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ABSTRACT OF THE DISSERTATION 

 
 
 
 

Genome 3D structure regulation of immune cell development and activation 
 
 
 
 

by 
 
 
 

Zhaoren He 
 
 

Doctor of Philosophy in Biology 
 
 

University of California San Diego, 2020 
 
 

Professor Cornelis Murre, Chair 
 
 

 

Each type of cell in the immune system performs critical function to protect the 

body and maintain health. In the past few decades, the development and activation of T 

cell, B cell and Neutrophils have been thoroughly studied. However, it’s only until recently 
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that we developed high throughput technology to study how genome folding structure is 

regulated in the immune cell development process. Here, I exploited the new technologies 

to study the development of B cell, T cell, and the activation process of neutrophils. 

In B cell activation, the activation from the follicular B to the plasma cell stage is 

governed by a group of transcriptional regulators. We examined how the expression of 

these key genes correlate with genome architecture. The study showed that the gain of 

euchromatic character is closely linked with increase in gene expression, especially for 

some of the key plasma gene like Prdm1 and Atf4. We found that loss of promoter 

enhancer interaction in Ebf1 and Bcl6 were companied by down-regulation of gene 

expression, which permit the onset of plasma cell development. Interchromosomally, we 

also found that coordinated gene expression was correlated with 3D positioning of the 

genes. Our data indicate that Ebf1 expression inhibits B cell activation, and that the 

initiation of plasma cell development is orchestrated by changes in intrachromosomal 

compartmentalization and interchromosomal association. 

In T cell differentiation, it is well known that Bcl11b specifies T cell fate. Here, we 

showed during T cell development, the Bcl11b enhancer left the lamina and moved to the 

nuclear interior. A non-coding RNA named ThymoD (thymocyte differentiation factor) was 

identified to control this process. The transcription of ThymoD itself is necessary and 

sufficient for the re-localization. During the process, two CTCF sites in the ncRNA gene 

body were demethylated and activated. Cohesin was accumulated at the CTCF sites and 

brought the enhancer to interact with the Bcl11b promoter 1Mb downstream. In the 

meantime, activating epigenetic marks were deposited across the loop domain. These 
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finding indicate how noncoding transcription orchestrates chromatin folding to direct with 

high precision enhancer-promoter communication and govern immune cell development.  

During neutrophil activation, the cell undergoes large-scale changes in nuclear 

morphology. The pro-inflammatory genes were rapidly re-localized to the euchromatic 

compartment upon microbial exposure. The process was accompanied by recruitment of 

cohesion, which established new enhancer promoter interaction and activated the genes. 

We also found that the activated enhancers were highly enriched in cistromic elements 

occupied by PU.1, CEBPB, TFE3, JUN and FOSL2. The data demonstrated how the 3D 

genome architecture was regulated upon microbial presence by recruiting cohesin to an 

activated enhancer repertoire to activate the inflammatory genes.  
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Chapter 1: General introduction to genome organization in immune cell 

development 

1.1 B cell activation  

Plasma cells are terminally differentiated B cells. It produces antibody that 

recognize antigens and protect the body from foreign substance. The protective serum 

antibody titer is one of the first lines of defense against infection (Slifka et al., 1998). In 

the meantime, if the antibodies target antigens generated within the same individual, the 

antibodies become pathogenic auto-antibodies. Plasma cells can also develop into 

malignancy like plasmacytomas, light chain amyloidosis, monoclonal gammopathies, and 

multiple myeloma (Hiepe et al., 2011; Chesi et al., 2013). Upon presence of pathogens, 

naïve B cells rapidly activate and proliferate. The activated B cells then futher differentiate 

into germinal center B cells or plasmablasts. The lifespan of plasma cells varies a lot 

depending on the subsets (Chernova et al., 2014; Hammarlund et al, 2017). The long-

lived plasma cells are responsible to maintain the enduring antibody titers.  

Plasma identity establishment has been actively studied during the past decades. 

Pax5, as shown in a recent paper, is a key regulator for differentiating B cells that organize 

the genome architecture (Johanson et al, 2018). Studies have shown that Genome 

structure changes were critical for B cell activation (Kieffer-Kwon et al., 2017; Kieffer-

Kwon et al., 2013; Bunting et al., 2016; Park et al., 2014). Repression of Pax5 is critical 

for B cell activation as forced expression of Pax5 inhibits antibody secretion (Lin et al., 

2002). Other than Pax5, Prdm1 and Irf4 have been shown to govern B cell activation in a 

carefully regulated hierarchical gene network. E2A (Tcf3) and E2-2 (Tcf4) are crucial for 

plasma cell ((Wöhner et al., 2016; Gloury et al., 2016; Chen et al., 2016).  The genes 
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associated with the unfolded protein response (UPR) are also important for plasma cell, 

including Ire1, Perk, Atf6, Xbp1 and Atf4 (Bettigole et al., 2015). IRE1 oligomerizes and 

activates ribonucleases, which splice XBP1 mRNA. PERK oligomerizes and 

phosphorylates eIF2. Phosphorylated eIF2 then stops global protein translation while 

promoting ATF4 translation. ATF4 increases ER capacity in turn. The increased ER 

capacity is important for the antibody production and secretion process in plasma cell. 

 

1.2 T cell differentiation 

In the thymus, T cell differentiation is carefully regulated. Early T cell progenitors 

differentiate into multipotent DN2a cells upon exposure to Delta-Notch signaling. The 

DN2a cells then develop into DN2b cells, which are committed to undergo VDJ 

rearrangement. The TCRb rearrangement initiated in DN3a stage. Once a productive 

TCRb chain has been produced, the cell expands and differentiates into CD4+CD8+ 

double-positive (DP) thymocytes. The thymocytes are subjected to stringent selection in 

the DP compartment. The cell either die by neglect or negative selection or persist through 

positive selection to differentiate into CD4 or CD8 T cells (Klein et al., 2014; Naito et al., 

2011). 

A closely regulated group of transcriptional regulators carefully govern the 

development of T cell. First, the E-proteins are activated to turn on a network of genes 

involved in Notch signaling (Bain and Murre, 1998; Ikawa et al., 2006; Miyazaki et al., 

2017). The Notch signaling then wake up the expression of Bcl11b, GATA-3, and TCF1 

(Yui and Rothenberg, 2014).  
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Specifically, Bcl11b is turned on at the DN2a cell stage to facilitate the transition 

to the DN2b cell stage. Then, Bcl11b is further activated the lineage determining gene 

network, with the help from E2A. Bcl11b and E2A will also repress the lineage determining 

gene for alternative cell fates. (Liu et al., 2010; Ikawa et al., 2010; Li et al., 2010a; 

Longabaugh et al., 2017). An enhancer in the intergenic locus control region of Bcl11b 

controls the activation of Bcl11b in DN2 stage. Notch, GATA-3 TCF1 and RUNX1 are all 

binding to the Major Peak enhancer (Guo et al., 2008; Weber et al., 2011; Garcia-Ojeda 

et al., 2013; Li et al., 2013). Furthermore, a recent study has shown that the chromatin 

state transitioning from inactive to active is the rate limiting step of full activation of Bcl11b 

(Kueh et al., 2016). 

 

1.3 Neutrophil cell activation 

Neutrophils are a type of white blood cell that helps heal damaged tissues and 

resolve infections. They are the first line of immune defense against to such abnormality.  

Upon injury or infection, neutrophils exit the circulation via extravasation, migrate towards 

abnormality site, release reactive oxygen and nitrogen species, phagocytose small 

pathogens, extrude their chromatin as cytotoxic granule-laced extracellular traps (NETs) 

and rapidly increase cytokine gene expression to coordinate a broader immune response 

(Ley et al. 2018; Brinkmann et al. 2004). Neutrophils also produce various kind of 

cytokines and chemokines to facilitate inflammatory response (Ley et al. 2018). 

Mature neutrophils are polymorphonuclear. Their nuclei are composed of multiple 

distinct but internally continuous lobes. Such nucleus structure allows the cells to swiftly 

migrate between or though endothelial cells by paracellular route or transcellular route 
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(Rowat et al. 2013; Olins et al. 2009; Muller 2013). Multi-lobular nuclear architecture on 

neutrophils is heavily controlled by the Lamin B Receptor (LBR) (Shultz et al. 2003; 

Hoffmann et al. 2002). Deletion of Lbr gene in mouse neutrophils leads to normal nuclear 

shape and loss of the toroidal nuclei shape (Shultz et al. 2003, Zhu et al. 2017). In human, 

LBR mutation is linked with Pelger-Huët anomaly. The patients have reduced lobe 

number in granulocytes (Hoffmann et al. 2002). 

Neutrophils employ a suite of different cell surface and endolysosomal receptors 

to recognize the highly diversified pathogens, for example, Toll-like receptors (TLRs), C-

type lectin receptors, and formyl peptide receptors. These receptors activate a variety of 

downstream signals, which eventually converge on the NF-B and AP1 transcription 

factors to activate a wide spectrum of inflammatory genes, including the cytokines and 

chemokines IL-8/CXCL8, TNFα, IL-1β, IL-17, and IFNγ (Thomas and Schroder 2013; 

Garcia-Romo et al. 2011; Tecchio et al. 2014). 

 

1.4 The regulation of genome 3D structure in immune cell development 

In a human nucleus, there are more than 20,000 genes positioned on a genome 

of 6469.66 Mb. Genes always start with a genetic regulatory element known as promoter. 

Promoter provides a platform for transcriptional regulatory element to function. However, 

the nucleus is extremely crowed place. The total length of all DNA molecules in a single 

human nucleus is about 3 meters, while average diameter of human nucleus is about 6 

micrometers. The cell needs to pack the genome in elegant way to ensure the regulatory 

molecules, including transcriptional factors, mediators, polymerases, etc. can find their 

target efficiently in the crowded nucleus.  
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With the advance in technologies like 3C, 4C, 5C, HiC and HiC-ChIP, we have 

gained significant knowledge about some basic rules and functions of genome 

architecture. The chromosomes have their own chromosome territories that rarely 

intermingle, except for nucleoli (Sexton and Cavalli, 2015; Maharana et al., 2016). Each 

of the chromosomes are organized by tandem array of topologically associated domains 

(TADs) which can be roughly classified as euchromatic (A) or heterchromatic (B) 

compartments (Lieberman-Aiden et al., 2009). The euchromatic compartments usually 

are positioned in the nuclear interior, while the heterochromatic compartments tend to be 

associated with the nuclear lamina (Peric-Hupkes et al., 2010; Kind et al., 2015). The 

domains exhibit strong enrichment of intra-domain interaction and few inter-domain 

interactions. The purpose of dividing the chromosome into domains is thought to be 

minimizing unwanted interaction between genes and regulatory elements not in the same 

domain. During developmental progression, gene elements often reposition from the 

lamina to the nuclear interior and vice versa to modulate gene expression (Lin et al., 2012; 

Isoda et al., 2017). 

Enhancers are regulatory elements that bound with transcriptional factors. When 

enhancers interact with promoters, the RNAP loaded on the corresponding promoters 

starts to actively transcribe the downstream gene. The enhancer-promoter interaction can 

form large loop on the chromatin and bring distant enhancer into close proximity to the 

promoter. Enhancer promoter interaction can be regulated by many different factors, 

including CCCTC-binding factor (CTCF), cohesins and some non-coding RNAs. During 

cell development, enhancer-promoter interaction can form or break to regulate gene 

transcription.   
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For adaptive immunity, the most welly studied folding regulation is the regulation 

of antigen receptor loci recombination. The diversity relies on the tightly regulated 

recombination of three pools of gene elements, known as variable (V), diversity (D) and 

joining (J) genes.  The wide variety of the elements is the corner stone for adaptive 

immunity. B cell utilized three such loci: Igh, Igk and Igl while T cells have four: Tcrg, Tcrd, 

Tcrb and Tcra. Recombination involves multiple rounds of breaking the DNA, repairing 

and removing the intervening part. Such process is called VDJ recombination. For each 

locus, a V-gene, a J-gene and a D-gene are selected to construct the final gene. In the 

recombination process, the DNA will be bended and loop upon itself, which brings the 

selected elements close together. Therefore, how the DNA loop heavily influence the 

recombination process. The mouse Igh locus is separated into three sub-domains, one 

mostly contains the D and J genes, the other two break the V-region in two halves. The 

shared boundary between the D-J sub-domain and the adjacent V sub-domain is called 

intergenic control region 1 (IGCR1), which contains multiple transcriptional factor binding 

and CTCF binding site. Studies have shown that deleting the CTCF binding sites in 

IGCR1 lead to abnormal merging of the two adjacent sub-domains and abnormal 

recombination process. In such scenario, the V-D recombination will happen before D-J 

recombination, while normally D-J recombination always happen first (Guo et al, 2011). 

In neutrophils, because of the non-spheroid nuclei, chromosome positioning is 

quite different from normal cells. Imaging experiments have shown that both X and Y 

chromosomes are positioned as a nuclear appendage (Lamborot-Manzur et al, 1971; 

Karni et al, 2001). With the recent advance in sequencing technology, people found that 

the lobe structure leads to highly enriched remote genomic interactions of 
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heterochromatic regions in neutrophils. Such enrichment of long-distance interaction 

leads to large-scale chromosome condensation. Terminal differentiation of murine 

neutrophils is also associated with the relocation of centromeres, pericentromeres, 

telomeres, LINE elements, and ribosomal DNA from the nuclear interior to the nuclear 

lamina, a process that requires the Lbr gene (Zhu et al. 2017). The characteristic lobed 

shape of neutrophils nuclear is a result of the LBR wrapping the malleable nuclear around 

the heterochromatic component of the neutrophil genome.  

In chapter 2, we studied how genome folding changes during B cell activation and 

found that changes in expression of many genes can be explained by local folding pattern 

changes. The coordinated expression of genes is also well correlated with inter-

chromosomal association between genes during the B cell activation process. 

In chapter 3, we studied how the expression of a long non-coding RNA 1 Mb away 

from the target gene promoter, can regulate the distal enhancer-promoter interaction, 

determine the localization of the locus, and activate gene expression. 

In chapter 4, we studied genome structure changes of human neutrophil during its 

activation by different stimuli. We found that upon microbe encounter, a subset of 

modestly euchromatic subdomains, spatially segregated from the highly euchromatic A 

compartment, displayed strengthening of their euchromatic character, and re-localized 

from a peri-nuclear envelope position towards the nuclear interior. The rapid loss of 

insulation at euchromatic subdomain boundaries lead to long-range enhancer promoter 

interaction that activate inflammatory gene program. 
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Chapter 2: Elaborate and Intricate Changes in Genome Compartmentalization and 

Inter-Chromosomal Associations Orchestrate the Plasma Cell Fate 

 

2.1 Abstract 

The transition from the follicular B to the plasma cell stage is orchestrated by an 

ensemble of transcriptional regulators. Here we examined how changes in expression 

patterns of key developmental regulators relate to alterations in nuclear positioning. We 

found that gene activation at the onset of plasma cell development was concomitant with 

a gain in euchromatic character for an ensemble of genomic regions that dictate plasma 

cell fate, including the Prdm1 and Atf4 loci. We found that to permit the onset of plasma 

cell development the Ebf1 locus repositioned to peri-centromeric heterochromatin. 

Plasma cell differentiation was also associated with increased inter-chromosomal 

associations concurrent with alterations in gene expression and co-localization of Prdm1, 

Xbp1 and Atf4 transcripts in nuclear bodies. These data indicate that Ebf1 enforces the 

follicular B cell fate and that the onset of plasma cell fate is orchestrated by elaborate 

changes in compartmentalization and inter-chromosomal associations.   
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2.2 Background 

The genome is folded into chromosome territories that, with the exception of 

nucleoli, rarely intermingle (Sexton and Cavalli, 2015; Maharana et al., 2016). 

Chromosomes themselves are organized as tandem arrays of loops that interact to 

establish euchromatic (A) or heterchromatic (B) compartments (Lieberman-Aiden et al., 

2009). While the euchromatic (active) compartment is predominantly positioned in the 

nuclear interior, a large fraction of the heterochromatic (silenced) compartment is 

associated with the nuclear lamina (Peric-Hupkes et al., 2010; Kind et al., 2015). During 

developmental progression, regulatory and coding elements often reposition from the 

lamina to the nuclear interior and vice versa to modulate patterns of gene expression (Lin 

et al., 2012; Isoda et al., 2017).  An additional layer of chromatin architecture involves the 

assembly of nuclear bodies such as nucleoli and perinucleolar heterochromatin, which, 

similar to the nuclear lamina, have been associated with inactive gene transcription 

(Huang et al., 1997; Kind et al., 2013).  

Plasma cells are terminally differentiated B cells responsible for maintaining 

protective serum antibody titers that serve as a first line of defense against infection (Slifka 

et al., 1998). Plasma cells are also a source of pathogenic auto-antibodies, and in 

malignancy, the origin of plasmacytomas, light chain amyloidosis, monoclonal 

gammopathies, and multiple myeloma (Hiepe et al., 2011; Chesi et al., 2013). In response 

to pathogens, naïve B cells (also referred to as interphase, mature, resting, or quiescent) 

rapidly proliferate to form a population of activated B cells, which further differentiate into 

germinal center B cells or extra-follicular antibody-secreting plasma cells (also referred to 

as plasmablasts). Experiments tracking antigen-specific responses over hundreds of 
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days have revealed plasma cell subsets with varying lifespans (Chernova et al., 2014; 

Hammarlund et al, 2017). These findings raise questions about the minimum genomic 

requirements to establish plasma cell identity. One recent study identified Pax5 as an 

important genome organizer for developing B cells (Johanson et al, 2018).  Other studies 

linking B cell differentiation to chromatin reorganization events have focused on activated 

B cells (24 hours after stimulation), germinal center B cells, or mixed populations of 

activated and differentiated cells (Kieffer-Kwon et al., 2017; Kieffer-Kwon et al., 2013; 

Bunting et al., 2016; Park et al., 2014). Here, we isolate purified populations of Blimp-

expressing plasma cells derived both in vitro and in vivo  to interrogate the relationship 

between gene expression and chromatin conformation. 

Conventional models hold that enduring antibody titers are maintained by long-

lived plasma cells, which take up residence in specialized microenvironments of the bone 

marrow. Studies in the last five years have shown that, in both mice and people, as many 

as 40-50% of BM plasma cells are immature and largely short-lived cells. Short-lived 

plasma cells differ by the expression of the cell surface marker B220 (Chernova et al., 

2014; Halliley et al., 2015).  

