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Abstract

Alterations in nuclear morphology are common in cancer progression. However, the degree to 

which gross morphological abnormalities translate into compromised higher-order chromatin 

organization is poorly understood. To explore the functional links between gene expression and 

chromatin structure in breast cancer, we performed RNA-seq gene expression analysis on the basal 

breast cancer progression model based on human MCF10A cells. Positional gene enrichment 

identified the major histone gene cluster at chromosome 6p22 as one of the most significantly 

upregulated (and not amplified) clusters of genes from the normal-like MCF10A to premalignant 

MCF10AT1 and metastatic MCF10CA1a cells. This cluster is subdivided into three sub-clusters of 

histone genes that are organized into hierarchical topologically associating domains (TADs). 

Interestingly, the sub-clusters of histone genes are located at TAD boundaries and interact more 

frequently with each other than the regions in-between them, suggesting that the histone sub-

clusters form an active chromatin hub. The anchor sites of loops within this hub are occupied by 

CTCF, a known chromatin organizer. These histone genes are transcribed and processed at a 

specific sub-nuclear microenvironment termed the major histone locus body (HLB). While the 

overall chromatin structure of the major HLB is maintained across breast cancer progression, we 

detected alterations in its structure that may relate to gene expression. Importantly, breast tumor 

specimens also exhibit a coordinate pattern of upregulation across the major histone gene cluster. 

Our results provide a novel insight into the connection between the higher-order chromatin 

organization of the major HLB and its regulation during breast cancer progression.
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Introduction

The spatial arrangement of the eukaryotic genome plays central roles in cellular processes 

inherent to DNA. In particular, higher-order chromatin structures are critical to regulated 

gene expression by facilitating long range interactions between distal gene regulatory 

elements and target gene promoters (Fritz et al., 2016; Kadauke and Blobel, 2009; Krivega 

and Dean, 2012; Whalen et al., 2016). Coregulated genes aggregate upon their activation 

(Brown et al., 2008; Osborne et al., 2007) or silencing (Clowney et al., 2012; Guelen et al., 

2008) via chromatin hubs and many studies demonstrate that chromosomes fold into 

megabase units called topologically associating domains (TADs) (Barutcu et al., 2016a; 

Dixon et al., 2016; Dixon et al., 2012). Even larger units termed compartments that represent 

euchromatic or heterochromatic states have been also been identified (Lieberman-Aiden et 

al., 2009; McCord et al., 2013; Seitan et al., 2013). While the specific interactions within 

these structures provides the basis for regulatory control in physiological states, little is 

known about how these structures are altered in disease.

Alterations in the morphology of the nucleus have long been used as diagnostic tools for 

identifying cancer (Dey, 2010; Zink et al., 2004). In addition, genetic and epigenetic 

alterations associated with aberrant gene expression are pronounced with cancer progression 

(Cancer Genome Atlas, 2012; Kandoth et al., 2013; Stephens et al., 2012; Suva et al., 2013) 

and may very well be linked with changes in genomic organization. For example, 

translocations are more frequent between regions of the genome that are in closer proximity 

in the nucleus (Rocha et al., 2012; Roix et al., 2003; Zhang et al., 2012). Moreover, the 

connection between spatial organization and gene expression may be a critical determinant 

for the progression of cancer. For instance, aberrant promoter-enhancer interactions may 

drive the progression of cancer (Dekker and Mirny, 2016). Since interactions between 

enhancers and promoters located in different TADs are less frequent (Dixon et al., 2012), 

alterations in TAD boundaries could be a mechanism driving cancer progression (Lupianez 

et al., 2016). One key chromatin organizing factor enriched at TAD boundaries is known as 

CCCTC-Binding Factor (CTCF) (Barutcu et al., 2017). Deletion of CTCF binding sites at 

TAD boundaries has been shown to result in altered TAD formation and aberrant promoter-

enhancer interactions, expression, and spreading of active chromatin (Chen et al., 2015; 

Lupianez et al., 2015; Narendra et al., 2015; Nora et al., 2012). Distinct alterations in 

chromatin structure have clinical consequences. For example, Deng et al, were able to 

reactivate the expression of beta-globin by artificially forcing the looping of its locus of 

control region back into contact with its promoter (Deng et al., 2014). In this case, activation 

of globin genes may provide therapeutic strategies for overcoming sickle cell anemia. Given 

the importance of higher-order chromatin architecture and gene expression, similar strategies 

may also eventually prove useful for the understanding and prevention of cancer.

