly upregulated and 75
significantly downregulated genes (FDR<0.05) (Figure 2-5b,c,d; Appendices: Supplementary table
1).
The majority of observed migration-associated gene expression changes fell into one of three
sets. The first set included 420 genes with highly correlated fold changes following migration
through 5µm or 14µm pores, when compared to unmigrated control cells (R2=0.92, p < 2.2e-16,
Figure 2-6a and b). We consider this set of genes to reflect the effects of passage through the
migration chamber, which includes changing cell density, exposure to fresh media, and fluid shear.
Gene ontology (GO) analysis, using TopGo [324], identified enrichment for GO biological process
terms that included response to cytokine (FDR adjusted p = 4.06e-05, Fisher’s exact test) and
monocyte chemotaxis (FDR adjusted p = 0.044, Fisher’s exact test; Table 2-1). This suggested that
the environment of the migration chamber was sufficient to stimulate immune-like transcriptional
responses in these neutrophil-like cells, despite the lack of added chemoattractants, and regardless
of pore size relative to cell size [152] (Figure 2-2d).
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Figure 2-5. RNA-seq summary plots, and comparison of migration with differentiation.
a) VST normalized RNA-seq results cluster by condition. b) Volcano plot of FDR adjusted p-value and log2 fold change
in gene expression levels between migration with and without constriction. c) Volcano plot of FDR adjusted p-value and
log2 fold change in gene expression levels between migration with constriction and unmigrated control cells. d) Volcano
plot of FDR adjusted p-value and log2 fold change in gene expression levels between migration without constriction and
unmigrated control cells. e) Gene expression changes between migration with and without constriction did not correlate
with gene expression changes after differentiation with all-trans retinoic acid for 4 days [1]. The top panel shows the log2
fold changes of genes that were significantly differentially expressed after differentiation, but not between migration with
and without constriction (R2=0.017, p=2x10-16, y=-0.016x+0.001). The middle panel shows the log2 fold changes of genes
that were significantly differentially expressed between migration with and without constriction, but not after
differentiation (R2=0.068, p=6.6x10-6, y=-0.069x+0.40). The bottom panel shows the log2 fold changes of genes that were
significantly differentially expressed in both experiments (R2=0.073, p=6.7x10-5, y=-0.07x+0.38).
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Figure 2-6. Gene expression changes following migration.
a) Venn diagram of significantly differentially expressed genes (DESeq2, FDR<0.05) between 14µm and 5µm pores,
unmigrated and 5µm pores, unmigrated and 14µm pores. 80% of the genes differentially expressed after migration through
14µm pores also change after migration through 5µm pores. b) The 420 genes that changed in both conditions had highly
correlated (R2=0.92) log2 fold changes (logFC). c) While 1621 additional genes change expression after migration through
5µm, only 178 of these were significantly different between the two pore sizes. The 1443 that were not significantly
different had highly correlated changes compared to unmigrated cells (R2=0.82). d) The relatively small subset of 199 genes
that were uniquely different after migration through 5µm pores. We believe these genes are associated with the effects of
remodeling and have low correlation (R2=0.36) between 5 and 14µm pore migration.

The second set contained 1443 genes that were significantly differentially expressed after
migration through 5µm pores when compared to unmigrated control cells, but that were not
significantly differentially expressed following migration through 14µm pores. However, the highly
correlated fold changes (R2=0.82, p < 2.2e-16) indicated that the change in RNA transcript levels
following migration with or without constriction was in the same direction, but with different
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effect sizes (Figure 2-6a and c). GO analysis identified enrichment for terms, including
inflammatory response (FDR adjusted p = 0.004, Fisher’s exact test) and chemokine mediated
signaling pathway (FDR adjusted p = 0.011, Fisher’s exact test; Table 2-2).
The third set of 199 genes exhibited differential transcript levels following migration through
5µm pores when compared to either 14µm pores or control cells. There was a low correlation
between the transcript levels of these genes following migration through the two pore sizes,
compared to unmigrated cells (R2=0.32, p < 2.2e-16, Figure 2-6a and d). Therefore, this set
represents the transcript changes that were specific to the constriction aspect of the assay. GO
analysis demonstrated that genes associated with distinct biological processes were regulated in the
cells migrated with constriction. Seventeen genes were involved with actin cytoskeleton
remodeling (FDR adjusted p = 0.071, Fisher’s exact test; Table 2-3). In addition, migration through
5µm pores was associated with changes in transcript levels of genes with molecular function
associated with lactate transport (FDR adjusted p = 0.025, Fisher’s exact test), and Rab GTPase
activity (FDR adjusted p = 0.086, Fisher’s exact test; Table 2-4).
Neutrophil-like cells are more migratory than their promyelocytic precursors [325]. Therefore,
it was possible that migration might select for cells with a stronger neutrophil-like phenotype. To
determine whether migration had selected for neutrophil-like cells we compared gene expression
changes of cells migrated with and without constriction, with changes that occurred during
differentiation into neutrophil-like cells [326]. There was no obvious relationship in the gene
expression profiles across these two groups (Figure 2-5e). Therefore our in vitro migration model
did not obviously select for a subpopulation of highly neutrophilic cells.
Collectively, the results of the total RNA-seq were consistent with migration through either
pore size being associated with changes in transcript levels for genes associated with inflammation
and chemotaxis. Moreover, migration with constriction was associated with changes in transcript
levels of cytoskeleton remodeling genes.
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2.2.3 Features of genome organization are more stable in
compartment A
We used Hi-C to investigate global features of genome organization, to determine whether
migration induced remodeling at different levels of nuclear structure. Heterochromatin
preferentially interacts with itself, forming a phase separated compartment isolated from
euchromatin [246,314]. Distinct interaction patterns can be extracted from the Hi-C heatmap using
principal component analysis, allowing us to assign regions of DNA to either the active (A) or
inactive (B) compartment, which generally corresponds to euchromatin and heterochromatin
respectively [271]. PC1 values for 100kb bins were calculated using HOMER [327]. Bins with
positive PC1 values were assigned to compartment A, while bins with a negative PC1 value were
assigned to compartment B. Correlation matrices of migrated and unmigrated cells were compared
directly in order to identify regions that showed different interaction patterns between conditions.
99.6% of A compartment bins and 97.4% of B compartment bins had the same compartment
assignment and a correlation >0.6 and were thus considered stable between migration with and
without constriction (Figure 2-7a). Although compartment structure was generally conserved,
there was significantly more disruption to the B compartment (logistic regression, p<2x10-16;
Figure 2-7).
If altered gene expression was simply a result of genes switching between compartments, we
would expect to see increased RNA expression for genes that moved from compartment B to A,
and decreased expression for those moving from A to B. However, there was no correlation
between the direction of change of differentially expressed genes and region stability (ANOVA
with Tukey adjustment, p>0.6 for all comparisons) (Figure 2-7c).
Topologically associated domains (TADs) are conserved units of DNA organization
characterized by increased chromatin contacts within the region [284]. TAD size was not
significantly different between samples (Figure 2-8a), and 72.5% of TADs identified in cells
migrated with constriction overlapped by ³80% with TADs in cells migrated without constriction
(Figure 2-8b). The TADs that were not conserved were significantly larger than the conserved
TADs (p=2x10-16, R2=0.15, logistic regression of log transformed TAD size) (Figure 2-8c),
suggesting that the differences could be driven by boundary loss between neighboring TADs.
However, cells migrated with constriction had lower contact frequencies both within and between
TADs (Figure 2-8d). Therefore, some observed boundary deletions may be due to loss of power
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as opposed to true changes in TAD structure. Regardless, conserved TADs were more likely to be
found in compartment A than non-conserved TADs (Figure 2-7d), suggesting again that the A
compartment is more stable after migration with constriction.

Figure 2-7. Compartment switching following migration with or without constriction.
a) Compartment structure is mostly conserved, with a small proportion of regions in different compartments in cells
migrated with or without constriction. 100kb bins were considered switched if they had the opposite PC1 sign and low
correlation (R<0.6) between the two conditions. b) Bootstrapping found that switching from compartment B occurred
more frequently than switching from compartment A (p<2.2x10-16, logistic regression). c) Compartment switching was
not associated with gene expression changes. The log2 fold change of differentially expressed genes (5µm vs 14µm pores)
did not correlate with compartment or switching status. d) TADs identified in migration with constriction were considered
conserved if they overlapped <80% with TADs identified in migration without constriction. Conserved TADs were more
likely to be found in compartment A than non-conserved TADs (ANOVA with Tukey adjustment, adjusted p<3x10-8).

Our results indicate that the two major features of genome organization, compartments (A and
B) and topologically associated domains (TADs), were mostly conserved after migration with or
without constriction. Those disruptions that did occur, occurred preferentially within the
heterochromatin-associated compartment B.
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Figure 2-8. Topological domain changes after migration through two pore sizes.
a) TAD size after log transformation was not significantly different between control, 5µm migrated, and 14µm migrated
cells (p>0.5, logistic regression). b) Domains were considered to have a conserved location if the condition location
overlapped 80% or more with the control location. Domain location was most conserved between unmigrated and
migrated without constriction. Domains were less conserved after migration with constriction. c) Domains that were
conserved between migration with and without constriction were smaller than domains found only in migration with
constriction (p=2x10-16, R2=0.15, logistic regression of log transformed TAD size), suggesting a loss of boundaries. d)
Disruption of contacts occurred both within and between topologically associated domains (TADs). Contact frequency
between upstream and downstream windows per bin (binsignal) as calculated by TopDom showed a statistically significant
decrease after migration through 5µm pores, compared to migration through 14µm pores (Student’s t test, all p values <
2.2e-16, difference in mean with 95% confidence displayed).
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2.2.4 Silent, short range contacts are disrupted after
migration with constriction
Regions of chromatin that are close in linear space are more likely to come into contact than
those that are further apart [271], but the rate of degradation of contact frequency across distance
can vary. For instance, during neutrophil differentiation chromatin undergoes supercoiling,
resulting in a loss of contacts below 3 Mb apart, and an increase in long range contacts above 3
Mb [318]. We normalized pooled contact matrices (100kb resolution) with iterative correction and
eigenvector decomposition (ICE), and calculated the contact frequency at each distance (Figure
2-9a). Cells that were unmigrated or migrated without constriction had very similar contact
frequency distributions, as a function of distance (KS test, p=0.14). Cells migrated with
constriction exhibited contract frequency distributions that were significantly different from both
unmigrated and migrated without constriction (KS test 5.74x10-9 and 3.11x10-13 respectively).
HOMER [327] was used to identify significant intrachromosomal contacts >100kb apart
(FDR<0.05) at 100kb resolution, and to compare normalized contact frequencies between
migrated and unmigrated cells. Short range contacts (<1Mb apart) had a significantly higher
proportion of decreased than increased frequency contacts after migration with constriction
compared to migration without constriction (2 sample test for equality of proportions, p=6x10-9,
Figure 2-9b). In contrast, long range contacts (>1Mb apart) had no significant difference between
the number of contacts lost or gained (p=0.39, Figure 2-9b).
Total and decreased contacts were assigned to compartment A or B and binned according to
distance between contacting regions (Figure 2-9c). Total significant contacts identified in cells
migrated without constriction were predominantly short range, and most ranges had a higher
proportion of A compartment contacts (Figure 2-9ci). Differential contacts had a more normal
distribution, and while the long range contacts were more frequently in the A compartment, short
range contacts were preferentially B compartment (Figure 2-9cii). To test if these apparent
differences were significant, we sampled with replacement from the pool of total contacts and
found the proportion of A and B compartment contacts at each range. 99% confidence intervals
from 10000 bootstraps show a significant enrichment of disrupted B compartment contacts <1Mb
apart, compared to total contacts (Figure 2-9ciii). This trend was also apparent in contacts that
increased in frequency between migration with and without constriction, although the small
number of short range increased contacts makes the conclusion less clear (Figure 2-10).
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Figure 2-9. Short range contacts were depleted after migration with constriction.
a) The whole genome contact matrix at 100kb resolution was normalized with iterative correction and eigenvector
decomposition (ICE), and distance dependent contact probability plotted on a log-log scale. There was no significant
difference between the distributions of unmigrated cells, and cells migrated without constriction (14µm pores) (KS test,
p=0.14), while cells migrated with constriction (5µm pores) have a significantly different distribution from both unmigrated
and migrated without constriction (KS test 5.74x10-9 and 3.11x10-13 respectively). The inset highlights the rapid decay of
contact frequency between 100kb and 500kb in migration with constriction. b) Differential intrachromosomal contacts
between migration with and without constriction were called at 100kb resolution, tiling across the chromosome in 40kb
bins. Long range (>1Mb) differential contacts were equally likely to be lost or gained, while short range (100kb-1Mb) were
significantly more likely to be lost after migration with constriction. Regions involved in a contact were assigned to
compartment A or B. c) Distribution of disrupted contacts. Bin sizes are uneven. i) Number of significant contacts
(FDR<0.05) in compartment A and B in cells migrated without constriction. ii) Number of significantly decreased contacts
(FDR<0.1) in compartment A and B between migration with and without constriction. iii) Bootstrapping of significant
contacts found a strong enrichment of decreased short range (<1Mb) contacts in compartment B. Error bars represent
99% CI of the expected proportion of contacts in compartment A or B. based on 10,000 bootstraps. d) 100kb bins were
defined as transcriptionally active if they contained one of more expressed gene. i) Stable A compartment regions were
most likely to be active, and stable B compartment genes were least likely to be active. ii) A two sample test for equality of
proportions found that disrupted contacts in either compartment A or B were less transcriptionally active than total
contacts in the same compartment.
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Figure 2-10. Compartment status of increased frequency contacts between migration with
and without constriction.
Bin sizes are uneven. a) Number of significant contacts (FDR<0.05) in compartment A and B in cells migrated with
constriction. b) Number of significantly increased contacts (FDR<0.1) in compartment A and B between migration with
and without constriction. c) Bootstrapping of significant contacts found a strong enrichment of increased short range
(<1Mb) contacts in compartment B. Error bars represent 99% CI of the expected proportion of contacts in compartment
A or B based on 1000 bootstraps.

We investigated transcriptional activity in the migration dependent disrupted regions. Although
the A compartment has a much higher proportion of transcriptionally active regions, with 67% of
bins containing at least one transcribed gene, the B compartment still contains transcriptionally
active regions (17%), and 40% of the non-conserved B regions contain actively transcribed gene(s)
(Figure 2-9d). We identified total and decreased contacts in the A and B compartments that
contained at least one expressed gene, and found that short range disrupted contacts in either
compartment were less likely to be transcriptionally active (A: p=0.001, B: p=0.008). However
long range contacts were equally likely to be active (A: p=0.40, B: p=0.97).
Collectively these results indicate that while differential long range (>1Mb) contacts appear to
be randomly sampled from the pool of total contacts, differential short range (<1Mb) contacts are
more likely to be disrupted, enriched in compartment B, and depleted for transcriptional activity.
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2.2.5 Transcriptionally active DNA is protected from
remodeling
The disruption of inactive chromatin was observed at the contact, TAD, and compartment
levels. This effect was not driven by concentrated disruption to specific regions, but instead was
distributed across the genome (Figure 2-11a-c).
Although disruption to compartments, TADs, and contacts all preferentially occurred in
inactive chromatin, the location of disruptions were not always consistent. For example, a selected
region (17q24.1-q25.1) on chromosome 17 shows compartment disruption and TAD merging, but
there are no significantly down-regulated short range contacts (Figure 2-12).
Collectively our results show that inactive chromatin organization was disturbed in cells
migrated with constriction, as demonstrated by disruption to TADs and short range contacts. This
disruption also affected contact patterns as detected by PCA analysis, and was not associated with
transcriptional activity. This is consistent with transcriptionally active chromatin being protected
from disruption during migration.
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Figure 2-11. Genome wide distribution of disrupted contacts, compartments, and TADs.
a) There were no more than two differential contacts (FDR<0.1) between migration with and without constriction per
megabase across the genome. b) There were no more than four compartment disruptions (R<0.6, opposite PC1 value)
between migration with and without constriction per megabase across the genome. c) There were no more than two nonconserved TADs (location <80% overlapping) between migration with and without constriction per megabase across the
genome.
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Figure 2-12. An example region of chromosome 17 showing genome organization features
following migration with or without constriction.
a) Significant contacts (FDR<0.05, 100kb resolution) in unmigrated cells, and cells migrated with or without constriction.
Line thickness indicates significance. b) Hi-C heatmap PC1 values, indicating compartment A (positive, black) and B
(negative, grey) in the three conditions. c) Correlation values show how similar the contact patterns are between two
conditions. Comparisons between all three conditions are shown here, with a dotted line at R=0.6 indicating the cutoff
used to call compartment switching. d) Domain (TAD) locations for all three conditions are shown here. The boundaries
of TADs that are not conserved between migration with and without constriction are indicated with dashed grey lines. e)
The positions of expressed genes, and log mean gene expression of the two migration conditions. One gene in this region
was differentially expressed (red) between migration with and without constriction, however it was in a region with stable
compartments, TADs, and contacts. f) Hi-C heatmaps of the ICE normalized contact frequency at 128kb resolution,
visualised in HiGlass [108]. Lighter color indicates higher contact frequency between regions in i) unmigrated cells, ii) cells
migrated without constriction, and iii) cells migrated with constriction.
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2.3 Discussion
Our simplified model of migration was able to isolate the effects of neutrophil-like cell passage
through the migration chamber with and without constriction. The induction of inflammatory,
chemotaxis, and proliferative genes in cells that had migrated through large pores supports both
the validity of our migration model, and roles for crowding [328] and fluid shear [329] in neutrophil
activation.
Transcriptional changes specifically associated with constricted migration were enriched for
genes involved in energy intake, specifically the pyruvate and lactate transporters SLC16A7 [330]
and SLC16A3 [331]. Anaerobic glycolysis, which produces ATP via the glycolysis of pyruvate to
lactate, is the neutrophils’ main form of ATP generation [332]. Cytoskeleton remodeling is energy
intensive, and lactate production has the inevitable side effect of acid production [333]. Milieu
acidification is a characteristic of inflammatory sites [334], and may be a direct consequence of
energy intensive migration. Intriguingly, metastatic cancer cells also rely on aerobic glycolysis for
movement, despite also generating ATP via mitochondrial respiration [335].
Transcript levels of the Rab GTPases also changed with constricted migration-associated
remodeling. The Rab GTPases are associated with vesicle mobilization [336], which is a critical
part of the neutrophil immune response [337,338]. Granule exocytosis is also regulated by
adherence [339,340], cytoskeleton remodeling [341], and migration [342], supporting a role of cell
shape change and mechanotransduction in priming neutrophil antibacterial responses.
Recent studies have shown that heterochromatin forms a phase-separated compartment within
the nucleus [245,246]. These heterochromatic phases act like viscous ‘droplets’, and therefore
should remain demixed as the nucleus changes shape [343]. Our results support this model as the
widespread disruption of short range contacts is not reflected in global changes to the
compartmentalization of the nucleus. Instead the heterochromatin spatial organization is altered
in response to nuclear shape change [234], possibly in order to prevent damage and disruption to
the organization of transcriptionally active euchromatin. Under this model, the multiple lobes of
the neutrophil nucleus would provide a larger surface area and therefore increased force dispersion.
Neutrophils have a very low Lamin A content [152], and therefore would be expected to
undergo a lower rate of nuclear rupture, but faster death due to DNA damage, based on recent
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studies by Denais and Raab [199,200]. This is attributed to the increased malleability of the nucleus,
as Lamin A/C contributes stiffness to the nuclear envelope [152]. However chromatin
composition also contributes strongly to the mechanical properties of the nucleus [298], and the
high levels of heterochromatin along with the increased force dispersion could compensate for the
lack of Lamin A in the nuclear envelope. Neutrophil differentiation is associated with an increase
of long range contacts (>3 Mb) in compartment B [318]. The switch between short and long range
contacts is not associated with transcriptional changes, indicating a structural role [318]. Indeed,
the supercoiling of heterochromatin could contribute to its force absorbing properties during
migration.
There are a several features of heterochromatin that could explain its increased sensitivity to
migration with constriction [234,298]. Firstly, its peripheral location and tethering to the nuclear
lamina [314,344] means it cannot be isolated from any expansion or movement of the nuclear
envelope. Secondly, its rigidity [299] may lead to slower recovery from disruptions. Thirdly,
transcriptionally active interactions are stabilized both by direct protein-DNA interactions [345]
and by phase separated sub-compartments [317,346,347], and therefore may be more resilient to
nuclear remodeling [269]. A higher frequency of these stabilized interactions could explain the
reduced disruption seen in active chromatin.
Microscopy of aspirated nuclei and magnetically twisted cells has shown that chromatin
linearizes as the nucleus stretches [206,305]. These studies focused on loci that were a repetitive
region [305] and a bacterial artificial chromosome [206]. Therefore, it is likely that these loci were
located in the heterochromatic phase. Euchromatic loci may prove to be less malleable, although
we would expect to see linearization to some extent, just as we did see disruption occurring in
active chromatin.
The enrichment of disrupted contacts in transcriptionally inactive loci even within
compartment A leads us to believe that migration-associated chromatin remodeling is not a major
contributor to gene regulation. However, we were not able to identify specific promoter-enhancer
contacts due to the resolution of the Hi-C data. Promoter-capture Hi-C [47] after migration may
reveal a finer level of chromatin remodeling in response to nuclear shape change. Nascent RNAsequencing would also provide more accurate measures of transcriptional activity, as total RNAsequencing captures the result of both RNA production and degradation [348]. Moreover, the
spatial organization and transcriptome may have different characteristics at different time points
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after migration. The acute changes may activate pathways and feedback loops and result in stable
changes in gene expression. Alternatively, continued migration may be necessary to retain the
transcriptional signature of a migrated cell. The stability of the chromatin contact changes is also
unknown. As such, the disruption of short range contacts observed after 30 minutes may reflect a
‘recovering’ nucleus that is converging on the unmigrated cell structure, or a ‘remodeling’ nucleus
that is in the process of gaining a distinct nuclear structure.
We controlled for confounding factors by including large pore migration, and comparing
transcriptional changes to those occurring during differentiation. However, it remains possible that
migration selected for a subpopulation of cells, or that some effects were mediated by cell density
changes and other artefacts of the migration chamber. Single cell RNA-seq is able to detect rare
cell populations [349], and thus could deconvolute the effects of migration from possible changes
in population structure. Although not in the scope of this study, further experiments investigating
acute chromatin conformation changes in response to a variety of stimuli, such as cytokines and
contact inhibition, might help to further isolate the effects of migration with constriction.
A wider range of pore sizes would also provide greater insight into the nuclear responses to
acute cell shape change. Neutrophils can migrate through gaps as small as 1.5µm diameter [350],
substantially smaller than the 5µm diameter pores used in this study. We would expect to see more
extreme phenotypes with smaller pores, although it is unclear how the increased disruption would
manifest. Given the high rate of recovery that occurs following nuclear rupture, it is plausible that
TADs and compartments are either maintained or rapidly reformed [200]. Whether inactive
chromatin is able to provide any protection during migration through very small pores is unknown.
Further experiments could assess the chromatin content of deformation-induced nuclear blebs
and protrusions [299].
All cells in the human body must make a compromise between stiffness and flexibility of the
nucleus, which is controlled by the nucleoskeleton and chromatin composition[298]. Migration
through a constriction is an excellent model for this compromise, as it requires resistance to
mechanical forces generated by the cytoskeleton, yet the nucleus must change shape. The stiff
nuclei of cancer cells rupture during migration, but lowering Lamin A levels to decrease stiffness
leads to increased cell death [199,200]. Similarly, loss or mutation of Lamin A leads to muscular
dystrophy and cardiac failure [289,351], as muscle nuclei are unable to survive the repeated force
of contraction. However, extreme stiffness also causes cardiac dysfunction [352,353]. Lamin A is
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evenly distributed across the nuclear periphery and therefore nuclear lamina stiffness is consistent
across the nucleus. In contrast, it is possible for chromatin to form stiff ‘foci’ for the cytoskeleton
to push against [234], while remaining flexible to allow shape change. Thus, chromatin may
alleviate the loss of Lamin A protection in nuclei that undergo force-induced shape change.
The mechanisms that interact to confer nuclear properties during mechanical stress are likely
to be complex and partially redundant. For instance, knockdown of SUN1, a semi-redundant
component of the LINC complex [354], rescues Lamin A knockout mice from Emery-Dreifuss
muscular dystrophy [355]. Notably, granulocytic HL-60/S4 cells have low levels of SUN1 [251],
which may contribute to their enhanced survival compared to Lamin A knockout cells [199,200].
Assessing nuclear rupture and DNA damage following very small pore migration in cancer cells
derived from rigid, non-motile tissues [199,200,356,357] is required for our understanding of
metastasis and cancer evolution. However, investigating chromatin responses in nuclei adapted to
migration is also important for our understanding of non-pathogenic cell processes.
Taking an integrative approach to studying nuclear mechanics is not a trivial challenge. It is
however crucial to advancing an important frontier in human health and disease research through
better understanding the interplay between Lamin A, heterochromatin, SUN1, and other nuclear
components in cells undergoing migration and contraction during neuronal development, bone
healing, cardiovascular function, skeletal muscle growth, and the immune response.