B cell development relies on a highly regulated and hierarchical program of gene 

expression. In early B cells, the bHLH protein E2A induces the expression of FOXO1 and 

early B cell factor 1 (EBF1), which in turn activates the expression of FOXO1 in a feed-

forward loop, ultimately activating PAX5 expression (Mansson et al., 2012). Numerous 

transcription factors, including Prdm1 and Irf4 have been shown to orchestrate the onset 

of plasma cell development. Repression of early B cell genes including Pax5 is also 

central to initiation of the plasma cell program as forced expression of Pax5 interferes 
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with antibody secretion (Lin et al., 2002). In contrast, sustained combined expression of 

E2A (Tcf3) and E2-2 (Tcf4) are crucial to the plasma cell program (Wöhner et al., 2016; 

Gloury et al., 2016; Chen et al., 2016). Plasma cells also constitutively activate the 

unfolded protein response (UPR), a specializing sensing mechanism for detecting and 

processing large amounts of protein shuttled through the endoplasmic reticulum (ER). 

The three sensors known to implement the UPR pathway are inositol-requiring enzyme 1 

(IRE 1), PKR-like ER kinase (PERK), and activating transcription factor 6 (ATF6) 

(Bettigole et al., 2015). IRE1 oligomerizes and activates ribonucleases, which splice x-

box-binding protein 1 (XBP1) mRNA. PERK oligomerizes and phosphorylates eukaryotic 

translation initiation factor 2  (eIF2 ). Phosphorylated eIF2  inhibits global protein 

translation while favoring translation of activating transcription factor 4 (ATF4) mRNA. 

ATF4 increases ER capacity.  

Despite their essential role in health and disease our insight into how the genomes 

of naïve B and plasma cells are organized in 3D-space remains rudimentary. Initial 

studies in developing B cells demonstrated that during the pre-pro-B to pro-B cell 

transition and beyond, the genome undergoes large-scale changes in nuclear 

architecture (Lin et al., 2012; Johanson et al., 2018).  Here we have mapped in detail 

nuclear architectural changes that occur during plasma cell differentiation. We find that 

Ebf1 enforces the follicular B cell fate and that the onset of plasma cell development is 

associated with intricate and elaborate refolding of chromatin involving genes encoding 

for critical developmental regulators and accumulation of transcripts encoding for key 

developmental regulators into shared transcriptional hubs. 
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2.3 Results 

Single Cell RNA Sequencing of Follicular B and Plasma Cell Transcriptomes 

Reveals Commonalities among Subsets 

To identify transcription signatures associated with differentiating plasma cells we 

performed single cell RNA-Seq analyses for naïve follicular B cells as well as purified 

plasma cell populations. Specifically, follicular naïve B cells (CD23+) were isolated from 

mice that carry a GFP reporter allele within the Prdm1 locus (Kallies et al., 2004), which 

were then activated to generate in vitro derived plasma cells. Short-lived (GFP+B220+) 

and long-lived (GFP+B220-) plasma cells were sorted from the bone marrow and spleen 

derived from Prdm1-GFP mice. We used the 10X Genomics Chromium platform for 

sequencing, and recuperated 500 to 53931 reads per cell, depending on the cell type, 

with 88.8~93.2 % of uniquely mapped reads. A total of 9782 genes were detected across 

the dataset; 7803 genes showed a mean expression of at least 1 transcript per million 

reads (TPM) per cell . We used an unsupervised t-distributed stochastic neighborhood 

embedding (tsne) analysis to identify the transcriptomes associated with the isolated 

populations. Each of the purified populations segregated as distinct clusters (Figure 

2.1A). Plasma cells derived from 3-day in vitro LPS-activated follicular B cell cultures 

displayed substantial overlap with short-lived plasma derived from the spleen or bone 

marrow (Figure 2.1A). Long-lived plasma cells derived from the bone marrow segregated 

into two clusters, one of which showed overlap with short-lived plasma cells whereas a 

second group of long-lived plasma cells clustered independently (Figure 2.1A). We next 

plotted the expression patterns for a selected group of genes in follicular B, LPS-activated 

B, short-lived and long-lived plasma cells (Figure 2.1B). As a first approach we compared 
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expression levels derived from scRNA-Seq analysis to those derived from bulk RNA-Seq 

reads. We found that merging of scRNA-Seq reads yielded comparable expression levels 

as compared to those obtained from bulk RNA-Seq analysis (Figure 2.S1). Genes 

encoding for proteins specific to the plasma cell fate, including Prdm1, Tcf4, Xbp1, Irf4 

and Atf4 were expressed in the short-lived and long-lived plasma compartments (Figures 

1B and S1B-S1C). Tcf3 was expressed in both naïve follicular B and plasma cells 

consistent with previous observations (Quong et al., 1999; Chen et al., 2016). Ebf1, 

Bach2, Pax5 and Id3 were primarily expressed in naive follicular B cells but not in short-

lived or long-lived plasma cells (Figures 1B and S2A). As expected, Cd86 and c-myc 

expression were enriched in LPS-activated follicular B cells but downregulated in plasma 

cells (Figure 2.1B). Gene ontology analysis for the different B cell populations revealed 

that as expected plasma cell differentiation was closely associated with genes encoding 

for components of the endoplasmic reticulum as well as the UPR (Figure 2.S2B). Long-

lived plasma cells were significantly enriched for genes encoding for components of the 

ribosome machinery and DNA replication as compared to short-lived plasma cells (Figure 

2.S2B). To determine whether and how Prdm1, Xbp1 and Atf4 expression is correlated 

we plotted the UMI (unique molecular identifiers) per million reads (UPM). We found that 

Prdm1 expression correlated well with Xbp1 and Atf4 expression (Figure 2.1C). To 

validate these findings, we performed RNA-FISH. Specifically, Blimp-GFP cells were 

sorted, formaldehyde-fixed and hybridized with fluorescently labeled intronic Prdm1, Atf4 

and Xbp1 probes (Figure 2.1D). Consistent with the scRNA-Seq analysis Xbp1 and 

Prdm1 as well as Atf4 and Prdm1 showed coordinate expression (Figure1E). To 

determine the relationship between Prdm1, Xbp1 and Atf4 expression we calculated the 
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Pearson correlation. We found significant synergy in Xbp1 and Prdm1 expression. 

Specifically, the Pearson correlation between Prdm1 and Xbp1 transcript foci was 0.601 

(Chi-square p-value = 1.21e-6) and 0.442 involving Prdm1 and Atf4 expression (Chi-

square p-value = 1.32e-1) (Figure 2.1E). Taken together, these data indicate that the 

establishment of plasma cell fate is concomitant with the expression of genes associated 

with the UPR, endoplasmic reticulum biogenesis, ribosome biogenesis and coordinate 

regulation of genes encoding for key transcriptional regulators.   

 

The Plasma Cell Specific Transcription Signature is Associated with Changes in 

Compartmentalization 

In previous studies we found that the onset of B cell development was closely 

associated with changes in chromatin topology that correlated well with alterations in 

gene expression (Lin et al., 2012). To determine whether likewise the onset of a plasma 

cell specific transcription signature is linked with changes in genome topology, we 

performed genome-wide tethered chromosomal conformation capture analysis (TCC) 

(Kalhor et al., 2012). Specifically, follicular naïve B cells (CD23+) were isolated from mice 

that carry a GFP reporter allele within the Prdm1 locus (Kallies et al., 2004), which were 

then activated in vitro to generate plasma cells.  As expected, the average intra-

chromosomal contact probability as a function of genomic distance revealed that the TCC 

reads for both naïve B and plasma cells decay as a function of genomic distance (Figure 

2.2A). Notably, however, compared to follicular B cells, plasma cells were depleted for 

intra-chromosomal interactions separated more than 10 Mb but enriched for intra-

chromosomal interactions that spanned less than 10 Mb (Figure 2.2A). Circos plots 
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derived from contact maps associated with naïve follicular and plasma cells confirmed 

enrichment for intra-chromosomal genomic interactions that primarily involved 

euchromatic regions as denoted by PC1+ regions (Figure 2.2B).  

Next, we constructed heatmaps for naïve and plasma cell genomes (Figure 2.2C). 

Heatmaps representing interaction frequencies for chromosome 2 revealed a striking loss 

of long-range genomic interactions in plasma cells when compared to naïve B cells 

(Figure 2.2C, upper panel). The differences were particularly pronounced in differential 

heatmaps constructed by subtracting contact frequencies in plasma cells versus follicular 

B cells (Figure 2.2C, right upper panel). We further calculated the average contact 

matrices for all chromosomes and observed this decontracted confirmation. (Figure 2.2C; 

lower panel).   

Previous studies revealed that a wide spectrum of genomic regions switched 

compartments during the developmental transition from the pre-pro-B to the pro-B cell 

stage (Lin et al., 2012). To examine whether likewise coding and/or regulatory DNA 

elements reposition during plasma cell differentiation, we compared the PC1 values 

associated with genomic regions derived from TCC data for naïve B cells versus plasma 

cells. During the naïve to plasma cells transition, among the most significantly changed 

5% regions, 1949 bins (50kb) lost euchromatic strength while 517 bins gained 

euchromatic strength, consistent with past findings that plasma cells undergo global gene 

silencing (Table S1; Shaffer et al., 2002). To more precisely compare compartments in 

naïve B cells and plasma cells, correlation difference (corrDiff) values were calculated. 

corrDiff directly measures the interaction profiles of a given locus between two 

experiments. As corrDiff approaches 1, two regions become more similar. To determine 
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the compartment (A or B) associated with each corrDiff value, we compared the PC1 

values of corrDiff low (dissimilar) regions. This analysis revealed that during the naïve to 

plasma cell transition, genomic regions associated with the Ebf1, Prdm1, gained 

euchromatic strength whereas regions associated with the Tcrb, Bcl6 and Bc1lla loci lost 

euchromatic  strength (Table S1). Additionally, an ensemble of genomic regions, including 

genomic regions associated with cell cycle arrest in G1 such as Cdkn2a (p16INK4) and 

Cdkn2b (p15INK4b), also displayed changes in compartmentalization (Table S1). To 

determine how changes in compartmentalization relate to function a GO-analysis was 

performed. We found that a cluster of genes involved in antigen processing and 

presentation, lymphocyte cell fate and DNA repair gained euchromatic strength upon 

differentiating from follicular B to plasma cells (Figure 2.2D; left panel). In contrast, the 

switching of genomic regions from the euchromatic to the heterochromatic compartment 

was predominantly associated with genes involved in cell migration and chemotaxis 

(Figure 2.2D; right panel). Taken together, these data indicate that the onset of plasma 

development is closely associated with global repositioning of genes from the 

heterochromatic to the euchromatic compartment and vice versa. 

 

Plasma Cell Differentiation is Concurrent with the Repositioning of Regulatory 

Elements 

To examine how changes in compartmentalization relate to changes in gene 

expression, we plotted PC1 values of TSS in naïve B versus plasma cells and RNA 

abundance (Figure 2.3A). We found that a significant fraction of genomic regions that 

switched from compartment A to B and vice versa showed coordinate changes in 
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transcript levels (Figure 2.3A). Next, we segregated genomic regions based on the 

correlation of HiC-derived interaction patterns between follicular B and plasma cells 

(Figure 2.3B). The majority of genomic regions that switched from the euchromatic to the 

heterochromatic compartment showed a modest change in transcriptional silencing while 

genomic regions that switched from heterochromatin to euchromatin were accompanied 

by substantial increases in transcription levels (Figure 2.3B and 1.3C). To further examine 

how during plasma cell differentiation expression relates to nuclear positioning we 

generated violin plots and contact maps for a selected group of genes (Figure 2.3D and 

1.3E). Notably, we found that during the transition from the follicular B to plasma cell fate 

a selected group of genes, including Atf4, Ell2 and Prdm1 gained euchromatic strength 

(Figure 2.3E). The alterations in compartmentalization were closely associated with large-

scale changes in chromatin folding across the Atf4, Ell2 and Prdm1 loci (Figure 2.3E). 

Taken together, these observations indicate that the onset of plasma cell development is 

concomitant with large-scale changes in chromatin folding and compartmentalization 

across genomic regions encoding for key developmental regulators.  

 

During the Follicular B to Plasma Cell Fate Transition the Ebf1 and Bcl6 Loci Switch 

Compartments 

Our earlier studies demonstrated that the Ebf1 locus is sequestered at the nuclear 

lamina in pre-pro-B cells but repositions to the nuclear interior in pro-B cells to facilitate 

Ebf1 gene expression (Lin et al. 2012). Since Ebf1 expression is silenced during the 

follicular B to plasma cell transition we hypothesized that the Ebf1 locus would reverse 

compartmentalization upon commitment to the plasma cell fate (Figure 2.S1). 
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Surprisingly, we found that in differentiating plasma cells a distally located intergenic 

region adjacent to the Ebf1 gene body repositioned from the A to the B compartment 

(Figure 2.4A). However, this localized change in compartmentalization was closely 

associated with large-scale alterations in chromatin folding across the intergenic region 

(Figure 2.4A). Since plasma cell fate is also concurrent with a decline in Bcl6 expression, 

we examined whether the Bcl6 genomic region also repositioned in differentiating plasma 

cells. Consistent with a decline in Bcl6 transcription we found that the onset of plasma 

cell development was associated with a significant decline in PC1 values for genomic 

region located immediately upstream (yellow bar) of the Bcl6 locus (Figure 2.4B). Again, 

this localized change in compartmentalization was accompanied by significantly 

decreased loss of genomic interactions across the Bcl6 locus (Figure 2.4B). Taken 

together, these data indicate that the silencing of Ebf1 and Bcl6 expression during plasma 

cell development is concomitant with changes in compartmentalization. 

 

The Ebf1 Locus Repositions from the Euchromatic Compartment to Peri-

centromeric Heterochromatin to Permit Plasma Cell Fate 

To validate the repositioning of the Ebf1 intergenic region we used 3D-FISH. To 

mark distinct nuclear structures, we labeled three transcriptionally repressive 

compartments, -satellite DNA, the nuclear lamina and nucleoli (Kieffer-Kwon et al., 

2013; Bunting et al., 2016) (Figure 2.5A). Nucleoli were labeled using an antibody directed 

against nucleophosmin (NPM) (Figure 2.5A). As expected, we found that the 

development of plasma cells was closely associated with large-scale changes in nucleolar 

topology (Figure 2.5A).  Notably, rather that returning to the nuclear lamina in plasma 
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cells the Ebf1 locus relocated towards heterochromatic regions associated -satellite 

DNA and nucleoli (Figure 2.5A and 1.5B). These data indicate that the Ebf1 locus 

repositions to peri-centromeric heterochromatin plausibly to permit developmental 

progression from the follicular B to plasma cell fate. To test the possibility that Ebf1 

expression acts to enforce the follicular B cell state, we overexpressed Ebf1 in activated 

B cells.  Specifically, we transduced activated follicular B cells that were derived from 

Prdm1-GFP mice.  We measured plasma cell differentiation by Blimp-1-GFP expression 

48 hours after infection. We found that Ebf1 overexpression interfered with plasma cell 

differentiation, decreasing the fraction of Blimp1+ cells by half in three-day cultures 

without interfering with cell cycle progression (Figure 2.5C). Taken together, these data 

indicate that Ebf1 expression enforces the follicular B cell checkpoint but upon activation 

repositions to a heterochromatic environment allowing developmental progression 

towards the plasma cell fate.   

 

Plasma Cell Fate is Enriched for Inter-Chromosomal Associations 

The data described above using RNA-FISH indicate that Xbp1, Atf4 and Prdm1 

transcripts co-localize in a significant fraction of plasma cells (Figure 2.1D; Figure 2.S3A). 

We also found that in plasma cells versus follicular B cells, inter-chromosomal TCC reads 

were enriched for genomic regions that span the Prdm1, Xbp1 and Atf4 loci (Figure 

2.S3B). These observations raise the possibility that inter-chromosomal associations are 

enriched for genes encoding for proteins associated with the plasma cell fate. To explore 

this possibility in more detail, we plotted the relative frequencies for inter-chromosomal 

associations for 1 Mb genomic regions as two-dimensional cloud plots. For both follicular 
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B and plasma cells, genomic regions enriched for inter-chromosomal association 

frequencies readily segregated into either compartment A or B (Figure 2.S3C, left and 

middle panels). Notably, we found that Xbp1 and Atf4, two genes encoding for proteins 

involved in the UPR pathway, clustered in the inter-chromosomal association cloud within 

the euchromatic region (PC1>0) in both naïve B and plasma cells (Figure 2.S3C, right 

panel). In contrast, the Prdm1 locus showed fewer significant associations with the Xbp1 

and Atf4 loci, whereas in plasma cells the Prdm1 genomic region was enriched for 

genomic associations involving genes encoding for key components of the unfolded 

protein response (UPR) including the Xbp1 and Atf4 loci (Figure 2.S3C, right panel). To 

determine whether inter-chromosomal associations are concomitant with gene 

expression patterns we generated correlation matrices for clusters of genes associated 

with a B-lineage specific gene program (green) and genes involved in ribosome 

biogenesis (gray) (Figure 2.6A). For comparison, randomly chosen genes (not marked) 

were included in the analysis (Figure 2.6A). To identify inter-chromosomal associations, 

genes were grouped as even- or odd- associated chromosomes (Figure 2.6A).  Both B-

lineage and ribosome-associated gene clusters displayed expression patterns that 

correlated within the cluster (gray to gray; or green to green) but were anti-correlated 

between the two clusters (gray to green) (Figure 2.6A). As expected, randomly chosen 

genes were not correlated (Figure 1.6A).  To compare correlated expression patterns to 

inter-chromosomal associations we generate a second matrix assembled for the same 

clusters of genes (Figure 1.6A). Notably, we found that enrichment for inter-chromosomal 

associations was associated with either coordinate or mutually exclusive patterns of gene 

expression (Figure 2.6A).  