To investigate alterations in gene expression and higher-order chromatin organization in 

breast cancer cells, we adopted the MCF10 breast cancer progression model consisting of 

the normal-like, epithelial MCF10A (10A), premalignant MCF10AT1 (AT1), and metastatic 

MCF10CA1a (CA1a). This model provides a powerful tool for studying the stages of basal 

triple negative breast cancer (Dawson et al., 1996; Pauley et al., 1993; Santner et al., 2001). 

These cells share the same origin and have similar near-diploid karyotypes and relatively 
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few chromosomal abnormalities. We identified many pathways involved in tumorigenesis, 

migration, invasion, and proliferation which are altered across the MCF10 series. Using this 

progression model and differential gene expression analysis, we identified transcriptional 

responses associated with cancer progression. Surprisingly, positional gene enrichment (De 

Preter et al., 2008) identified the major histone gene cluster on chr6p22 as one of the top 

upregulated clusters of genes across the MCF10 series. Using Hi-C analysis, we find that the 

chromatin landscape of the major histone gene cluster is contained within hierarchical 

structural domains. The major histone gene cluster is subdivided into three sub-clusters each 

of which is located at sub-TAD boundaries. Interestingly, these sub-clusters contact each 

other more frequently than the regions located between them. We further identified another 

downstream region which loops back to interact with these sub-clusters. There appear to be 

modest alterations which occur in the higher order chromatin organization of the major 

histone gene cluster. Histone gene clusters on 6p and 1q are known to be organized in sub-

nucear domains termed histone locus bodies (HLBs) (Bongiorno-Borbone et al., 2008; 

Ghule et al., 2008; Miele et al., 2005; Zhao et al., 1998). Consistent with these results, 

CTCF, a major chromatin organizer, was associated in situ with the major HLB, which 

forms around the 6p22 histone gene cluster, at the nuclear matrix and was bound at the 

anchor sites of loops within this domain. Importantly, the pattern of upregulated histone 

expression found in the MCF10 series was similar to that found in breast tumor patient 

samples. Therefore, the mechanisms that orchestrate the chromatin organization and 

regulation of the major histone gene cluster body in the context of deregulated proliferation 

during breast cancer progression are of marked clinical relevance.

Results

Global gene expression analysis reveals the major histone gene cluster as highly-changed 
in the MCF10 breast cancer progression series

The human MCF10 series of breast cancer cell lines (i.e., parental MCF10A, premalignant 

MCF10-AT1, and metastatic MCF10-CA1a) are derived from a common origin and exhibit 

near normal karyotypes (Dawson et al., 1996; Pauley et al., 1993; Santner et al., 2001), thus 

providing a unique and informative model system to study altered gene expression across 

breast cancer progression. To identify pathways that contribute to breast cancer progression, 

we performed whole transcriptome RNAseq using actively proliferating MCF10 cell lines. 

Sequenced reads were mapped via TopHat2 (Kim et al., 2013), counted by htseq-count 

(Anders et al., 2015), and analyzed for differential expression by DESeq2 (Love et al., 2014) 

using a p-value cutoff of 0.05 and a 2-fold expression change. The RNAseq results were 

validated by analyzing the expression of several key genes by qPCR that are important in 

breast cancer progression (Fig S1). A pair-wise comparison between MCF10A (10A) cells 

and the premalignant MCF10AT1 (AT1) or the metastatic MCF10CA1a (CA1a) cells 

revealed 1282 downregulated and 869 upregulated genes that are shared across the series. 

1383 genes are uniquely downregulated in AT1 or CA1a, and 1283 genes are uniquely 

upregulated (Fig 1A). This large degree of differentially expressed (DE) genes across the 

MCF10 series suggests a complex pattern of altered gene expression is coincident with the 

different stages of breast cancer progression.
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Although recent studies have determined differential expression of transcripts and 

microRNAs in this progression model (Bhardwaj et al., 2017), no systematic pathway 

analyses was performed. To address which pathways are activated and inhibited across the 

series, the DE genes were clustered into eight subsets (e.g., highly upregulated, moderately 

upregulated, highly downregulated; Fig 1B, Table S1). Using Ingenuity pathway analysis 

(IPA), we identified many signaling cascades that are involved in proliferation and cell 

growth (Table S2). Consistent with the observation of tumorigenic phenotypes associated 

with cancer progression, the top ten activated upstream regulators of genes that change 

across the series include the oncogenes EGFR, MYC, and RAS, while putative inhibited 

upstream regulators include tumor suppressor PTEN, as well as P300. Furthermore, the 

AP-1 transcription factor complex proteins JUN and FOSL1 are among activated upstream 

regulators that are uniquely within the top ten for the 10A-CA1a pairwise comparison 

suggesting a role for these factors in metastasis. Interestingly, P53 is among the inhibited 

upstream regulators from 10A to AT1, while its family member P63 is activated in CA1a. 