2.3.1 Conclusion
We have shown that constricted migration of neutrophil-like cells disproportionally disrupts
inactive chromatin, possibly protecting transcriptionally active chromatin and minimizing
transcriptional dysregulation during migration through a 5µm pore. Our study contributes to the
growing understanding of heterochromatin as a key player in the structure and mechanosensitivity
of the nucleus.
An important next step is to study this phenomenon in different cell types. The differentiation
status of HL-60/S4 cells could dramatically affect the nuclear changes that are associated with
migration, so understanding the conserved and cell-type specific responses will provide greater
insight into how our cells integrate and respond to their extracellular environment.
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2.4 Methods
2.4.1 Cell culture
HL-60/S4 cells (available from ATCC #CCL-3306) were cultured at 37°C, 5% CO2 in RPMI
1640 (ThermoFisher) supplemented with 10% fetal bovine serum (Moregate Biotech), 1%
penicillin/streptomycin (ThermoFisher), and 1% GlutaMAXTM (ThermoFisher). Cells were
differentiated into a granulocytic phenotype with 1µM all trans retinoic acid (ATRA) dissolved in
ethanol (Sigma Aldrich) for four days as previously described [250,257]. To visualize nuclear
morphology, cells were cytospun at 500 rpm for 5 minutes onto slides, then stained with WrightGiemsa (Sigma-Aldrich).

2.4.2 Flow cytometry
Flow cytometry analysis of the cell surface antigen, CD11b, was performed as described
previously [152]. Briefly, 106 cells were washed in PBS, blocked with human IgG (Sigma-Aldrich),
then incubated with Alexa Fluor 700 Mouse Anti-Human-CD11b for 30 minutes. The proportion
of live/dead/apoptotic cells was assessed with the Alexa Fluor® 488 annexin V/Dead Cell
Apoptosis Kit with Alexa Fluor® 488 annexin V and PI (ThermoFisher). Briefly, 5x105 cells were
washed and incubated with Alexa Fluor® 488 annexin V and 100 µg/mL PI for 15 minutes.
Fluorescence was measured with a FACSAria II SORP cell sorter (BD Biosciences). Analysis was
performed in FlowJo v10.

2.4.3 Migration
A Boyden chamber (NeuroProbe, BY312) was modified by cutting the chamber in half, leaving
the upper and lower wells separated by a filter held in place by an acetal retainer. A trimmed p200
pipette tip was inserted in the opening of the lower well, and a hole was drilled on the opposite
side of the lower well so a tube could be connected to a syringe. These modifications facilitated
continuous flow of media through the lower well (Figure 2-1a). Migration assays were carried out
in a hypoxic glove box (Coy Laboratory Products) at 37ºC, 5% CO2, 20% O2. Media was perfused
at 0.2mL/min with a syringe pump (New Era Pump Systems, NE-1002X). Growth media was
used in both upper and lower wells. Polycarbonate membranes with 5µm diameter pores or 14µm
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diameter pores (NeuroProbe) were imaged using scanning electron microscopy. Migrated cells
were collected and processed for sequencing every 30 minutes for 3-4 hours (5µm pores) or 1 hour
(14µm pores). Unmigrated control cells were not exposed to the migration chamber, and were
processed for sequencing during the first 30 minutes of the migration assay. All processed time
points were pooled and frozen at -80°C prior to RNA extraction or Hi-C library preparation.

2.4.4 RNA sequencing
Cells were lysed in TRiZOL LS (Invitrogen) and phase separated with chloroform. At this point
four 5µm migration assays were pooled per replicate in order to extract enough RNA for
sequencing. RNA was extracted with the Qiagen RNeasy micro kit (Qiagen, 74004). RNA and
lncRNA libraries were prepared by Annoroad Gene Technology Co., Ltd. (Beijing, China) using
ribosomal RNA depletion with RiboZero Magnetic Gold Kit (Human/Mouse/Rat) and
sequenced on the Illumina Hi-seq X 150PE.

2.4.5 Hi-C
High throughput chromosome conformation capture (Hi-C) was performed as in [263] with
restriction enzyme MboI (NEB).[263] Formaldehyde fixed cells from 4-5 migration assays were
pooled to reach the 2 million cells required. The library was prepared for Illumina sequencing with
the TruSeq Nano kit (Truseq Nano DNA LT Sample Preparation Kit). One library was sequenced
per lane of the Illumina HiSeq X 150PE.

2.4.6 RNA-seq analysis
Read quality was confirmed with FastQC v0.11.4. Reads were aligned to hg38 and gencode
annotations v27 using STAR v2.5.3a with default settings. FeatureCounts v1.5.2 was used to
aggregate transcripts for gene-level analysis and quantify the reads with GENCODE annotations
v27 (Table 2-5). MultiQC was used to summarize FastQC, STAR, and FeatureCounts outputs
[358]. Expressed genes were filtered using default settings in DEseq2 v1.16.1. PCA of variance
stabilized transcripts confirmed clustering by condition (Figure 2-5a). Differentially expressed
genes were identified at FDR<0.05 using DEseq2 v1.16.1. Gene ontology enrichments were
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calculated with TopGo v2.28.0 using the weight01 algorithm and the Fisher statistic. Categories
containing <2 genes were filtered out, and p values adjusted for FDR.

2.4.7 Hi-C analysis
Read quality was confirmed with FastQC v0.11.4 . Reads were aligned to hg38 and filtered using
HiCUP v0.5.9 (Table 2-6). MultiQC was used to summarize FastQC and HiCUP outputs [358].
High correlation between replicates was confirmed (R>0.994, Table 2-7), then libraries were
pooled and down-sampled so that the three conditions (control, 5µm pores, 14µm pores) had the
same number of valid reads (144,382,298). HiCUP output was converted to HOMER [327] input
using the hicuptohomer script provided by HiCUP. Compartments were identified by performing
PCA on each chromosome in HOMER v4.9.1 at 100kb resolution on a matrix normalized with
the default HOMER method. TSS locations were used to seed active regions to determine the
correct sign of the PC1 value. Chromosomes were excluded from compartment analysis if the first
principal component corresponded to the chromosomal arms (chromosomes 4,5,19,21,X).
Correlation matrices were compared to identify compartment switching with the
getHiCcorrDiff.pl script provided by HOMER. Significant and differential intrachromosomal
contacts were identified in HOMER at 100 kb resolution. The Hi-C matrices were normalized
using the default HOMER method. Reads supporting contacts were counted in 100kb windows,
tiling across the chromosome in 40kb bins to avoid penalizing boundaries. This is known in
HOMER as 40kb resolution, 100kb super-resolution. HOMER was also used to generate raw
chromosomal matrices at 50 kb resolution for topologically associated domain (TAD) analysis in
TopDom v0.0.2 using a window size of 5, as performed in [359]. Iterative correction and
eigenvector decomposition (ICE) was performed with cooler v0.7.1 [360]. Hi-C heatmaps were
generated with HiGlass v1.1.5 [361]. Genomic interval arithmetic was performed with bedtools
v2.27.0 [362] and plyranges v1.0.3 [363]. Plots, excluding heatmaps, were generated in R 3.5.1 [364]
with dplyr [365] and ggplot2 [366]. Color Oracle (colororacle.org) was used to assist color choices
in all figures [367].
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2.4.8 Availability of data and materials
The datasets generated and analyzed during the current study are available in the Gene
Expression Omnibus (GEO) repository, accession number GSE115634. Scripts and data to
reproduce

analysis

of

processed

data

is

available

on

github

url:

https://github.com/jacel/migration-chromatin. Additional datasets required for the analyses
are available on Figshare: 10.17608/k6.auckland.6943112. Data from [250] is available from the
National

Center

for

Biotechnology

Information

(NCBI)

Short

Read

Archive

http://www.ncbi.nlm.nih.gov/bioproject/303179 [326].
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2.5 Tables
Table 2-1. Gene ontology enrichment (Biological process) of Figure 2-6b (set 1).
GO.ID

Term

GO:0034097 response to cytokine

Annotated

Significant

Expected

PFDR

626

49

21.19

2.20E-05

GO:0000122

negative regulation of transcription by
RNA polymerase II

513

41

17.37

4.36E-04

GO:0045944

positive regulation of transcription by
RNA polymerase II

656

51

22.21

1.04E-03

GO:0051591 response to cAMP

47

8

1.59

1.37E-02

GO:0071347 cellular response to interleukin-1

45

8

1.52

1.37E-02

GO:0042149 cellular response to glucose starvation

33

7

1.12

1.37E-02

GO:0042127 regulation of cell proliferation

834

59

28.23

1.37E-02

GO:0071356 cellular response to tumor necrosis factor

187

18

6.33

1.37E-02

GO:0032496 response to lipopolysaccharide

182

28

6.16

1.37E-02

4

3

0.14

1.37E-02

4

3

0.14

1.37E-02

GO:2000347

positive regulation of hepatocyte
proliferation

GO:0090009 primitive streak formation
GO:0031663

lipopolysaccharide-mediated signaling
pathway

42

10

1.42

1.50E-02

GO:0036499

PERK-mediated unfolded protein
response

18

6

0.61

1.77E-02

23

6

0.78

2.40E-02

GO:0002548 monocyte chemotaxis
GO:2000144

positive regulation of DNA-templated
transcription, initiation

18

4

0.61

2.40E-02

GO:0043124

negative regulation of I-kappaB
kinase/NF-kappaB signaling

30

6

1.02

2.69E-02

GO:0045766 positive regulation of angiogenesis

67

10

2.27

3.12E-02

GO:0032754

positive regulation of interleukin-5
production

6

3

0.2

3.66E-02

GO:1902895

positive regulation of pri-miRNA
transcription by RNA polymerase II

13

4

0.44

3.66E-02

GO:0071277 cellular response to calcium ion

33

6

1.12

3.66E-02

GO:0006954 inflammatory response

340

27

11.51

3.80E-02

GO:0009615 response to virus

218

12

7.38

3.80E-02

GO:0043434 response to peptide hormone

258

21

8.73

3.80E-02

GO:0045682 regulation of epidermis development

33

6

1.12

3.80E-02

GO:0043331 response to dsRNA

66

5

2.23

3.80E-02
Continued...
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GO.ID

Term

Annotated

Significant

Expected

PFDR

GO:0014839

myoblast migration involved in skeletal
muscle regeneration

2

2

0.07

3.80E-02

GO:0002774

Fc receptor mediated inhibitory signaling
pathway

2

2

0.07

3.80E-02

GO:0061029 eyelid development in camera-type eye

7

3

0.24

3.80E-02

cellular response to laminar fluid shear
stress

7

3

0.24

3.80E-02

7

3

0.24

3.80E-02

7

3

0.24

3.80E-02

GO:0007623 circadian rhythm

112

13

3.79

3.80E-02

GO:0071222 cellular response to lipopolysaccharide

107

18

3.62

3.80E-02

GO:0071499

GO:0051412 response to corticosterone
GO:0048715

negative regulation of oligodendrocyte
differentiation

GO:0006335

DNA replication-dependent nucleosome
assembly

26

5

0.88

4.66E-02

GO:0031665

negative regulation of lipopolysaccharidemediated signaling pathway

9

4

0.3

5.01E-02

GO:0010818 T cell chemotaxis

14

4

0.47

5.01E-02

GO:0070098 chemokine-mediated signaling pathway

27

5

0.91

5.01E-02

59

8

2

5.01E-02

40

6

1.35

5.37E-02

74

6

2.5

5.41E-02

153

15

5.18

6.16E-02

9

3

0.3

6.47E-02

GO:0030593 neutrophil chemotaxis

43

6

1.46

6.47E-02

GO:0051290 protein heterotetramerization

30

5

1.02

6.47E-02

GO:0090280 positive regulation of calcium ion import

3

2

0.1

6.47E-02

GO:0032088

negative regulation of NF-kappaB
transcription factor activity

GO:0032922 circadian regulation of gene expression
GO:0044344

cellular response to fibroblast growth
factor stimulus

GO:0031668 cellular response to extracellular stimulus
GO:0045651

positive regulation of macrophage
differentiation

GO:0010735

positive regulation of transcription via
serum response element binding

3

2

0.1

6.47E-02

GO:1902949

positive regulation of tau-protein kinase
activity

3

2

0.1

6.47E-02

GO:0034136

negative regulation of toll-like receptor 2
signaling pathway

3

2

0.1

6.47E-02

GO:1904798

positive regulation of core promoter
binding

3

2

0.1

6.47E-02

GO:2000503

positive regulation of natural killer cell
chemotaxis

3

2

0.1

6.47E-02
Continued…
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GO.ID

Term

Annotated

Significant

Expected

PFDR

positive regulation of transcription
GO:0071931 involved in G1/S transition of mitotic
cell cycle

3

2

0.1

6.47E-02

GO:0070301 cellular response to hydrogen peroxide

64

8

2.17

6.47E-02

GO:0032870 cellular response to hormone stimulus

415

25

14.05

6.91E-02

GO:0061158 3'-UTR-mediated mRNA destabilization

10

3

0.34

6.91E-02

GO:2000352

negative regulation of endothelial cell
apoptotic process

10

3

0.34

6.91E-02

GO:0043922

negative regulation by host of viral
transcription

10

3

0.34

6.91E-02

GO:0006959 humoral immune response

77

6

2.61

8.58E-02

GO:0034113 heterotypic cell-cell adhesion

22

6

0.74

8.74E-02

GO:0035994 response to muscle stretch

11

3

0.37

8.79E-02

GO:0007565 female pregnancy

87

8

2.95

8.79E-02

GO:0000183 chromatin silencing at rDNA

34

5

1.15

8.79E-02

GO:0001649 osteoblast differentiation

102

9

3.45

8.99E-02

GO:0035914 skeletal muscle cell differentiation

35

5

1.18

8.99E-02

GO:0002819 regulation of adaptive immune response

89

8

3.01

8.99E-02

GO:0072577 endothelial cell apoptotic process

21

5

0.71

8.99E-02

GO:0009629 response to gravity

5

3

0.17

8.99E-02

GO:0030853

negative regulation of granulocyte
differentiation

6

3

0.2

8.99E-02

GO:0002042

cell migration involved in sprouting
angiogenesis

19

3

0.64

8.99E-02

GO:0061470 T follicular helper cell differentiation

4

2

0.14

8.99E-02

positive regulation of transcription from
GO:0036091 RNA polymerase II promoter in response
to oxidative stress

4

2

0.14

8.99E-02

GO:0071409 cellular response to cycloheximide

4

2

0.14

8.99E-02

GO:0045348

positive regulation of MHC class II
biosynthetic process

4

2

0.14

8.99E-02

GO:0055118

negative regulation of cardiac muscle
contraction

4

2

0.14

8.99E-02

12

3

0.41

9.04E-02

47

6

1.59

9.04E-02

23

4

0.78

9.04E-02

GO:0030889 negative regulation of B cell proliferation
GO:0010803

regulation of tumor necrosis factormediated signaling pathway

GO:0032570 response to progesterone

Continued…
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GO.ID

Term

GO:0009636 response to toxic substance
GO:0070374

positive regulation of ERK1 and ERK2
cascade

Annotated

Significant

Expected

PFDR

277

21

9.38

9.04E-02

84

8

2.84

9.48E-02

Gene ontology term enrichment (Biological Process) of all genes significantly differentially expressed (False discovery rate
(FDR) adjusted p-value <0.05) in both 5µm pores compared to control, and 14µm pores compared to control. Annotated;
Number of total genes in the category. Significant: Number of target genes in the category. Expected; Expected number
of genes in the category, based on total number of genes. PFDR; FDR adjusted Fisher’s exact test p-value using the TopGo
weight01 algorithm. FDR adjusted p-value threshold 0.05.
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Table 2-2. Gene ontology enrichment (Biological process) of Figure 2-6c (set 2).
GO.ID

Term

Annotated

Significant

Expected

PFDR

GO:0006954 inflammatory response

340

96

53.78

4.24E-03

GO:0006955 immune response

1192

267

188.55

1.13E-02

GO:0000122

negative regulation of transcription by
RNA polymerase II

513

120

81.15

1.13E-02

GO:0070098

chemokine-mediated signaling
pathway

27

15

4.27

1.13E-02

GO:0048661

positive regulation of smooth muscle
cell proliferation

38

18

6.01

3.79E-02

13

8

2.06

3.89E-02

656

148

103.76

3.89E-02

GO:0032496 response to lipopolysaccharide

182

60

28.79

3.89E-02

GO:0071347 cellular response to interleukin-1

45

17

7.12

5.03E-02

GO:0002467 germinal center formation
GO:0045944

positive regulation of transcription by
RNA polymerase II

GO:0031663

lipopolysaccharide-mediated signaling
pathway

42

17

6.64

7.07E-02

GO:0035589

G-protein coupled purinergic
nucleotide receptor signaling pathway

8

6

1.27

7.07E-02

GO:0071356

cellular response to tumor necrosis
factor

187

49

29.58

7.07E-02

1480

306

234.1

7.07E-02

GO:0007565 female pregnancy

87

24

13.76

7.07E-02

GO:0034097 response to cytokine

626

145

99.02

8.67E-02

6

5

0.95

9.01E-02

GO:0051607 defense response to virus

158

46

24.99

9.15E-02

GO:0045766 positive regulation of angiogenesis

67

23

10.6

9.89E-02

GO:0007166 cell surface receptor signaling pathway

GO:0034115

negative regulation of heterotypic cellcell adhesion

Gene ontology term enrichment (Biological Process) of all genes significantly differentially expressed (False discovery rate
(FDR) adjusted p-value <0.05) in 5µm pores compared to control, but not 14µm pores compared to control or 5µm pores
compared to 14µm pores. Annotated; Number of total genes in the category. Significant: Number of target genes in the
category. Expected; Expected number of genes in the category, based on total number of genes. PFDR; FDR adjusted
Fisher’s exact test p-value using the TopGo weight01 algorithm. FDR adjusted p-value threshold 0.05.
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Table 2-3. Gene ontology enrichment (Biological process) of Figure 2-6d (set 3).
GO.ID

Term

Annotated Significant Expected

PFDR

GO:0050927 positive regulation of positive chemotaxis

8

3

0.13

5.16E-02

GO:0002268 follicular dendritic cell differentiation

2

2

0.03

5.16E-02

355

17

5.62

7.02E-02

GO:0030036 actin cytoskeleton organization
GO:0051481

negative regulation of cytosolic calcium in
concentration

3

2

0.05

7.64E-02

GO:0002430

complement receptor mediated signaling
pathway

4

2

0.06

8.61E-02

4

2

0.06

8.61E-02

4

2

0.06

8.61E-02

T cell activation via T cell receptor contact
GO:0002291 with antigen bound to MHC molecule on
antigen presenting cell
GO:0061419

positive regulation of transcription from RNA
polymerase II promoter in response to hypoxia

Gene ontology term enrichment (Biological Process) of all genes significantly differentially expressed (False discovery rate
(FDR) adjusted p-value <0.05) in 5µm pores compared to 14µm pores, but not 14µm pores compared to control.
Annotated; Number of total genes in the category. Significant: Number of target genes in the category. Expected; Expected
number of genes in the category, based on total number of genes. PFDR; FDR adjusted Fisher’s exact test p-value using the
TopGo weight01 algorithm. FDR adjusted p-value threshold 0.05.
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Table 2-4. Gene ontology enrichment (Molecular function) of Figure 2-6d (set 3).
GO.ID

Term

Annotated

Significant

Expected

PFDR

GO:0015293

symporter activity

57

8

0.88

3.05E-04

GO:0005096

GTPase activator activity

206

12

3.18

4.20E-03

GO:0015129

lactate transmembrane transporter activity

3

2

0.05

2.45E-02

GO:0005078

MAP-kinase scaffold activity

6

2

0.09

6.96E-02

GO:0030506

ankyrin binding

6

2

0.09

6.96E-02

GO:0017137

Rab GTPase binding

143

7

2.21

6.96E-02

GO:0015171

amino acid transmembrane transporter
activity

34

3

0.53

6.96E-02

GO:0003779

actin binding

228

8

3.52

6.96E-02

GO:0008093

cytoskeletal adaptor activity

9

2

0.14

8.30E-02

GO:0008569

ATP-dependent microtubule motor activity,
minus-end-directed

9

2

0.14

8.30E-02

Gene ontology term enrichment (Molecular Function) of all genes significantly differentially expressed (False discovery
rate (FDR) adjusted p-value <0.05) in 5µm pores compared to 14µm pores, but not 14µm pores compared to control.
Annotated; Number of total genes in the category. Significant: Number of target genes in the category. Expected; Expected
number of genes in the category, based on total number of genes. PFDR; FDR adjusted Fisher’s exact test p-value using the
TopGo weight01 algorithm. FDR adjusted p-value threshold 0.05.
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Table 2-5. RNA-seq QC.
Condition