 

25 
 

To determine whether global gene expression patterns correlated with genome-

wide inter-chromosomal associations we generated scRNA-Seq correlation matrices for 

follicular B and plasma cells.  HiC matrices were generated at 1 Mb resolution.  To 

construct scRNA-Seq correlation matrices we analyzed all genes that span a 1 Mb region 

for all chromosomes and computed the maximum correlation coefficients for each bin 

(Figure 2.6B). For example, for genomic regions A and B we designated all the genes in 

region A as gene set GA and all the genes in region B as gene set GB. Next, we defined 

the correlation coefficients for all possible pairwise correlations between GA and GB and 

selected the highest absolute values as the scRNA correlation for genomic regions A and 

B. We repeated this process for all possible pairs and constructed a scRNA-Seq 

correlation matrix (Figure 2.6B). We then divided paired genomic regions into two 

categories (high and low) based on HiC reads. For each category, we plotted the 

distribution of scRNA-Seq correlation coefficients. We predicted that, if scRNA-Seq 

correlation coefficients were correlated with HiC intensity, a shift in the distribution would 

readily be observed when plotted as a function of normalized HiC reads (Figure 2.6B; 

right panel). We then applied this approach to the follicular B and plasma cell TCC data 

sets. Based on normalized TCC read numbers we categorized pairing into five groups. 

For both follicular B and plasma cells, we found that inter-chromosomal read numbers 

were concurrent with scRNA-Seq correlation coefficients (Figure 2.6C). As TCC reads 

increased between paired genomic regions, scRNA correlation coefficients either 

positively or negatively became more significant. This bimodal pattern suggests that inter-

chromosomal associations not only promote coordinate patterns of gene expression but 

also facilitate coordinate transcriptional repression. Gene pairs of interest in plasma cells 
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include Id3-Atf4, Prdm1-Xbp1, Pax5-Xbp1, and Tcf3-Xbp1 (Table S2). Taken together, 

these data indicate that inter-chromosomal proximity correlates with coordinate follicular 

B and plasma cell gene expression patterns. 
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2.4 Discussion 

It is now well established that upon lineage commitment the genomes of adaptive 

and innate immune cells undergo large-scale alterations in genome topology including 

locus contraction, genome contraction and nuclear repositioning. Locus contraction 

involves the merging of variable regions associated with antigen receptor loci in adaptive 

immune cells (Jhunjhunwala et al., 2009). Genome contraction involves remote genomic 

interactions that shape the genomes of neutrophils and spermatozoa (Zhu et al., 2017; 

Battulin et al., 2015). Here we find that the transition from follicular B cells to plasma cells 

is accompanied with yet another folding pattern. Specifically, differentiating plasma cell 

progenitors undergo genome de-contraction as revealed by a decline in remote genomic 

interactions (>1Mb). Why may plasma cells display a loss of long-range genomic 

interactions? We suggest that this configuration suits a polarized nuclear morphology 

characteristic of plasma cells. Plasma cells may adopt an extended chromosome 

structure to juxtapose genes associated with antibody production within close proximity 

of the expanded endoplasmic reticulum (Park et al. 2014). 

In addition to large-scale genome de-contraction, plasma cell fate is also 

accompanied with large-scale repositioning of intergenic regions. Notably, we found that 

genes encoding for factors that dictate germinal center versus plasma cell fate including 

Prdm1 gain euchromatic strength in differentiating plasma cell progenitors. In contrast, 

the euchromatic character of the Bcl6 and Ebf1 loci, concomitant with transcriptional 

silencing, declines upon exiting the follicular B cell compartment. The repositioning of the 

Ebf1 locus to heterochromatic regions is particularly interesting. To silence Ebf1 

expression, the Ebf1 locus does not return to the lamina as observed in early progenitors 
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but rather associates with the peri-centromeric heterochromatic compartment (Lin et al., 

2012). The repositioning of genes to the peri-centromeric regions is not unique to the Ebf1 

locus. Previous studies demonstrated that the Tcr  and Ig  locus reposition to the peri-

centromeric regions during the process of VDJ locus rearrangement (Goldmit et al., 2005; 

Chan et al., 2013). These observations bring into question how genomic regions 

associate with distinct nuclear bodies, lamina versus peri-centromeric regions, during 

developmental progression. Previous studies have indicated that changes in 

compartmentalization is closely associated with alterations in transcription (Tumbar et al., 

2001; Chuang et al., 2006). More recent observations revealed that non-coding 

transcription induced recruitment of cohesin and CTCF promotes elaborate changes in 

looping that orchestrate the relocation of regulatory elements from the lamina to the 

nuclear interior (Isoda et al., 2017). Hence the repositioning of genomic regions, from the 

lamina to the nuclear interior to nucleolar or centromeric regions, may very well involve 

loop extrusion to instruct nuclear positioning analogous to the Bcl11b locus. The elaborate 

changes in compartmentalization also raise questions as to why regulatory elements 

segregate into different compartments? We suggest that the nuclear location of regulatory 

elements in a heterochromatic environment, such as the lamina or in peri-nucleolar 

regions, prevents premature and/or stochastic activation of gene expression. This is 

particularly relevant for genes that dictate lineage specific gene programs such as Ebf1, 

Bcl11b and Prdm1.  

In addition to changes in compartmentalization we found that in follicular B and 

plasma cells, gene expression and inter-chromosomal associations are closely linked. 

Inter-chromosomal contacts may arise only in a small fraction of cells within a given 
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moment in time. Here, we suggest that during plasma cell differentiation, genes located 

on different chromosomes only actively associate during the act of transcription consistent 

with enriched co-localization of Prdm1, Xbp1 and Atf4 transcripts. Thus, we propose that 

the Prdm1, Xbp1 and Atf4 loci upon bursting assemble in transcription hubs to be 

coordinately regulated.  

The intermingling of genes interspersed across different chromosomes is not 

unique to plasma cells. Prominent amongst these is the assembly of the nucleolus, an 

interaction hub of the rRNA genes located from five different human chromosomes 

(McStay et al., 2016). Notably, elegant previous studies demonstrated that hundreds of 

genes showed coregulated ribosomal RNA gene expression contributing to phenotypic 

variation (Li et al., 2018).  Similarly, in neurons, the olfactory receptor genes assemble 

share an inter-chromosomal hub to coordinate gene expression (Lomvardas et al., 2006; 

Monahan et al., 2017). Regulatory elements associated with promoters and enhancers 

mediate pairing of alleles derived from homologous chromosomes (Hogan et al., 2015). 

The computational analysis of how inter-chromosomal associations relate to transcription 

revealed additional complexity. Inter-chromosomal associations either preceded co-

expressing or mutually exclusive patterns of gene expression. A key factor for this 

phenomenon may involve the ratio of RNA-polymerase molecules to active promoter 

regions that share the transcription hub. If the RNA polymerase components are profuse, 

then all genes located within the hub can be activated simultaneously. In contrast, if only 

a small fraction of genes located in a hub acquire access to the RNA polymerase 

machinery, then transcription of genes involved becomes mutually exclusive. Other 

variables such as the activation state of the enhancers, enhancer abundance, 
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transcription factor abundance, epigenetic modifications and phase separation may also 

play a role in establishing co-expressing versus mutually exclusive transcriptional hubs. 

It will be interesting to determine how inter-chromosomal interaction hubs are assembled 

and whether and how they contribute to establishing immune cell identity and beyond. 
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2.5 Conclusions 

The transition from the follicular B to the plasma cell stage is orchestrated by an 

ensemble of transcriptional regulators. We found that gene activation at the onset of 

plasma cell development was concomitant with a gain in euchromatic character for an 

ensemble of genomic regions that dictate plasma cell fate, including the Prdm1 and Atf4 

loci. We found that to permit the onset of plasma cell development the Ebf1 locus 

repositioned to peri-centromeric heterochromatin. Plasma cell differentiation was also 

associated with increased inter-chromosomal associations concurrent with alterations in 

gene expression and co-localization of Prdm1, Xbp1 and Atf4 transcripts in nuclear 

bodies. These data indicate that Ebf1 enforces the follicular B cell fate and that the onset 

of plasma cell fate is orchestrated by elaborate changes in compartmentalization and 

inter-chromosomal associations. 

 

2.6 Availability of data and materials 

Genome-wide reads were deposited at GEO. The raw and analyzed single cell 

RNA sequencing data generated in this study is available at GEO: GSE139565. The bulk 

RNA-seq, TCC and ATAC-seq data are available at GEO: GSE113014. 
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2.7 Figures 

Figure 2.1. Unique gene expression profiles for in vitro and in vivo derived plasma 

cells. (A) TSNE plot of single cell RNA-seq dataset. Each dot is a single cell. Color of dot 

indicates the cell type. (B) Heatmap of manually selected genes. Each row is a cell. Each 

column is a gene. Red indicates higher transcriptional activity, while blue indicates lower 

transcriptional activity. Row-side color bar indicates the cell type, with color legend on the 

left. (C) Dot-plots of gene expression single cell RNA-seq reads, each dot is a single cell. 

The unit of the plots is UMI per million. Color of dot represents cell type. (D) Locations of 

probe regions used for RNA-FISH experiments. Example images of RNA-FISH for Prdm1 

and Atf4 (top row) or Prdm1 and Xbp1 (bottom row) in day 3 sorted GFP+ plasma cells. 

(E) Heat maps displaying the number of cells that express different combinations of 

intronic RNA-FISH spots. Colors displaying the most prevalent (darkest) combination to 

rarest (lightest) combination. Chi-square test measuring the likelihood that the expression 

of Prdm1 and Xbp1 are independent of each other: p-value=1.21e-06, Pearson 

correlation=0.601 (left). Chi-square test measuring the likelihood that the expression of 

Prdm1 and Atf4 are independent of each other: p-value=1.32e-01, Pearson 

correlation=0.442 (right).  
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Figure 2.2. Plasma cell differentiation loses long range intra-chromosomal 

interactions and gain short and medium range intra-chromosomal interactions. (A) 

Intra-chromosomal interaction frequencies across the genome at 50 kb resolution for 

naïve B cells and plasma cells. (B) Circos plot of significant intra-chromosomal 

interactions within chromosome 2 for naïve B and plasma cells. Interactions with p-values 

less than 10-9 are shown. PC1, ATAC, and gene positions are shown. Bin size, 50 kb. 

Numbers at the margins indicate genomic position in megabases. (C) TCC interaction 

matrix for chromosome 2 (top) and for all the chromosomes (bottom) at 100 kb resolution 

for naïve B cells and plasma cells. The right panels indicate differential interaction 

matrices. Red represents enrichment of contact frequencies, whereas purple represents 

depletion of normalized interaction frequencies in plasma cells. (D) GO-term bar-plots for 

genes in 50 kb regions genome-wide that have significantly higher PC1 values in plasma 

cells than in naïve B cells (left plot), and for genes have lower PC1 values in plasma cells 

than in naïve B cells (right plot). 
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Figure 2.3. Changes in folding pattern correlate with changes in gene expression. 

(A) PC1 comparison between naïve B cells and plasma cells overlaying RNA-seq 

expression. Each spot represents a gene. PC1 values are calculated as the average PC1 

of the 50 kb bins overlapping with the gene. RNA-seq change was calculated as the fold 

TPM change of the genes in plasma cells and naïve B cells. A 5-fold TPM increase is 

marked as upregulated (red), a 5-fold decrease is marked as downregulated (blue); 

otherwise, unchanged (gray). (B) Change in PC1 values as it relates to the correlation 

difference (corrDiff). Each line represents the distribution of PC1 differences between 

plasma cell and naïve B of the regions satisfying the criteria indicated. For example, “top 

1%” denotes the regions with the top 1% lowest (most dissimilar) corrDiff values. All 

background means all regions in the genome were considered. (C)  Change in gene 

expression between plasma cells and naïve B cells, shown as the ratio of the log2 of 

TPM, as it relates to corrDiff. (D) Single cell RNA-seq violin plot for Atf4, Ell2 and Prdm1. 

X-axis shows cell type. Y-axis indicates UMI per million. (E) TCC contact map for 3Mb 

regions surrounding Atf4, Ell2 and Prdm1. The position of the three genes and tracks of 

PC1 are below. Red indicates stronger interaction and blue indicates weaker interaction. 

Right most column indicates the difference between plasma cells and follicular B cells. 
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Figure 2.4. Plasma cells lose promoter-enhancer interaction at Ebf1 and Bcl6. (A) 

Contact map for chromosome 11 from 43 to 46 Mb at 50 kb resolution. Gene tracks from 

Refseq. Sushi plot showing the interaction between Ebf1 promoter and the ATAC peaks 

in target region. IGV tracks of ATAC-seq and location of Ebf1 DNA-FISH probes (green) 

for naïve B cells (left) or plasma cells (right). (B) Contact map for chromosome 16 from 

22.5 to 25.5 Mb at 50 kb resolution. Gene tracks from Refseq. Sushi plot showing the 

interaction between Bcl6 intergenic region and the ATAC peaks in target region. IGV 

tracks of ATAC-seq for follicular B cells (left) or plasma cells (right).  
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Figure 2.5. Ebf1 repositions away from the nuclear center towards repressive 

nuclear structures. (A) Example images from immunofluorescence for Ɣ-satellite 

(green) combined with DNA-FISH for the Ebf1 locus (red) (top panel). Example images 

from immunofluorescence for LaminB1 (red) combined with DNA-FISH for the Ebf1 locus 

(green) (middle panel). Example images from immunofluorescence for NPM (red) 

combined with DNA-FISH for the Ebf1 locus (green) (bottom panel). Ɣ-satellite were used 

to label peri-nucleolar heterochromatin (“chromocenters”), LaminB1 were used to label 

lamin, NPM foci were used to demarcate nucleoli (red) and DAPI was used to demarcate 

nuclear DNA (blue). (B) Dot plots for distance between Ebf1 locus and Ɣ-satellite, 

LaminB1 and NPM foci. (C) Representative flow plots of uninfected, empty vector, and 

EBF1-overexpressing activated B cells 48 hours after infection. 
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Figure 2.6. Coordinated gene expression correlates with inter-chromosomal 

associations. (A) Heatmap for the transcriptional correlation between selected genes on 

different chromosomes in naïve B cells (left). Red indicates positive transcriptional 

correlation, blue indicates negative transcriptional correlation, while white marks no 

transcriptional correlation. Heatmap for the interchromosomal TCC read number (right). 

The intensity of green indicates the number of TCC reads with dark green equals more 

reads. 1mb bins centered on the TSS of each gene were used to derive the TCC matrix. 

The ordering of rows and columns are the same for both plots. (B) cartoon outlines how 

correlation analysis was done. The two matrices on the left are examples of TCC matrix 

and scRNA correlation matrix. We first selected all the 1mb inter-chromosomal region-

pairs that have enriched TCC reads and plotted the distribution of corresponding gene 

expression correlation as red line on the right. Then we selected all the inter-chromosomal 

region-pairs that have depleted TCC reads and plotted the distribution of corresponding 

gene expression correlation as gray line on the right. If TCC reads is correlated with gene 

expression correlation, then the red and gray lines will significantly separate from each 

other as shown on the right. (C) Distribution of scRNA correlation between inter-

chromosomal region pairs. Each line indicates a subset of region-pairs of specific 

normalized TCC read number. 
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Figure 2.S1. Single cell RNA-seq closely overlaps with bulk RNA-seq. (A) Heatmap 

of genes expression for each sample. Single cells were merged to get pseudo bulk 

sample. Each row is a sample. Each column is a gene. Gene expression is measured as 

Z-normalized UPM. Only differentially expressed genes between naïve B and 3d 

activated plasma cells are shown. (B) Spearman correlation between bulk RNA-seq and 

pseudo-bulk RNA-seq generated by merging scRNA-seq. (C) Top panel: Bar-plot of bulk 

RNA-seq for Atf4, Bcl6, Ebf1, Id2, id, Irf3, Irf4, Pax5, Prdm1 and Xbp1. Bottom panel: 

Violin plot of single cell RNA-seq Atf4, Bcl6, Ebf1, Id2, id, Irf3, Irf4, Pax5, Prdm1 and 

Xbp1. 
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Figure 2.S2. Gene expression and GO analysis on genes of interest. (A) TSNE plot 

of single cell RNA-seq. Each dot is a single cell. The first TSNE plot is labeled to show 

the origin of each cell. Color in the rest of the plots indicates the expression level of 

corresponding gene. Expression level unit is UPM. (B) GO term bar-plot for DE gene 

between naïve B cell and 3d in-vitro activated plasma cell (left). GO term bar-plot for DE 

gene between bone marrow B220- plasma cell and bone marrow B220+ plasma cell 

(right).   
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Figure 2.S3. Interchromosomal association for Prdm1. (A) Cumulative distribution of 

distance between Prdm1 and Xbp1 intronic RNA-FISH dots in 3d activated plasma cells. 

(B) Circos plots for inter-chromosomal association centered on Prdm1. Genes contained 

within the 1 Mb associated regions and that appear in the inter-chromosomal cloud plot 

are indicated in red. (C) Inter-chromosomal association cloud plots showing the relative 

inter-chromosomal association preference of all genome regions (computed based on 

inter-chromosomal TCC reads). Each dot represents a 1 Mb region of the genome. The 

closer two dots in 2D distance, the more likely they share significant inter-chromosomal 

association. Dots are colored by PC1 value (left), transcriptional activity (middle) and 

genes of interest (right). 
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2.8 Methods 

Flow cytometry 

Single-cell suspensions of splenocytes were prepared, depleted of red blood cells 

by hypotonic lysis, and stained with optimal dilutions of the indicated antibodies. All of the 

following reagents were obtained from eBioscience: anti-CD4 (RM4-5), anti-CD8a (53-

6.7), anti-Gr-1 (RB6-8C5), anti-F4/80 (BM8), and anti-TER119; anti-IgD (11-26); anti-

B220 (RA3-6B2); anti-CD19 (1D3). Doublets were excluded using the combined width 

and height parameters of the forward and side scatter parameters. Flow cytometric 

acquisition was performed on a BD LSRII, and analyses were performed using FlowJo 

10.1r5 (Tree Star). Cells were sorted with a three-laser FACsAria Fusion. 

 

Cell culture 

Splenocytes were incubated with CD23-biotin (eBioscience, clone B3B4, cat. 13-

0232-81) and purified using anti-biotin microbeads (Miltenyi Biotec, cat. 130-090-485) on 

MACs LS columns. Sorted B cells were cultured for 3 days in RPMI 1640 medium 

supplemented with 10% FCS, antibiotics, 2mM L-glutamine, and –mercaptoethanol (50 

M) at 37C, 5% CO2, before analysis by flow cytometry. LPS (Escherichia coli) was 

purchased from Sigma-Aldrich; L2654-1MG and used at 10 g/mL.  For cell division 

experiments, cells were labeled with CellTrace Violet reagent (Invitrogen, Molecular 

Probes). Dead cells were excluded using DAPI (Invitrogen, Molecular Probes).  