This suggests a switch from downregulating genes regulated by P53 in AT1 to upregulation 

of genes regulated by P63 in CA1a (Fig 1C, Table S3). Taken together, the differential 

expression across the MCF10 series reflects higher tumorigenesis, invasion, migration and 

proliferation indicative of their progressive cancer phenotypes (as determined by IPA 

diseases and functions; Table S4).

To interrogate potential coordinate control of gene expression that is altered across the 

MCF10 series, we applied Positional Gene Enrichment analysis (De Preter et al., 2008) to 

identify clusters of genes along chromosomes. Among the top clusters that were 

coordinately upregulated was the major histone gene cluster on chr6p22 (Fig 2A). The 

region is comprised of 3 histone sub-clusters (termed A, B and C) that have non-histone 

genes interspersed between them. Notably, although the histone genes were upregulated, the 

non-histone genes between these three sub-clusters were more frequently downregulated 

(Fig 2B–C). Importantly, this region is not amplified across MCF10 (Fig S2), suggesting the 

upregulation is not simply due to increased numbers of histone locus bodies, but increased 

activity within the histone locus bodies across the population. Importantly, since histone 

mRNA are not polyadenylated, it is necessary to note that our RNAseq protocol was 

performed using random hexamer cDNA synthesis. Furthermore, since the histone genes 

share considerable sequence similarity we used only uniquely mapping reads to quantify 

these genes in our RNA-seq analysis. Together, these data indicate increased expression of 

histone genes across MCF10 progression series is required to accommodate increased 

proliferation of MCF10 cell lines.

The sub-clusters of the major histone gene locus are occupied by the chromatin organizer 
CTCF and configured in a hierarchy of topologically associating domains

The global increase in histone mRNA expression within the major histone gene cluster 

across the MCF10 series raises compelling questions regarding the nuclear 

microenvironment within and around this region during breast cancer progression. To 

examine the higher order chromatin organization within this region, we determined pairwise 

DNA-DNA interactions using the Hi-C approach (see methods). Interestingly, the major 

histone gene cluster is organized into hierarchical topologically associating domains (TADs) 

Fritz et al. Page 4

J Cell Physiol. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



wherein sub-cluster A is localized within a sub-TAD adjacent to another sub-TAD 

encompassing sub-clusters B and C (Fig 3A). These two sub-TADs are present within a 

TAD that in turn resides within a mega-TAD including downstream genes. All three histone 

sub-clusters are located at sub-TAD boundaries. Interestingly, there are two histone genes 

located upstream of sub-cluster A which are located outside the major histone gene cluster 

mega-TAD (Figure 3A) and their expression was not detected in our RNA-seq analysis. 

Since intra-chromosomal DNA interactions are generally higher the closer two sequences 

are on the chromosome, the degree that the observed interactions occur above this 

expectation was determined (Fig 3B). The enriched interactions were subdivided into blocks 

representing the sub-clusters, the regions containing non-histone genes, and another region 

which demonstrated strong contact with the major histone gene cluster sub-clusters. This 

analysis revealed more frequent contacts between the histone sub-clusters when compared 

with the interspersed non-histone genes (Fig 3C, Fig S3). The downstream region (termed 

region D) that is included within the major histone gene cluster mega-TAD contacted sub-

clusters A and B more frequently than sub-cluster C. While TAD boundaries are largely 

unchanged across MCF10 breast cancer progression, there are subtle changes occurring 

within these TAD boundaries (Fig 3D). For example, although the interaction frequency 

between sub-clusters B and C is relatively constant, interactions between A and the 

downstream regions B and D increase across the series. Local interactions are constant 

within sub-cluster A, but increase in sub-clusters B and C. Together, this data suggests a 

higher-order chromatin structure within the major histone gene cluster coincident with the 

high expression of the histone genes relative to the interspersed non-histone regions. The 

sub-clusters come together in an active chromatin hub. We also identified a fourth region 

which loops back into the major histone gene cluster (as represented in a schematic 

illustration in Fig 3E).