Replicate

Aligned

Assigned

ctrl
ctrl
ctrl
mig14
mig14
mig14
mig5
mig5
mig5

ctrl_1
ctrl_2
ctrl_3
mig14_1
mig14_2
mig14_3
mig5_1
mig5_2
mig5_3

46900000
48500000
44300000
53400000
45300000
46400000
45200000
49300000
50600000

25168155
25271406
23943174
28311460
25140336
26490266
24221809
26133154
26491917

Number of reads aligned and assigned to features in STAR and featureCounts per sample.
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Table 2-6. HiCUP QC.
Condition

Sample

Aligned

Valid_Pairs

Cis

Trans

ctrl
ctrl
ctrl
mig14
mig14
mig14
mig5
mig5
mig5

B1
C2
D3
Q4
R5
S6
X7
Y8
Z9

285200000
298900000
249700000
313800000
314300000
313700000
289300000
282900000
303500000

82240869
70896674
90771248
79961656
66324260
65122979
73974231
79694547
73563853

20346475
24487097
31066409
30385557
22255914
22398913
19287483
20971357
23595669

34320173
26631449
45893185
24892331
23613806
20835777
31260508
39606669
25564157

Number of aligned and valid reads, and cis trans ratio per sample.
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Table 2-7. Hi-C replicate correlations.
Condition

Replicate 1

Replicate 2

Correlation

ctrl
ctrl
ctrl
mig14
mig14
mig14
mig5
mig5
mig5

B1
B1
C2
Q4
Q4
R5
X7
X7
Y8

C2
D3
D3
R5
S6
S6
Y8
Z9
Z9

0.99727658
0.99552743
0.99824302
0.99438484
0.99479017
0.9990118
0.99839508
0.99806499
0.99659289

Pearson correlation coefficients of the Hi-C library replicates. All biological replicates were highly correlated (R>0.994).
The correlation coefficient was calculated across the whole genome with 1Mb bins.
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CHAPTER 3
TNF-a DIFFERENTIALLY
REGULATES CELL CYCLE GENES IN
PROMYELOCYTIC AND GRANULOCYTIC
HL-60/S4 CELLS

Chapter submitted for publication
Jacobson EC, Perry JK, Vickers MH, et al. TNF-α differentially regulates cell cycle genes in
promyelocytic and granulocytic HL-60/S4 cells.
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3.1 Background
Tumor necrosis factor alpha (TNF-a) is a pro-inflammatory cytotoxic cytokine [368] which
activates the innate immune response [369–371], and induces migration [372,373] and production
of pro-inflammatory cytokines [374,375]. Dysregulation of TNF-a is associated with subsets of
autoimmune diseases [376,377] and anti-TNF antibodies are used to treat a range of inflammatory
disorders [378–380]. Initially investigated as a cancer therapeutic due to its ability to promote
apoptotic cell death specifically of tumor cells [381], systemic TNF-a treatment has failed clinical
trials as a solo cancer therapeutic as it induces unacceptable levels of toxicity [382].
TNF-a signaling is complex with numerous and sometimes conflicting responses being
modulated by interaction with two cell surface TNF-a receptors, TNFR1 and TNFR2 [368]. TNFa binding can have a wide range of effects via activation of signal transduction pathways, including
all three groups of mitogen activated kinases (MAPK); extracellular-signal-regulated kinases
(ERKs), the cJun NH2-terminal kinases (JNKs), and the p38 MAP kinases [383], which each have
complex regulatory effects on the cellular phenotype [13,384]. TNF-a signaling leads to
transcriptional upregulation of pro-inflammatory cytokines including IL-6 [374] and TNF itself
[375], resulting in pro-inflammatory feedback loops [385]. Notably, TNFR1 and TNFR2 have
individual and combinatorial effects on cell death and inflammation [368,386,387]. TNFR1
signaling induces both pro-apoptotic pathways (resulting in caspase activation) and pro-survival
Nuclear Factor Kappa Beta (NFKB) signaling [388,389]. For example, hematopoietic cells growing
in log phase rapidly undergo apoptosis in response to TNF-a, while quiescent cells in stationary
phase re-enter the cell cycle on TNF-a stimulation [390]. These apparently conflicting TNF-a
responses can be explained by temporal and developmental effects that include cell type [391],
receptor expression [390], priming with cytokines or inflammatory stimuli [392,393], and cell cycle
stage [394].
The HL-60/S4 cell line was derived from an acute promyelocytic leukemia patient [249]. These
promyelocytic cells can be differentiated into granulocytic or macrophage forms with the addition
of all-trans retinoic acid (ATRA) or 12-O-tetradecanoylphorbol-13-acetate (TPA), respectively
[250]. Differentiation into the granulocytic form slows cell growth [250] and ultimately leads to
cell death [395]. This discovery lead to the clinical use of ATRA as a treatment for acute promyeloid
leukemia [396]. Combined treatment with ATRA and TNF-a enhances differentiation of
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myelogenous leukemia cells, and has therefore been investigated as a synergistic therapy [397,398].
Notably, ATRA-induced differentiation activates components of the TNF-a signaling pathway
[397].
A previous study demonstrated differential effects of TNF-a treatment on candidate genes in
HL-60 cells before and after ATRA treatment [399]. Here, we investigate the genome-wide
transcriptional response to TNF-a treatment of the promyelocytic and granulocytic forms of HL60/S4 cells. We identify a conserved inflammatory and apoptotic response to TNF-a treatment in
both promyelocytic and granulocytic cells. We also identify opposing effects of TNF-a treatment
on the expression of cell cycle genes, with increased CDK1 mRNA expression in promyelocytes,
whereas granulocytes show transcriptional changes associated with arrest in G2 phase. We propose
that the different TNF-a mediated responses arise through sets of genes being responsive to
different thresholds of total (endogenous and exogenous) TNF-a levels.
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3.2 Results
In order to investigate transcriptional responses to TNF-a, the promyelocytic cell line HL60/S4 was differentiated into a granulocytic form by treatment with ATRA for 96 hours, as
described previously [400]. Both undifferentiated (promyelocytic) and differentiated (granulocytic)
cells were treated with 16ng/mL TNF-a in calcium supplemented media for two hours. TNF-a
treatment of promyelocytes and granulocytes were run on different batches of cells; as a
consequence, analysis of transcriptional changes that occurred during differentiation was not
appropriate. However, a recently published study investigated transcriptional changes which
occurred on differentiation of promyelocytic HL-60/S4 cells into granulocytes or macrophages
[250] (Table 3-1). We reanalyzed this data for use in comparisons with the TNF-a response. All
genes that were significantly differentially expressed (FDR<0.05) following differentiation or
TNF-a treatment were identified (Appendi: Supplementary table 3).

3.2.1 Gene expression changes after TNF-a treatment of
promyelocytic and granulocytic cells
Triplicate non-coding RNA-seq libraries were aligned using an ultrafast universal RNA-seq
aligner (STAR [401]) and assigned to genes with featureCounts [402]. DESeq2 [403] was used to
filter out lowly-expressed genes before performing differential expression analysis. 14,420 genes
were analyzed for TNF-a dependent differential expression in promyelocytes. 21,305 genes were
analyzed for TNF-a dependent differential expression in granulocytes. Principal component
analysis of variance stabilized transcripts confirmed clustering by treatment (Figure 3-1).
The promyelocytic and granulocytic forms of HL-60/S4 cells both exhibited strong
transcriptional responses to TNF-a treatment (Figure 3-2, Appendi: Supplementary table 3). In
promyelocytes, 1,312 genes were significantly increased and 980 significantly decreased (FDR
adjusted p value < 0.05, Figure 3-2a). TNF-a treatment of granulocytes significantly increased
expression of 3809 genes and decreased expression of 3,597 genes (FDR adjusted p value < 0.05,
Figure 3-2b). Notably, the granulocytic form had more than three times as many significantly
differentially expressed genes (Figure 3-2c). Despite this, there was significant overlap in the TNFa dependent transcriptional response between the granulocytic and promyelocytic cells (2.5 fold
more than expected by chance, p<0.00001, bootstrapping). The TNF-a treatment consistently
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resulted in more genes being upregulated than downregulated in both the promyelocytic and
granulocytic forms of the HL-60/S4 cells (p<2x10-16 and p=0.0005, respectively; 2-sample test for
equality of proportions).

Figure 3-1. Principal component analysis (PCA) of variance stabilized transcripts in
HL60/S4 cells.
a) TNF-a treatment for two hours; b) ATRA-differentiation for four days, then TNF-a treatment for two hours; c)
Differentiation with ATRA, TPA, or vehicle for four days.

Genes that were significantly differentially expressed after TNF-a treatment in both the
promyelocytic and granulocytic forms of HL-60/S4 cells exhibited strongly correlated log fold
changes (p<2x10-16, R2=0.65). There was a small subset of differentially expressed genes that
exhibited changes in opposite directions in promyelocytes and granulocytes (Figure 3-2d). Notably,
the effect sizes of conserved gene expression changes were similar, with a slope of 1.08. If the
observed differences in the numbers of DE genes were due to a different magnitude of effect, we
would expect to see a correlation in fold change between genes that were DE in one cell type but
not the other. However, the fold change of non-conserved genes did not strongly correlate
between cell types (Figure 3-2e & f, R2=0.038, R2=0.15). Collectively these results suggest that the
difference in TNF-a responses is not simply due to granulocytic cells showing enhanced regulation
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of a conserved set of genes, resulting in a greater number that are significantly differentially
expressed, but rather that additional sets of genes are changing transcriptional activity.

3.2.2 Functional analysis of the TNF-a response in
promyelocytes and granulocytes
Functional analysis of gene sets is affected by the available gene function information, and the
method of enrichment analysis [404]. Therefore, we used multiple annotation sources (i.e. MSigDB
hallmark gene sets [405], gene ontology [324], and KEGG pathways [406]) to interrogate the TNFa response in HL-60/S4 cells and obtain robust enrichment results.

3.2.2.1 Gene set enrichment analysis of promyelocytes and
granulocytes treated with TNF
Gene set enrichment analysis (GSEA) is a method that allows analysis of an entire differential
expression dataset without using arbitrary significance thresholds [407]. Instead, the entire dataset
is ranked by log2 fold change, and terms can be enriched if they are overrepresented at the top or
bottom of the ranked list. This approach allows for a differentiation between functional categories
of genes with increased or decreased expression after treatment [408].
To compare the overall gene expression changes in promyelocytes and granulocytes without
using arbitrary significance cut-off, we performed GSEA of hallmark gene sets. We found a strong
upregulation response to TNF, in both the promyelocytic and granulocytic forms of the HL-60/S4
cells, that was characterized by immune and cell death pathways (Figure 3-3). However, the
granulocytic genes that were upregulated were also enriched for terms that included notch signaling
and hypoxia. Transcripts associated with WNT and beta-catenin signaling were downregulated in
promyelocytes (Figure 3-3).
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Figure 3-2. Transcriptional changes in promyelocytic and granulocytic forms of HL-60/S4
following two hours of TNF-a treatment.
a) The log2 fold change and adjusted p values of all analyzed genes in promyelocytes with and without TNF-a treatment.
b) The log2 fold change and adjusted p values of all analyzed genes in granulocytes with and without TNF-a treatment. c)
There is a shared and unique transcriptional response to TNF-a treatment of HL-60/S4 promyelocytes and granulocytes.
d) The log2 fold change of genes that were significantly differentially expressed in both HL-60/S4 and HL-60/S4+ATRA
cells were positively correlated (R2=0.65). However, there was a small subset of genes that were anticorrelated. e) The log2
fold change of genes that were only differentially expressed in HL-60/S4 cells did not correlate between HL-60/S4 and
HL-60/S4+ATRA after TNF-a treatment (R2=0.04). f) The log2fold change of genes that were only differentially
expressed in HL-60/S4+ATRA cells did not correlate between HL-60/S4 and HL-60/S4+ATRA after TNF-a treatment
(R2=0.15).
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Figure 3-3. Gene sets enriched in promyelocytes and granulocytes treated with TNF.
Gene set enrichment analysis (GSEA) of genes represented in the MSigDB Hallmark gene sets [1]. All represented genes
were ranked by log2 fold change, with no significance cutoff. The x axis shows significantly enriched gene sets (FDR<0.05).
The normalized enrichment score (y axis) indicates whether a given gene set was overrepresented for transcripts that
exhibited large fold changes. Predicted gene sets (e.g. TNFA signaling via NFKB, p53 pathway, and IFN-g response) were
enriched in both conditions. No gene sets were enriched in HL-60/S4 but not HL-60/S4+ATRA. Six gene sets
(adipogenesis, estrogen response early and late, hypoxia, IFN-g response, and xenobiotic metabolism) were enriched in
HL-60/S4+ATRA, but not HL-60/S4.
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3.2.2.2 Functional analysis of conserved, cell type-specific, and
opposite TNF-a responses
Genes that were differentially expressed in response to TNF-a treatment were divided into
four groups according to the nature of the correlation between the promyelocytic and granulocytic
responses: 1) conserved; 2) promyelocyte-specific; 3) granulocyte-specific; and 3) opposite
responses (Appendi: Supplementary table 3). The first group represents the conserved response,
that is the genes were significantly differentially expressed in the same direction in both
promyelocytic and granulocytic forms of the HL-60/S4 cells. The next two groups represent cell
type-specific responses – i.e. genes that were only differentially expressed in either promyelocytes
or granulocytes in response to TNF-a treatment. The final group comprises the 157 genes that
were significantly upregulated in the first cell type and significantly downregulated in the other cell
type, or vice versa. We analyzed these four groups of genes for enrichment of MSigDB, KEGG, or
GO terms to investigate the conserved and differential responses to TNF-a in promyelocytes and
granulocytes.

3.2.2.2.1 A conserved TNF-a response
Genes that exhibited significant changes in the same direction in response to TNF-a treatment
in both promyelocytic and granulocytic forms of the HL-60/S4 cells were more frequently
upregulated than downregulated (~3:1). Notably, this trend was not maintained for cell typespecific gene expression changes (promyelocyte-specific ~1.2:1, granulocyte-specific ~0.9:1).
There were nine enriched MSigDB hallmark gene sets [405] in the conserved response gene set
(Figure 3-4a), all of which are related to well described effects of TNF-a stimulation: cytokine
signaling, inflammation, and apoptosis. This was broadly consistent with the results of GSEA
(Figure 3-3). The top three enriched pathways within KEGG were: NFKB signaling, NOD-like
receptor signaling, and TNF-a signaling pathways (Table 3-2). The top 10 enriched GO terms
included interferon-gamma (IFNg)-mediated signaling pathway, inflammatory response, and
positive regulation of I-kappaB kinase/NFKB signaling (Table 3-3).
In summary, using three different annotation databases and four different analysis approaches,
we have shown that TNF-a treatment induces a transcription profile associated with immune-like
responses and NFKB signaling in both promyelocytic and granulocytic forms of HL-60/S4 cells.
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Figure 3-4. Gene set overrepresentation in differential expression subsets of TNF-a
treated promyelocytes and granulocytes.
a) Genes that were significantly differentially expressed in the same direction after TNF-a treatment were overrepresented
in several gene sets canonically associated with TNF-a response. b) Genes that were only significantly differentially
expressed in granulocytes were overrepresented in 9 gene sets, including 4 cell cycle associated gene sets. They were also
overrepresented in the reactive oxygen species pathway, a neutrophilic response to TNF-a. c) Genes that were significantly
differentially expressed in opposite directions were overrepresented in two cell-cycle associated gene sets. All differentially
expressed hallmark G2M checkpoint genes were upregulated in promyelocytes, and downregulated in granulocytes cells,
with the exception of E2F2, a transcription factor that promotes quiescence by binding to promoters and transcriptionally
repressing cell cycle genes [2]. All differentially expressed E2F2 target genes were upregulated in promyelocytes and
downregulated in granulocytes.
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3.2.2.2.2 Granulocyte-specific TNF-a responses
The cell type-specific promyelocytic DE genes had no significant enrichments of MSigDB gene
sets, KEGG pathways, or GO terms. Cell type-specific granulocytic DE genes were enriched for
MSigDB sets related to cell cycle and energetics (Figure 3-4b). The top five enriched KEGG
pathways included Cell Cycle, Protein processing in endoplasmic reticulum, and Cellular
senescence (Table 3-4). The six enriched GO terms included cell division, G2/M transition of
mitotic cell cycle, protein poly- and de-ubiquitination, and neutrophil degranulation (Table 3-5).
Thus, granulocytes, but not promyelocytes, exhibited transcriptional changes in genes involved in
cell cycle and protein processing in response to TNF-a treatment.

3.2.2.2.3 Opposite TNF-a responses in promyelocytes and granulocytes
Genes that were significantly differentially expressed in opposite directions in promyelocytes
and granulocytes were enriched for G2M checkpoint and E2F targets within the MSigDB database
(Figure 3-4c). Differentially expressed genes in these sets were upregulated in promyelocytes and
downregulated in granulocytes, with the exception of E2F2. CDK1 is included in both of these
cell-cycle associated gene sets, and is considered sufficient to drive the mammalian cell cycle [409].
The set of genes that was significantly expressed in opposite directions was also enriched for three
terms, including mitotic chromosome condensation, within the GO database (Table 3-6). There
was no enrichment for pathways within KEGG. Collectively, these results are consistent with the
conserved response to TNF-a in promyelocytes and granulocytes being characterized by
inflammatory signaling pathways. However, TNF-a treatment alters genes associated with protein
processing and represses cell cycle specifically in granulocytes.

3.2.3 Granulocytic differentiation increases transcript
levels of TNF and TNF receptors
We set out to investigate how differentiation into the granulocytic form could alter the TNF-a
response so profoundly, and to identify similarities in the transcriptional changes that occur during
differentiation and acute TNF-a treatment. However, we were unable to analyze transcriptional
changes that occurred during differentiation, as promyelocytic and granulocytic cells were treated
with TNF-a in separate experiments.
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In order to assess changes that occur upon differentiation we analyzed publicly available RNAseq data showing transcriptional changes in HL-60/S4 cells differentiated into granulocytes
(ATRA) and macrophages (TPA) (Table 3-1). Principal component analysis of variance stabilized
transcripts confirmed clustering by differentiation status (Figure 3-1c). Consistent with previous
reports [250], this analysis confirmed that TNF expression was upregulated during differentiation
into either granulocytic or macrophage forms of HL-60/S4 cells. The magnitude of TNF transcript
upregulation was different in granulocytes (log2 fold change = 1.37) and macrophages (log2 fold
change = 4.08) (Appendi: Supplementary table 3). Differentiation also induced changes in the
expression levels of the TNFRs. Consistent with previous observations [250], TNFRSF1A gene
expression was increased (log2 fold change = 0.87) after ATRA treatment, but there was no
significant change in expression following TPA treatment. By contrast, TNFRSF1B gene
expression was increased in both conditions (log2 fold change = 1.59 and 3.30 following ATRA
and TPA treatment, respectively). This observed increase in mRNA expression of TNF and both
TNF-a receptors may be one explanation for why granulocytes have an enhanced transcriptional
response to TNF-a, compared to promyelocytes.
We wanted to know if TNF-associated genes were enriched for transcriptional changes
associated with differentiation into the granulocytic or macrophage form. Therefore, we
performed a GSEA of the transcriptional changes associated with differentiation into the
granulocytic and macrophage form (Figure 3-5). As described previously, genes associated with
cell-cycle terms (e.g. MYC targets and G2M checkpoint) were downregulated, while genes
associated with inflammatory terms (e.g. IFNg response, inflammatory response, and indeed TNFa signaling via NF kappa beta) were upregulated in both differentiation experiments (Figure 3-5).
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Figure 3-5. Gene sets enriched in promyelocytes differentiated into granulocytes with
ATRA or macrophages with TPA, compared to TNF-a treatment of promyelocytes and
granulocytes.
Gene set enrichment analysis (GSEA) of genes represented in the MSigDB Hallmark gene sets [1]. All represented genes
were ranked by log2 fold change, with no significance cutoff. The x axis shows significantly enriched gene sets (FDR<0.05),
and the y axis is calculated from the proportion of genes in the leading edge out of the number of ranked genes, and out
of the gene set size. All conditions were associated with upregulated inflammatory gene sets, and both differentiation
conditions were associated with downregulation of cell cycle gene sets.
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3.2.4 TNF-a treatment has more shared responses with
TPA treatment than ATRA treatment
Gene sets upregulated following TNF-a treatment of granulocytes and differentiation of
promyelocytes into granulocytes or macrophages were enriched for ontological terms associated
with hypoxia and xenobiotic metabolism. Notably, genes that were upregulated in promyelocytes
treated with TNF-a did not show enrichment for these ontological terms. Notch signaling was
upregulated only after TNF-treatment of promyelocytes or differentiation into macrophages.
Intriguingly, both early and late estrogen response genes were upregulated in granulocytes treated
with TNF-a, and in macrophages, despite reports that TNF-a acts to oppose estrogen signaling
in breast cancer [410]. Four terms were upregulated after TNF-a treatment of granulocytes and
differentiation into macrophages: IL2 stat5 signaling, epithelial mesenchymal transition, apical
junction, and KRAS signaling (genes downregulated by KRAS activation).
To further compare the transcriptional changes that occur during differentiation into different
cell types with the effects of TNF-a treatment, we assigned differentiation associated changes into
four groups: 1) conserved; 2) granulocyte-specific; 3) macrophage-specific; and 4) opposite, i.e.
significantly upregulated in granulocytes and significantly downregulated in macrophages, or vice
versa (Appendi: Supplementary table 3). The first group consists of genes that significantly change
expression levels in the same direction after differentiation into either the granulocytic from with
ATRA, or the macrophage form with TPA. The second and third groups contain genes that are
differentially expressed only after differentiation into granulocytes or macrophages, but not both.
The fourth group represents genes that are differentially expressed after differentiation into
granulocytes and macrophages, but are upregulated in granulocytes and downregulated in
macrophages, or vice versa. We analyzed these groups of genes for enrichment of MSigDB gene
sets, KEGG pathways, and GO terms. GSEA identified the response that is conserved during
differentiation into granulocytes or macrophages as being characterized by pro-inflammatory
cytokine associated gene sets (i.e. IFNa response, IFNg response, TNF-a signaling via NFKB),
and cell cycle associated gene sets (i.e. G2M checkpoint, MYC targets, and mitotic spindle) (Figure
3-6a). This finding was consistent with what was observed as being enriched with other functional
enrichment analyses (Figure 3-6a,Table 3-7,Table 3-8).
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Figure 3-6. Gene set overrepresentation in differential expression subsets of promyelocytes
differentiated into granulocytes or macrophages.
a) Genes that were significantly differentially expressed in the same direction after differentiation were overrepresented in
gene sets associated with inflammatory signaling and cell cycle. b) Genes that were only significantly differentially expressed
in cells differentiated into macrophages with TPA were predominantly associated with cell cycle. c) Genes that were
significantly differentially expressed in opposite directions were overrepresented in 3 gene sets: IL2 STAT5 signaling, p53
pathway, and TNF-a signaling via NFKB. A majority of genes in all categories increased expression after macrophage
differentiation and in granulocytes treated with TNF-a, and decreased expression after granulocytic differentiation.
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Genes that changed expression after differentiation into granulocytes, but not macrophages,
were not enriched for MSigDB gene sets or GO terms, but they were enriched for three KEGG
pathways related to protein processing (Protein processing in endoplasmic reticulum, ubiquitin
mediated proteolysis, and proteasome; Table 3-9). In contrast, genes that changed expression after
differentiation into macrophages, but not granulocytes, were enriched for several MSigDB gene
sets related to cell cycle (Figure 3-6b). Enriched KEGG pathways included metabolism and
protein processing (i.e. carbon metabolism and protein processing in endoplasmic reticulum), and
the TNF-a signaling pathway (Table 3-10). Enriched GO terms included cell division, and terms
related to RNA and protein regulation (i.e. regulation of transcription, DNA-templated,
translational initiation) (Table 3-11).