 

DNA-FISH  
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Cells were placed on poly-L-lysine coated coverslips for 30 minutes in 37ºC 

incubator. fixed with paraformaldehyde at the final concentration of 4% for 10 minutes. 

The 200 kb bacterial artificial chromosome (BAC) probe RP23-118P17 and 40 kb fosmids 

was obtained from the BACPAC Resource Center (BPRC) at Children’s Hospital Oakland 

Research Institute. Probes were labeled by nick translation using Alexa-488 dUTP, Alexa-

568 dUTP, or Alexa-647 dUTP (Invitrogen). Incubated overnight at 37ºC. The following 

morning, coverslips were washed twice in 50% formamide/2x SSC at 37ºC for 30 minutes 

on a shaking incubator at 300 rpm. Coverslips were then rinsed in 1x PBS containing 

DAPI. Coverslips were rinsed once more with 1x PBS.  

 

DNA FISH probe details: 

Region of interest Chromosome Start (bp) End (bP) BAC-PAC Identifier 

EBF1 promoter Chromosome 11 44416074 44457525 WIBR1-0109P11 

EBF1 distal enhancer Chromosome 11 45305517 45347678 WIBR1-0350 

Ebf1 super-enhancer Chromosome 11 44941681 45143731 RP23-118P17 

 

Immunofluorescence 

Coverslips were permeabilized with 0.1% saponin/0.1% Triton-X in PBS at room 

temperature for 10 minutes, then incubated for 20 minutes at room temperature with 20% 

glycerol in 1x PBS. Slides were submerged in liquid nitrogen three times, rinsed once with 

1x PBS, and then blocked for 30 minutes with 5% BSA/0.1% Triton-X in 1x PBS for 30 

minutes at 37ºC. The nucleolus was stained first with primary antibodies to B23 (Abcam) 

for 30 minutes in a humidified chamber at 37ºC. Coverslips were washed twice, 10 

minutes each, in 0.1% Triton-X in 1x PBS at room temperate on a shaker at 70 rpm. 
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Secondary staining with performed using donkey antibody to mouse IgG conjugated to 

Alexa-568 (Invitrogen) for 30 minutes at 37ºC in 5% BSA/0.1% Triton-X and 5% serum in 

1x PBS. Coverslips were washed twice for 10 minutes each in 1x PBS/0.1% Triton-X at 

room temperature with gentle agitation (70 rpm). The nuclear lamina was stained first with 

primary antibody to Lamin B1 (sc-6217; Santa Cruz Biotechnology), followed by 

secondary staining.  

 

Single molecule RNA-FISH 

Pools of fluorescently labeled oligonucleotide probes per RNA were designed and 

purchased from LGC Biosearch Technologies using the Stellaris Probe Designer. For 

intronic Prdm1 and Xbp1, default settings were used. For intronic Atf4, masking level was 

set to 3, oligo length was set to 18, and nucleotide spacing was set to 1. Cells were fixed 

and permeabilized as described for DNA-FISH, but were stored overnight at 4C in 70% 

ethanol rather than PBS. The next day, coverslips were rinsed in wash buffer (10% 

formamide in 2x SSC) to remove ethanol, then incubated in wash buffer for 5 minutes at 

room temperature. Coverslips were incubated with probe of interest in hybridization buffer 

overnight in a 37C humidified hybridization oven. The next morning, coverslips were 

rinsed in washed buffer and washed twice for 30 minutes each in 37ºC temperature-

controller shaker at 100 rpm. During the second wash, DAPI was added to the wash 

buffer. Slides were rinsed once in 2x SSC, once in 1x PBS, and then mounted with 

Prolong Gold Anti-Fade reagent. Slides were dried in the dark for at least 6 hours prior to 

sealing with nail polish and imaging.  
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RNA FISH probe details 

Region of interest Region Chromosome Position (bp) # probes Fluorophore 

Intronic Prdm1 Fourth intron 10 44161971-
44166597 

48 Quasar 670 

Intronic Xbp1 First two introns 11 5421204-
5421925; 
5422023-
5423335 

36 Cal Fluor 610 

Intronic Atf4 All introns (2) 15 80086116-
80086636; 
80086952-
80087063 

22 Cal Fluor 610 

 

Imaging 

Three-dimensional fluorescent images were acquired using an Applied Precision 

Inverted Deconvolution Deltavision Microscope with a 100x objective (Nikon 100x/1.40 

oil or Olympus 100x/1.4 oil). Optical sections (z-stacks) 0.2µm apart were obtained 

throughout the cell volume in the DAPI, FITC, Red, and Cy5 channels. Deconvolution 

was performed using Softworx Software version 5.0 with the following settings: 10 cycles 

of enhanced ratio (aggressive), camera intensity offset = 50, normalize intensity and apply 

correction options selected. 

 

Calculating distances between DNA loci 

The nuclei of individual cells were identified by DAPI staining, and cells containing 

two spots per DNA-FISH or intronic RNA-FISH channel were verified manually. Images 

were cropped to contain single cells. Analysis of cells in three dimensions was performed 

using the FIJI plugin Tools for Analysis of Nuclear Genome Organisation (TANGO) 

version 0.94. Distance between two DNA-FISH spots was calculated after segmentation 

in TANGO by running the “Distance” measurement between center-of-mass of the two 
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loci. Distance between nuclear structures and a DNA-FISH spot was calculated as the 

minimum distance between the center-of- mass of the DNA-FISH spot to the edge of the 

corresponding structure. Negative values indicate inclusion of the FISH spot in the 

nuclear structure. 

 

Overexpression 

The GFP cassette of the LMP vector was replaced with hCD25 cassette for EBF1 

overexpression. Retroviral supernatant was obtained through 293T transfection by the 

calcium phosphate method with these constructs in conjunction with the packaging 

plasmid pCL-Eco. CD23+ cells were MACs selected and stimulated in vitro for 48 hours 

prior to infection. Cells were harvested 48 hours after infection for analysis by flow 

cytometry. 

 

Tethered Chromatin Capture (TCC) sample preparation 

TCC was performed as previously described (Kalhor et. al., 2012) using 5 million 

naïve B cells or sorted plasma cells with the following modifications.  

Cell lysis and chromatin biotinylation. Cell suspensions were not treated with a 

Dounce homogenizer. After washing, cells were resuspended in 500 l of wash buffer 

and mixed with 190 l of 2% SDS and incubated at 65C for 10 minutes to solubilize the 

crosslinked chromatin. Nuclei were spun at RT at 3500 rpm for 2 minutes. Supernatant 

was discarded and nuclei were resuspended in 245 l wash buffer. Once the suspension 

cooled to RT, it was mixed with 105 l of 25 mM EZlink Iodoacetyl-PEG2-Biotin (IPB) 

(Thermo Scientific) and rocked at RT for 75 minutes to biotinylate the cysteine residues. 
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The sample was then mixed with 650 ul of 1xNEBuffer2 and incubated on ice for 5 

minutes.  

Digestion and dialysis. To start digestion, 85 l of NEBuffer2, 3 l 1M DTT, 227 

l H2O, and 35 l of 25 U/ l  Mbo1 (NEB) were incubated O/N at 37C.  

Removal of biotin from non-ligated DNA ends and shearing. To shear DNA 

fragments, the sample size was adjusted to 120 ul by adding water. The sample was 

transferred to a 6x16mm AFA fiber microtube with snap-cap and sheared to 100-500bp 

in a Covaris E220 S2 (Biogem) at duty cycle of 5%, intensity of 5 (=175W in E220), 200 

cycles/burst, for a total of 180 seconds.  

Pull-down of biointinylated DNA and ligation of sequencing adaptors. 15 ul of MyOne 

Streptavidin C1 beads (Invitrogen) were used. After washing beads with TE, reaction was 

resuspended in 30 ul of 0.033% Tween20/TE. 

PCR amplification. Libraries were amplified using Phusion HotStart II for 

experimentally determined numbers of PCR cycles with the following program: 98ºC /30 

seconds, x-cycles [98ºC/10 seconds, 65ºC for 30 seconds, 72ºC for 20 seconds], 72ºC 

for 5 minutes  

Size selection. The entire PCR product was loaded onto a polyacrylamide gel and 

run at 200V for 70 minutes. The gel was stained with SybrGold (Invitrogen) and visualized 

on Gel Doc 1000. Fragments between 300 and 600 bp were excised and purified by 

spinning the gel through a homemade shredder for 5 minutes at 14,000 rpm at RT. DNA 

was extracted by incubated sample in 400 ul EB (Qiagen) O/N at 37C shaking at 

1400rpm. DNA was ethanol precipitated. 

Sequencing. DNA was paired-end sequenced with Illumina HiSeq 2000. 
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RNA sequencing 

A total of 10,000-100,000 B cell subsets were sorted into Buffer RLT (QIAGEN) 

and RNA was isolated. Total RNA was isolated using RNeasy Mini kit (Qiagen) with on 

column DNase treatment. RNA was again treated with TURBO DNase (Life 

Technologies) and mRNA was purified with Dynabeads mRNA purification kit (Life 

Technologies). First-strand synthesis kit (Life Technologies) in presence of actinomycin 

D using a combination of random hexamers and oligo(dT). Second-strand synthesis was 

performed with dUTP instead of dTTP. The ds-cDNA was sonicated to 150-400 bp using 

the Covaris sonicator. Sonicated cDNA was ligated to adaptors. The resulting DNA was 

treated with uracil-N-glycosylase prior to PCR amplification with the indexing primers. 

Following PCR, fragments were size-selected and sequenced on HiSeq 2500. 

 

ATAC sequencing  

ATAC-seq was performed as previously described (Buenrostro, J. D. et al, 2013). 

50,000 cells were used for library preparation. Cells were treated with transposition mix 

for 30 minutes at 37ºC. DNA was purified with DNA Clean & Concentrator (Zymo 

Research). Library fragments were amplified by PCR using 1x NEBnext PCR master mix 

(NEB) and 1.25 uM of custom Nextera PCR primers 1 and 2 as follows: 72ºC for 5 min., 

98ºC for 30 seconds, 98ºC for 10 seconds, 63ºC for 30 seconds and 72ºC for 1 minute. 

Amplified libraries were selected using SPRI beads. The quality of the library was 

measured using Agilent TapeStation and the final product was sequenced on an Illumina 
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HiSeq 4000. Reads were mapped to mouse genome build mm9 using TopHat and 

converted to track plots by IGV. 

 

Single cell RNA sequencing 

Approximately 10,000 cells per sample were loaded into Single Cell A chips (10X 

Genomics) and partitioned into Gel Bead In-Emulsions (GEMs) in a Chromium Controller 

(10X Genomics). Single cell RNA libraries were prepared according to the 10x Genomics 

Chromium Single Cell 3’ Reagent Kits v2 User Guide, and sequenced on a HiSeq 4000. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistical test utilization and p-value reporting are presented in the text, figures, 

and legends. 

 

Analysis of TCC data 

TCC reads were mapped by bowtie and processed by HOMER to create tag 

directory with default setting55. Read numbers of naïve and plasma cells were down-

sampled by HOMER, using getRandomReads.pl by reducing the total number of reads 

to match the smaller sample size (naïve B cells). Inter-chromosomal associations were 

called by HOMER using 1 Mb bins and a threshold p=10-4 with the other options set as 

default. Intra-chromosomal interactions were called by HOMER using 25 kb and 50 kb 

bins, threshold p=10-4 and max distance 3 Mb with the other options set as default. PC1 

and corrDiff were calculated by HOMER with 50 kb resolutions. TCC matrices, normalized 

or raw, were generated by HOMER with default settings using 1 Mb bins for the whole 
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genome and 50 kb bins for individual chromosomes. The raw matrices were normalized 

by KR-normalization (Rao et al., 2014).  

Compartments. To quantify switched domains, the following criteria were used: 

regions with PC1 change more than 25, regardless of sign, were considered switched. 

Bin size was 50 kb. Consecutive regions were merged. Two regions separated by only 

one bin that did not pass threshold were also merged.  

corrDiff. As explained by HOMER{Heinz:2010ef}: “PCA analysis is a useful tool 

for analyzing single TCC experiments.  However, comparing PC1 values between two 

experiments is a little dangerous.  PCA is an unbiased analysis of data, and while PC1 

values usually correlated with "active" vs. "inactive" compartments, the precise qualitative 

nature of this association may differ slightly between experiments.  Because of this, it is 

recommended to directly compare the interaction profiles between experiments rather 

than simply looking at PC1 values. One way to do this is to directly correlate the 

interaction profile of a locus in one experiment to the interaction profile of that same locus 

in another experiment.  If the locus tends to interact with similar regions in both TCC 

experiments, the correlation will be high.  If the locus interacts with different regions in the 

two experiments, the correlation will be low.  Note that this is NOT PCA analysis, but a 

direct comparison between two experiments at each locus.  By default, this will compare 

the interaction profiles across each chromosome (inter-chromosomal interactions are 

generally too sparse for this type of analysis). Supplementary table 1 was generated by 

the 5% 50 kb bins that have lowest corrDiff value. 

Average intra-chromosomal contact maps. The average intra-chromosomal 

TCC contact maps for naïve B cells and plasma cells (Fig. 2) were generated as follows: 
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1) calculate the 100 kb resolution raw TCC contact maps for each chromosome (chr1-19 

and X, in total 20 matrices); 2) resize each contact matrix to have 100 rows and 100 

columns; and, 3) calculate the average contact intensity of all chromosomes.  

 

Analysis of bulk RNA-seq  

Single-end sequencing reads were mapped to mouse genome build mm9 using 

TopHat and analyzed using the Cufflink-cuffdiff pipeline. Transcript quantification was 

performed using Kallisto with default settings. TPM was used in cross-sample 

comparison. Fold change was computed by calculating fold changes between TPM+1.  

 

Analysis of scRNA-seq  

Reads from single-cell RNA-seq were aligned to mm10 and collapsed into unique 

molecular identifier (UMI) counts using the 10X Genomics Cell Ranger software (version 

2.1.0). Raw cell-reads were then loaded to R using the cellrangerRkit package. The 

scRNA-seq dataset was then further filtered based on gene numbers and mitochondria 

gene counts to total counts ratio. Only cells with > 300 genes UMI > 0, and 0.05% ~ 10% 

of their UMIs mapping to mitochondria genes were kept for downstream analysis. If a 

sample have more than 2000 cells detected, then only 2000 cells were randomly selected 

to downstream analysis. Such sampling guaranteed the cell number from each sample 

were relatively balanced. Only genes that had UMI > 0 in more than 2% of cells of at least 

one sample were kept for downstream analysis. UMI counts were transformed to UMI per 

million (UPM) for downstream analysis. To fix the drop-out issue of single cell RNA-seq, 

we calculated average expression for every 20 neighboring cells for downstream analysis 
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except for TSNE and differential expression analysis. The corrected UPM matched much 

better with the RNA-FISH (Fig 1C,D,E) than the raw UPM. Differential expression analysis 

was done based on the original UPM because Wilcox test was used which would not be 

biased by the drop-out issue. DE gene threshold was set to Bonferroni corrected q-value 

< 0.05 and (UPM+1) fold change > 2.  

 

Correlation analysis between HiC and scRNA-seq 

ScRNA correlation and TCC/HiC matrices at 1Mb resolution were used for the 

correlation analysis. To construct a scRNA correlation matrix we analyzed all genes within 

the 1 Mb region across all chromosomes and computed the maximum correlation of gene 

expression for each bin. For example, for genomic regions A and B we designated all the 

genes in region A as gene set GA and all the genes in region B as gene set GB. Next, we 

defined the correlation for all possible pairwise correlations between GA and GB and 

selected the highest absolute value as the scRNA correlation for A and B genomic 

regions. We repeated this process for all possible pairs and constructed a scRNA 

correlation matrix. This method filtered out most of noise introduced by genes that were 

not expressed and that were expressed independent of any other genes. For TCC/HiC 

matrix, KR normalized was applied with sparse limit set to 0.95. For all matrices, only bins 

in even chromosome were kept in rows and only bins in odd chromosome were kept in 

column, thus only interchromosomal part of the original matrix was considered. We then 

divided paired genomic regions into multiple categories based on HiC reads intensity. For 

each category, we plotted the distribution of scRNA correlation coefficients for the region-

pairs. If scRNA correlation coefficients were correlated with HiC intensity a shift in the 
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distribution would readily be observed between different categories. In this analysis, 

genes that have multiple copies in the genome were ignored. Supplementary table 2 was 

generated by listing all gene pairs that have > 0.5 absolute scRNA correlation and have 

> 1 normalized TCC reads between the two 1Mb locus. 
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Chapter 3: Non-coding transcription instructs chromatin folding and 

compartmentalization to dictate enhancer-promoter communication and T Cell 

fate 
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Figure 3.1. Large-scale changes in nuclear archit ectu re in developing T cell progen itors 
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Figure 3.2. Non- coding  RNA ThymoD  activat es Bcl11b expression  across vast genomic d ist ances 
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Figure 3.3. ThymoD  specifies T cell f ate
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Figure 3.4. ThymoD  acts in cis to reposit ion the B cl11b  enhancer from the lamina to the nuclear inter ior
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Figure 3.5. ThymoD  transcription juxtapose the B cl11b  super- enhancer and  promot er reg ions into a single- loop domain 
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Figure 3.6. ThymoD  transcription promotes the deposition of histone variant H 3.3, activating  histone marks and  hypomethylation  across the Bcl11b intergenic reg ion 
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Figure 3.7. Compart ment alization and cohesi-dependent  looping is reversible in  ThymoD-deficient lymphoas 
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Chapter 4: Upon microbial challenge human neutrophils undergo rapid 

changes in nuclear architecture and chromatin folding to orchestrate an immediate 

inflammatory gene program 

 

4.1 Abstract 

Differentiating neutrophils undergo large-scale changes in nuclear morphology. 