The histone genes contained within the major histone gene cluster localize within the 

nucleus at histone locus bodies (HLBs). HLBs contain the regulatory factors (e.g., NPAT, 

HINFP, FLASH) involved in the transcriptional and post-transcriptional regulation of the 

histone genes (Bongiorno-Borbone et al., 2008; Ghule et al., 2008; Zhao et al., 1998) that 

are required for physiological control of cell proliferation (Bongiorno-Borbone et al., 2010; 

Dominski and Marzluff, 2007; Ghule et al., 2014; Salzler et al., 2013; Yang et al., 2014; Ye 

et al., 2003; Zhao et al., 2000). These sub-nuclear bodies are essential for cell cycle-specific 

expression of histone genes, however the mechanisms and potential factors that contribute to 

the higher order chromatin organization of the major histone gene cluster is unclear. Given 

its known role as a chromatin organizer, we investigated whether CTCF has a role in 

organizing the major HLB that forms around the major histone gene cluster on chr6p22. We 

first performed immunofluorescence microscopy to assess whether CTCF, a nuclear protein 

that associates with the nuclear matrix, localizes to Histone locus bodies in the MCF10 

series. The histone gene co-regulator NPAT exclusively localizes to histone gene clusters on 

chromosomes 1 and 6. Since NPAT foci are greater in intensity around the major histone 

gene cluster, it was used as a surrogate to identify the major HLB (Fig 4A). 

Immunofluorescence before and after nuclear matrix preparation revealed that CTCF is 

present within the major HLB and associates with NPAT at the nuclear matrix. This 

observation suggested that CTCF plays an important role in organizing the major histone 
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gene cluster body (Fig 4B). To address whether CTCF is integral to the organization of 

histone gene cluster at the molecular level, chromatin immunoprecipitation was performed 

using a CTCF specific antibody, followed by deep sequencing (ChIP-seq). As expected, 

CTCF occupied many sites across the genome, including in and around the major histone 

gene cluster in the MCF10 breast cancer series (Fig 4C). This genomic occupancy was 

further investigated in relation to the higher order chromatin organization around this locus 

by analyzing pairwise DNA interactions as measured by Hi-C around this region. This 

analysis identified that CTCF is coincident with looping of chromatin at the major histone 

gene cluster (Fig 4C). These findings provide evidence that CTCF may play a key role in 

organizing the higher order chromatin within and around nuclear microenvironment of the 

major HLB.

Breast tumor patient specimens exhibit a coordinate pattern of elevated major histone 
gene cluster expression

To determine the clinical relevance of increased histone gene expression and whether these 

sub-clusters are upregulated independently of the intervening non-histone genes, we utilized 

publicly available patient breast tumor TCGA data (Fig 5). Microarrays from 527 tumor 

samples (based on random hexamer generated cDNA) were analyzed for expression across 

the major histone gene cluster. As a validation, we clustered the expression of the histone 

genes to identify any that are co-expressed to an unusually high degree and therefore may be 

artifacts. Normal tissue, taken adjacent to tumor samples, clustered distinctly within the 

lower expression of the major histone gene cluster (Fig S4). Given this clustering we next 

determined the fold-change of tumor samples versus their normal matched tissue. 

Interestingly, the pattern of upregulation across this locus was comparable to that across the 

MCF10 breast cancer progression series (Fig 5). Similar to the MCF10 series, this 

chromosome band containing this region is not significantly amplified or deleted in TCGA 

breast tumor samples (Ciriello et al., 2015), only 1.09% of tumors had an amplification in 

this region. Next, we implemented survivorship curves for each individual gene across the 

region. Almost all the histone genes had similar trends in that the higher expression of 

histone genes had higher survivorship (Fig S5). The non-histone genes were more mixed in 

their patterns (Fig S6). Taken as a cumulative group, the histone genes in this region 

significantly indicate better prognosis with higher expression (Fig S7) while the non-histone 

genes did not show a significant relationship to survivorship (Fig S8).

Discussion

In this study, we used a comprehensive and unbiased approach to analyze altered gene 

expression across the MCF10 breast cancer progression series consisting of normal-like 

MCF10A, premalignant MCF10AT1, and metastatic MCF10CA1a. Genome-wide 

expression analysis revealed the major histone gene cluster on chr6 as one of the most 

significantly upregulated clusters across the MCF10 breast cancer progression series and in 

breast cancer tumor specimens. The chromatin of this region is organized into hierarchical 

domains with the histone gene sub-clusters putatively configured in an active chromatin 

anchored by CTCF. This work provides a novel insight into potential mechanisms by which 
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the higher order chromatin organization within the major histone gene cluster may 

contribute to its regulation and function in breast cancer progression.

The higher order chromatin organization of the genome is functionally linked to the 

regulation of gene expression in order to establish and maintain physiological states. 