3.2.5 Convergence of transcriptional programs in
macrophages and TNF-treated granulocytes
There are many similarities between the behaviors of HL-60/S4 cells differentiated into
granulocytes and macrophages. However, there are also notable behavioral differences that include
macrophages exhibiting a decreased cell cycle rate, increased survival, and adhesion to both
surfaces and other cells [250].
We investigated the genes that were significantly differentially expressed with negatively
correlated log2 fold changes after differentiation into granulocytes or macrophages. This gene set
was enriched for the IL2/STAT5 signaling, p53 pathway, and TNF-a signaling MSigDB hallmark
terms (Figure 3-6c). 91% of these genes (102/112) increased expression after macrophage
differentiation, and decreased expression after granulocytic differentiation. 65% of these genes
(70/112) significantly increased expression in granulocytes treated with TNF-a, while only 10%
(12/112) significantly decreased expression (Figure 3-6c). Six transcription factors (ATF3, BCL6,
FOSL1, KLF4, KLF9, NR4A1) increased expression after macrophage differentiation and in
granulocytes treated with TNF-a, but decreased expression after granulocytic differentiation,
which indicates a shared change in transcriptional programming. CD83, which is a marker of
transdifferentiation of neutrophils into a dendritic-type cell, increased in both TNF-a treated cell
types [411,412]. Given that macrophages and dendritic cells are phenotypically similar [413,414],
CD83 could be considered a marker of macrophage transdifferentiation. Collectively our analyses

87

suggest that TNF-a alters the transcriptional profile in HL-60/S4 cells consistent with a transition
from a granulocytic to macrophage phenotype.
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3.3 Discussion
TNF-a treatment causes dramatic changes in the transcriptional programs of both
promyelocytic and granulocytic HL-60/S4 cells. In this study we found that differentiation or
TNF-a treatment of HL-60/S4 cells resulted in canonical TNF-a responses involving NKFB
signaling, inflammatory signaling, p53 and apoptosis. Due to the reduced proliferation of
granulocytic HL-60/S4 cells [250] we expected differential cell cycle effects of TNF-a treatment
[390,394]. Consistent with previous reports, granulocytes had reduced expression of G2/M
checkpoint and mitotic spindle genes, indicating TNF-a-induced G2 cell cycle arrest [394].
However, previous work has shown increased proliferation in quiescent cells, while proliferating
cells exhibited increased apoptosis after TNF-a treatment [390]. In contrast, we saw evidence of
cell cycle repression in granulocytes, particularly at mitotic entry, while proliferating promyelocytes
had an increase in cell cycle progression markers such as CDK1 [409].
There are several factors that could explain the different responses of promyelocytes and
granulocytes to TNF-a. Granulocytes have increased levels of endogenous TNF-a production.
Not only does this increase the total TNF-a the cells are exposed to, but endogenously produced
TNF-a is membrane-bound prior to processing [415]. The transmembrane and soluble forms of
TNF-a have different effects [416], possibly due to the activation of different TNFRs. Membranebound TNF-a can activate both TNFR1 (TNFRSF1A) and TNFR2 (TNFRSF1B), but soluble
TNF-a can only activate TNFR1 [417]. Not only does the granulocytic form of HL-60/S4 cells
have higher levels of endogenous TNF expression, and therefore likely higher levels of
transmembrane TNF-a, it also has higher levels of both TNFRSF1A and TNFRSF1B gene
expression. It has been previously proposed that increased levels of TNFR2 in granulocytic HL60 cells explain their resistance to TNF-a induced apoptosis [399]. Thus, it may be not just the
increased levels of receptors, but the ratio of TNFR1 to TNFR2 that determines the ultimate
response to TNF-a.
The TNFR1 and TNFR2 receptors have uniquely stimulated pathways [418,419]. However the
two receptors also interact to produce a context specific TNF-a response [420,421]. Therefore,
manipulating exogenous and endogenous levels of TNF-a or changing the ratio of the TNFR1
and TNFR2 receptors will provide greater insight into the phenotypic consequences of TNF-a
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treatment. Based on our data, we predict a dose dependent effect of total TNF-a on gene
expression, whereby a low level of TNF-a is sufficient to induce regulation of the set of genes
seen in the promyelocyte response, while higher levels of TNF-a are required to repress cell cycle.
However, cell cycle repression likely also requires the presence of additional factors (e.g. TNFRassociated factors [422]) that are expressed during differentiation of the HL-60/S4 cells into the
granulocytic form.
A reduction in the expression of cell cycle genes at the population level indicates a change in
the proportion of cells at different stages of the cell cycle. Due to the massive transcriptional
changes that occur during the progression through cell cycle [423–426], this may obscure other
gene regulatory programs that are associated with alterations to cell function. Despite this
limitation, we found evidence of a subset of TNF-a-regulated genes that were upregulated in TNFtreated granulocytes and following macrophage differentiation, but downregulated after
granulocytic differentiation. These genes encoded a suite of transcription factors, and the dendritic
cell surface marker CD83. Neutrophils that take on characteristics of antigen-presenting cells are
often characterized by increased levels of CD83 [411,412], suggesting that TNF-a may be
stimulating transdifferentiation. This is not unprecedented, as there is evidence that neutrophils
have phenotypic plasticity [427], and that TNF-a can stimulate transdifferentiation [428–430].
However, further functional characterization of TNF-a-treated granulocytic HL-60/S4 cells is
required to confirm this hypothesis.
A large-scale TNF-a response experiment treating many different cell types at various stages
of differentiation would allow a network analysis of the transcriptional responses and annotationfree pathway discovery [431,432]. This would provide data to test our hypothesis that total TNFa exposure correlates with repressive effects on the cell cycle. If this experiment were performed
with single cell RNA-sequencing it would also enable the elucidation of how individual TNF-a
responses result in population-wide changes in cell cycle gene expression. For instance, do all cells
respond to TNF-a stimulation with cytokine production, G2/M arrest, and apoptosis, or is there
a heterogeneous response between different cells in a population? Moreover, single cell data would
allow us to correct for the cell cycle transcriptional effects and identify differences that were
previously masked by the population structure of unsynchronized cells.
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Despite being one of the most highly studied genes in the human genome [433], the complex
signaling [368] and context dependent effects [386,394,418] of TNF-a mean that much of its
biology remains unknown. With the increasing accessibility of modern sequencing technologies
and gene editing, high-throughput investigations of the TNF-a response and signaling will yield
new results that enable the contextualization of TNF-a in cancer and immunology.

3.3.1 Conclusion
HL-60/S4 cells show a conserved core of responses to TNF-a treatment irrespective of the
differentiation state of the cell. This is expected, since functional annotations represent canonical
pathways and responses. However, granulocytes are more responsive to TNF-a, possibly due to
priming from increased endogenous TNF expression, and increased levels of TNFRs.
Transcriptional changes indicate that TNF-a treatment leads to an increased proportion of
promyelocytic cells progressing through mitosis but decreases the proportion of granulocytic cells
progressing through mitosis. This effect may be sensitive to the sum total of the exogenous and
endogenous TNF-a levels. Finally, comparisons of transcriptional changes during differentiation
and TNF-a treatment suggest that TNF-a treatment of granulocytes pushes them towards a
macrophage transcriptional program.
In chapters two and three, we were able to compare our data with that from previous HL60/S4 studies, particularly Welch et. al. [250]. Integration of independently generated datasets in
the same cell line is critical for the progress of science, due to the resources required to generate
genomic data in particular. Although there are a number of experimental conditions that can also
affect the reproducibility of an experiment (e.g. reagent batch, room temperature, minor equipment
differences etc.), we consider that genetic variation is a key consideration when utilizing publicly
available data [287]. Characterizing the genetic variation within cell lines is important for
reproducible research and informed use of public data.
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3.4 Methods
3.4.1 Cell culture
HL-60/S4 cells (available from ATCC #CCL-3306) were cultured at 37°C, 5% CO2 in RPMI
1640 (ThermoFisher) supplemented with 10% fetal bovine serum (Moregate Biotech), 1%
penicillin/streptomycin (ThermoFisher), 1% GlutaMAXTM (ThermoFisher) and 2mM CaCl2. As
required, cells were differentiated into a granulocytic phenotype with 1 µM all trans retinoic acid
(ATRA) dissolved in ethanol (Sigma Aldrich) for four days as previously described ([152,250,400]).
Cells were centrifuged (200xg, 5 min., room temp.) and suspended (undifferentiated = 1x106
cells/mL; or differentiated = 5x105 cells/mL) in fresh media (with 1µM ATRA for differentiated
cells). Cells (9 x 106) were incubated at 37ºC for 2 hours before addition of 16ng/mL TNF-a or
vehicle. After 2 hours treatment, cells were lysed with TRIzol LS, phase separated with chloroform,
and RNA extracted with the Qiagen RNeasy micro kit (Qiagen, 74004).

3.4.2 Treatment conditions and data sources
Four conditions in triplicate were generated in this study, while three conditions with four
replicates were analyzed from Welch et al. 2017 (Mark Welch et al. 2017). Promyelocytes and
granulocytes in this study were treated with TNF or vehicle. Cell treatment groups from Welch et
al. were the following: undifferentiated (promyelocyte), differentiated with ATRA (granulocyte) or
TPA (macrophage). The library preparation method in this study was ribosomal depletion to
sequence all long RNAs, while Welch et. al. 2017 used poly-A enrichment to sequence mRNA
only.
Table 3-1. Details of HL-60/S4 RNA-seq datasets.
Differentiation
Data source

Library type

agent

Cell type

Treatment

Replicates

New data

Total

None

Promyelocyte

None

3

New data

Total

None

Promyelocyte

TNF

3

New data

Total

ATRA

Granulocyte

None

3

New data

Total

ATRA

Granulocyte

TNF

3

Welch 2017

mRNA

None

Promyelocyte

None

4

Welch 2017

mRNA

ATRA

Granulocyte

None

4

Welch 2017

mRNA

TPA

Macrophage

None

4
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3.4.3 RNA sequencing
Total RNA libraries were prepared by Annoroad Gene Technology Co., Ltd. (Beijing, China)
using ribosomal RNA depletion with RiboZero Magnetic Gold Kit (Human/Mouse/Rat) and
sequenced on an Illumina Hi-seq X 150PE.

3.4.4 RNA-seq analysis
Read quality was confirmed using FastQC v0.11.4. Reads were aligned to hg38 and gencode
annotations v27 using STAR [401] v2.5.3a with default settings. FeatureCounts [402] v1.5.2 was
used to aggregate transcripts for gene-level analysis and quantify the reads with GENCODE [434]
annotations v27 (Table 3-12). MultiQC [358] was used to summarize FastQC, STAR, and
FeatureCounts outputs [358]. All subsequent analyses were performed in R [364].
Expressed genes were filtered (default settings) and differentially expressed genes (FDR<0.05)
identified in DEseq2 [403] v1.16.1. Gene ontology enrichments were calculated with TopGo [324]
v2.28.0 using the weight01 algorithm and the Fisher statistic. Categories containing <2 genes were
removed, and p values adjusted for FDR. Kegg pathway analysis, GSEA, and enrichment analyses
were performed using clusterProfiler [435]. Intersects were displayed with Vennerable [436],
subsets were extracted with dplyr [365], and plots were generated with ggplot2 [366].

3.4.5 Availability of data and materials
TNF-a treatment RNA-seq data is available on Gene Expression Omnibus (GEO), accession
GSE120579. Differentiation RNA-seq data from [250] is publicly available on National Center for
Biotechnology

Information

(NCBI),

http://www.ncbi.nlm.nih.gov/bioproject/303179.

Analysis of processed data is available on github, https://github.com/jacel/TNF_HL60_S4.
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3.4.6 Tables
Table 3-2. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in the
conserved response to TNF-a between promyelocytes and granulocytes.
ID

Description

Gene Ratio

Background
Ratio

PFDR

hsa04064

NF-kappa B signaling pathway

34/626

95/7440

1.83E-11

hsa04621

NOD-like receptor signaling pathway

44/626

168/7440

5.38E-10

hsa04668

TNF signaling pathway

32/626

110/7440

1.84E-08

hsa05161

Hepatitis B

36/626

144/7440

1.06E-07

hsa04620

Toll-like receptor signaling pathway

29/626

104/7440

2.37E-07

hsa05168

Herpes simplex infection

41/626

185/7440

2.47E-07

hsa04380

Osteoclast differentiation

32/626

128/7440

5.07E-07

hsa05163

Human cytomegalovirus infection

45/626

225/7440

9.53E-07

hsa05164

Influenza A

37/626

171/7440

1.84E-06

hsa05162

Measles

31/626

132/7440

2.87E-06

hsa04622

RIG-I-like receptor signaling pathway

21/626

70/7440

3.94E-06

hsa05140

Leishmaniasis

21/626

74/7440

1.03E-05

hsa05167

Kaposi sarcoma-associated herpesvirus infection

37/626

186/7440

1.22E-05

hsa04625

C-type lectin receptor signaling pathway

25/626

104/7440

2.28E-05

hsa05202

Transcriptional misregulation in cancer

36/626

186/7440

3.00E-05

hsa05142

Chagas disease (American trypanosomiasis)

24/626

102/7440

4.93E-05

hsa05152

Tuberculosis

34/626

179/7440

8.03E-05

hsa05145

Toxoplasmosis

25/626

113/7440

8.94E-05

hsa04933

AGE-RAGE signaling pathway in diabetic
complications

22/626

99/7440

2.87E-04

hsa04210

Apoptosis

27/626

136/7440

2.87E-04

hsa04060

Cytokine-cytokine receptor interaction

46/626

294/7440

3.42E-04

hsa05323

Rheumatoid arthritis

20/626

90/7440

5.93E-04

hsa04657

IL-17 signaling pathway

20/626

93/7440

8.67E-04

hsa04217

Necroptosis

29/626

162/7440

8.67E-04

hsa04115

p53 signaling pathway

17/626

72/7440

8.67E-04

hsa04062

Chemokine signaling pathway

32/626

189/7440

1.08E-03

hsa05144

Malaria

13/626

49/7440

1.61E-03

hsa04623

Cytosolic DNA-sensing pathway

15/626

63/7440

1.85E-03
Continued…
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ID

Description

Gene Ratio

Background
Ratio

PFDR

hsa04659

Th17 cell differentiation

21/626

107/7440

1.90E-03

hsa04658

Th1 and Th2 cell differentiation

19/626

92/7440

1.90E-03

hsa05222

Small cell lung cancer

19/626

93/7440

2.13E-03

hsa04215

Apoptosis - multiple species

10/626

33/7440

2.44E-03

hsa05169

Epstein-Barr virus infection

32/626

201/7440

2.76E-03

hsa04722

Neurotrophin signaling pathway

22/626

119/7440

2.90E-03

hsa05166

Human T-cell leukemia virus 1 infection

38/626

255/7440

2.92E-03

hsa05170

Human immunodeficiency virus 1 infection

33/626

212/7440

3.12E-03

hsa04662

B cell receptor signaling pathway

15/626

71/7440

5.57E-03

hsa05321

Inflammatory bowel disease (IBD)

14/626

65/7440

6.64E-03

hsa05221

Acute myeloid leukemia

14/626

66/7440

7.59E-03

hsa04928

Parathyroid hormone synthesis, secretion and
action

19/626

106/7440

9.11E-03

hsa04010

MAPK signaling pathway

40/626

295/7440

1.18E-02

hsa05134

Legionellosis

12/626

55/7440

1.24E-02

hsa05143

African trypanosomiasis

9/626

35/7440

1.36E-02

hsa04630

JAK-STAT signaling pathway

25/626

162/7440

1.44E-02

hsa04650

Natural killer cell mediated cytotoxicity

21/626

131/7440

1.95E-02

hsa05120

Epithelial cell signaling in Helicobacter pylori
infection

13/626

68/7440

2.55E-02

hsa05133

Pertussis

14/626

76/7440

2.55E-02

hsa00532

Glycosaminoglycan biosynthesis - chondroitin
sulfate / dermatan sulfate

6/626

20/7440

3.05E-02

hsa05132

Salmonella infection

15/626

86/7440

3.08E-02

hsa01521

EGFR tyrosine kinase inhibitor resistance

14/626

79/7440

3.44E-02

hsa05160

Hepatitis C

20/626

131/7440

3.76E-02

hsa04931

Insulin resistance

17/626

107/7440

4.46E-02

Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment of all genes significantly differentially expressed
(False discovery rate (FDR) adjusted p-value <0.05), with positively correlated log2 fold changes, in both promyelocytes
and granulocytes treated with TNF-a. Gene Ratio; Number of target genes in the category and number of target genes
analyzed. Background Ratio; Number of total genes in the category and number of genes in the database. PFDR; FDR
adjusted over-representation p-value. FDR adjusted p-value threshold 0.05.
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Table 3-3. Gene Ontology (GO) terms enriched in the conserved response to TNF between
promyelocytes and granulocytes.
GO.ID
GO:0045944

Term
positive regulation of transcription by
RNA polymerase II

GO:0042127 regulation of cell proliferation
GO:0048536 spleen development

Annotated Significant

Expected

PFDR

865

148

81.98

6.76E-08

1258

188

119.23

1.62E-03

27

12

2.56

1.62E-03

GO:0000122

negative regulation of transcription by
RNA polymerase II

643

100

60.94

1.62E-03

GO:0060333

interferon-gamma-mediated signaling
pathway

74

23

7.01

1.62E-03

GO:0043547 positive regulation of GTPase activity

358

60

33.93

2.39E-03

GO:0043123

positive regulation of I-kappaB
kinase/NF-kappaB signaling

152

32

14.41

4.05E-03

GO:0031663

lipopolysaccharide-mediated signaling
pathway

52

17

4.93

4.05E-03

GO:0032088

negative regulation of NF-kappaB
transcription factor activity

70

20

6.63

4.42E-03

549

100

52.03

4.42E-03

GO:0006954 inflammatory response
GO:0032480

negative regulation of type I interferon
production

46

15

4.36

4.42E-03

GO:0051092

positive regulation of NF-kappaB
transcription factor activity

125

27

11.85

7.88E-03

GO:0045672

positive regulation of osteoclast
differentiation

19

9

1.8

8.52E-03

GO:0008360 regulation of cell shape

130

28

12.32

8.83E-03

GO:0043312 neutrophil degranulation

453

71

42.94

8.83E-03

137

28

12.98

1.22E-02

GO:0071347 cellular response to interleukin-1

73

22

6.92

1.22E-02

GO:0071222 cellular response to lipopolysaccharide

144

38

13.65

1.44E-02

GO:0032494 response to peptidoglycan

13

6

1.23

1.99E-02

GO:0030593 neutrophil chemotaxis

73

18

6.92

2.57E-02

1027

163

97.34

2.57E-02

62

16

5.88

2.58E-02

GO:0032495 response to muramyl dipeptide

16

7

1.52

2.59E-02

GO:0071356 cellular response to tumor necrosis factor

243

46

23.03

2.70E-02

GO:0006919

activation of cysteine-type endopeptidase
activity involved in apoptotic process

74

17

7.01

3.03E-02

GO:0045080

positive regulation of chemokine
biosynthetic process

8

5

0.76

3.43E-02

GO:0070374

positive regulation of ERK1 and ERK2
cascade

GO:0016477 cell migration
GO:0043407

negative regulation of MAP kinase
activity

Continued…
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GO.ID

Term

Annotated Significant

Expected

PFDR

GO:0060338

regulation of type I interferon-mediated
signaling pathway

31

10

2.94

3.57E-02

GO:1903898

negative regulation of PERK-mediated
unfolded protein response

5

4

0.47

3.57E-02

GO:0045579

positive regulation of B cell
differentiation

13

7

1.23

3.73E-02

GO:0032715

negative regulation of interleukin-6
production

31

11

2.94

3.78E-02

GO:0032496 response to lipopolysaccharide

262

61

24.83

4.05E-02

GO:0006955 immune response

1615

267

153.07

4.05E-02

Gene ontology term enrichment (Biological Process) of all genes significantly differentially expressed (False discovery rate
(FDR) adjusted p-value <0.05), with positively correlated log2 fold changes, in both promyelocytes and granulocytes treated
with TNF-a. Annotated; Number of total genes in the category. Significant: Number of target genes in the category.
Expected; Expected number of genes in the category, based on total number of genes. PFDR; FDR adjusted Fisher’s exact
test p-value using the TopGo weight01 algorithm. FDR adjusted p-value threshold 0.05.
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Table 3-4. KEGG pathways enriched in genes differentially expressed in granulocytes but
not promyelocytes after response to TNF.
ID

Description

Gene Ratio

Backgroun
d Ratio

PFDR

hsa04110

Cell cycle

58/1590

124/7440

5.87E-08

hsa05131

Shigellosis

37/1590

65/7440

5.87E-08

hsa04141

Protein processing in endoplasmic reticulum

66/1590

165/7440

3.36E-06

hsa04218

Cellular senescence

62/1590

160/7440

2.54E-05

hsa04140

Autophagy - animal

52/1590

128/7440

3.28E-05

hsa05169

Epstein-Barr virus infection

71/1590

201/7440

1.45E-04

hsa05203

Viral carcinogenesis

70/1590

201/7440

2.32E-04

hsa05100

Bacterial invasion of epithelial cells

33/1590

74/7440

2.32E-04

hsa04068

FoxO signaling pathway

49/1590

132/7440

7.54E-04

hsa05212

Pancreatic cancer

32/1590

75/7440

7.77E-04

hsa05211

Renal cell carcinoma

30/1590

69/7440

8.12E-04

hsa03460

Fanconi anemia pathway

25/1590

54/7440

9.02E-04

hsa03050

Proteasome

22/1590

45/7440

9.02E-04

hsa04144

Endocytosis

78/1590

244/7440

1.30E-03

hsa04136

Autophagy - other

17/1590

32/7440

1.59E-03

hsa04932

Non-alcoholic fatty liver disease (NAFLD)