How such alterations in structure are established and modulated upon exposure to 

microbial agents is largely unknown. Here, we found that prior to encounter with bacteria, 

an armamentarium of inflammatory genes was positioned in a transcriptionally passive 

environment suppressing premature transcriptional activation. Upon microbial exposure, 

however, human neutrophils rapidly (<3 hours) repositioned the ensemble of pro-

inflammatory genes towards the transcriptionally permissive compartment. We show that 

the repositioning of genes was closely associated with the swift recruitment of cohesin 

across the inflammatory enhancer landscape permitting an immediate transcriptional 

response upon bacterial exposure. We found that activated enhancers, marked by 

increased deposition of H3K27Ac, were highly enriched for cistromic elements associated 

with PU.1, CEBPB, TFE3, JUN and FOSL2 occupancy. These data reveal how upon 

microbial challenge the cohesin machinery is recruited to an activated enhancer 

repertoire to instruct changes in chromatin folding, nuclear architecture and to activate an 

inflammatory gene program.    
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4.2 Introduction 

The organization of the human genome within the nucleus is central to the control 

of gene expression and thus cell identity and function. At the largest scale, the genome 

is folded into chromosome territories that, with the exception of nucleoli, rarely 

intermingle. However, chromosomes are not randomly distributed across the nucleus. 

Large and gene poor chromosomes are predominantly positioned at the lamina whereas 

small and gene rich chromosomes concentrate in the nuclear interior (Fritz et al. 2016). 

Chromosomes themselves fold into loop domains that physically associate to establish 

the transcriptionally repressive or inert heterochromatic B compartment or 

transcriptionally permissive euchromatic A compartment (Dixon et al. 2012; Lieberman-

Aiden et al. 2009). The heterochromatic compartment is highly enriched at the nuclear 

lamina whereas the euchromatic compartment is positioned in the nuclear interior (Kosak 

et al. 2002). 

 Loop domains are established in part by the CTCF protein (Dixon et al. 2012; Rao 

et al. 2014). Convergently oriented pairs of CTCF-bound loci can form CTCF-anchored 

loops, generated by recruitment of the cohesin complex (Rao et al. 2017; Nora et al. 

2017). Cohesin is loaded onto transcribed regions located throughout loop bodies 

(Busslinger et al. 2017). Once sequestered, the cohesin complex extrudes chromatin in 

a progressive manner until a pair of convergent CTCF bound sites are reached, a process 

termed loop extrusion (Fudenberg et al. 2016). Gene promoters connected to 

transcriptional enhancers by CTCF-mediated loops tend to be highly expressed (Rao et 

al. 2014), and CTCF occupancy at nearby sites contributes to the maintenance of gene 
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expression and stable chromatin structure (Rao et al. 2017; Nora et al. 2017; Schwarzer 

et al. 2017; Bintu et al. 2018). 

Human neutrophils are abundant, short-lived circulating white blood cells that are 

critical first-responders to infection and tissue damage. Upon injury or infection, 

neutrophils exit the circulation via extravasation, migrate towards damaged tissues or 

infectious foci, phagocytose small pathogens, release reactive oxygen and nitrogen 

species, and extrude their chromatin as cytotoxic granule-laced extracellular traps 

(NETs). In addition to their direct role in killing invading pathogens, activated neutrophils 

rapidly induce the expression of a wide range of cytokines and chemokines to orchestrate 

an immediate inflammatory response (Ley et al. 2018).  

The nuclei of polymorphonuclear (PMN) neutrophils are composed of multiple 

distinct but internally continuous lobes allowing them to swiftly migrate between 

(paracellular route) or through (transcellular route) endothelial cells that line blood vessels 

and interstitial spaces of tissues while maintaining their nuclear integrity (Rowat et al. 

2013; Olins et al. 2009; Muller 2013). The Lamin B Receptor (LBR) is an important 

determinant for imposing a multi-lobular nuclear architecture on neutrophils (Shultz et al. 

2003; Hoffmann et al. 2002).  Neutrophils of mice deficient in the Lbr gene fail to adopt a 

multi-lobular nuclear shape (Shultz et al. 2003), and mouse neutrophilic cell lines lacking 

Lbr cannot form characteristic toroidal nuclei during differentiation (Zhu et al. 2017). 

Similarly, humans with LBR mutations manifest the Pelger-Huët anomaly, characterized 

by a reduction in nuclear lobe number in granulocytes (Hoffmann et al. 2002). 

Chromatin folding in murine neutrophils is highly enriched for remote genomic 

interactions, primarily involving heterochromatic regions. These interactions span vast 
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genomic distances resulting in large-scale chromosome condensation. Terminal 

differentiation of murine neutrophils is also associated with the relocation of centromeres, 

pericentromeres, telomeres, LINE elements, and ribosomal DNA from the nuclear interior 

to the nuclear lamina, a process that requires the Lbr gene (Zhu et al. 2017). As 

neutrophils differentiate, the LBR deforms the malleable nuclear envelope by wrapping it 

around the heterochromatic component of the neutrophil genome, resulting in its 

characteristic lobed shape. 

Upon reaching a tissue site of infection, neutrophils neutralize bacteria in multiple 

ways: (i) engulfment through phagocytosis; (ii) degranulation to release microbicidal 

factors into the extracellular space; (iii) release of extracellular traps or NETs that are 

composed of extruded chromatin fibers and antimicrobial factors; and (iv) rapid induction 

of cytokine gene expression to coordinate a broader immune response (Ley et al. 2018; 

Brinkmann et al. 2004). To detect and respond appropriately to diverse invading 

pathogens, neutrophils express a variety of pattern recognition receptors including cell 

surface and endolysosomal Toll-like receptors (TLRs), C-type lectin receptors, and formyl 

peptide receptors, among others. Once activated a variety of downstream signaling 

pathways converge on the NF-B and AP1 transcription factors to induce an inflammatory 

gene program including the cytokines and chemokines IL-8/CXCL8, TNFα, IL-1β, IL-17, 

and IFNγ (Thomas and Schroder 2013; Garcia-Romo et al. 2011; Tecchio et al. 2014). 

The mechanisms by which pathogen sensing pathways interface with the neutrophil 

genome to induce a rapid and stimulant-appropriate inflammatory gene expression 

program remain unclear. Here we found that human neutrophil genomes display highly 

segmented compartments and contracted heterochromatin when compared to human 



 

97 
 

embryonic stem cells. Upon microbe encounter, a specific subset of modestly 

euchromatic subdomains, spatially segregated from the highly euchromatic A 

compartment, displayed strengthening of their euchromatic character, and relocalized 

from a peri-nuclear envelope position towards the nuclear interior. Prominent among the 

regions that repositioned during human neutrophil activation were gene loci associated 

with an activated neutrophil-specific gene expression program. Microbial-induced 

changes in long-range chromatin interactions were globally associated with rapid loss of 

insulation at euchromatic subdomain boundaries, as well as the formation of de novo 

chromatin loops linking immune response genes to pre-existing and de novo formed 

transcriptional enhancers. The loop-mediated juxtaposition of inflammatory genes to 

transcriptional enhancers upon microbial exposure was closely associated with the 

deposition of histone 3 lysine 27 acetylation (H3K27ac), an enhancer-associated histone 

modification, and rapid loading (<3 hours) of the cohesin complex at the subset of 

enhancer elements that control an inflammatory gene program. Based on these 

observations, we propose that the microbe-induced transcriptional signature of activated 

neutrophils is driven by activated enhancer repertoires. Activated enhancers marked by 

elevated levels of H3K27Ac, in turn, rapidly recruit the cohesin machinery to dictate 

changes in chromatin folding and nuclear positioning of genes associated with an 

inflammatory gene program. 
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4.3 Results 

Human neutrophil development is associated with segmented compartments and 

contracted genomes 

Neutrophil nuclei undergo dramatic morphological changes during differentiation 

from multipotent progenitors, with terminally differentiated neutrophil nuclei having 3-5 

internally continuous but spatially distinct lobes. To characterize the genomic interactions 

established during the development of PMN cells, neutrophils were isolated from human 

peripheral blood, formaldehyde-fixed, and analyzed using in situ HiC (Supplemental 

Table S1) (Rao et al. 2014). The genomes of human neutrophils were slightly enriched 

for inter-chromosomal interactions when compared to human embryonic stem cells 

(hESCs) (Fig. 4.1A). Chromosome territories remained intact and we found no evidence 

of individual chromosomes being split across multiple lobes. Notably, compared to 

hESCs, human neutrophils were depleted for genomic interactions that spanned less than 

3Mb but were enriched for interactions that covered more than 3Mb (Fig. 4.1A).  

We next constructed contact matrices for hESCs cells and human neutrophils (Fig. 

4.1B). We found that a larger fraction of the neutrophil genome was sequestered in the B 

compartment when compared to hESCs. The stereotypic plaid pattern, resulting from the 

spatial segregation of the A and B compartments, was much more pronounced in human 

neutrophils compared to hESCs (Fig. 4.1B). Intra-chromosomal and inter-chromosomal 

interactions between A and B compartments were both less prevalent in neutrophils 

versus hESCs (Fig. 4.1C). Conversely, long-range genomic interactions across the B 

compartment were significantly more extensive in human neutrophils than hESCs (Fig. 

4.1C). During differentiation, large genomic regions that exhibited a continuum of either 
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positive or negative PC1 values in hESCs fragmented into smaller genomic regions that 

switched PC1 values in neutrophils (Fig. 4.1C,D). Many of the genomic regions that 

switched from negative to positive PC1 values during development were associated with 

a neutrophil-specific transcription signature, whereas those regions switching from 

positive to negative PC1 values were associated with silencing of lineage-inappropriate 

genes. Notably, the hyper-segmentation of compartment domains in the neutrophil 

genome established de novo loop domain and compartment boundaries (Fig. 4.1E). 

Specifically, although more than 75% of loop domain boundaries identified in hESCs were 

conserved in neutrophils, less than 40% of loop domain boundaries in neutrophils were 

present in hESCs (Fig. 4.1F). Overall compartment boundaries were poorly conserved 

between these two cell types (Fig. 4.1F). Genome-wide analysis of cell type-specific loop 

domain and compartment boundary element insulation strength confirmed this finding, 

indicating the existence of cell type-specific boundaries that were associated specifically 

with either hESCs or human neutrophils, in addition to shared boundaries (Fig. 4.1G). 

Taken together our data reveal that human neutrophils, when compared to hESCs, are 

characterized by a contracted genome with increased enforcement of 

compartmentalization and highly segmented A and B compartments. 

 

PMA-induced activation of neutrophils rapidly modulates nuclear architecture 

Upon detecting invading microbes, neutrophils rapidly activate an inflammatory-

specific transcription signature. As a first approach to examine whether and how the 

nuclear architecture of neutrophils responds to inflammatory signals, HiC was performed 

on neutrophils cultured in both the absence and presence of the canonical neutrophil 
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activator phorbol 12-myristate 13-acetate (PMA), a protein kinase C. PMA stimulation of 

human neutrophils resulted in a global decrease in short-range intra-chromosomal 

interactions and a global increase inter-chromosomal interactions (Fig. 4.2A), while 

exerting minimal effects on A-B compartmentalization and loop domain boundaries (Fig. 

4.2B). Likewise, PMA-induced activation did not trigger large-scale switching of genes or 

regulatory elements between the A and B compartments (Fig. 4.2C). However, further 

scrutiny of chromatin folding across the A compartment revealed a small but significant 

number of discrete genomic regions that underwent significant PMA-dependent changes 

from low but positive PC1 values to highly positive PC1 values, indicating an increase in 

euchromatic character (Fig. 4.2C). We refer to these regions as PMA PC1 domains (Fig. 

4.2C, Methods). Notably, PMA PC1 domains were strongly enriched for genes 

implicated in the neutrophil defense response, including genes downstream of key innate 

immune receptors such as the complement receptors, FC receptor, and dectin-2, as well 

as genes implicated in cell migration and regulation of lysosomal pH (Fig. 4.2D).  

Analysis of intra-chromosomal HiC contact matrices revealed few significant 

changes across chromosome 18 following PMA-induced activation (Fig. 4.2E). PMA 

PC1 domains, however, often displayed changes in interactions with euchromatin, both 

in their immediate vicinity, as well as across chromosome 18 (Fig. 4.2F). Direct measure 

of genome-wide changes in chromatin organization showed that in activated neutrophils 

PMA PC1 domains showed large-scale changes in contact frequencies (Fig. 4.2G). 

Specifically, ~25% of PMA PC1 domains fell within the top 10% most differentially 

interacting genomic regions (Fig. 4.2G). Likewise, PMA PC1 domains on average 

displayed significantly lower chromatin interaction correlation with unstimulated 
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neutrophils when compared to the genome as a whole (Fig. 4.2H). Taken together, these 

data indicate that in PMA-activated neutrophils genic and intergenic domains associated 

with innate immune genes increase their euchromatic character and undergo alterations 

in remote genomic interactions. 

 

Upon microbial exposure a subset of neutrophil inflammatory genes increases 

their euchromatic character 

To validate the alterations in neutrophil euchromatic character using a 

physiologically relevant stimulus, human neutrophils were cultured in the presence of live 

Escherichia coli bacteria for a period of three hours. E. coli co-cultured neutrophils were 

isolated, formaldehyde cross-linked and analyzed using HiC. Genomes of human 

neutrophils cultured in the presence of E. coli only displayed minor alterations in contact 

frequencies, maintained overall compartment and loop domain structures (Fig. 4.3A,B), 

and remained essentially free of detectable A-B compartment switching (Fig. 4.3C). 

However, similar to PMA-activated neutrophils, a distinct subset of genomic regions 

positioned in the A compartment displayed a substantial increase in euchromatic 

character upon E. coli encounter (Fig.4. 3C, E. coli PC1 domains). Notably, the E. coli 

PC1 domains included genes encoding for cytokines and chemokines, genes 

associated with neutrophil degranulation, and genes linked with the inflammatory 

response (Fig. 4.3D).  

Similar to PMA-activated neutrophils, E. coli co-cultured neutrophils showed few 

large-scale changes in chromatin organization compared to unstimulated neutrophils 

(Fig. 4.3E).  E. coli PC1 domains, however, showed dramatic increases in genomic 
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interactions involving neighboring euchromatic regions, as well as the remainder of the 

chromosome upon co-culture with E. coli (Fig. 4.3F). Similar to PMA PC1 domains, E. 

coli PC1 domains were among the most restructured genomic regions in response to E. 

coli, with 25% of E. coli PC1 domains assigned to the top 15% of the most differentially 

interacting regions globally (Fig. 4.3G). E. coli PC1 domains overall displayed 

significantly lower correlation with unstimulated neutrophil genome structure than the 

remainder of the genome (Fig. 4.3H). These data indicate that upon microbial exposure, 

a subset of genes associated with an inflammatory response increase their euchromatic 

character. 

 We next sought to ascertain to what degree PC1 domains differed between 

stimuli. E. coli PC1 domains only partially overlapped with PMA PC1 domains. The 

identities of genes in PC1 domains also depended on the stimulus that neutrophils 

encountered. E. coli-specific PC1 domains were highly enriched for chemokine and 

cytokine genes as well as genes involved in chemotaxis (Supplemental Fig. S2B). In 

contrast, PMA-specific PC1 regions were enriched for defensin gene clusters. These 

data suggest that the changes in euchromatic character regulate stimulant-appropriate 

inflammatory responses. Supporting this hypothesis, genes residing in stimulus-specific 

PC1 domains underwent stimulus-specific changes in gene expression. Genes in E. coli 

PC1 domains were more highly expressed upon E. coli encounter than upon PMA 

stimulation, whereas genes in PMA PC1 domains were more highly expressed upon 

PMA stimulation than during E. coli co-culture. Taken together, these data indicate that 

neutrophil activation enhances the euchromatic character of a subset of inflammatory 

response gene loci in a stimulus-dependent manner. 
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Rapid assembly and relocalization of a CXCL transcriptional hub upon E. coli 

encounter 

To determine how euchromatic character is strengthened upon microbial 

activation, we focused on an archetypal E. coli PC1 domain containing inflammatory-

specific genes encoded within the extended CXCL locus. The CXCL locus spans a cluster 

of genes encoding a class of chemokines that include CXCL8 (IL8), CXCL1, and CXCL2 

(MIP2), each of which is rapidly induced when exposed to microbial agents. We found 

that in unstimulated neutrophils the CXCL locus exists as a loop domain associated with 

a modestly positive PC1 score which is insulated from neighboring euchromatin (Fig. 

4.4A). Notably, within three hours of exposure to E. coli, the euchromatic character of the 

CXCL locus was significantly strengthened (Fig. 4.4A), accompanied by large scale 

changes in chromatin folding, with genomic interactions and transcriptional activation 

spreading into neighboring regions (Fig. 4.4B,C).  

To determine whether the alterations in genome folding were associated with gene 

expression, activated neutrophils were analyzed for transcript abundance as well as 

CTCF and SMC3 occupancy (Fig. 4.4C). As expected, CXCL8, CXCL1, and CXCL2 

transcript abundance was significantly elevated upon E. coli encounter (Fig. 4.4C). 

Notably, a recently described non-coding genomic region located immediately upstream 

of CXCL8 was also transcriptionally induced upon exposure to bacteria (Fig. 4.4C) 

(Fanucchi et al. 2019). While CTCF occupancy was elevated at a site closely linked with 

the CXCL8 locus, other CTCF bound sites in the locus were not modulated upon 

activation (Fig. 4.4C). In contrast, we found that E. coli encounter substantially enriched 
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cohesin occupancy across the locus (Fig. 4.4C). Cohesin occupancy was particularly 

prominent at sites closely associated with de novo loops that linked the CXCL8, CXCL1, 

and CXCL2 gene bodies, promoter regions, and SMC3-enriched intergenic regions into 

a shared transcriptional hub (Fig. 4.4C).  

To validate these findings in single cells, we performed fluorescence in situ 

hybridization (FISH) using a probe corresponding to the E. coli-specific CXCL PC1 

domain (Fig. 4.4D). In unstimulated neutrophils the CXCL E. coli PC1 domain localized 

near the nuclear periphery (Fig. 4.4D). Upon E. coli encounter the CXCL E. coli PC1 

domain rapidly relocated away from the heterochromatic nuclear periphery towards the 

nuclear interior, concomitant with its change in euchromatic character and elevated 

transcript levels (Fig. 4.4D). Specifically, the E. coli PC1 domain relocated from the 

DAPI-dense portion of the nucleus near the nuclear periphery to the DAPI-sparse nuclear 

interior (Fig. 4.4E,F). This change in nuclear positioning was not an indirect result of 

changes in nuclear morphology, nor activation-induced loss of nuclear integrity, as 

heterochromatic control probes remained tightly associated with the nuclear periphery 

during E. coli encounter. Collectively these observations indicate that upon microbial 

exposure human neutrophils rapidly remodel nuclear architecture to assemble a CXCL 

transcriptional hub in the nuclear interior. 

 

Neutrophil activation is associated with global loss of insulation at inflammatory 

genes 

The data described above reveal that when human neutrophils encounter bacteria, 

a subset of inflammatory genes undergo large-scale changes in chromatin folding that 

spread into neighboring loop domains. To quantitatively describe this loss of subdomain 
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insulation, we computed the insulation scores for genomic regions that surrounded the 

boundaries of E. coli PC1 domains, and upon microbial exposure gained euchromatic 

character to merge with surrounding euchromatin. We found that upon E. coli encounter 

the gain of euchromatic character across E. coli PC1 domains was closely associated 

with decreased insulation strength at E. coli PC1 domain boundaries (Fig. 4.5A). 

Although globally the genomic distances separating chromatin interaction anchor points 

were significantly decreased in activated versus unstimulated neutrophils, the distance 

separating anchor points of chromatin interactions with E. coli PC1 domains increased 

(Fig. 4.5B). This loss of insulation at E. coli PC1 domain boundaries suggests de novo 

formation of regulatory interactions with the surrounding area (Fig. 4.5B). Additionally, 

chromatin interactions contained entirely within E. coli PC1 domains were found on 

average to be significantly stronger in unstimulated neutrophils as compared to E. coli co-

cultured neutrophils, suggesting a loss of subdomain structure and self-association during 

microbial encounter (Fig. 4.5C).  

 Given the loss of insulation at E. coli PC1 domain boundaries, we next sought to 

determine the relationship between PC1 domains and gene regulatory chromatin 

interactions. Although chromatin interactions within E. coli PC1 domains were on 

average weakened during E. coli encounter (Fig. 4.5C), E. coli encounter-specific 

chromatin loops within PC1 domains were significantly stronger than chromatin loops 

found only in unstimulated neutrophils (Fig. 4.5D). This finding suggested a gene 

regulatory role for E. coli encounter-dependent loops, and a tight link between these loops 

and E. coli PC1 domains. Supporting this finding, E. coli-dependent chromatin loops 

were generally closer to E. coli PC1 domains than were unstimulated neutrophil-specific 
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chromatin loops, and 11% of E. coli dependent chromatin loops were identified in E. coli 

PC1 domains, which make up only 0.3% of the genome (Fig. 4.5E). Importantly, genes 

near E. coli co-culture-specific chromatin loop anchors were significantly more highly 

expressed than genes at chromatin loop anchors found only in unstimulated neutrophils 

(Fig. 4.5F).  

Given the enrichment of neutrophil inflammatory response genes in E. coli PC1 

domains (Fig. 4.3D) and the link between expression levels and an increase in 

euchromatic character, we next determined the relationship between euchromatic 

character (PC1 score) and transcript levels during microbe encounter. Notably, we found 

a strong correlation between PC1 score dynamics and transcriptional dynamics, with the 

most highly induced genes also showing the largest increases in PC1 score, and the most 

repressed genes showing the largest decreases in PC1 score (Fig. 4.5G). These 

phenomena are readily visible at a number of inflammatory loci, wherein the tight self-

association of E. coli PC1 domains in unstimulated cells is lost in favor of distal 

regulatory interactions and transcriptional activation during E. coli encounter 

(Supplemental Fig. S4).  

Taken together these data indicate that neutrophil transcriptional state, 

euchromatic character, and spatial localization of genes are closely linked. 

 

Microbial exposure rapidly recruits cohesin to inflammatory enhancers 

Examination of gene regulatory interactions associated with E. coli PC1 domains 

(Fig. 4.4) hinted that a large number of E. coli-dependent interactions were associated 

with the recruitment of the cohesin complex to cis regulatory elements. To study this 
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phenomenon and understand its role in E. coli-dependent changes in gene expression, 

we analyzed unstimulated and E. coli-exposed neutrophils for SMC3 and CTCF 

occupancy, as well as changes in H3K27Ac marked enhancer repertoires and 

transcription. We then focused our analysis on a specific subset of SMC3-amassed 

enhancers: those H3K27ac-defined enhancers present in E. coli co-cultured neutrophils 

that gained substantial SMC3 occupancy during E. coli encounter (Fig. 4.6A, Methods).  

SMC3-amassed enhancers are characterized by modestly increased CTCF 

binding, and substantially increased H3K27ac deposition and polyadenylated RNA 

abundance (Fig. 4.6A). Supporting the importance of SMC3 and H3K27ac deposition at 

new regulatory interactions, E. coli co-culture-specific chromatin interaction anchors were 

found to be enriched for SMC3 occupancy and H3K27ac deposition, with only modest 

changes in CTCF occupancy compared to unstimulated neutrophil-specific interactions. 

Similarly, H3K27ac-defined enhancers enriched for polyadenylated RNA signal were 

likewise enriched for SMC3 occupancy and H3K27ac deposition. 

Supporting the importance of SMC3-amassed enhancers in E. coli PC1 domain 

behavior, SMC3-amassed enhancers were enriched at E. coli PC1 domains (Fig. 4.6B). 

SMC-amassed enhancers were also, on average, localized closer to PC1 domains when 

compared to the global enhancer repertoire, and were more enriched in PC1 domains 

than the entire enhancer repertoire (Fig. 4.6C). 

 To understand the mechanism of cohesin targeting to SMC3-amassed enhancers, 

we identified transcription factor binding motifs enriched within both SMC3-amassed 

enhancers and non-SMC3-amassed enhancers found in E. coli co-cultured neutrophils. 

We then computed the enrichment of transcription factor motif density in SMC3-amassed 
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enhancers compared to all enhancers found in E. coli co-cultured neutrophils. Validating 

this approach, we found that DNA binding motifs associated with known inflammatory 

regulating factor AP1 including JUND and FOSL2, as well as transcriptional regulators 

that orchestrate neutrophil differentiation and physiology including CEBPB, CEBP 

homologue CHOP, and PU.1, were significantly enriched across the bacterial-induced 

SMC3-amassed enhancer repertoire compared to the entire enhancer repertoire (Fig. 6D, 

top and Fig. 4.6E). Notably, transcript abundance associated with these factors was 

elevated in neutrophils exposed to E. coli (Fig. 4.6D, bottom). Apart from known 

inflammatory and myeloid regulatory transcription factors, we also found that DNA 

sequences associated with TFE3 occupancy were enriched at SMC3-amassed 

enhancers (Fig. 4.6D and 4.6E).   

 Recent studies revealed that in activated macrophages and microglial cells TFE3 

orchestrate an inflammatory program of gene expression (Pastore et al., 2016). Notably, 

upon activation TFE3 relocated from the cytoplasm to the nuclear interior (Pastore et al., 

2016).  As a first approach to determine whether likewise TFE3 translocates from the 

cytoplasm to the nucleus we examined naïve and microbial-exposed neutrophils for TFE3 

localization using immunofluorescence. We found that in naive neutrophils TFE3 was 

predominantly localized in the cytoplasm. Notably, however, we found that within three 

hours upon exposure to E. coli TFE3 repositioned from the cytoplasm to the nuclear 

interior in the vast majority of neutrophils. 

 Genes interacting with SMC3-amassed enhancers were next analyzed for 

functional group enrichment. Notably, bacterial-induced SMC3-amassed enhancers were 

closely associated with genes involved in neutrophil activation, including cytokine 
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signaling and response, chemotaxis, and degranulation (Fig. 4.6F). Analysis of RNA-seq 

data revealed that genes interacting with enhancers in general showed little preference 

to be induced upon E. coli encounter as compared to any other gene in the genome. In 

contrast, genes linked to SMC3-amassed enhancers showed a significant increase in 

gene expression during E. coli encounter compared to genes globally, or to genes linked 

to enhancers in general (Fig. 4.6G). This phenomenon appears to depend on both SMC3 

occupancy and H3K27ac deposition, as interactions with either SMC3-amassed E. coli-

specific enhancers or SMC3-amassed pre-existing enhancers were both associated with 

increased gene expression, whereas interactions with enhancers only found in 

unstimulated cells were not associated with increased gene expression, regardless of 

SMC3 occupancy. 

Taken together, these data indicate that upon bacterial exposure human 

neutrophils rapidly sequester the cohesin machinery at a specific subset of enhancers to 

modulate chromatin folding and activate an inflammatory gene transcription program. 
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4.4 Discussion 

The unique morphology of neutrophils has been an enigma since its discovery 

more than a century ago (Cavaillon 2011). How neutrophil genomes are folded into three-

dimensional space and how neutrophil nuclear architecture is altered upon microbial 

exposure has remained largely unknown. Here we used a genome-wide chromosome 

conformation capture approach (HiC) to address these questions. We found that human 

neutrophil nuclei, when compared to embryonic stem cells, displayed a distinct nuclear 

architecture: (i) a decline in genomic interactions across loop domains (< 3Mb); (ii) a 

segmentation of large, continuous A and B compartments into numerous small 

compartments, resulting in the establishment of new compartment and loop domain 

boundaries; and, (iii) an increase in remote chromosomal interactions across loop 

domains (> 3Mb). This increase in long-range genomic interactions primarily involved 

heterochromatic regions indicating a key role for heterochromatic interactions in 

influencing human neutrophil genome topology. Our data are consistent with previous 

studies involving murine neutrophils that also displayed a highly contracted genome when 

compared to progenitor cells and show that key features of neutrophil genome structure 

are conserved between the murine and human genomes (Zhu et al. 2017). 

The neutrophil genome undergoes large-scale alterations in morphology upon 

bacterial encounter. Using genome-wide chromosome conformation capture studies, we 

found that such changes involve the repositioning of euchromatic E. coli PC1 domains 

enriched for cytokine and other immune response genes. Upon encountering activating 

stimuli, these domains gained euchromatic character, repositioning themselves from the 

nuclear periphery to the more euchromatic nuclear interior. During this process, the 
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boundaries of these domains lost insulation, allowing the domain to merge with 

neighboring highly euchromatic regions, and further allowing for new chromatin 

interactions to form and activate an inflammatory gene program. These subdomains 

resemble a previously identified euchromatic A2 spatial subcompartment positioned 

between the nuclear periphery and the nuclear interior (Rao et al. 2014; Chen et al. 2018). 

Based on our observations, we propose that the A2 subcompartment is associated with 

genes or regulatory elements that need to be transcriptionally repressed, but accessed 

quickly, precluding both their sequestration to the fully heterochromatic B compartment, 

as well as their presence in the transcriptionally active A1 compartment. 

Our data further provide mechanistic insight as to how neutrophils instruct changes 

in nuclear positioning and domain insulation upon bacterial encounter. Alterations in 

chromatin topology both at PC1 domains and across the genome are closely associated 

with the rapid recruitment of cohesin to a subset of H3K27ac-defined enhancers. While 

cohesin occupancy is substantially enriched at these enhancers, CTCF binding is only 

modestly elevated upon bacterial encounter. These observations imply that changes in 

nuclear architecture are predominantly activated by cohesin-dependent loop extrusion. 

This finding then raises the question as to how cohesin is being recruited to inflammatory 

genes upon bacterial encounter.  We found that the increase in cohesin occupancy at 

SMC3-amassed enhancers was closely accompanied by substantial enrichment for the 

enhancer mark H3K27ac. Hence, we suggest that upon bacterial encounter, human 

neutrophils activate a signaling response that involves the Toll-like receptor pathway. 

Motif analysis suggests that Toll-like receptor mediated signaling modulates the 

expression and/or biochemical activities of key neutrophil-associated transcriptional 
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regulators such as PU.1, CEBP CEBP homolog CHOP, AP1 factors JUN and FOS, as 

well as TFE3. The activities of such regulators, in turn, would promote the assembly of 

an active enhancer repertoire as evidenced by the deposition of H3K27Ac, which then 

rapidly sequesters cohesin at inflammatory response enhancer-gene promoter clusters.  

Once recruited to SMC3-amassed enhancers, cohesin may act to extrude chromatin until 

convergent CTCF sites are reached, removing insulation at PC1 domain boundaries by 

forming de novo loop domains in which activated enhancers are placed within close 

spatial proximity of gene promoters, altogether facilitating the rapid activation of an 

inflammatory response gene program (Fig. 7).  

Why has such an elaborate mechanism of gene activation, including loop 

extrusion, evolved in human neutrophils? We suggest that segregating enhancers and 

promoters in spatially distinct loop domains ensures efficient silencing and prevents 

stochastic activation of an inflammatory specific gene program in unstimulated 

neutrophils. Only upon exposure to activating stimuli are unstimulated neutrophils 

instructed to juxtapose the inflammatory enhancer repertoire with their target gene 

promoters, thus facilitating enhancer-promoter communication and the induction of an 

inflammatory specific gene program. We hypothesize that the specificity of this response 

is likely governed by transcription factors downstream of activated receptors that bind 

their target enhancers, allowing cohesin and histone acetyl transferase recruitment, 

juxtaposition of target gene promoters, and stabilization of transcription units. 

As documented here for human neutrophils during a microbial encounter, 

enhancers and promoters may be spatially segregated from each other in distinct loop 

domains until an appropriate environmental signal is received in order to prevent 
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inappropriate or pathological activation of gene expression. Previous studies have 

documented a related mechanism that orchestrates the developmental progression of 

lymphoid cells. Specifically, regulatory regions associated with key developmental 

regulators such as EBF1 and Bcl11b are, in progenitor cells, positioned at the nuclear 

lamina to suppress premature activation during developmental progression. Upon 

reaching the appropriate developmental stage, alterations in chromatin folding readily 

reposition such enhancers away from the transcriptionally repressive environment at the 

lamina into the euchromatic nuclear interior, leading to assembly of transcriptionally 

productive enhancer-promoter interactions. The repositioning also directs the enhancer 

into a single loop domain to facilitate enhancer-promoter communication. Once placed 

within the euchromatic compartment and within spatial proximity to EBF1 and Bcl11b, 

enhancers and promoters then act to establish B or T cell identity, respectively (Lin et al. 

2012; Isoda et al. 2017). Thus, the inflammatory gene response and activation of a 

developmental specific gene expression programs share a common mechanism that 

assures appropriate timing of gene expression.  

In sum, here we demonstrate that in human neutrophils, prior to encounter with 

bacteria, an armamentarium of inflammatory genes was positioned in a transcriptionally 

passive environment suppressing premature transcriptional activation. Upon microbial 

exposure, however, human neutrophils rapidly (<3 hours) repositioned the ensemble of 

pro-inflammatory genes towards the transcriptionally permissive compartment. We found 

that the repositioning of genes was closely associated with the swift recruitment of 

cohesin across the inflammatory enhancer landscape permitting an immediate 

transcriptional response upon bacterial exposure. These data reveal at the mechanistic 
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level how upon microbial challenge human neutrophils undergo rapid changes in nuclear 

architecture to orchestrate an immediate inflammatory gene program.    
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4.5 Methods 

Human subject details 

Blood for neutrophil isolation was obtained via venopuncture from healthy human 

volunteers under written informed consent approved by the UC San Diego 

Human Research Protection Program (#131002X). 

 

Blood draws and neutrophil isolation 

Whole blood was layered onto Polymorphprep reagent (Accurate Chemical and 

Scientific Corp., AN1114683) and was centrifuged for 45 minutes at 500g, 25°C, and 

allowed to stop without braking. The granulocyte layer was extracted and contaminating 

red blood cells were lysed as needed (generally 1-3 times) with brief resuspensions in 

sterile H2O followed by immediate flooding with 1x phosphate buffered saline (PBS) and 

centrifugation at 500g for 7 minutes at 25°C. Cells were checked for purity via Wright-

Giemsa staining; the final granulocyte fraction was generally >95% neutrophils. For RNA-

sequencing experiments, neutrophils were further purified to homogeneity using an 

EasySep Human Neutrophil Enrichment kit (Stemcell technologies, 19257) as per the 

manufacturer’s protocol. 

For all experiments neutrophils were cultured in HBSS +Ca/+Mg/-Phenol red 

(Thermo Fisher, 14025092) with the addition of 0.5% endotoxin-free BSA (Akron, 

AK8917-0100) at 37°C in a 5% CO2 humidified incubator. 

 

Wright-Giemsa staining 
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Neutrophils (1x10^5) were spun onto cover slips using a Cytospin3 (Shandon, 74010121 

GB) and flooded with Wright stain (Sigma, WS16-500ML) for 3 minutes. Cover slips were 

then washed with six consecutive dips in water baths. Cover slips were then allowed to 

air dry and were then flooded with Giemsa stain (Sigma, GS500-500ML) and allowed to 

incubate for 7 minutes before being washed as above and allowed to air dry. 

 

Neutrophil activation 

Neutrophils were plated at the desired cell numbers and treated with 25nM phorbol 

12-myristate 13-acetate (PMA, Promega V1171) or co-cultured in the presence of E. coli 

strain K1 at a multiplicity of infection (MOI) of 5. Stimulations were performed for 3 hours 

and cells were harvested as detailed below. 

 

Chromatin immunoprecipitation with sequencing (ChIP-seq) 

Neutrophils were plated at 10-20x106 cells/10mL for each ChIP experiment. At the 

completion of each experiment cells were washed with fresh media, formaldehyde was 

added to the culture to a final concentration of 1%, and cells were cross linked with 

agitation for 10 minutes at room temperature. Fixation was then quenched for 5 minutes 

with glycine at a final concentration of 0.13M. Fixed cells were scraped from the plate and 

washed three times in ice cold 1x phosphate buffered saline (PBS) with 0.1mM EDTA 

and 1x EDTA-free complete protease inhibitors (Roche 05056489001). Cell pellets were 

snap frozen in liquid nitrogen and stored at -80°C until processing. 

To bind antibody to ProteinG Dynabeads (Invitrogen 10004D), beads were washed 

3x1mL with bead wash buffer (1x PBS, 5mg/mL BSA, Roche complete EDTA-free 
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protease inhibitor, 0.22uM filtered) and resuspended in 500uL of the same. 1-5ug of 

antibody was added and allowed to bind beads overnight, rotating at 4°C. The following 

day beads were washed 3x1mL with bead wash buffer and resuspended in 100uL RIPA 

150 (50mM Tris pH 8.0, 150mM NaCl, 0.1% SDS, 0.1% Sodium deoxycholate, 1% 

TritonX100, 1mM EDTA). 