52/1590

149/7440

1.60E-03

hsa05223

Non-small cell lung cancer

28/1590

66/7440

1.60E-03

hsa05132

Salmonella infection

34/1590

86/7440

1.60E-03

hsa04120

Ubiquitin mediated proteolysis

48/1590

137/7440

2.31E-03

hsa00563

Glycosylphosphatidylinositol (GPI)-anchor biosynthesis

14/1590

25/7440

2.46E-03

hsa04137

Mitophagy - animal

27/1590

65/7440

2.59E-03

hsa04914

Progesterone-mediated oocyte maturation

37/1590

99/7440

2.59E-03

hsa04520

Adherens junction

29/1590

72/7440

2.75E-03

hsa03440

Homologous recombination

19/1590

41/7440

3.99E-03

hsa04666

Fc gamma R-mediated phagocytosis

34/1590

91/7440

4.13E-03

hsa04922

Glucagon signaling pathway

37/1590

103/7440

5.46E-03

hsa05130

Pathogenic Escherichia coli infection

23/1590

55/7440

5.51E-03

hsa04071

Sphingolipid signaling pathway

41/1590

118/7440

5.51E-03

hsa04066

HIF-1 signaling pathway

36/1590

100/7440

5.51E-03

hsa03018

RNA degradation

30/1590

79/7440

5.51E-03
Continued…
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ID

Description

Gene Ratio

Backgroun
d Ratio

PFDR

hsa05215

Prostate cancer

35/1590

97/7440

5.80E-03

hsa05220

Chronic myeloid leukemia

29/1590

76/7440

5.80E-03

hsa04070

Phosphatidylinositol signaling system

35/1590

99/7440

8.46E-03

hsa04210

Apoptosis

45/1590

136/7440

8.51E-03

hsa00640

Propanoate metabolism

15/1590

32/7440

9.79E-03

hsa00280

Valine, leucine and isoleucine degradation

20/1590

48/7440

9.79E-03

hsa00520

Amino sugar and nucleotide sugar metabolism

20/1590

48/7440

9.79E-03

hsa00562

Inositol phosphate metabolism

27/1590

73/7440

1.25E-02

hsa01524

Platinum drug resistance

27/1590

73/7440

1.25E-02

hsa04910

Insulin signaling pathway

44/1590

137/7440

1.60E-02

hsa04722

Neurotrophin signaling pathway

39/1590

119/7440

1.82E-02

hsa04611

Platelet activation

40/1590

123/7440

1.85E-02

hsa04962

Vasopressin-regulated water reabsorption

18/1590

44/7440

1.87E-02

hsa00240

Pyrimidine metabolism

34/1590

101/7440

1.92E-02

hsa04152

AMPK signaling pathway

39/1590

120/7440

1.93E-02

hsa00230

Purine metabolism

53/1590

174/7440

1.93E-02

hsa04114

Oocyte meiosis

40/1590

124/7440

1.95E-02

hsa05221

Acute myeloid leukemia

24/1590

66/7440

2.34E-02

hsa04931

Insulin resistance

35/1590

107/7440

2.57E-02

hsa05163

Human cytomegalovirus infection

65/1590

225/7440

2.65E-02

hsa05214

Glioma

25/1590

71/7440

3.00E-02

hsa01200

Carbon metabolism

37/1590

116/7440

3.05E-02

hsa05210

Colorectal cancer

29/1590

86/7440

3.08E-02

hsa03013

RNA transport

51/1590

171/7440

3.08E-02

hsa05152

Tuberculosis

53/1590

179/7440

3.08E-02

hsa05161

Hepatitis B

44/1590

144/7440

3.24E-02

hsa01522

Endocrine resistance

32/1590

98/7440

3.28E-02

hsa03015

mRNA surveillance pathway

30/1590

91/7440

3.53E-02

hsa03020

RNA polymerase

13/1590

31/7440

4.10E-02

hsa04370

VEGF signaling pathway

21/1590

59/7440

4.30E-02

hsa04211

Longevity regulating pathway

29/1590

89/7440

4.55E-02
Continued…
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ID

Description

Gene Ratio

Backgroun
d Ratio

PFDR

hsa05170

Human immunodeficiency virus 1 infection

60/1590

212/7440

4.72E-02

hsa04660

T cell receptor signaling pathway

32/1590

101/7440

4.78E-02

hsa04010

MAPK signaling pathway

80/1590

295/7440

4.78E-02

Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment of all genes significantly differentially expressed
(False discovery rate (FDR) adjusted p-value <0.05) in granulocytes treated with TNF-a, but not in promyelocytes treated
with TNF-a. Gene Ratio; Number of target genes in the category and number of target genes analyzed. Background Ratio;
Number of total genes in the category and number of genes in the database. PFDR; FDR adjusted over-representation pvalue. FDR adjusted p-value threshold 0.05.
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Table 3-5. GO terms enriched in genes differentially expressed in granulocytes but not
promyelocytes after response to TNF.
GO.ID

Term

Annotated

Significant

Expected

PFDR

GO:0051301

cell division

530

198

143.93

2.31E-05

GO:0010389

regulation of G2/M transition of
mitotic...

184

85

49.97

1.06E-03

GO:0000086

G2/M transition of mitotic cell cycle

236

115

64.09

4.99E-03

GO:0000209

protein polyubiquitination

276

114

74.95

4.99E-03

GO:0016579

protein deubiquitination

257

97

69.79

4.35E-02

GO:0043312

neutrophil degranulation

453

160

123.02

4.44E-02

Gene ontology term enrichment (Biological Process) of all genes significantly differentially expressed (False discovery rate
(FDR) adjusted p-value <0.05) in granulocytes treated with TNF-a, but not in promyelocytes treated with TNF-a.
Annotated; Number of total genes in the category. Significant: Number of target genes in the category. Expected; Expected
number of genes in the category, based on total number of genes. PFDR; FDR adjusted Fisher’s exact test p-value using the
TopGo weight01 algorithm. FDR adjusted p-value threshold 0.05.
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Table 3-6. Gene Ontology (GO) terms enriched in the diverged response to TNF between
promyelocytes and granulocytes.
GO.ID

Term

Annotated

Significant

Expected

PFDR

GO:0000188

inactivation of MAPK
activity

23

4

0.24

2.71E-02

GO:1990086

lens fiber cell apoptotic
process

3

2

0.03

4.85E-02

GO:0007076

mitotic chromosome
condensation

15

3

0.16

4.85E-02

Gene ontology term enrichment (Biological Process) of all genes significantly differentially expressed (False discovery rate
(FDR) adjusted p-value <0.05), with negatively correlated log2 fold changes, in both promyelocytes and granulocytes
treated with TNF-a. Annotated; Number of total genes in the category. Significant: Number of target genes in the category.
Expected; Expected number of genes in the category, based on total number of genes. PFDR; FDR adjusted Fisher’s exact
test p-value using the TopGo weight01 algorithm. FDR adjusted p-value threshold 0.05.
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Table 3-7. KEGG pathways enriched in the conserved response to differentiation with
ATRA or TPA for 4 days.
Gene Ratio

Background
Ratio

PFDR

hsa03030 DNA replication

31/2010

36/7469

4.78E-11

hsa04110 Cell cycle

68/2010

124/7469

5.13E-09

hsa05167 Kaposi sarcoma-associated herpesvirus infection

87/2010

186/7469

3.59E-07

hsa05161 Hepatitis B

70/2010

144/7469

1.32E-06

hsa04621 NOD-like receptor signaling pathway

78/2010

168/7469

2.10E-06

hsa00240 Pyrimidine metabolism

51/2010

101/7469

1.73E-05

hsa03008 Ribosome biogenesis in eukaryotes

52/2010

105/7469

2.50E-05

hsa05163 Human cytomegalovirus infection

93/2010

225/7469

5.48E-05

hsa03430 Mismatch repair

17/2010

23/7469

1.19E-04

hsa03013 RNA transport

73/2010

171/7469

1.51E-04

hsa03410 Base excision repair

21/2010

33/7469

2.77E-04

hsa05203 Viral carcinogenesis

82/2010

201/7469

2.77E-04

hsa04380 Osteoclast differentiation

57/2010

128/7469

2.79E-04

hsa05140 Leishmaniasis

37/2010

74/7469

3.99E-04

hsa03440 Homologous recombination

24/2010

41/7469

3.99E-04

hsa04210 Apoptosis

59/2010

136/7469

4.23E-04

hsa05166 Human T-cell leukemia virus 1 infection

98/2010

255/7469

5.48E-04

hsa04142 Lysosome

54/2010

123/7469

5.55E-04

hsa03420 Nucleotide excision repair

26/2010

47/7469

5.63E-04

hsa00562 Inositol phosphate metabolism

36/2010

74/7469

7.31E-04

hsa04218 Cellular senescence

66/2010

160/7469

7.31E-04

hsa04070 Phosphatidylinositol signaling system

45/2010

99/7469

7.31E-04

hsa05168 Herpes simplex infection

73/2010

185/7469

1.57E-03

hsa03040 Spliceosome

56/2010

134/7469

1.58E-03

hsa04520 Adherens junction

34/2010

72/7469

2.09E-03

hsa04064 NF-kappa B signaling pathway

42/2010

95/7469

2.34E-03

hsa04620 Toll-like receptor signaling pathway

45/2010

104/7469

2.44E-03

hsa05152 Tuberculosis

70/2010

179/7469

2.44E-03

hsa05169 Epstein-Barr virus infection

77/2010

201/7469

2.52E-03

hsa05142 Chagas disease (American trypanosomiasis)

44/2010

102/7469

2.83E-03

ID

Description

Continued…
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Gene Ratio

Background
Ratio

PFDR

hsa04217 Necroptosis

64/2010

162/7469

2.90E-03

hsa05170 Human immunodeficiency virus 1 infection

80/2010

212/7469

3.05E-03

hsa03010 Ribosome

60/2010

153/7469

5.22E-03

hsa04666 Fc gamma R-mediated phagocytosis

39/2010

91/7469

6.37E-03

hsa04662 B cell receptor signaling pathway

32/2010

71/7469

6.47E-03

hsa00230 Purine metabolism

66/2010

174/7469

7.52E-03

hsa04144 Endocytosis

88/2010

244/7469

7.57E-03

hsa05212 Pancreatic cancer

33/2010

75/7469

8.31E-03

30/2010

68/7469

1.28E-02

hsa05132 Salmonella infection

36/2010

86/7469

1.39E-02

hsa05210 Colorectal cancer

36/2010

86/7469

1.39E-02

hsa05223 Non-small cell lung cancer

29/2010

66/7469

1.52E-02

hsa03020 RNA polymerase

16/2010

31/7469

2.13E-02

hsa04062 Chemokine signaling pathway

68/2010

189/7469

2.49E-02

hsa04611 Platelet activation

47/2010

123/7469

2.67E-02

hsa03460 Fanconi anemia pathway

24/2010

54/7469

2.74E-02

39/2010

99/7469

2.92E-02

hsa05221 Acute myeloid leukemia

28/2010

66/7469

2.92E-02

hsa05220 Chronic myeloid leukemia

31/2010

76/7469

3.70E-02

hsa05145 Toxoplasmosis

43/2010

113/7469

3.77E-02

hsa04068 FoxO signaling pathway

49/2010

132/7469

3.79E-02

hsa00670 One carbon pool by folate

11/2010

20/7469

4.32E-02

hsa05222 Small cell lung cancer

36/2010

93/7469

4.94E-02

ID

hsa05120

hsa04933

Description

Epithelial cell signaling in Helicobacter pylori
infection

AGE-RAGE signaling pathway in diabetic
complications

Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment of all genes significantly differentially expressed
(False discovery rate (FDR) adjusted p-value <0.05), with positively correlated log2 fold changes, in both promyelocytes
differentiated with either 12-O-tetradecanoylphorbol-13-acetate (TPA) or all-trans retinoic acid (ATRA). Gene Ratio;
Number of target genes in the category and number of target genes analyzed. Background Ratio; Number of total genes
in the category and number of genes in the database. PFDR; FDR adjusted over-representation p-value. FDR adjusted pvalue threshold 0.05.
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Table 3-8. GO terms enriched in genes that are differentially expressed in the same
direction in promyelocytes differentiated with ATRA or TPA for 4 days.
GO.ID

Term

Annotated

Significant

Expected

PFDR

GO:0043312 neutrophil degranulation

453

224

151.87

1.71E-08

GO:0006270 DNA replication initiation

43

32

14.42

1.06E-03

GO:0070125 mitochondrial translational elongation

84

50

28.16

1.14E-03

GO:0000387 spliceosomal snRNP assembly

38

26

12.74

1.14E-03

GO:0051301 cell division

530

229

177.69

1.14E-03

GO:0032212

positive regulation of telomere
maintenance via telomerase

34

25

11.4

1.49E-03

GO:1904874

positive regulation of telomerase RNA
localization to Cajal body

15

14

5.03

1.49E-03

GO:0070126 mitochondrial translational termination

86

50

28.83

1.49E-03

GO:0007062 sister chromatid cohesion

132

69

44.25

1.50E-03

GO:0051170 import into nucleus

137

67

45.93

1.50E-03

27

21

9.05

2.63E-03

GO:0043547 positive regulation of GTPase activity

358

152

120.02

2.63E-03

GO:0000082 G1/S transition of mitotic cell cycle

238

107

79.79

4.78E-03

GO:0071897 DNA biosynthetic process

190

109

63.7

1.07E-02

GO:0006006 glucose metabolic process

158

71

52.97

1.59E-02

GO:0032201

telomere maintenance via semiconservative replication

GO:0051973

positive regulation of telomerase
activity

34

23

11.4

1.59E-02

GO:1904851

positive regulation of establishment of
protein localization to telomere

9

9

3.02

1.62E-02

GO:0010389

regulation of G2/M transition of
mitotic cell cycle

184

76

61.69

2.01E-02

GO:0000245 spliceosomal complex assembly

57

34

19.11

2.73E-02

GO:0002098 tRNA wobble uridine modification

12

11

4.02

3.95E-02

GO:1904871

positive regulation of protein
localization to Cajal body

8

8

2.68

3.95E-02

GO:0000731

DNA synthesis involved in DNA
repair

71

39

23.8

4.71E-02

59

33

19.78

4.73E-02

GO:0071479 cellular response to ionizing radiation

Gene ontology term enrichment (Biological Process) of all genes significantly differentially expressed (False discovery rate
(FDR) adjusted p-value <0.05), with positively correlated log2 fold changes, in both promyelocytes differentiated with
either 12-O-tetradecanoylphorbol-13-acetate (TPA) or all-trans retinoic acid (ATRA). Annotated; Number of total genes
in the category. Significant: Number of target genes in the category. Expected; Expected number of genes in the category,
based on total number of genes. PFDR; FDR adjusted Fisher’s exact test p-value using the TopGo weight01 algorithm. FDR
adjusted p-value threshold 0.05.
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Table 3-9. KEGG pathways in genes that are differentially expressed after differentiation
with ATRA, but not TPA, for 4 days.
ID

Description

Gene Ratio

Background
Ratio

PFDR

hsa04141

Protein processing in endoplasmic reticulum

31/536

165/7469

1.53E-04

hsa04120

Ubiquitin mediated proteolysis

23/536

137/7469

1.44E-02

hsa03050

Proteasome

11/536

45/7469

2.43E-02

Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment of all genes significantly differentially expressed
(False discovery rate (FDR) adjusted p-value <0.05) in promyelocytes differentiated with all-trans retinoic acid (ATRA),
but not 12-O-tetradecanoylphorbol-13-acetate (TPA). Gene Ratio; Number of target genes in the category and number of
target genes analyzed. Background Ratio; Number of total genes in the category and number of genes in the database.
PFDR; FDR adjusted over-representation p-value. FDR adjusted p-value threshold 0.05.

106

Table 3-10. KEGG pathways enriched in genes that are differentially expressed after
differentiation with TPA, but not ATRA, for 4 days.
ID

Description

Gene Ratio

Background
Ratio

PFDR

hsa03010

Ribosome

47/718

153/7469

4.18E-11

hsa04140

Autophagy - animal

27/718

128/7469

8.50E-03

hsa01200

Carbon metabolism

25/718

116/7469

8.50E-03

hsa04141

Protein processing in endoplasmic
reticulum

31/718

165/7469

1.45E-02

hsa00562

Inositol phosphate metabolism

17/718

74/7469

2.88E-02

hsa04211

Longevity regulating pathway

19/718

89/7469

2.88E-02

hsa04668

TNF signaling pathway

22/718

110/7469

2.88E-02

Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment of all genes significantly differentially expressed
(False discovery rate (FDR) adjusted p-value <0.05) in promyelocytes differentiated with 12-O-tetradecanoylphorbol-13acetate (TPA), but not all-trans retinoic acid (ATRA). Gene Ratio; Number of target genes in the category and number of
target genes analyzed. Background Ratio; Number of total genes in the category and number of genes in the database.
PFDR; FDR adjusted over-representation p-value. FDR adjusted p-value threshold 0.05.
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Table 3-11. GO terms enriched in genes that are differentially expressed after
differentiation with TPA, but not ATRA, for 4 days.
GO.ID

Annotated

Significant

Expected

PFDR

92

44

11.66

6.53E-14

169

52

21.42

7.14E-12

120

49

15.21

7.14E-12

GO:0006413 translational initiation

186

52

23.58

1.44E-10

GO:0006364 rRNA processing

258

51

32.71

3.29E-04

GO:0051301 cell division

530

111

67.19

1.13E-03

2965

457

375.89

1.46E-03

GO:0006614

Term
SRP-dependent cotranslational
protein targeting to membrane

GO:0019083 viral transcription
GO:0000184

GO:0006355

nuclear-transcribed mRNA catabolic
process, nonsense-mediated decay

regulation of transcription, DNAtemplated

Gene ontology term enrichment (Biological Process) of all genes significantly differentially expressed (False discovery rate
(FDR) adjusted p-value <0.05) in promyelocytes differentiated with 12-O-tetradecanoylphorbol-13-acetate (TPA), but not
all-trans retinoic acid (ATRA). Annotated; Number of total genes in the category. Significant: Number of target genes in
the category. Expected; Expected number of genes in the category, based on total number of genes. PFDR; FDR adjusted
Fisher’s exact test p-value using the TopGo weight01 algorithm. FDR adjusted p-value threshold 0.05.
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Table 3-12. RNA-seq QC.
Condition

Replicate

Aligned

Assigned

CTRL

1

48300000

31800000

CTRL

2

43100000

26900000

CTRL

3

45300000

28400000

+TNF

1

42500000

26100000

+TNF

2

44000000

28100000

+TNF

3

50100000

31900000

+ATRA

1

44400000

24600000

+ATRA

2

50600000

28700000

+ATRA

3

49900000

28700000

+ATRA +TNF

1

41800000

23800000

+ATRA +TNF

2

52500000

29300000

+ATRA +TNF

3

42100000

22800000

Number of reads aligned and assigned to features in STAR and featureCounts per sample.
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CHAPTER 4
HI-C DETECTS NOVEL STRUCTURAL
VARIANTS IN HL-60 AND HL-60/S4 CELL
LINES

Chapter submitted for publication
Jacobson EC, Perry JK, Vickers MH, et al. 2018. Hi-C detects novel structural variants in HL60 and HL-60/S4 cell lines.
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4.1 Background
Karyotyping with fluorescence in situ hybridization (FISH) is an effective way of identifying
large scale structural variation, but it has relatively low resolution [437]. High throughput
chromatin conformation capture (Hi-C), which was developed to identify spatial genome
organization [263,271], is emerging as a useful method for de-novo genome assembly [438] and
identifying structural variants [276,277].
The HL-60 cell line was derived from a female acute myeloid leukemia patient in 1976 [249].
Since that time, the HL-60 cell line has been instrumental in breakthroughs in cancer, immunology,
and cell biology. For example, HL-60 cells were used to identify retinoic acid as a therapeutic for
acute promyelocytic leukemia [439,440], investigate myelocytic differentiation [441,442], study
neutrophilic behaviors such as migration and respiratory bursting [172,443–445], and understand
the mechanical properties of nuclear envelope components [152,253].
Several cell lines have been derived from the original HL-60 cells, including HL-T [446], HL60/MX2 [447], and HL-60/S4 [255]. However, the original HL-60 line [249] and the HL-60/S4
variant are currently the most frequently used in empirical studies [255,256]. The HL-60/S4 subline
was generated using random mutagenesis and selection for cells supersensitive to retinoic acidinduced differentiation [255]. A recent karyotype identified novel structural variants in the HL60/S4 genome when compared to the parental HL-60 cell line [250].
A recent survey of MCF7 sublines showed rapid development of genetic diversity and
subsequent functional changes in this breast cancer cell line, demonstrating that different sublines
cannot be used interchangeably for drug discovery screens or other purposes [287]. While HL-60
and HL-60/S4 are recognized as different cell lines by ATCC, they are both used for similar studies
[250,448]. It is notable that, despite the HL-60/S4 variant being developed as a super-responder
to retinoic acid-induced differentiation, modern studies typically treat both HL-60 and HL-60/S4
with 1µM retinoic acid for four days to induce differentiation into the granulocytic form [250,448].
Here, we analyzed Hi-C and RNA-seq data from two HL-60 sublines (HL-60 and HL-60/S4)
to identify large structural variants (SVs) and gene fusions. We confirm that previously reported
SVs can be detected in our HL-60 and HL-60/S4 samples. We also find that the known MYC
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gene expansion is highly stable, although it has inserted into different genomic locations in the
HL-60 and HL-60/S4 genomes. We identify a number of novel intra-chromosomal SVs, many of
which were only computationally detected in one dataset using hic_breakfinder but were visually
identified in other dataset(s). Karyotyping of HL-60/S4 has previously identified a single inversion
on one homolog of chromosome 2. Here we identified multiple additional intra-chromosomal SVs
in HL-60/S4.
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4.2 Results
4.2.1 Structural variants detected with Hi-C and RNA-seq
We used Hi-C data from two sublines of the HL-60 cell line to detect SVs. Hi-C detects a high
frequency of contacts between regions of DNA in close linear proximity, a feature which has been
exploited to improve genome assemblies [438] and detect structural variation [276]. It has been
previously noted that very high contact frequencies between distal regions of the genome are likely
to represent a translocation or inversion compared to the reference genome [276,277,438].
We detected SVs from Hi-C data in three independent experiments across two versions of the
HL-60 cell line. Two independently generated Hi-C experiments were performed using HindIII
and MboI and HL-60/S4 cells grown in RPMI 1640 with 1% pen/strep and 10% serum, in the
same laboratory, two years apart [400]. An additional Hi-C data set, generated using HaeIII and
HL-60 cells grown in RPMI 1640 with 1% penicillin/streptomycin and 10% serum [448] was
retrieved from GEO GSE93997. The Hi-C data set from Jacobson et al [400] was generated using
HL-60/S4 cells that had been differentiated into granulocytes using all-trans retinoic acid (ATRA)
treatment over four days. Therefore, to avoid any treatment-specific effects, we only investigated
the genomic structure in ATRA-treated HL-60/S4 cells.
We used hic_breakfinder v1 [277] to identify SVs from our Hi-C data. Regions of unusually
high contact frequency, indicating a possible SV (‘breaks’), were identified in genome structures
captured in the HL-60-HaeIII [448], HL-60/S4-HindIII (this study), and the HL-60/S4-MboI
[400] datasets. To further investigate each of these breaks, we visually inspected the putative SVs
in Hi-C contact matrices visualized in HiGlass [361]. We found that hic_breakfinder identified five
short range intra-chromosomal breaks in the HL-60/S4-MboI data set that were not supported by
visual inspection of the Hi-C heatmap. Therefore, we filtered the hic_breakfinder results to remove
breakpoints that were less than 10Mb apart (Appendi: Supplementary table 4). Of the 67 remaining
breaks (Appendi: Supplementary table 4), all except two (1—1, 3—8; both present in the HL60/S4-MboI dataset [400]) were supported by visual heatmap inspection. In some instances,
multiple break locations represent a single SV, and in total we identified 27 SVs. Seven SVs were
present in both HL-60 and HL-60/S4, one was unique to HL-60, and 19 were unique to HL-60/S4
(Table 4-1).
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Table 4-1. Locations of SVs identified within Hi-C datasets for HL-60-HaeIII [448], HL-60/S4-HindIII (this study), and HL-60/S4-MboI
[400] cell lines.
Location 1