For each ChIP, cells were thawed and lysed on ice for 10 minutes with inversion 

in Farnham lysis buffer (5mM PIPES pH 8.0, 85mM KCl, 0.5% NP-40, 10mM EDTA, 

protease inhibitors) with or without 20 draws through an 18 gauge needle. Nuclei were 

spun down for 5 minutes, 2000rpm at 10°C in a bench top microfuge, supernatant was 

discarded, and nuclei were resuspended in 300uL RIPA 150. Chromatin was then 

sonicated in a Diagenode Bioruptor 300 chilled to 4°C for 3x8 cycles of 30” on and 30” 

off, set on high with 5 minutes of cooling time between each set of 8 cycles. The insoluble 

fraction was spun down for 20 minutes at maximum speed, 4°C, in a benchtop microfuge. 

Input and IP samples were split to separate new tubes, IP volume was adjusted to 900uL 

with RIPA 150, and 100uL of Protein G dynabeads bound to the antibody of interest in 

RIPA 150 was added to each IP. Chromatin was allowed to bind to antibody-bead 

conjugates overnight while rotating at 4°C. Following binding, beads were washed 2x5 

minutes in RIPA 150, 2x5 minutes in RIPA 500 (50mM Tris pH 8.0, 500mM NaCl, 0.1% 

SDS, 01% Sodium deoxycholate, 1% TritonX100, 1mM EDTA), 2x3 minutes in LiCl wash 

(10mM Tris pH 8.0, 250mM LiCl, 1% NP-40, 1% Sodium deoxycholate, 1mM EDTA), and 

once in 1x TE. Beads were transferred to clean tubes at the start of each new wash buffer. 

DNA was eluted from beads with 200uL elution buffer (1mM Sodium carbonate, 1% SDS) 

for 1 hour, 65°C with shaking, at which point beads were removed and cross-links were 
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reversed overnight at 65°C. Eluted DNA was purified using a ChIP DNA clean and 

concentrator kit (Zymo D5205). 

DNA for ChIP and other high throughput sequencing approaches was processed 

as follows: End repair was performed using an Epicenter End-It kit (Lucigen ER0720), 

according to manufacturer’s instructions and column purified in a Zymo Minelute column 

(Zymo D4013). A-tails were added by incubating DNA in 1x NEB buffer 2 (New England 

Biolabs B7002S) with the addition of 200uM dATP and 7.5 units Klenow (exo-) (New 

England Biolabs M0212L) at 37 degrees for 45 minutes. NEB Next adaptors (New 

England Biolabs E7337A) were ligated using an NEB quick ligation kit (New England 

Biolabs M2200L) at benchtop temperature for 30 minutes followed by treatment with 2uL 

USER enzyme (New England Biolabs M5505L) for 15 minutes at 37°C. DNA was purified 

using an AmpureXP bead-analogous two-step SPRI bead protocol (Rohland and Reich 

2012), resulting in purification of DNA fragments between ~200-800 bp. 

PCR amplification of final libraries for sequencing was performed with Phusion hot 

start polymerase II system (ThermoFisher F549L) in conjunction with the NEB Next 

indexing system (New England Biolabs E7335L and E7500S). Final size selection for all 

high-throughput sequencing libraries was performed using a home-made two-step SPRI 

bead-based DNA purification system, resulting in final DNA fragment sizes of ~200-

800bp. 

 

RNA-sequencing 

At specified time points neutrophils were washed once with PBS and lysed in the 

RLT buffer component of the Qiagen RNeasy mini kit (Qiagen 74106) with the addition of 
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10ul/mL 2-mercaptoethanol, homogenized via Qiashredder (Qiagen 79654), and snap 

frozen in liquid nitrogen. Total RNA was purified via RNeasy mini kit (Qiagen 74106) 

according to the manufactures instructions, including the RNase-free DNase (Qiagen 

79254) treatment step. RNA was eluted in H2O, Turbo DNase kit buffer 

(ThermoFisher/Ambion AM1907) was added to a 1x concentration and RNA was treated 

with 4 units of Turbo DNase at 37degrees for 30 minutes. Turbo DNase was then treated 

with inactivation reagent per manufacturer’s specifications. mRNA was purified from total 

RNA using a Dynabead mRNA purification kit (Life Technologies 61006). First strand 

synthesis was performed using SuperScript III first strand synthesis system 

(ThermoFisher 18080051) as follows: 100-500ng RNA; 0.5uL Oligo(dT) primer; 0.8uL 

random hexamer; 1uL 10mM dNTP, H2O to 9.5uL. Mixture was incubated to 70 degrees 

for 10 minutes then snap frozen. First strand synthesis mix composed of 2uL 10x RT 

buffer, 4uL 25mM MgCl2, 2uL 0.1M DTT, 0.5 uL of 120ng/uL ActinomycinD, 40U 

RNaseOUT, 200U SuperScriptIII was added to the mixture which was then incubated at 

25 degrees for 10 minutes, 42 degrees for 45 minutes, 50 degrees for 25 minutes, and 

75 degrees for 15 minutes. Unincorporated nucleotides were removed from the mixture 

using a ProbeQuant G-50 column (Sigma GE28-9034-08). First strand synthesis reaction 

as then brought to 51uL with H2O and cooled on ice. 24uL of second strand mixture 

composed of 1uL 10x RT buffer, 2uL 25mM MgCl2, 1uL 0.1M DTT, 2uL of 10mM dATP, 

dGTP, dCTP, dUTP mix, 15uL of 5x second strand synthesis buffer (New England Biolabs 

B6117S), 0.5uL E. coli ligase (NEB M0205S), 2uL DNA polymerase I (NEB M0209S), 

and 0.5uL RNaseH was added and mixture was incubated at 16 degrees for 2 hours. 

DNA was purified using a DNA clean and concentrator kit (Zymo D4013) and sonicated 
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on a Covaris E220 with the following settings; Duty cycle 10%; Intensity 5; Cycle per burst 

200; Time (seconds) 180. Sonicated DNA was purified using a DNA clean and 

concentrator kit. DNA was prepared for high throughput sequencing using the 

methodology described above for ChIP-seq, with the addition of 1uL UNG 

(ThermoFisher/Applied Biosystems N8080096) during USER enzyme treatment. 

 

Whole genome bisulfite sequencing 

Neutrophils were washed twice with PBS and genomic DNA was isolated using a 

DNeasy Blood and Tissue kit (Qiagen 69504). 1 g of genomic DNA mixed with 

unmethylated lamda DNA at a concentration of 0.5% of total DNA was sonicated by 

Biorupter 300 with 20 cycles (30 seconds on and 30 seconds off at low power). 

Fragmented DNA was end-repaired and A-tailed as described above. TruSeq adapters 

(Illumina FC-121-2001) were ligated to fragmented DNA which was then purified by 

running on a 2% agarose gel. Bisulfite conversion was performed using the MethylCode 

kit as described by the manufacturer (Invitrogen MECOV-50). Bisulfite-treated DNA was 

amplified by using a TruSeq PCR primer mixture and Pfu Turbo Cx Polymerase, agarose 

gel purified, and sequenced on an Illumina HiSeq 2500 sequencer with paired end 150bp 

reads. 

 

E. coli culture and MOI determination 

E. coli strain K1 was grown in LB at 37 degrees with shaking overnight, and diluted 

into a fresh culture and grown to exponential phase the day of each experiment. E. coli 

was then pelleted at 3000rpm for 10 minutes at 10 degrees on a benchtop centrifuge, 
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washed in cell culture media, and added to neutrophil cultures at an MOI of ~5 in HBSS 

+Ca/+Mg/-Phenol red with 0.5% endotoxin free BSA. 9 1:10 serial dilutions of E. coli 

containing media were plated on LB agar and grown overnight at 37 degrees. The 

resulting colonies were counted in order to assess MOI for individual experiments. 

 

In situ HiC 

In situ HiC was performed as described (Rao et al. 2014), modifying only the MboI 

restriction enzyme digest time to assure proper digestion of chromatin. Generally, HiC 

libraries prepared from activated neutrophils were digested for 2-4 hours with 50 units 

MboI to avoid over-digesting the chromatin. The remainder of the library preparation 

adhered to the published protocol and reagents exactly. HiC library DNA was prepared 

for high throughput sequencing using the NEB Next platform according to manufacturer’s 

instructions, and sequenced using paired end 100bp reads. 

 

Fluorescence in situ hybridization (FISH) 

Cover slips were incubated overnight in 1%HCl in 70% ethanol, washed 3x with 

H2O, once in 70% ethanol, and stored in 100% ethanol. Coverslips were allowed to air 

dry prior to adding cells. Cells were incubated on cover slips in 24 well plates as described 

above. At the completion of incubation times, cells were washed 3x3 minute in PBS and 

fixed for 30 minutes in 6% paraformaldehyde (Electron Microscopy Sciences 15710) in 

1x PBS. PFA was flushed out with >5 volumes of PBS/0.05% Tween-20 (PBST), ensuring 

that cells never contact the air. Residual PFA was quenched via incubation with fresh 

20mM glycine in PBS for 15 minutes at room temperature. Cells were permeabilized in 
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PBS+0.5% Triton x-100 for 20 minutes at room temperature, washed twice with PBST, 

and incubated in PBS + 100ug/mL RNase A (Qiagen 19101) for 1 hour at 37°C. Cells 

were then treated with 0.1N HCl for 5 minutes at room temperature, washed 2x3 minutes 

with 1xPBS, 2x5 minutes with 2xSSC, then incubated for >48 hours in 2xSSC/50% 

formamide at 4°C. Cover slips were then blotted dry and 5uL probe containing 75-200ng 

labeled DNA was added to each coverslip. Cover slips were then sealed on top of glass 

slides along with probe using rubber cement. Probes and genomic DNA were denatured 

together for 5 minutes at 78°C on a heat block and allowed to hybridize for 16-48 hours 

at 37°C. Following hybridization cover slips were washed 1x15 minutes in SSC/50% 

formamide pre-warmed to 37°C, 3x15 minutes in 2xSSC pre-warmed to 37°C, 3x7 

minutes in 0.1xSSC pre-warmed to 60°C, 3x7 minutes in 4xSSC/0.02% Tween-20 pre-

warmed to 42°C, 1x5 minutes with 2xSSC pre-warmed to 37°C, and 2x5 minutes in 1x 

PBS. Cells were then post-fixed in 4% PFA in 1x PBS for 10 minutes at room temperature, 

and PFA was flushed out as above. Cells were washed 1x10 minutes in PBST+DAPI, 4x5 

minutes 1xPBS, and mounted in Prolong Gold mounting media (ThermoFisher P36930). 

FISH probes were prepared from bacterial artificial chromosomes (BACs) using 

nick/translation (Roche 11745808910). 1ug BAC DNA was used in each 20uL 

nick/translation reaction along with the following fluorophores, as needed: ChromaTide 

Alexafluor 488-5-dUTP (ThermoFisher/Life Technologies C11397), Cy3-dUTP (VRW 

42501), or AlexaFluor 647-aha-dUTP (ThermoFisher/Life Technologies A32763). 

Nick/Translation was performed for 5-16 hours at 15 degrees and terminated by addition 

of 1uL 0.5M EDTA. Unincorporated nucleotides were removed with ProbeQuant G-50 

columns per manufacturer’s instructions. 100ng of labeled probe DNA was run on a 1.5% 
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agarose gel following each nick/translation reaction to ensure the majority of probe 

fragments were in the 300-800bp range. Up to 200ng total probe per cover slip was 

combined with 10ug salmon sperm DNA (ThermoFisher 15632011), 4ug human Cot1 

DNA (ThermoFisher 15279011), 1/10 volume of 3M sodium acetate pH 5.2, and 2.5 

volumes of 100% ethanol. Probes were allowed to precipitate for 30 minutes at -20°C, 

were centrifuged for 20 minutes at 4°C, maximum speed, washed twice with 70% ethanol 

and once with 100% ethanol, air dried, and resuspended in 6uL 100% formamide at 56°C. 

6uL of 2x hybridization buffer (40% dextran sulfate in 8x SSC (20x SSC: 3M NaCl, 0.3M 

Sodium citrate)) was then added to each probe. Probes were denatured for 5 minutes at 

80 degrees and snap-cooled on ice. Probes were then added to cover slips and denatured 

and hybridized to genomic DNA as noted above. The CXCL locus FISH probe utilized 

BAC RP11-243E9, the heterochromatic control probe utilized BAC RP11-134J16. 

Imaging of FISH samples was performed at the Waitt Biophotonics Center at the 

Salk Institute. FISH samples were imaged on Zeiss Airyscan 880 microscopes using the 

Airyscan Fast mode (Huff 2016) at a resolution of 40nm in the x and y axes. Z sections 

were imaged every 160nm. Quantification of FISH data was performed using TANGO 

(Ollion et al. 2013)  for FIJI (Schindelin et al. 2012). Nuclei and spot detection were 

performed with built in tools in TANGO. Image metrics analyzed in TANGO include: 

“Eroded Volume Fraction” and “Signal Quantification Layer” in Fig. 4, and “Distances” in 

Supplemental Fig. S3. Metrics were exported from TANGO as text files and statistical 

analysis and figure generation were performed in R using built-in tools (R Core Team). 

 

HiC analysis 
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Raw HiC library read alignment to human genome build hg38, valid read pair 

filtering, matrix assembly at various resolutions, and ICE normalization of said matrices 

were performed using HiC-pro with default settings (Servant et al. 2015). Biological 

replicates were pooled following valid read pair filtering, and pooled data sets were used 

for analysis except where noted. 

For all direct comparisons of HiC data (topological domain boundary location 

comparisons, insulation scores, plotted contact matrices, log2 differential matrices) ICE 

normalized sparse matrix files were created containing only the subset of interacting bins 

that recorded reads in all data sets being compared. Read numbers at these bins were 

then quantile normalized in R using the normalize.quantiles() function in the 

preprocessCore package (Bolstad), allowing direct comparison of chromatin interactions 

between libraries with different read distributions and sequencing depths (Hsu et al. 

2017).  

Topological domain boundaries were called on normalized HiC data at 40kb 

resolution using the domain calling software published in Dixon et al. (Dixon et al., 2012). 

HiC-Pro defined valid read pairs were used in conjunction with HOMER (Heinz et 

al. 2010)  to run principal component analysis (PCA, runHiCpca.pl -res 10000), generate 

distance vs. interaction frequency plots (makeTagDirectory), define compartment 

boundaries (findHiCCompartments.pl), determine interaction correlations 

(getHiCcorrDiff.pl -res 40000 -superRes 40000), define distance-normalized chromatin 

interactions (analyzeHiC -res 20000 -superRes 40000 -minDist 100000), and to generate 

whole chromosome pairing plots (analyzeHiC -res 400000000). 

CTCF anchored-type loops were called using HICCUPS (Rao et al. 2014). 
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Insulation scores were determined as follows: The genome was divided into 40kb 

segments. Insulation scores for each segment were defined as the number of normalized 

(ICE and quantile, see above) valid read pairs within a 500kb window centered on the 

segment of interest whose ends map to opposite sides of the segment of interest divided 

by the total number of valid read pairs whose ends both map within the 500kb window. 

PC1 domains were identified as follows: PCA was run at 10,000 base pair 

resolution on pooled HiC data using the runHiCpca.pl command in HOMER with the 

following settings: -res 10000 -superRes 10000 -genome hg38. Visual inspection showed 

that positive PC1 values corresponded to the gene-rich A compartment, and negative 

PC1 values corresponded to the gene-poor B compartment on all chromosomes and 

across all conditions. Genomic regions with PC1 score differentials between conditions 

greater than three standard deviations above the mean PC1 score differential between 

conditions were identified as potential PC1 domains. PCA was then run on individual 

HiC biological replicates and only those potential PC1 domains with a reproducible gain 

in PC1 value in each biological replicate were retained. Finally, reproducible PC1 

domains within 100kb of each other were merged into single continuous PC1 domains 

which were used for downstream analysis. 

 

ChIP-seq analysis 

Raw fastq files were aligned to the human genome build hg38 using bowtie 

(Langmead et al.) with the following parameters: -m1 --best --strata. Downstream 

processing of ChIP-seq data was performed using HOMER, except where noted. 

Uniquely mapped reads from high quality biological replicates were pooled for 
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downstream analysis (Landt et al. 2012). Sequencing data was reorganized as a 

HOMER-formatted tag directory for each replicate and multiple reads mapping to the 

same base pair were collapsed to a single read using the makeTagDirectory command 

in HOMER with the following parameters: -tbp 1. ChIP peaks were called using the 

findPeaks command in HOMER with default parameters. Genes at ChIP peaks were 

identified using annotatePeaks.pl in HOMER, and the GenomicRanges package 

(Lawrence et al. 2013) in R.  

SMC3-amassed enhancers were defined as follows: Enhancers were defined as 

H3K27ac peaks called as above. In order to identify enhancers with activation-dependent 

cohesin recruitment (SMC3-amassed enhancers), total unique SMC3 ChIP-seq reads 

mapping to enhancers were calculated using annotatePeaks.pl in HOMER. To directly 

compare binding strength between conditions read numbers at enhancers were quantile 

normalized across conditions using the preprocessCore R package. Those reads with a 

log2(normalized activated/normalized unstimulated read numbers) value greater than 1.5 

were defined as SMC3-amassed. The GenomicRanges package in R was used to identify 

genes in contact with SMC3-amassed enhancers in conjunction with HOMER-defined 

chromatin interactions (detailed below). Enhancer-gene pairs were called as interacting 

if the center of one interaction anchor was within 10kb of an enhancer and the center of 

the other interaction anchor was within 50kb of a gene promoter. 

 

RNA-seq analysis 

RNA-seq data was analyzed using the Tuxedo tools, except where noted. Raw 

fastq files were aligned to the human genome build hg38 using tophat2 (Kim et al. 2013) 
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with the following parameters: --library-type fr-firststrand -a 15. Duplicated reads were 

removed using Picard tools command MarkDuplicates REMOVE_DUPLICATES=T, and 

RNA-seq quality metrics were assessed using Picard tools command 

CollectRnaSeqMetrics (http://broadinstitute.github.io/picard). Gene expression values 

were computed for each replicate across each condition using cuffdiff with an hg38 refflat 

file as reference with the following parameters: --library-type fr-firststrand. Subsequent 

analysis of gene expression and integration of gene expression data with other data types 

was performed in R. 

 

Metascape analysis (http://metascape.org) 

Genes associated with various genomic features were identified using the 

GenomicRanges package in R and were analyzed for functional enrichment in the 

Metascape web portal using “Express Analysis” on default settings (Tripathi et al. 2015). 

Metascape gene set enrichment visualizations were performed in R. 

 

Bisulfite-seq analysis 

Bisulfite converted DNA sequencing data was processed using the BSseeker2 

software suite (Guo et al. 2013). A bisulfite-sequencing amenable hg38 reference 

genome was built using the bs_seeker2-build.py command. DNA sequences were 

aligned to the hg38 bisulfite sequencing-amenable genome build using the bs_seeker2-

align.py command with the following options: -m 6 -I 0 -X 800. Cytosine methylation levels 

were determined using bs_seeker2-call_methylation.py with default settings. Awk was 

used to convert CGmap files to HOMER-compatible allC formatted files. HOMER-

http://broadinstitute.github.io/picard
http://metascape.org/
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formatted tag directories were built using HOMER’s makeTagDirectories command with 

the following options: -format allC -minCounts 0 -genome hg38. Due to sequencing 

coverage-induced biases in DNA methylation meta-analysis (data not shown), awk was 

used to create HOMER-formatted tag directories containing only those cytosine residues 

covered by both unstimulated and PMA-activated neutrophil data sets. HOMER’s 

annotatePeaks.pl command was used with the -ratio option to determine DNA 

methylation levels at particular genomic features. 

 

Data visualization 

Normalized HiC contact matrices presented in this paper were generated using 

HiCPlotter (Akdemir and Chin 2015). HiC interactions and ChIP-seq data in Fig. 4, 

Supplemental Figs. S4, and S6 were visualized using Sushi (Phanstiel et al. 2014). The 

remainder of linear genomic data was visualized using the Integrated Genomics Viewer 

(Robinson et al. 2011; Thorvaldsdóttir et al. 2013). FISH images were processed in FIJI. 

All other data was visualized using R. 

 

Data availability 

Data sets generated in this study are available as a series in the GEO database 

under accession number GSE126758. 
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4.6 Figures 

Figure 4.1. Heterochromatic super-contraction and segmentation of the neutrophil 
genome during acquisition of the PMN shape. (A) Neutrophil (blue) and H1 hESC 
(teal) chromatin interaction frequencies as a function of linear genomic distance. Percent 
interchromosomal paired end tags (PETs) are indicated. (B) Normalized HiC contact 
matrices for H1 hESC (left) and neutrophil (right) chromosome 20. First principal 
component 1 eigenvector (PC1) for each HiC matrix is displayed above its respective 
matrix. Positive PC1 values correspond to the gene-rich A compartment, negative values 
to the gene poor B compartment, based on human genome build hg38. (C) HiC contact 
matrix showing the log2 fold-change in normalized interactions between the H1 hESC 
and neutrophil matrices in B, illustrating changes in the organization of chromosome 20 
during terminal differentiation from the pluripotent state and acquisition of the PMN shape. 
PC1 values for H1 hESCs and neutrophils are shown above and to the right of the matrix, 
respectively. (D)Density plot showing the distribution of A (solid lines) and B (dotted lines) 
compartment domain sizes in H1 hESCs (teal) and neutrophils (blue). Total number of 
domains for each data set are listed at top. Domains smaller than 100,000 bp were not 
considered. (E) Example of a new TAD and compartment boundary formed during 
differentiation and hyper-compartmentalization of the neutrophil genome. Top (top to 
bottom): IGV tracks showing H1 hESC PC1 values, H1 hESC TADs, neutrophil PC1 
values, and neutrophil TADs. Bottom: Normalized HiC contact matrix of H1 hESC and 
neutrophil HiC matrices and a log2 fold-change difference matrix at a new 
TAD/compartment boundary on chromosome 14. (F) Percent of TAD and compartment 
boundaries shared between H1 hESCs and neutrophils. Domain boundaries within 100kb 
(< 3 windows) were considered shared. (G) Insulation scores in H1 hESCs and 
neutrophils calculated for each 40kb bin genome-wide, at neutrophil-specific, H1 hESC-
specific, and shared PC1 compartment/TAD boundaries for both cell types. Grouped pairs 
are all significantly different by the Wilcoxon rank sum test with log(p) values <1E-11. 
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Figure 4.2. PMA-activation increases euchromatic character at distinct genomic 
loci encoding for neutrophil activation genes. (A) Unstimulated (blue) and PMA-
activated neutrophil (red) (three hours) chromatin interaction frequencies as a function of 
linear genomic distance. Percent inter-chromosomal PETs are indicated. (B) Percentages 
of TAD and compartment boundaries shared between unstimulated and PMA-activated 
neutrophils. (C) Scatterplot comparing 10kb-windowed PC1 values between unstimulated 

and PMA-activated neutrophils. PMA PC1 domains are marked in red. (D) Metascape-

defined functional groups enriched for genes found within 100kb of PMA PC1 domains. 
Complete metascape results can be found in Supplemental Table 2. (E) HiC contact 
matrices of chromosome 18 for unstimulated (left) and PMA-activated (right) neutrophils, 
100kb resolution. Respective PC1 values are shown above each matrix. (F) Difference 
matrix showing the log2 fold-change in normalized interactions between unstimulated and 

PMA-activated neutrophils. PC1 differences are shown at top, PMA PC1 domains are 
marked by red triangles. (E) Black and red points: Genome-wide interaction correlations 
for each 40kb bin in the genome, ranked from most to least differential, left to right. Bins 

containing PMA PC1 domains are marked with red points. Red line with red shading: 

Proportion of total PMA PC1 domains found at a given rank or lower, showing a 

preference for PMA PC1 domains to fall in genomic regions with the most differential 
chromatin interactions upon PMA stimulation. (H) Boxplots of genome-wide interaction 

correlation values for PMA PC1 domains and the remainder of the genome during PMA 
stimulation. Boxplot outliers are not shown. *=Wilcoxon rank-sum test p-value <2E-16. 
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Figure 4.3. Neutrophil E. coli co-culture increases euchromatic character at distinct 
loci encoding for neutrophil pathogen response genes. (A) Unstimulated (blue) and 
E. coli co-cultured neutrophil (green) chromatin interaction frequencies as a function of 
linear genomic distance. Percent inter-chromosomal PETs are indicated. NOTE: 
Unstimulated neutrophil data is identical to that shown in Figure 2A and is shown here to 
illustrate differences between unstimulated and E. coli co-cultured neutrophil data. 
Neutrophils were cultured in the presence of E. coli for a three hours period. (B) Percent 
of TAD and compartment boundaries shared between unstimulated and E. coli co-
cultured neutrophils. (C) Scatterplot comparing 10kb-windowed PC1 scores between 

unstimulated and E. coli co-cultured neutrophils. E. coli PC1 domains are marked in 
green. (D) Metascape-defined functional groups enriched for genes found within 100kb 

of E. coli PC1 domains. Complete metascape results are described in Supplemental 
Table 2. (E) HiC contact matrices of chromosome 20 for unstimulated (left) and E. coli co-
cultured (right) neutrophils, 100kb resolution. Respective PC1 values are shown above 
each matrix. (F) Difference matrix showing the log2 fold-change in normalized interactions 
between unstimulated and E. coli co-cultured neutrophils. PC1 differences are shown at 

top with E. coli PC1 domains marked with green triangles. (G) Black and green points: 
Genome-wide interaction correlations for each 40kb bin in the genome, ranked from most 

to least differential, left to right. Bins containing E. coli PC1 domains are marked with 

green points. Green line with green shading: Proportion of total E. coli PC1 domains 

found at a given rank or lower, showing a preference for E. coli PC1 domains to fall 
within genomic regions with the most differential chromatin interactions upon E. coli 

encounter. (H) Boxplots of genome-wide interaction correlation values for E. coli PC1 
domains and the remainder of the genome during E. coli encounter. Boxplot outliers are 
not shown. *=Wilcoxon rank-sum test p-value <2E-16. 
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Figure 4.4. E. coli co-culture-induced topological changes at the CXCL sub-domain 
are associated with non-coding transcription, cohesin recruitment, and locus 
repositioning. (A) HiC contact maps of the extended CXCL gene cluster in unstimulated 
(top) and E. coli co-cultured (bottom) human neutrophils. PC1 scores are shown above 
their respective matrices, CXCL E. coli PC1 domain position is noted. (B) Log2 
difference matrix comparing HiC contacts between unstimulated and E. coli co-cultured 
neutrophils within the extended CXCL gene cluster. PC1 differential values (E. coli co-
cultured – unstimulated PC1 values) are shown above matrix, protein-coding genes in the 
CXCL gene locus are shown below. (C) Top: Linear genomic features and significant 
chromatin interactions at the CXCL E. coli PC1 domain. CTCF and SMC3 ChIP-seq, 
RNA-seq, and HOMER-defined chromatin interactions with -log(p) values less than -50 
are shown for unstimulated (blue, top) and E. coli co-cultured neutrophils (green, bottom) 
with PC1 differential values (E. coli co-cultured – unstimulated PC1 values) shown 
between. Bottom panel displays SMC3 ChIP-seq and RNA-seq tracks at the CXCL8 (IL8) 
gene, demonstrating transcription-associated recruitment of SMC3 to the CXCL8 locus. 
Peaks of transcription and associated SMC3 recruitment are highlighted in yellow. (D) 
Representative FISH image (z-projection) showing the euchromatic CXCL8 locus (green) 
in unstimulated (top) and E. coli co-cultured (bottom) neutrophils. (E) Quantification of the 
proportion of nuclear volume between the FISH signal and the nuclear periphery (Eroded 
volume fraction) in unstimulated and E. coli co-cultured neutrophils. Number of alleles 
analyzed are listed below the boxplots. Wilcoxon rank sum test p-value for the data 
distributions: ** = <0.00005. (F) Quantification of DAPI signal intensity at the FISH spots 
identified in B. Wilcoxon rank sum test p-values: ** = <0.00005.  
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Figure 4.5. Analysis of subsystem functional logic. (A) Insulation score meta-analysis. 

Insulation scores were calculated for genomic regions surrounding E. coli PC1 domain 
boundaries. Normalized insulation scores for unstimulated (blue) and E. coli co-cultured 
(green) neutrophils are shown. Vertical dotted lines demarcate meta-domain boundaries. 
Horizontal dotted lines show median normalized insulation scores at PC domain 

boundaries genome-wide for each condition. Calculations shown are for all E. coli PC1 
domains larger than 100kb. (B) Distribution of linear genomic distances between 

chromatin interaction anchor points genome-wide, for interactions anchored in PC1 

domains, and for interactions fully contained within E. coli PC1 domains. Wilcoxon rank 
sum test: **p<2.2E-16; *p<1E-5; +not significant. (C) Interaction strength bias (see 
methods) of HOMER-defined chromatin interactions for unstimulated and E. coli co-
cultured neutrophils genome-wide, for those interactions with a single anchor in an E. coli 

PC1 domain, and for those interactions contained entirely within E. coli PC1 domains. 

(D) HICCUPS defined loop strength with respect to E. coli PC1 domains in unstimulated 
and E. coli co-cultured neutrophils. (E) Distance between HICCUPS loops and E. coli 

PC1 domains. Differences are not significant by the Kolmogorov-Smirnov test. 5/45 

(11%) E. coli co-culture specific loops are in E. coli PC1 domains, 19/49 are within 1Mb 

of E. coli PC1 domains (45%). E. coli PC1 domains make up ~0.3% of the human 
neutrophil genome. (F)Log2 (normalized E. coli co-cultured / unstimulated) FPKM values 
for genes at chromatin interaction anchors shared between unstimulated and E. coli co-
cultured neutrophils, or at chromatin interactions specific to one condition. Wicoxon rank 
sum test: **p<1E-4; *p<5E-3. (G) Change in PC1 values at genes with the given mRNA 
expression differential during E. coli encounter. 
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Figure 4.6. E. coli co-culture induces cohesin recruitment to a subset of H3K27ac-
defined enhancers. (A) Log2 ratio (E. coli co-cultured / unstimulated) of the 
normalized ChIP-seq and RNA-seq signals at H3K27ac-defined enhancers that amass 
SMC3 as well as all enhancers genome-wide. (B) Histogram showing the percent of 

SMC3-amassed enhancers falling in E. coli PC1 domains randomly positioned within 
the A compartment (grey), and the percent of SMC3-amassed enhancers falling within 

actual E. coli PC1 domains (green arrow). 997/1000 of random permutations resulted in 

lower overlap between SMC3-amassed enhancers and PC1 domains than were 
observed in the empirical data. (C) Top panel shows distance distribution between E. coli 

PC1 domain boundaries and SMC3-amassed enhancers (green) and all enhancers 
(white). Bottom panel shows observed enrichment of SMC3-amassed enhancers or all 
enhancers in PC1 domains divided by the expected enrichment of these enhancers in 

E. coli PC1 domains based on 1000 random permutations of E. coli PC1 domain 
positions within the A compartment. * = Wilcoxon rank sum test p-value < 0.005. (D) Top 
panel indicates ratio of mean transcription factor motif density (motifs per base pair per 
peak, SMC3-amassed enhancers / all enhancers) for representative transcription factors. 
Bottom panel shows gene expression values (FPKM) of representative transcription 
factors in unstimulated and E. coli co-cultured neutrophils. (E) Known transcription factor 
motifs identified in D. (F) Metascape gene functional analysis for genes interacting with 
SMC3-amassed enhancers. Full metascape analysis results is shown in Supplemental 
Table 2. (G) Empirical cumulative distribution of log2(E. coli co-cultured / unstimulated 
FPKM) values for all genes, genes interacting with any enhancer, and genes interacting 
with E. coli co-culture-dependent SMC3-amassed enhancers. 
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Figure 4.7. Microbial-induced human neutrophil activation instructs rapid changes 
in nuclear architecture to orchestrate an inflammatory gene program. Activation-
induced transcription factor binding results in H3K27ac deposition, cohesin recruitment, 
and formation of de novo chromatin loops linking enhancers to inflammatory genes to 
orchestrate an inflammatory gene program. 
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Chapter 5: Insights and future directions 

It is now well studied that upon lineage commitment the genomes of adaptive and 

innate immune cells went through large-scale alterations in genome topology including 

locus contraction, genome contraction and nuclear repositioning. Locus contraction 

involves the interaction of variable regions linked with antigen receptor loci in adaptive 

immune cells (Jhunjhunwala et al., 2009). Genome contraction involves remote genomic 

interactions that shape the genomes of neutrophils and spermatozoa (Zhu et al., 2017; 

Battulin et al., 2015). 

In chapter 2 we showed that B cell activation is indeed accompanied by big 

changes in genome folding pattern. The plasma cell specific transcription signature is 

associated with changes in compartmentalization. Many of the key transcription factors 

experienced repositioning of their regulatory elements, including Ebf1, Atf4, Prdm1, etc. 

The Ebf1 locus repositioned from the euchromatic compartment to peri-centromeric 

heterochromatin compartment, and the PC1 value of Ebf1’s distal regulatory element 

flipped from positive to negative. Beside traditional folding changes, we also found that 

coordinated transcription during B cell activation was correlated with interchromosomal 

association. This may be because genome-wide transcriptional coordination is achieved 

through interchromosomal transcription and splicing hubs like speckles. Further 

experiments should be done to validate the exact scale of this phenomenon and the 

mechanism. For example, large-scale positional transcript labeling method like merFISH 

can be done to illustrate how the interchromsomal pre-mature RNA are positioned and 

how the coordinated transcriptional burst correlates with the coordinated positioning (Xia 

et al, 2019). By simultaneously identify positional information and quantity information at 
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genome scale, new imaging technique will provide us more details to decipher the 

phenomenon. 

In chapter 3 we studied the regulation of key T cell fate-controlling gene Bcl11b. 

To our surprise, we discovered a novo mechanism of controlling enhancer 3D positioning. 

The transcription of the long non-coding RNA ThymoD at Bcl11b’s distal enhancer was 

necessary and sufficient to re-localize the enhancer from nucleus periphery to 

euchromatic compartment away from the nuclear lamina. The transcription of ThymoD 

led to binding of two CTCF sites pointing toward the Bcl11b promoter, which allowed 

proper cohesin accumulation and loop formation between the enhancer region and the 

promoter. However, still much is unknown about how the transcription of ThymoD 

regulate the binding of CTCF. One possible mechanism is through DNA demethylase 

TET1 and TET2. Transcription could recruit TET protein to demethylate the CTCF binding 

site (Benner et al, 2015), and the demethylated CpG then allowed CTCF binding (Wiehle 

et al. 2019). Other possibility includes recruitment of CTCF co-binding regulators, and 

CTCF / cohesin / demethylase / co-binding factor recruitment through formation of 

specially DNA structure like G4. Other than then CTCF binding mystery, the transcription 

and splicing of ThymoD was also carefully regulated. There are two major promoters 

responsible for transcribing ThymoD and different stages of T cell development. From the 

ThymoD p(A)/p(A) tumor data, we found that there were at least two other promoter that 

were dormant during most stages of normal T cell development. Why so many promoters 

are necessary to regulate ThymoD transcription and what’s the difference between the 

variance isoform of ThymoD are still largely unanswered. Knocking out the ThymoD 
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promoters one-by-one may enable us to further understand to elaborate regulation 

process. 

In chapter 4, neutrophils activation was studied through a combination of high-

through sequencing techniques and Imaging techniques. Like the other immune cell 

types, we found that human neutrophil development was closely associated with 

segmented compartments and contracted genomes. We employed two kinds of activation 

stimuli, PMA and E. coli, and both activate neutrophils with rapid changes in nuclear 

structure.  The rapid changes mostly involve genome-wide loss of sub-domain boundary 

between inflammatory response gene domains, which enable long range promoter co-

activation network and enhancer-promoter interaction to form. However, it’s still no clear 

how the elaborate mechanism genome structure is regulated. We suggest that enhancers 

and promoters may be spatially segregated from each other in distinct loop domains until 

an appropriate environmental signal is received in order to prevent inappropriate or 

pathological activation of gene expression. More experiment, for example, live imaging of 

some of the key super-enhancer and key TF promoters, can be done to validate the 

hypothesis. 

In sum, here we demonstrate that genome architecture alteration is closely 

correlated with transcriptional regulation in immune cell development and activation. 

Many of the key genes are under careful governance of the chromatin folding pattern. 
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