Location 2

HL60-HaeIII

HL60/S4-HindIII

HL60/S4-MboI

chr1 (p36.32)

chr3 (q28)

-

breakfinder

breakfinder

chr2 (p24.2)

chr2 (p13.1)

-

STAR-Fusion

breakfinder

chr2 (p22.1)

chr2 (q31.2)

-

breakfinder

chr2 (p15)

chr2 (p13.1)

-

chr2 (q14.1)

chr2 (q22.1)

chr2 (q22.3)

Fusion Gene

Distance

Predicted Type

Inter

Translocation

Intra

Translocation

breakfinder

Intra

Inversion

breakfinder

visual

Intra

Inversion

-

visual

breakfinder

Intra

Deletion

chr2 (q24.3)

-

visual

breakfinder

Intra

Inversion

chr3 (q28)

chr14 (q12)

-

breakfinder

breakfinder

Inter

Translocation

chr4 (p15.31)

chr4 (p15.1)

-

visual

breakfinder

Intra

Inversion

chr4 (p15.2)

chr8 (q24.13q24.21)

breakfinder

-

-

Inter

Insertion

chr4 (q35.2)

chr18 (q21.1)

-

breakfinder

breakfinder

Inter

Translocation

chr5 (q23.3)

chr5 (q31.3)

breakfinder

visual

breakfinder

Intra

Deletion

chr5 (q31.2)

chr7 (q32.3)

breakfinder

breakfinder

breakfinder

Inter

Translocation

chr5 (q33.3)

chr16 (q23.2q23.3)

breakfinder

breakfinder

breakfinder

Inter

Translocation

chr5 (q11.2)

chr17 (p11.2)

breakfinder

breakfinder

breakfinder

Inter

Translocation

chr6 (p22.3)

chr6 (p12.1)

-

visual

breakfinder

Intra

Inversion

chr6 (q22.2)

chr8 (q24.13q24.21)

-

breakfinder

breakfinder

Inter

Insertion

chr7 (q32.3)

chr16 (q24.1)

breakfinder

breakfinder

breakfinder

Inter

Translocation

SMC6--SLC4A5

IL1RAP--AL136018.1

CYFIP2--PLCG2

Strand

-/-

+/+

+/+

Continued…
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Location 1

Location 2

HL60-HaeIII

HL60/S4-HindIII

HL60/S4-MboI

chr8 (q24.13q24.21)

chr11 (p14.1)

-

breakfinder

chr9 (q31.1)

chr14 (q23.2)

breakfinder

chr10 (p12.1)

chr13 (q12.12)

Fusion Gene

Strand

Distance

Predicted Type

breakfinder

Inter

Translocation

breakfinder

breakfinder

Inter

Translocation

breakfinder

-

-

Inter

Translocation

-

breakfinder

breakfinder

Inter

Translocation

-

breakfinder

visual

Inter

Translocation

-

breakfinder

visual

Inter

Translocation

chr15 (q14q21.1)
chr16 (p13.3p13.11)

chr21 (q22.11q22.12)
chr16 (p12.1p11.2)
chr17 (q11.1q25.2)

chr16 (p12.1)

chr21 (q22.11)

-

breakfinder

breakfinder

Inter

Translocation

chr17 (q21.31)

chr17 (q25.3)

-

breakfinder

visual

Intra

Inversion

chr18 (q21.1)

chr18 (q21.32)

-

visual

breakfinder

Intra

Unclassified

chr20 (p11.23)

chr20 (q11.23)

-

visual

breakfinder

RALGAPB--RBBP9

+/-

Intra

Inversion

chr15 (q11.2)

chr21 (q22.11)

-

STAR-Fusion

STAR-Fusion

TUBGCP5-TMEM50B

-/-

Inter

Translocation

chr14 (q12)

Location 1 and 2 indicate the positions of the likely breakpoints. The next three columns indicate the highest level of evidence provided for the SV occurring in that sample, in the order:
Hic_breakfinder (breakfinder), STAR-Fusion, visual inspection in HiGlass (visual), or none (-). The Fusion Gene column indicates whether a fusion gene was identified at the SV. The
Type column indicates the likely type of SV, based on Hi-C patterns and fusion transcripts where possible.
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We used STAR-fusion v1.4.0 [449] to identify gene fusion products that have been generated
by SVs within the HL-60 and HL-60/S4 cell transcription profiles. Gene fusions were identified
in two RNA-seq experiments from two different laboratories in HL-60/S4 cells [250,450]. These
RNA-seq datasets each contained 12 samples from three [23] and four [450] conditions
respectively. We detected gene fusions in an RNA-seq experiment in HL-60 cells [448] (the same
source we acquired the Hi-C data from) containing four samples from two conditions [448]. All
experimental datasets [250,448,450] included both undifferentiated and granulocytic (i.e. all-trans
retinoic acid differentiated) cells. STAR-fusion identified a total of 93 putative unique gene fusions.
To reduce the number of spurious fusion calls, we only considered gene fusions that were detected
in all samples of a single condition, leaving 17 putative fusion candidates (Appendi: Supplementary
table 5). We then visually inspected the corresponding Hi-C heatmaps to identify SVs that could
result in the predicted gene fusion. We identified one previously reported gene fusion in both HL60 and HL-60/S4 [451], and four previously unreported gene fusions in HL-60/S4 (Table 4-1).

4.2.2 Translocations are reliably detected with
hic_breakfinder
Both HL-60 and HL-60/S4 cell lines have previously reported cytogenetic information
[250,452], so we compared these to our Hi-C breakfinder results. The DSMZ catalogue describes
the HL-60 karyotype (DSMZ no.: ACC 3), and a recent study has reported FISH karyotyping of
HL-60/S4 [250]. All previously reported translocations and inversions in HL-60 and HL-60/S4
cells were identified (Table 4-1).
As described in early HL-60 cell karyotypes [453], all HL-60 cells contained a set of SVs between
chromosomes 5, 7, and 16 and a t(9;14) translocation. A translocation between chromosomes 5
and 17 was not reported in the spectral karyotype, but has been described elsewhere in an early
HL-60 study [454] and is described in the DSMZ cytogenetic information. The SVs
t(5;7)(q31.2;q32.3), t(5;16)(q33.3;q23.2-q23.3), t(7;16)(q32.3;q24.1), t(9;14)(q31.1;q23.2), and
t(5;17)(q11.2;p11.2) were detected in all samples (Table 4-1).
A recent FISH karyotype reported additional SVs (i.e. inv(2)(p22.1;q31.2), t(3;14)(q28;q12),
t(4;18)(q35.2;q21.1), t(16;21)(p12.1;q22.11)) specific to HL-60/S4 cells [250] that we identified in
both Hi-C HL-60/S4-HindIII and HL-60/S4-MboI datasets. The previously reported
t(15;16)(q14-q21.1;p12.1-11.2) and t(16;17)(p13.3-p13.11;q11.1-q25.2) translocations [250] were
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detected with hic_breakfinder in the HL-60/S4-HindIII dataset (this study) but not the HL-60/S4MboI dataset [400]. This apparent discrepancy may be due to restriction enzyme choice or other
library preparation factors, especially given that both missing regions involve nearby regions of
chromosome 16. For instance, MboI is methylation sensitive, while HindIII cuts at any site with
the correct motif, regardless of methylation status. Thus, the sequencing coverage across
breakpoints can be affected by the choice of restriction enzyme [278].

4.2.3 MYC expansion integrates into different locations
within the genome
The MYC expansion that is present in HL-60 cells involves a non-contiguous region of
chromosome 8 that is centered on the MYC gene (Figure 4-1) and amplified many times [454–
456]. The non-contiguous region of chromosome 8q24 that comprises the MYC expansion has
been reported to exist as: a) an extrachromosomal region; b) in the form of double minute
chromosomes; and c) integrated into the genome [454–458]. The composition of the MYC
expansion is highly conserved between HL-60 and HL-60/S4 cells (Figure 4-1a), consistent with
previous reports. The massive copy number increase means that in an ICE-normalized heatmap,
amplified regions appear as densely populated ‘windows’ compared to the surrounding sparser
matrix (Figure 4-1a). Due to the high density of these windows, the location of the six amplified
regions that make up the MYC expansion can be identified to a high resolution (Table 4-2). The
presence of the six amplified regions is consistent with the amplicon described in [456], based on
the size and the genes contained in each amplified region (Table 4-2). Similarly, we observed high
sequence coverage of the six amplified regions in normalized DNase hypersensitivity data from
ENCODE (Figure 4-1c, [459]).
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Table 4-2. Amplified regions within 8q24

Amp 1

Amp 2

Start (kb)

End (kb)

125,212

125,532

125,700

RN7SL329P;
AC084083.1;
AC091114.1

126,372

CASC19;
AC020688.1;
PRNCR1;
AC018714.1;
CASC8

127,056

127,331

Amp 4

127,678

127,759

Amp 5

128,989

129,202

129,356

NSMCE2, TRIB1

Non-coding genes

AC016074.1;
AC024681.2;
RNU6-442P;
KNOP1P5;
AC024681.1;
RFPL4AP5;
AC087667.1;
SOD1P3;
LINC00861

Amp 3

Amp 6

Coding genes

129,685

MYC

CASC11

MIR3686;
CCDC26;
AC103718.1;
AC011257.1

Location (hg38) and gene content of the highly amplified regions surrounding MYC. These are consistent between Hi-C
libraries, and with previous reports [456].
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Figure 4-1. MYC expansion and insertions were present in both HL-60 and HL-60/S4.
Hi-C heatmaps show the spatial contacts between two genomic locations, with the color of each pixel indicating the contact
frequency. a) Hi-C heatmaps have been ICE-normalized to adjust for variable coverage across different regions, but the
massive copy number increase of the region centered on MYC has resulted in densely-population regions of the heatmap.
The amplified regions are highly conserved across i) HL-60-HaeIII, ii) HL-60/S4-HindIII, and iii) HL-60/S4-MboI. b)
The amplified MYC expansion is i) inserted into chromosome 4 in HL-60-HaeIII ii) inserted into chromosome 6 in HL60/S4-HindIII and HL-60/S4-MboI, and iii) translocated onto chromosome 11 in HL-60/S4-HindIII and HL-60/S4MboI. c) FISH karyotyping has shown that the t(8;11) translocation is part of a derivative chromosome t(6;8;11) [250].
Given that there was only one breakpoint location identified between chromosomes 6 and 11, we can surmise the order
of MYC movement throughout the HL-60/S4 genome: A karyotypically normal chromosome 6 (i), gained an 8q24
insertion in the q arm (ii), and the resultant 8q24;6q22-6qter end of the modified chromosome was then copied and
translocated onto the end of chromosome 11 (iii). d) Genomic features of 8q24.13-q24.21. DNase hypersensitivity
sequencing of HL-60 from ENCODE identifies the six amplified regions characterizing the MYC expansion. The MYC
expansion is gene-dense, particularly with non-coding genes (Gencode v24 annotations).
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As reported in [250], chromosome 8 is involved in two SVs, ins(6;8)(q22.2;q24.13-q24.21) and
der(6;8;11)(q22.2;q24.13-q24.21;p14.1). Hi-C data for both HL-60/S4 cell lines ([400], this study)
confirms that the MYC expansion is involved in translocations with chromosomes 6 and 11
(Figure 4-1b). However, in the HL-60 cell line, the MYC expansion appears to be inserted into
chromosome 4 (ins(4;8)(q35.2;q24.13-q24.21)) (Figure 4-1b). One previous report has identified
the MYC expansion integrating into t(5;17) [454]. By contrast, the DSMZ karyotype reports an
insertion of 8q24 (containing the MYC expansion) into chromosome 1p31.
The difference between the insertions of 8q24 into chromosomes 4 and 6 and the translocation
of 8q24 onto chromosome 11 is apparent in the Hi-C heatmaps ([400,448], Figure 4-1b). Regions
of increased interactions with 8q24 are observed upstream and downstream of the chromosomes
4 and 6 breakpoints. By contrast, there are no interactions upstream of the chromosome 11
breakpoint. Notably, there is only one breakpoint identified between chromosome 6 and
chromosome 8. These results indicate that the derivative chromosome der(6;8;11) resulted from a
translocation between chromosome 11 and the derivative chromosome ins(6;8), and not a
translocation between chromosome 6 and 11 that was followed by an insertion of the MYC
expansion. Thus, the precise breakpoints identified with Hi-C can identify the likely timeline of
genomic rearrangements in this instance.
Collectively, these indicate that the MYC expansion is highly conserved in its composition but
inserted into different regions of the genome in HL-60 derivative strains. There could be many
reasons for this, but the simplest is that the extrachromosomal MYC expansion integrated into
different regions of the genome in different clones of the original HL-60 sample and has remained
stably inserted during clonal expansion. However, there is some evidence to the contrary. Namely,
an inversion identified in HL-60/S4 but not HL-60, namely inv(4)(p15.31;15.1) (Table 4-1),
encompasses the location of the MYC expansion insertion (4p15.2), leaving open the possibility
that the inversion is the result of MYC excision. If this is the case, the MYC expansion may
continue to excise and insert into different genomic locations and could even be responsible for
other SVs identified in HL-60 genomes.

121

4.2.4 Hi-C identifies non-canonical translocations in HL60 and HL-60/S4 cell lines
We detected a translocation between chromosomes 10 and 13 (t(10;13)(p12.1;q12.12)) in the
HL-60 cells that was not identified in either of the HL-60/S4 samples (Figure 4-2a). This
translocation has been reported previously in HL-60 cells [460] but is absent from the HL-60
derived cell line HL-T [446], and is not described in the DSMZ cytogenetic information. Higher
resolution inspection in HiGlass [361] confirms that this translocation is not present in HL-60/S4
datasets (Figure 4-2a). Karyotype analysis shows that HL-60/S4 cells have two complete versions
of chromosome 10 [250], further indicating that this translocation was not present in the original
leukemia sample. Moreover, the Hi-C pattern indicates the derivative chromosome consists of
chromosome 10 (~25-133Mb) and chromosome 13 (~23-114Mb) (Figure 4-2a), a large ~200Mb
chromosome that should be detectable with any cytogenetic analysis method.
We identified previously unreported translocations between chromosomes 1 and 3
(t(1;3)(p36.32;q28)), and 14 and 21 (t(14;21)(q12;q22.11-q22.12)) in both HL-60/S4 Hi-C datasets
([400], this study) (Figure 4-2b,c). Visual inspection of these putative SVs at multiple resolutions
in HiGlass [361] confirmed that these translocations are not present in the HL-60 Hi-C dataset
(Figure 4-2b,c). While the HL-60 t(10;13)(p12.1;q12.12) translocation results in a large derivate
chromosome, the t(1;3)(p36.32;q28) and t(14;21)(q12;q22.11-q22.12) variants that are observed in
HL-60/S4 are much more subtle and would require confirmation with breakpoint PCR. In
particular, the chromosome 21q22.11 translocations with chromosomes 14q12 and 16p12.1 may
have generated a derivative chromosome or had two independent breaks on each homolog of
chromosome 21. A further putative translocation was identified between chromosome 21q22.11
and chromosome 15q11.2. Despite hic_breakfinder not detecting a translocation between
chromosomes 21 and 15 in either HL-60/S4-HindIII (this study) or HL-60/S4-MboI [400]
datasets, there is a gene fusion TUBGCP5--TMEM50B, identified across all HL-60/S4 samples
and conditions, that supports an SV between chromosomes 21q22.11 and 15q11.2. Heatmap
inspection revealed poor sequence coverage across these regions, which may have obscured the
breakpoint from detection.
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Figure 4-2. Non-canonical inter-chromosomal SVs in HL-60 and HL-60/S4.
a) Characterization of t(10;13) in HL-60: i) Heatmaps of the breakpoint confirms that this translocation is present in HL60 and absent from HL-60/S4. ii) Heatmap of the whole of chromosomes 10 and 13 shows increased interaction frequency
across the majority of both chromosomes, indicating (iii) a fusion of 13q12.2-13qter onto 10p12.1-10qter. b)
Characterization of t(1;3) in HL-60/S4: i) Heatmaps of the breakpoint confirms that this translocation is present in HL60/S4 and absent from HL-60. ii) Heatmap of the whole of chromosomes 1 and 3 shows increased interaction frequency
between the start of chromosome 1 and the end of chromosome 3, indicating (iii) a reciprocal translocation between
1p36.2-1pter and 3q28-3qter. c) Characterization of t(14;21) in HL-60/S4. i) Heatmaps of the breakpoint confirms that
this translocation is present in HL-60/S4 and absent from HL-60. ii) Heatmap of the whole of chromosome 21 and
chromosomes 14, 15, and 16, indicates a series of linked SVs. Color scale represents normalized contact frequency.

The HL-60 t(10;13)(p12.1;q12.12) SV was present in the HL-60 Hi-C dataset, from the China
Infrastructure of Cell Line Resources [448], but not in the DSMZ cytogenetic information. Due

123

to the large (~200Mb) derivative chromosome this translocation creates, its absence from
cytogenetic information is unlikely to be due to usage of a low-resolution karyotyping method
[461]. By contrast, the omission of the inter-chromosomal SVs in HL-60/S4 (identified with HiC but previously unreported), which are small and/or complex, is likely to be due to the use of
karyotyping methods that do not involve sequencing [277].

4.2.5 Intra-chromosomal SVs are sensitive to Hi-C
detection
Inter-chromosomal SVs were generally identified across all samples using both the karyotyping
and Hi-C datasets. By contrast, intra-chromosomal SVs (e.g. inversions) were less likely to be
previously reported, and more likely to be missed by hic_breakfinder in one of the HL-60/S4 HiC datasets.
A deletion on chromosome 5(q23.3-31.1) was detected with hic_breakfinder in the HL-60HaeIII and HL-60/S4-MboI Hi-C datasets and has weak visual evidence in the HL-60/S4-HindIII
Hi-C dataset (Figure 4-3a). This deletion has been previously detected [453], but is not reported in
the DSMZ karyotype. Notably, the chromosome 5 deletion contains a cancer-associated locus
(5q31.1) that is frequently deleted in non-small cell lung carcinoma [462].
Inversions on chromosomes 4(p15.31;15.1) and 20(p11.23;q11.23) were identified with
hic_breakfinder within the HL-60/S4-MboI Hi-C dataset, while an inversion on chromosome
17(q21.1;q21.32) was detected in HL-60/S4-HindIII Hi-C dataset (Figure 4-4a). An SV on
chromosome 18(q21.1;q21.32) was identified with hic_breakfinder within the HL-60/S4-MboI
dataset. An inversion of 18p on one homolog was reported previously [250], but this SV shows
evidence of a large deletion and another unclassified SV that results in an unusual chromosome
structure (Figure 4-4b). Critically, all of these intra-chromosomal SVs were visible in both samples
upon visual inspection of the Hi-C heatmap (Figure 4-4).
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Figure 4-3. Heatmaps of a variety of intrachromosomal SVs.
a)i) An SV on chromosome 5 was automatically detected in HL-60-HaeIII and HL-60/S4-MboI, and there is some visual
evidence in HL-60/S4-HindIII. ii) The SV pattern indicates a deletion. b) SVs on chromosome 2: i) 2p24.2—2p13.1 is
present in HL-60/S4 but not HL-60 and is a likely reciprocal translocation between the two homologues of chromosome
2. ii) 2p15—2p13.1 is present in HL-60/S4 but not HL-60 and is a reciprocal inversion. iii) 2q14.1—2q22.1 is present in
HL-60/S4 but not HL-60 and is likely a deletion. iv) 2q22.3—2q24.3 is present in HL-60/S4 but not HL-60 and is a
reciprocal inversion. v) The SVs shown in i) and ii) both have breakpoints in 2p13.1, and so may have resulted from a
single SV event or have a causal relationship.
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Figure 4-4. Heatmaps of previously unreported intra-chromosomal SVs in HL-60/S4 cells.
a)i) An inversion on chromosome 4 is present in HL-60/S4 but not HL-60 cells. ii) An inversion on chromosome 17 is
present in HL-60/S4 but not HL-60 cells. iii) An inversion on chromosome 20 is present in HL-60/S4 but not HL-60
cells. b)i) An SV on chromosome 18 is present in HL-60/S4 but not HL-60 cells. However, it lacks the characteristic
inversion pattern, and appears to be related to a larger scale SV and likely deletion.

A large pericentric inversion on chromosome 2(q22.1;q31.2) was reported in HL-60/S4
previously [250], however we detected an additional four shorter-range SVs within chromosome
2 (i.e. t(2;2)(p24.2;p13.1),inv(2)(p15;p13.1),del(2)(q14.1-q22.1),inv(2)(q22.3;q24.3)) (Table 4-1).
Three of these short-range SVs were identified by hic_breakfinder in the HL-60/S4-MboI Hi-C
dataset, and one was identified in the HL-60/S4-HindIII Hi-C dataset. All four short-range SVs
were visually confirmed in both HL-60/S4 Hi-C samples, but not in the HL-60 Hi-C datasets
(Figure 4-3b). Two of these SVs (inv(2)(p15;p13.1), inv(2)(q22.3;q24.3), Table 4-1, Figure 4-3bii,iv)
have the distinctive pattern of reciprocal inversion, resembling a butterfly with the ‘wings’ parallel
to the diagonal. By contrast, the chromosome 2 SV (t(2;2)(p24.2;p13.1), Table 4-1, Figure 4-3bi)
has ‘wings’ running perpendicular to the diagonal, consistent with it being a translocation between
the two homologs of chromosome two. The remaining SV (del(2)(q14.1-q22.1) Table 4-1,
Figure 4-3biii) shows a pattern that is consistent with a deletion.
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A fusion gene arising from the t(2;2)(p24.2;p13.1) SV further indicates that the SV is the result
of a translocation between homologous chromosomes, not an inversion. Specifically, gene fusions
arising from inversions (e.g. RALGAPB--RBBP9) have different strandedness of the left and right
parts of the chimeric transcript, as the region has been ‘flipped’. Both halves of the SMC6-SLC4A5 fusion are negatively stranded, as is seen in fusions resulting from inter-chromosomal
translocations such as CYFIP2--PLCG2 (Table 4-1).

4.2.6 Triaging putative gene fusions with Hi-C
Gene fusions are typically generated by genomic rearrangements [449], therefore gene fusions
detected from RNA-seq data should occur at SV breakpoints identified with Hi-C data. Of the 17
gene fusions identified across all replicates of at least one condition (Table 4-3), five unique
predicted gene fusions occurred at breakpoints detected with hic_breakfinder, including two
fusions located at the same breakpoint (SMC6--SLC4A5 and SMC6--AC006030.1), and a sixth
(TUBGCP5--TMEM50B) had some visual support from Hi-C, despite poor sequence coverage
across the region (Table 4-1, Figure 4-2cii). A further three predicted fusions had breakpoints less
than 10Mb apart, and therefore their causal SV would not have been detected by our analysis. Two
predicted fusions were between genes on the same chromosome, and so may have resulted from
undetected SVs, given the reduced sensitivity of Hi-C to detect intrachromosomal SVs. Six
predicted fusions occurred between genes on different chromosomes, and had no corresponding
SV detected with Hi-C data. Although it is possible that these gene fusions were generated by an
alternative mechanism, such as trans-splicing [463], we predict these are false positives and would
not prioritize these candidates for follow-up (Table 4-3).
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Table 4-3. Summary of predicted gene fusions.
Left
Chromosome

Right
Chromosome

Chromosomes

Distance

SV

AC098590.1--AC099789.1

chr4

chr1

Different

>=10Mb

No

ACTG2--ACTG1

chr2

chr17

Different

>=10Mb

No

AP004242.1--FOXP2

chr11

chr7

Different

>=10Mb

No

CYFIP2--PLCG2

chr5

chr16

Different

>=10Mb

Yes

IL1RAP--AL136018.1

chr3

chr14

Different

>=10Mb

Yes

MTRNR2L12--AC025627.3

chr3

chr17

Different

>=10Mb

No

PIBF1--KLF5

chr13

chr13

Same

<10Mb

Unknown

RALGAPB--RBBP9

chr20

chr20

Same

>=10Mb

Yes

RN7SKP71--RN7SKP48

chr12

chr4

Different

>=10Mb

No

SLC7A5--SMG1P1

chr16

chr16

Same

>=10Mb

Unlikely

SMC6--AC006030.1

chr2

chr2

Same

>=10Mb

Yes

SMC6--SLC4A5

chr2

chr2

Same

>=10Mb

Yes

SUZ12P1--TP53I13

chr17

chr17

Same

<10Mb

Unknown

TMEM183A--PLEKHA6

chr1

chr1

Same

<10Mb

Unknown

TUBGCP5--TMEM50B

chr15

chr21

Different

>=10Mb

Likely

USP22--RN7SL2

chr17

chr14

Different

>=10Mb

No

USP34--ALMS1

chr2

chr2

Same

>=10Mb

Unlikely

Fusion Gene

The 'SV’ column indicates whether there is evidence of an SV that could generate the gene fusion, based on Hi-C data.
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4.3 Discussion
Here we identified shared and unique SVs in the related HL-60 and HL-60/S4 cell lines. In
HL-60, we identified two SVs that have been reported previously, but not consistently across HL60 karyotypes [453,460], and one novel insertion. We identified 10 previously unreported SVs in
HL-60/S4, that were likely too small to be detected by a recent FISH karyotype [250]. We found
that intra-chromosomal SV detection was more sensitive to Hi-C method than inter-chromosomal
SV detection. We identified four novel gene fusions in HL-60/S4, including one that identified a
likely translocation that was not identified with Hi-C. We confirmed the conserved composition
of the known MYC expansion, and found it inserted into a novel location (4p15.2) in HL-60. We
also identified an inversion encompassing this region (4p15.31-p15.1) in HL-60/S4, providing
possible evidence of MYC insertion and excision contributing to HL-60 genome evolution.
Hi-C data is predominantly generated with the purpose of investigating the spatial organization
of genomes [263,271], but the same data can be repurposed to investigate genome structure
without any additional wet-lab work [276,277,438,464,465]. The complexity of the genomic data
that Hi-C generates has many uses and it represents a resource for SV detection.
Previous reports have identified the difference between reciprocal and non-reciprocal
translocations based on Hi-C heatmap patterns [276]. In our analysis, we identified that four out
of the eleven intrachromosomal SVs in HL-60/S4 cells were not inversions (Table 4-4), based on
the orientation of the butterfly block. In one instance, this was supported by the strandedness of
a gene fusion that resulted from the SV (Table 4-1). In some instances, the complexity of the SVs,
such as those seen with chromosome 21q22.11 and 18q21 in HL-60/S4, were difficult to interpret
using Hi-C datasets alone. However, these SVs were also in some instances undetected by FISH
karyotyping, presumably due to the small size of the rearranged regions. Analyzing Hi-C datasets
was therefore able to highlight these for further, targeted analysis.

Table 4-4. Summary of structural variants in HL-60 and HL-60/S4 cells.
Inter-chromosomal
translocation

Inter-chromosomal
other

Intra-chromosomal
inversion (>10Mb)

Intra-chromosomal
other (>10Mb)

HL-60

6

1

0

1

HL-60/S4

14

1

7

4
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A recent study demonstrated that inter-chromosomal SVs could be detected precisely with HiC in a mouse erythroid cell line [466] and primary human brain tumors (five glioblastomas and
one anaplastic astrocytoma). However, they did not report any intra-chromosomal SVs [276]. An
SV detection tool developed by Dixon et al [277] was able to identify both intra- and interchromosomal structural variations. However, they did not use the Hi-C data to distinguish
different forms of structural variation. Instead, they utilized optical mapping to characterize SVs.
While this is preferable, patterns in Hi-C heatmaps can also be used to differentiate inversions
from other forms of intra-chromosomal SVs without additional costs.
The automated SV detection tool [277] is highly effective at identifying SVs. However,
substantial additional characterization requires visual inspection of the putative SVs. New tools
need to be developed to include the orientation and symmetry of SVs and thus determine whether
they resemble a reciprocal or non-reciprocal translocation, inversion, or other form of SV.
In theory, copy number variation can be detected with Hi-C [276]. However, the different
restriction enzymes (i.e. HindIII, MboI, HaeIII) used in each Hi-C sample analyzed here
complicated the analysis of genomic coverage. Despite this, the dramatic copy number increase of
a region centered on the MYC gene (8q24) created a Hi-C heatmap pattern, even after matrix
balancing to adjust for varied coverage (Figure 4-1a). The composition of the region (Table 4-2)
was consistent across all three datasets, and with the literature [456]. The MYC expansion was
inserted into chromosome 4p15.2 in HL-60 but was involved in SVs with chromosomes 6q22.2
and 11p14.1 in HL-60/S4. The precise breakpoints that we determined with Hi-C allowed us to
deduce

the

probable

order

of

these

two

SVs

(ins(6;8)(q22.2;q24.13-q24.21)

and

der(6;8;11)(q22.2;q24.13-q24.21;p14.1), Table 4-1, Figure 4-1c). While the location of the MYC
expansion was stable across two HL-60/S4 samples, it does not appear to be stable across different
HL-60 sources, with our analysis showing an insertion into chromosome 4p15.2, while the DSMZ
cytogenetic information describes an 8q24 insertion into chromosome 1, a 1990 study found it
inserted into a t(5;17) translocation, and a spectral karyotype reported an insertion of chromosome
8 into the p arm of chromosome 11, but no chromosome 6 insertion [453].
We propose that the MYC expansion either: a) was stably inserted into different genomic
locations during seed-lot generation at different repositories, or b) is a mobile element that may be
inserted and excised, contributing to HL-60 genome evolution. If the former is true, different
sources of HL-60 should confirm and report the current location of the MYC expansion, and
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derivative strains named if their MYC expansion location is different from the canonical strain (i.e.
ATCC HL-60). Further experimentation should be performed to ascertain whether the MYC
expansion remains able to move around the genome. For instance, HL-60 could be grown for
many passages, possibly with the addition of a mutagenic agent to encourage homologous
recombination. Samples would be collected at many time points, and then PCR performed with
two forward primers aligned to the end of the MYC expansion, and random hexamers as the
reverse primers. This would amplify sequences that occur at a junction with the MYC expansion,
and the amplified products sequenced. The resulting library would confirm whether the MYC
expansion is stably inserted, or whether it is mobile and warrants further investigation.
The MYC extra-chromosomal element is particularly well described in HL-60 cells, but MYC
(and MYC homolog) extra-chromosomal amplifications have been identified in a number of
different cancers, most commonly leukemias and glioblastomas [467–474]. MYC deregulation in
cancer generally increases the expression levels of the MYC gene, maintaining cancer cells in a
highly proliferative state [475–478]. Intriguingly, overexpression of MYC is sufficient to drive
genomic instability and induce the formation of extra-chromosomal elements such as double
minutes [475–479], meaning that amplification of MYC can drive further amplification of MYC in
a positive feedback loop. If these amplifications can also contribute to genome rearrangements via
insertion and excision of extrachromosomal copies, this could provide a second mechanism by
which MYC amplifications can contribute to genomic instability, and subsequently tumor
development and progression.
The t(10;13) translocation was identified in the HL-60 cell line by Hi-C (Figure 4-2a) but not
the DSMZ cytogenetic information [452]. Unlike the non-canonical deletion on chromosome 5,
the t(10;13) translocation involves large regions, and it should be detectable with any form of
karyotyping. The t(10;13) translocation has been previously reported [460], but its absence from
HL-60/S4 datasets ([400], this study) indicates it was not in the original leukemia sample.
Therefore, it is likely that the t(10;13) translocation is absent from other HL-60 stocks. In contrast,
the deletion on chromosome 5 is present in all samples, and likely is unreported in DSMZ due to
its small size.
Hi-C alone is not sufficient to perform a comprehensive analysis of all structural variations
within a cell line. Rather, comprehensive characterization of SVs requires validation and
investigation from orthogonal techniques [277]. Despite this, Hi-C can provide substantial
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information regarding the location and type of SVs. Moreover, Hi-C and RNA-seq libraries are
often generated together in gene regulation studies (e.g. [282,400,480]). As such, integrating
automated detection tools, e.g. hic_breakfinder [277] and STAR-Fusion [449], with visual heatmap
inspection can provide substantial information regarding genomic SVs without any additional cost.

4.3.1 Conclusion
HL-60/S4 cells have a stable karyotype, with a number of small SVs that are not detected with
FISH-karyotyping. HL-60 cells from the China Infrastructure of Cell Line Resources have two
large

SVs

that

are

distinct

from

the

DSMZ

karyotype

(t(10;13)(p12.1;q12.12),

ins(4;8)(q35.2;q24.13-q24.21)), and a small deletion del(q23.3-q31.3) that is unlikely to be detected
with traditional karyotype approaches. The MYC expansion has a stable composition but is found
in a different genomic location in each HL-60 cytogenetic analysis, indicating it may act as a mobile
element. Hic_breakfinder was effective at identifying inter-chromosomal translocations and intrachromosomal SVs above 10Mb apart. Visual inspection of SV patterns in the Hi-C heatmap
distinguished inversions from other forms of intra-chromosomal SV, which was supported by the
gene fusions identified with STAR-Fusion. Hi-C and RNA-seq are effective tools to characterize
the location and type of genomic SVs.

132

4.4 Methods
4.4.1 Cell culture – HL-60/S4-HindIII
HL-60/S4 cells were maintained in RPMI 1640 medium, plus 10% fetal calf serum and 1%
penicillin, streptomycin, and l-glutamine at 37°C in a humid incubator purged with 5% CO2/95%
air. Differentiation of HL-60/S4 cells into granulocytes was induced by all-trans retinoic acid
(ATRA) treatment for four days [400]. Briefly, cells were seeded at a density of 1x105 cells/ml in
the RPMI medium (above) and ATRA (1µM final concentration).

4.4.2 Hi-C – HL-60/S4-HindIII
Dilution Hi-C library preparation was adapted from Lieberman-Aiden et al. 2009 [271]. Briefly,
15x107 cells were crosslinked with formaldehyde (2% FC, 10 min, RT), quenched with glycine
(125mM, 5 min, RT) and scraped from the plate. Cells were lysed, digested (HindIII) and ligated
according to Lieberman-Aiden et al. 2009 [271]. A single replicate was sequenced (Illumina Hi-Seq
2000, DKFZ, Heidelberg, Germany).

4.4.3 Hi-C data processing
Reads were aligned to hg38 and filtered using HiCUP v0.5.9 [481]. SVs were detected with
hic_breakfinder [277]. SVs were filtered and summarized in R [364] with dplyr [365]. Iterative
correction and eigenvector decomposition (ICE) was performed with cooler v0.7.1 [360]. Hi-C
heatmaps were generated with HiGlass v1.1.5 [361].

4.4.4 RNA-seq analysis
Reads were aligned and fusions detected with STAR-Fusion [401,449] with hg38 and gencode
annotations v27. Fusions were filtered and summarized in R [364] with dplyr [365].

133

4.4.5 Availability of data and materials
The HL-60/S4-HindIII Hi-C raw and processed data is available at GEO, GSE120815. The
HL-60/S4-MboI Hi-C from [400] is publicly available on GEO, GSE115634. The HL-60/S4mRNA from [250] is publicly available in the NCBI Short Read Archive at
http://www.ncbi.nlm.nih.gov/bioproject/303179. The HL-60-HaeIII Hi-C and HL-60 RNA
from [448] is publicly available on GEO, GSE93997. The HL-60/S4-total RNA is publicly
available on GEO, GSE120579.
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CHAPTER 5
GENERAL DISCUSSION
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5.1 Summary of findings
This thesis explored the response of granulocytic (i.e. neutrophil-like) cells to mechanical and
chemical stimuli, and used the data generated to further characterize the linear organization of the
HL60/S4 genome.
Chapter 2 explored the effects of migration through a porous membrane with or without
constriction. Migration through a pore size larger than the cell (14µm > 7µm) had substantial
effects on gene expression, whether through selection or gene regulation, when compared to
unmigrated cells. This meant that passage through the migration chamber had effects on cells
independent of the requirement for cell remodeling. Once this became apparent, all subsequent
pairwise comparisons primarily used large pore migration as the control, to identify effects of
migration with constriction. I found that migration with constriction was associated with global
disruption of short range, transcriptionally silent, chromatin contacts [400]. However, this did not
cause substantial disruption to nuclear compartmentalization, and was not associated with
transcriptional changes. Instead, I found a relatively small transcriptional response associated with
constricted migration, which indicated changes in cytoskeleton remodeling and metabolic
program. I propose that mechanical force is directed to heterochromatin, which can be disrupted
without phenotypic effects, to allow transcriptional programs to continue undisturbed.
Chapter 3 identified cell-type specific transcriptional responses to TNF-a. Despite the high
heterochromatin content of the granulocytic nucleus [482], neutrophil-like cells had a stronger
transcriptional response than undifferentiated HL-60/S4 cells. Despite the presence of a highly
conserved response enriched for canonical pathways stimulated by TNF-a, a set of cell cycle genes
showed negatively correlated changes, i.e. increased expression in promyelocytes and decreased
expression in granulocytes. Moreover, when I compared the granulocytic response to TNF-a with
the transcriptional changes associated with differentiation of HL-60/S4 cells into macrophages, I
found evidence of transdifferentiation. Combining TNF-a and retinoic acid (RA) was assessed as
an option for differentiation therapy in leukemia patients [397,483]. However, our results suggest
that if cells are not at all responsive to RA treatment, the addition of TNF-a may act to increase
proliferation of the malignant cells.
The disease relevance of the HL-60/S4 cell line as a model system is unclear. This is partly
because, as is common with cell lines [287], the HL-60/S4 genome has evolved since the cell line
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was first isolated in 1976 [249]. The genetic divergence of HL-60/S4 from HL-60 has been
characterized [250,453], but the current genetic heterogeneity within and between these two cell
lines has not been recently assessed. Chapter 4 found that large structural variants (SVs) were
conserved between multiple samples of HL-60/S4, further supporting previous reports of the
genetic stability of this cell line [250]. I identified SVs in a sample of HL-60 that had been described
in the literature, but were not reported in the DSMZ karyotype, indicating that there may be some
heterogeneity between the HL-60 samples in different repositories. Either the HL-60 cell line is
continuing to evolve, or different repositories have been growing divergent strains for some time.
The divergence of this cell line provides an opportunity to study the evolution of chromosome
structure and its role in gene regulation, and particularly whether MYC can act as a selfish, mobile
element. However given that the comparability of many studies relies on them being performed in
identical cell lines, it is essential to share stocks, minimize passaging, and periodically return to the
original source American Tissue Culture Collection (ATCC) to ensure reproducibility.

137

5.2 Considering the nucleus
The field of genome organization has rapidly expanded since the advent of chromatin
conformation capture technologies [263,270,271,484–486]. It has become apparent that the spatial
organization of chromatin can play a role in gene regulation [71,487–489]. However, it seems that
major disruptions to spatial genome organization do not necessarily result in large changes to
transcriptional programs [233,279,282,400].
The compartment structure that is detected in Hi-C data (e.g. see Chapter 1, section 1.4.2.2) can
be caused by clustering of self-similar heterochromatin – for example, via HP1a-mediated phase
separation [245,246]. Indeed, it has been proposed that all levels of genome organization are the
result of self-similar proteins binding to DNA, and then interacting with themselves [269]. A new
technique, SPRITE, allows identification of not just pair-wise contacts, but also clusters of
contacting DNA loci. SPRITE analysis in mammalian cell lines found that the position and activity
of a genomic loci is correlated with its proximity to transcriptionally active nuclear speckles, or the
repressive nucleolus [490]. This is consistent with other evidence indicating that major features of
chromatin organization can be attributed to specific loci being tethered to the nuclear lamina or
the nucleolus [44,314,490,491]. Therefore, since chromatin behaves as a flexible polymer, the
position of the non-tethered regions relative to the nuclear lamina, nucleolus, or nuclear speckle is
determined by their linear distance from tethered regions [44,314,490,492]. Both transcriptionally
active and silent chromatin can be tethered. However if a higher proportion of active chromatin
is tethered due to transcription factory association [269], this could reduce the frequency of
disruption in response to remodeling [400].
The formation of the topologically associated domain (TAD), a notable feature of chromatin
organization, is not entirely consistent with the theory of nuclear organisation by clustering of
DNA-binding molecules. The canonical model of TAD formation consists of the SMC ring
complex cohesin being loaded onto chromatin by WapI, and chromatin being extruded as a
progressively larger loop until cohesin meets two convergent CTCF proteins, where it pauses,
forming a chromatin loop that is stable until either cohesin or CTCF disassociate from the
chromatin [279,280,282,283]. While the chromatin loops formed by cohesin and CTCF
incontrovertibly exist, their functional importance in gene regulation is still unclear.
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TADs are strongly correlated with transcriptional regulation [493–495]. For example, TAD
boundaries appear to insulate promoters from enhancers in neighboring TADs [496], while
increasing their interaction with enhancers in the same TAD [279]. However acute degradation of
cohesin or CTCF, while destroying all evidence of stable TAD structure, has little effect on the
transcriptome [279,282]. While it is possible that loop extrusion is crucial for establishing, but not
maintaining, a normal transcriptome, we remain confronted with the possibility that TADs are not
always relevant to gene regulation.
As a heritable molecule, DNA needs to be preserved and copied error-free. As a code for
proteins, different regions of DNA must be accessible or inaccessible at the right time. As a
structural molecule, DNA must have a level of stiffness appropriate for the environment [299,497].
Importantly, these demands can be competing. For instance increased heterochromatin content
can be a path to increased nuclear stiffening [298,299], but transcription must remain active. Thus,
although heterochromatin is a crucial aspect of gene repression, it must be possible to increase
levels of heterochromatin while continuing a normal transcriptional program. Indeed this is seen
in migrating cells, which massively increase their heterochromatin content without marked effects
on the transcriptome [233,234]. A more familiar example of this phenomenon is the neutrophil,
which has a condensed nucleus packed into lobes [254], but retains the capability of mounting a
large transcriptional response to relevant stimuli. This is evidenced in chapter 3, where I showed
that the granulocytic form of HL60/S4 had a substantially larger transcriptional response than the
promyelocytic form, with its round and uncondensed nucleus.
Alterations to the composition and organization of heterochromatin, without altering
transcriptional programs, may be a widely used adaptive response in cells exposed to physical
stresses throughout the human body. Increased levels of Lamin A, leading to a stiffer nucleus, is a
well characterized response to chronic mechanical stimuli [176,498]. However, chromatin
condensation may be a faster way to respond to acute mechanical stress. Alternatively, the
mechanical properties required of the nucleus [298] may favor Lamin-driven stiffness over
heterochromatin-driven stiffness in some cell types, and the vice versa in others. For instance, the
cells that create stiff structures in the body, such as bone and muscle cells, have high Lamin A
content [176], while the cells that traverse these stiff structures, such as neutrophils, have high
heterochromatin but low Lamin A levels [152,482]. This could be attributed to the timing of
mechanical stimulation, for instance mesenchymal stem cells are differentiated on a stiff substrate
[169], while hematopoietic cells initially develop in a mechanically soft niche [153]. Regardless of
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the mechanism, the response to mechanical stimuli must be modifiable, so that two cell types in
the same mechanical environment can continue to function as required. In this thesis, I have
shown that the promyelocytic and granulocytic response to TNF-a is highly cell-type specific, and
I expect the same to be true for the response to mechanical stimuli. In order to better understand
the mechanical responses of different cell types, I contend we must extend our experiments to
incorporate the evaluation of changes in the composition and structure of both Lamin A and
chromatin.
Nuclear biology is a large field, with many developed sub-fields investigating different features
and functions of chromatin. However, findings regarding one aspect of chromatin function will
inevitably be relevant to those investigating its other functions. For example, chromatin loops were
observed in metaphase chromosomes for decades prior to the loop extrusion model of TAD
formation [499,500]. In this case, research on a structural feature of chromatin (i.e. mitotic
chromosome packing) provided a model for understanding a transcription-associated feature (i.e.
interphase chromatin domains). Parallels can be drawn with our investigations into the structural
and amino acid coding aspects of RNA biology. The structural-functional relationships in RNA
have been studied in parallel for many years, from ribozymes [501] to ribosomes [502] to their
roles in phase separated sub-nuclear compartments [503–505]. Keeping in mind both the
transcriptional and structural functions of chromatin will ensure we continue to ask insightful
questions about how four nucleotides can create endless forms most beautiful.
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5.3 Limitations
5.3.1 Targeted vs untargeted approaches
Choosing targeted or untargeted approaches can be a compromise between power, scope, and
cost [274,506]. In this thesis I opted to prioritize scope over power, to provide a broad overview
of many different features of nuclear biology. Performing GRO-seq [507] and promoter-capture
Hi-C [274] would have provided greater power to identify mechanoresponsive promoter-enhancer
interactions, which may exist but remain unidentified in our study. Combining this with ChIP-seq
of canonical histone modifications associated with chromatin activity [508] would provide greater
levels of detail regarding disruption to active and inactive chromatin, since the compartment
structure that is identified by Hi-C is only a proxy measure of chromatin state [279]. ChIP-seq of
histone marks would also allow comparison with studies investigating chromatin compaction in
migrating cells [233,234].

5.3.2 Assessing transcriptional activity by proxy
Just as chromatin state was measured by proxy with Hi-C, the total RNA-seq assay is only a
proxy for the transcriptional activity of genomic regions. Specifically, steady-state RNA levels are
a result of the sum of RNA production, processing, and degradation [509,510], and therefore
include genes that may not be actively being transcribed at the time of sampling. Likewise, steadystate RNA levels exclude genes that have only recently started being transcribed, or those that are
being rapidly degraded [511]. Transcriptional activity can be more directly measured by sequencing
nascent RNA using techniques such as GRO-seq, whereby cells are incubated with tagged
ribonucleotides that are incorporated into newly synthesized RNA molecules [512]. Since these
assays only measure new transcripts, they may be able to detect acute upregulation of transcription
associated with chromatin disruption during migration or TNF stimulation, in a way that I was
unable to achieve using bulk RNA sequencing [511]. However, the caveat of using GRO-seq is the
large number of cells required to acquire sufficient RNA for sequencing, as the quantity of recently
synthesized RNA is much lower than that of total RNA. Moreover, timing the addition of the
labelled nucleotides would add a further layer of complexity to an already complex experiment.
Future experiments could address this through the development of single-cell methods, where the
labeling, migration, and library preparation could occur in a single microfluidic chip.
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5.3.3 Time points
Resource limitations, and the complexity and destructive nature of the experiments, restricted
the collection of data at multiple time points. This limited my studies to a single snapshot of the
response to migration or TNF-a treatment, instead of being able to observe trends in transcription
and/or chromatin organization over time. To assess the effects of migration, I chose to lyse the
cells within 30 minutes of migrating. This time point may have been enough time for the nuclear
structure to fully recover from any deformation that occurred during migration, but not enough
for all transcriptional changes to be observed in the steady state RNA [323]. Thus, I cannot know
whether the relatively minor effects I observed represented a recovering nucleus that would
converge on an unmigrated phenotype in time, or a responding nucleus that was gaining stable
characteristics of a migrated phenotype. Similarly with the two hour collection following TNF
treatment, I am unlikely to have captured early, transient changes in gene expression that drive
subsequent changes [323,511]. An extensive time course that captures steady-state RNA and
genome organization would allow increases or decreases in transcripts and changes in genome
organization to be tracked in great detail over time, providing more nuanced characterization of
the responses to chemical and mechanical stimuli.

5.3.4 Population structure
Although I performed experiments on a genetically homogenous cell line grown and treated
with constant conditions (within the limits of our capabilities: e.g. temperature variation due to
opening incubator doors etc.…), our cell populations will always be phenotypically heterogeneous
[513]. Variations in cell state, among many other factors, can modify the individual response to the
stimulus exposure [394,513]. For instance, the migration assay may select for pro-migratory cells.
Likewise, TNF treatment affects cells differently depending on the stage of the cell cycle they are
in [394]. I used bulk assays, which requires pooling of cells and necessarily averaging out the
variable responses within each population [514]. Not only could this potentially lead to artefacts,
such as gene expression changes reflecting changes in population structure instead of regulatory
changes, but it can also mask dramatic and potentially opposing effects occurring in different cells
of the population [515–517]. Taking single cell sequencing approaches [518], or using imaging
methods that allow dynamic visualization of transcription [519] and chromatin organization
[201,520,521] of individual cells would help to address this. However, even single cell sequencing
based approaches would not be the same as using a non-destructive method to track changes
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within single cells in real time. Such a method would have advantages of highlighting population
level variation and the stochastic nature of gene expression. Unfortunately, such a method does
not currently exist. In vivo fluorescent in situ hybridization allows dynamic visualization of RNA
molecules in living cells [522], but the number of RNA molecules that can be tagged is inherently
limited by the range of fluorophores available [523]. SeqFISH expands the number of molecules
that can be uniquely tagged by sequential labelling [524], and can even visualize their spatial
position [519], but this must be done in fixed cells. Technology allowing the labelling of many
unique RNA molecules in living, responding cells would be invaluable for our understanding of
the transcriptional response to stimuli.

5.3.5 Phenotype characterization
The studies in this thesis are limited by the lack of phenotypic characterization that was
undertaken. For example, although gene expression is a useful functional output of the nucleus,
there are many steps between starting to synthesize RNA molecules at a gene, and having a
phenotypic consequence on the cell [525,526]. I was unable to characterize the cellular phenotypes
of our treated cells. This means that the functional outcomes I ascribed to gene expression changes
are only indicative of possible phenotypic differences before and after treatment. In addition to
genomic assays, future experiments should include functional tests relevant to granulocytic and
macrophage behavior and characteristics. For example, I recommend that the number of live, dead
and apoptotic cells (Chapter 2, Figure 2-2c); ability to respiratory burst [152]; migration rate; and
attachment to a fibronectin surface [250], should all be assayed. Functional analyses such as GSEA
[407] and GO [324] identify pathways and processes that contain more differentially expressed
genes than expected by chance, indicating that they are changing in response to stimulus. However,
this approach is limited by three major factors: Firstly, the annotated function(s) of genes are
affected by the amount of research that has been undertaken on a given gene [433]. Secondly, not
all RNA molecules are translated into proteins at the same rate, meaning that a change in gene
expression does not necessarily reflect a change in protein level [526,527]. Finally, even when
transcriptional changes result in protein levels changing, post-translational modifications and
cellular location are crucial for the activity of many proteins (e.g. [528–531]). Therefore, functional
assays are required to confirm the changes to cell behavior and activity predicted by observed
transcriptional changes.
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5.3.6 Genome rearrangements
Assessing the patterns of genomic rearrangements in HL60 and HL60/S4 genomes was
possible using diverse datasets from different sources. Both in situ [263] and dilution [271] Hi-C
protocols were used, with three different restriction enzymes, and both ribosome depletion and
poly-A enrichment strategies [532] were used to generate RNA-seq data. However, for improved
comparability, different versions and samples of the cell lines should be prepared using the same
protocols. This would allow comparison of automated outputs without requiring visual inspection
and manual annotation. Moreover, Hi-C has been used to assess copy number variation [276], but
the Hi-C libraries I analyzed were prepared with both methylation-sensitive and methylationinsensitive restriction enzymes that target different sites for digestion, which will affect the
sequence coverage across the genome [275]. The addition of long-read sequencing to allow
accurate copy number calling, and short-read sequencing to identify single nucleotide variants,
would facilitate even more comprehensive characterization and comparisons within the HL-60
lineages. Moreover, sequencing HL-60 cells from additional repositories would provide further
clarity on the evolution and divergence within the HL-60 cell line, particularly with regard to the
movement of the MYC expansion.
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5.4 Future directions
5.4.1 Elucidating the factors that protect or disrupt
chromatin during migration
In chapter two I showed that migration with constriction disrupted inactive chromatin in
neutrophil-like HL60/S4 cells. While this result is consistent with the literature, further
characterization regarding the nature and location of disrupted chromatin would lead us closer to
understanding chromatin dynamics in the mobile nucleus. Although Hi-C is useful for identifying
the active and inactive compartments of the nucleus [271], chromatin of different types is drawn
into the same compartment via loop extrusion [279]. Therefore to further investigate the
relationship between chromatin state and contact disruption, it would be useful to perform ChIPseq of the three histone marks associated with transcriptional repression and chromatin
condensation (i.e. H3K9me3, H3K27me3 and H4K20me1) [233] in all three conditions (unmigrated,
migrated without constriction, migrated with constriction). Identifying the patterns of histone
modifications during migration with and without constriction would answer two key questions: 1)
Are chromatin changes consistent between 2D [233], constricted, and non-constricted migration;
and 2) Is chromatin condensation associated with contact disruption?
Cells migrating across a flat surface have increased chromatin condensation [234], and global
changes in the heterochromatin landscape [233]. We would expect to see similar changes in
constricted migration, although there may be unexpected differences. However, it is unclear
whether chromatin changes are occurring in non-constricted migration. Transcriptional changes
indicate that cells migrating without constriction are undergoing chemotaxis [400], so it would be
interesting to see whether they are gaining the chromatin marks associated with migration [233].
If so, massive chromatin condensation may have minimal effects on features of chromatin
organization detected by Hi-C. If not, we can likely conclude that the condensation seen in
migrating cells appears in Hi-C data as the general disruption to inactive chromatin observed in
cells migrated with constriction. Moreover, we would expect to see disrupted regions changing
chromatin state more frequently than non-disrupted regions. Finally, specific chromatin types that
are more prone to disruption may be detected.
I hypothesized that peripheral location and association with the nuclear lamina may contribute
to the increased disruption I observed in inactive chromatin. To test this, I could identify lamina145

associated heterochromatin, as opposed to nucleolus-associated heterochromatin, by sequencing
DNA bound to a nuclear envelope protein with Lamin B1-DamID. This would only need to be
performed in control neutrophil-like HL-60/S4 cells and compared with the Hi-C data generated
in chapter two. I would expect to see a significant enrichment for contact disruption within laminaassociated regions, compared to all other heterochromatic regions. If all heterochromatic regions
are disrupted at a similar frequency, then the hypothesis that lamina tethering is an important
component of mechanoresponsiveness would require revision.
It is possible to use orthogonal methods to test the role of transcription in actively preventing
contact disruption. Adding actinomycin D prior to migration would prevent transcriptional activity
from occurring during migration [533], and therefore if transcription is important for stabilizing
contacts we would expect greater contact disruption to occur in open chromatin. However
transcriptional inhibition has its own effects on nuclear organization [534,535], so careful
comparisons with Hi-C of actinomycin-treated, unmigrated cells would be critical for this
experiment. While there are many transcriptional inhibitors to choose from, actinomycin D would
be appropriate for this experiment due to its rapid action, which inhibits transcription in minutes
as opposed to hours [536].
Once I had further characterized which genomic features are associated with rate of disruption
during migration through a small pore, I could directly perturb that feature to further dissect its
role in the process. For instance, if lamina-associated chromatin is more prone to disruption than
other heterochromatin, I could migrate cells with a knockdown of the Lamin B receptor [152],
which helps to tether heterochromatin to the nuclear envelope [491]. Importantly, loss of the
Lamin B receptor leads to detachment of specific genomic regions from the nuclear envelope
[537], and I would therefore expect these regions to show less disruption after migration through
a small pore.
In summary, Hi-C and total RNA-seq were able to identify general trends in the nuclear
response to migration with constriction. Further characterizing the genomic features of stable and
disrupted regions will lead us closer to mechanistic insights into how the nucleus protects
transcriptional programs from mechanical challenges.
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5.4.2 Genome organization as a noise reduction agent
As the field of genome organization and chromatin dynamics matures, it is becoming
increasingly clear that while there are many features that correlate with transcriptional regulation,
disturbing them often does not have major transcriptional consequences [233,279,282,538].
Massively increased heterochromatin levels during migration or other mechanical stimulus does
not repress the transcriptome as a whole, or even have major effects on cell behavior
[233,234,306,497]. For example, genome-wide disruption to chromatin conformation after
migration was not associated with global transcriptional changes [400]. This unpredicted
observation is not due to granulocytic HL60/S4 cells being unable to mount a major
transcriptional response – in fact, despite their increased chromatin compaction, they were more
transcriptionally responsive to chemical stimuli than the promyelocytic form [250]. Notably, acute
removal of another level of genome organisation, the topologically associated domain, has
relatively small transcriptional consequences [279,280,282]. Moreover, removal of condensin has
transcriptional consequences as a result of inaccurate chromosome segregation, not as a result of
direct transcriptional regulation through its role as a chromatin organizer [539]. Collectively, these
data are consistent with the idea that transcription is a driving force of chromatin organization,
not the other way around [269].
If chromatin organization and dynamics does not regulate transcriptional activity, two
hypotheses remain. The first is that features of genome organization are spandrels [540], i.e. they
are patterns that exist as a side-effect of functional nuclear processes. For instance, the patterns of
contact frequency are due to clustering of transcription factors [269], or interphase loop extrusion
is simply a storage mechanism for SMC complexes between mitotic phases. The second hypothesis
is that features of genome organization have context-specific roles in nuclear function. For
instance, condensin facilitates accurate chromosome segregation [539], heterochromatin stiffens
and stabilizes the nucleus [298,299], and DNA repair systems maintain genomic integrity [541]; all
functions that are important for gene regulation, but not required in an unstressed interphase
nucleus.

5.4.2.1 Cells integrate multiple signals
Cells are exposed to a large number of extracellular signals, from temperature [542] to
osmolarity [543] to mechanical stress [294] to signaling molecules [368]. While some of these
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indicate that a change is required to cellular behavior, and therefore the transcriptional program,
others may be stresses that can be dealt with using other mechanisms. For example, TNF is an
inflammatory cytokine produced in response to pathogen invasion [544]. Fighting infection
requires cells to change the way they move [373,545], metabolize [546], and signal to other cells
[371] – TNF is a signal. By contrast, DNA damaging agents such as ionizing radiation [547] or
nuclear rupture [199,200] require rapid repair of the damage caused, so that the cell can continue
its normal behavior – irradiation is noise. I propose that features of genome organization act to
minimize the cellular response to “noise”, allowing a full transcriptional response to the
environmental “signal”. For instance, when heterochromatic organization changes during
migration, it may act to isolate transcriptionally active chromatin from the effects of mechanical
stress [233,234,400].

Figure 5-1. Genome organization to enhance the signal to noise ratio

To test this model, I propose an experimental system consisting of a ‘signal’, a ‘noise’, and a
perturbation of chromatin organisation (Figure 5-1). This experiment would expose cells to signal
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with or without noise, with or without perturbation of the genomic feature. In this instance, I have
selected TNF as the signal, migration as the noise, and to perturb genome organization by
destroying TADs via inducible CTCF degradation. HL60/S4 cells would be modified to have
auxin-inducible CTCF degradation [279], then treated with TPA for four days to induce monocytic
differentiation. Monocytic cells would be grown to confluence on fibronectin coated plates, and
treated with auxin or vehicle to induce CTCF degradation [282]. After two hours, the plates would
be scratched in multiple places to induce migration [233], while control plates would remain
unscratched. After washing with DMEM to remove nonadherent cells, 16ng/ml TNF or vehicle
would be added to the plates with growth media. After two hours, cells would be lysed and
prepared for RNA-sequencing, Hi-C, and ChIP-seq of histone modifications, primarily those
associated with chromatin condensation and transcriptional repression (i.e. H3K9me3, H3K27me3
and H4K20me1). Thus, I would have 8 conditions (Figure 5-2):

TNF
Migration

Yes A
No B

Yes
CTCF degradation
Yes

Yes C
No

Monocytic cells

Yes

No D

Yes E

No
No F
No

Yes G
No H

Figure 5-2. Experimental design
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If TADs reduce the signal to noise ratio of the TNF/migration response, then the
transcriptional changes that occur after TNF treatment with and without migration in CTCF
control cells should be more conserved than in CTCF degraded cells (Figure 5-3). This is because
in our model features of genome organisation reduce the transcriptional effects of migration, and
allow a ‘clean’ TNF response, even though there are other factors acting on the cell.

Migrated
TNF
A vs D

TNF
C vs D

CTCF control

Migrated
TNF
E vs H

TNF
G vs H

CTCF degraded

Figure 5-3. Transcriptional responses.
Expected overlaps of the sets of differentially expressed genes under different conditions.

In this experimental model (Figure 5-1), the signal, noise, genomic feature, and cell type could
be replaced with any appropriate candidate of interest. Some stimuli may act as either a signal or a
noise under different conditions. For instance, mechanical signals can stimulate a platelet
maturation [548], muscle growth [549], and chondrocyte differentiation [550]. However, healthy
cells appear to minimize the transcriptional effects of migration [233,400]. This is why I propose
migration, which is associated with chromatin remodeling but not global transcriptional changes,
as an appropriate ‘noise’ for this experiment. Although in chapter 2 I migrated cells through a
small pore [400], there is evidence that a similar chromatin response occurs during migration across
a scratch wound [233], which would provide a simpler experimental system. The signal should be
more straightforward to select: a cytokine that stimulates a switch in cell behavior and
transcriptional programming, such as TNF [368,370]. The final aspect to select is the
organizational feature to investigate. Recent studies have investigated the role of chromatin
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compaction in the nuclear response to migration by inhibiting either histone deacetylases or
methyltransferases [233], either of which could be an intriguing option for genomic feature
perturbation. However topologically associated domains are also an ideal candidate for this, due
to their long-standing association with transcription [129,495,496,551], controversial level of
importance [279,282,552], and existing methods to degrade them genome-wide [279,280,282]. The
current model of TAD formation consists of the SMC complex cohesin being loaded onto DNA,
which is extruded through the cohesin ring until it reaches two convergent CTCF proteins, at
which point it pauses until either it or the CTCF proteins are deloaded [280]. Therefore TADs can
be depleted from the genome by either degrading CTCF [282] or preventing cohesin from being
loaded onto the DNA via NIPBL depletion [279]. Both methods require an inducible system, as
cohesin and CTCF are both necessary for cell cycle. While both methods successfully result in a
loss of TAD patterns in Hi-C data, their effects on nuclear biology are distinct. Loop extrusion is
still likely occurring in CTCF degraded cells, even though the loops are not paused in the same
place in a large enough proportion of the population to result in TAD detection in Hi-C data
[279,282]. However, in cells unable to load cohesin, loop extrusion cannot occur, which affects
compartment structure in a way CTCF degradation does not [279,280,282]. In order to test the
role of interphase loop extrusion in protecting transcriptional programs from stress, depleting
TADs via prevention of cohesin loading would be the preferred method. However, testing the
role of conserved TAD location via CTCF degradation could provide further insights into the role
of stable TADs in gene regulation. In this experiment it would be appropriate to use the monocytic
form of HL60/S4 cells, as they become adherent upon differentiation with TPA, and have the
greatest repression of cell cycle [250]. The rate of cell cycle is an important consideration, as CTCF
and cohesin have important roles in DNA replication and segregation [284,553–555], therefore
cells progressing through cell cycle will likely contribute additional noise to this experiment.
The 4D genome field has come a long way in understanding how the interphase genome is
organized. However, just as some genotypes can require environmental stresses to become
pathogenic [556], features of chromatin conformation may only be necessary under certain
conditions. I believe that testing our noise reduction model of the nucleus will help to direct further
queries into the functionality of genomic organization.
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5.5 Conclusion
In this thesis I have contributed to understanding the context-specific nuclear responses of
neutrophil-like cells. The ultimate goal of work in this area is to be able to take the cell type and
genetic background of an immune cell and predict how it will respond to any given stimulus. This
ability would have major implications for all areas of human health and disease research. It is likely
that we will never achieve this goal due to the complexity and stochasticity of biological systems,
and the immensely large number of combinations in this space. Nevertheless, any progress in this
area will improve our understanding of how our immune system responds to the many different
forms of stimulus that occur during different stages of an infection, tumor progression, and
autoimmune disease.
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The

following

tables

are

available

on

Figshare:

https://doi.org/10.17608/k6.auckland.7380059.v1

Supplementary table 1. Significantly differentially expressed genes.
All genes with significantly differential gene expression (FDR<0.05) between either 5µm pores compared to control, 14µm
pores compared to control, or 5µm pores compared to 14µm pores. Sets refer to those described in section 2.2.2. HUGO
gene names, Ensembl gene names and IDs are provided as identifiers. Columns suffixed with ‘_5’ represent results from
5µm pore compared to control. Columns suffixed with ‘_14’ represent results from 14µm pore compared to control.
Columns suffixed with ‘_5v14’ represent results from 5µm pore compared to 14µm pore. The ‘padj’ shows the false
discovery rate (FDR) adjusted p-value.

Supplementary table 2. PC1 values and correlation between the interaction patterns of
100kb bins.
Each 100kb bin has both a PC1 value indicating compartment status, and an interaction pattern with every other bin in
the chromosome. When bins have a low correlation (R<0.6) and an opposite PC1 value, this is considered a disruption to
the compartment status of this region. Calculated using the runHiCpca.pl and getHiCcorrDiff.pl scripts in HOMER.
Regions with missing values, and chromosomes with PC1 values indicating chromosome arm, are excluded from this table.

Supplementary table 3. Significantly differentially expressed genes in promyelocytes
treated with TNF-a, differentiated into granulocytes and macrophages, and granulocytes
treated with TNF-a.
All genes with significantly differential gene expression (FDR<0.05) in promyelocytes treated with TNF-a, differentiated
into granulocytes and macrophages, and granulocytes treated with TNF-a. Categories refer to those described in sections
3.2.2.2 and 3.2.4. Ensembl gene names and IDs are provided as identifiers. Columns suffixed with ‘_proTNF’ represent
results from undifferentiated promyelocytic cells treated with TNF-a. Columns suffixed with ‘_granTNF’ represent results
from all-trans retinoic acid (ATRA) differentiated granulocytic cells treated with TNF-a. Columns suffixed with ‘_ATRA’
represent results from cells differentiated into granulocytes with ATRA. Columns suffixed with ‘_TPA’ represent results
from cells differentiated into macrophages with 12-O-tetradecanoylphorbol-13-acetate (TPA) The ‘padj’ shows the false
discovery rate (FDR) adjusted p-value.

Supplementary table 4. Hic-breakfinder filtered results for all samples.
This table shows all breakpoints over 10Mb apart. The log-odds score indicates the strength of the call. The bias value
predicts which coordinate is closest to the breakpoint. A “+” bias indicates the “end” coordinate is closest to the
breakpoint, while a “-” bias indicates the “start” coordinate is closest to the breakpoint. The resolution indicates the
maximum resolution the breakpoint was identified at, as hic_breakfinder identifies breakpoints at multiple resolutions. The
sample column indicates which dataset the breakpoint was identified in.
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Supplementary table 5. STAR-Fusion filtered results for all samples.
This table has the gene fusion predictions for all samples of the 17 fusions identified in all replicates of at least one
condition. Each row provides the STAR-Fusion results for a single RNA-seq library; thus, each gene fusion may fill up to
29 rows. The first three columns indicate the dataset, condition, and replicate of the library. The remaining columns include
detailed information about the predicted fusion as outputted by STAR-Fusion, including specific breakpoint locations and
the number of junction and spanning reads.

Supplementary table 6. HiCUP QC results for HL-60/S4-HindIII.
This table includes QC of Hi-C data that was analyzed in chapter 4, but was not generated as part of this thesis.
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