Physical interactions between promoters and enhancers, that may be located very distal in 

their linear sequence, have been demonstrated to be critical for the expression of many genes 

(Fritz et al., 2016; Kadauke and Blobel, 2009; Krivega and Dean, 2012; Whalen et al., 

2016). Furthermore, multiple genes that are co-expressed congregate into active chromatin 

hubs upon their activation (Brown et al., 2008; Osborne et al., 2007) or silenced domains 

upon their inactivation (Clowney et al., 2012; Guelen et al., 2008). These interactions have 

since been determined to be primarily constrained within so-called topologically associating 

domains (TADs) which are regions of local higher frequency interactions approximately one 

to ten megabases in size (Barutcu et al., 2016a; Dixon et al., 2016; Dixon et al., 2012). At 

the largest level, chromosomes are organized into discrete domains within the nucleus called 

chromosome territories (CTs) (Fritz et al., 2016). Active TADs are more frequently located 

at periphery of CTs (Nagano et al., 2013). Interchromosomal interactions are different in cell 

and tissue lineages (Fritz et al., 2014a; Mayer et al., 2005; Parada et al., 2004). These 

profiles, in turn, suggest that genomic organization could explain the high frequency of 

particular translocations prevalent in different cancer types. Interestingly, altered 

interchromosomal interactions have been determined across breast cancer progression (Fritz 

et al., 2014b) and specifically between small chromosomes (Barutcu et al., 2015). Since 

active TADs are present at the CT boundaries (Nagano et al., 2013) altered 

interchromosomal interactions may be a result of different TADs interacting between CTs at 

their borders. Furthermore, Depletion of specific transcription factors such as RUNX1 

(Barutcu et al., 2016b), chromatin modifiers such as SMARCA4 (Barutcu et al., 2016c), and 

Histone H1 (Geeven et al., 2015) have demonstrated genome-wide alterations in higher 

order chromatin organization. Despite this progress, much more work is required to fully 

understand the interplay between gene expression and higher-order chromatin organization 

and the alterations which occur as a result of dysregulated gene expression in breast cancer.

Breast cancer is the second leading cause of cancer mortality in women. Despite significant 

progress in early detection and treatment, understanding the mechanisms of breast cancer 

progression and metastasis still require rigorous study. To study these important processes, 

model systems are required due to the advantages that they are relatively easy to grow, 

inexpensive, and can be used in genome editing/mechanistic studies as well as in high-

throughput assays of therapeutic treatments (Goodspeed et al., 2016). While there are 

differences between patient tumor samples and cancer cell lines, the vast majority of the 

alterations that occur in breast cancer progression are shared in these model systems. For 

example, tumor patient samples and breast cancer cell lines, share 72% of the genes that are 

significantly altered in both gene expression and copy number (Neve et al., 2006). In this 

study, we adopted the MCF10 breast cancer progression model series of cells which consist 

of the normal-like MCF10A, premalignant MCF10AT1, and metastatic MCF10CA1a 

(Dawson et al., 1996; Pauley et al., 1993; Santner et al., 2001). The strength of this series 

lies in the fact that all three cell lines are derived from the same origin and have similar near-

diploid karyotypes. Previous studies have identified altered gene expression resulting in an 
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epithelial to mesenchymal transition across the MCF10 series (Hong et al., 2017) and 

miRNA (Bhardwaj et al., 2017) involved in the progression of this series. Despite this 

progress, no systematic studies have been done to identify all the pathways which are 

putatively altered across this series. We used a comprehensive and unbiased approach to 

identify altered gene expression across these stages of progression. Interestingly, we 

identified key upstream regulators which play a major role in this progression including the 

oncogenes EGFR, MYC, and RAS and the tumor suppressors P53 and PTEN, as well as 

other factors including P300 and the AP-1 transcription factor complex proteins JUN and 

FOSL. Importantly, this unbiased approach identified signatures indicative of increased 

proliferation, migration, invasion and tumorigenesis across the MCF10 series reminiscent of 

their progressive tumorigenic potential.

There is a direct connection between alterations that occur in gene expression across breast 

cancer and the physical location of genes within the genome. For example, certain regions of 

the genome are more frequently amplified or deleted in breast cancer (Ciriello et al., 2015) 

suggesting specific positional clusters of genes which may be relevant to breast cancer 

progression. We investigated whether there are clusters of genes which are altered in 

expression, but not in their copy number. We used a positional gene enrichment tool to 

identify altered gene expression across MCF10. We found that the major histone gene 

cluster on chr6p22 is one of the most significant highly-upregulated clusters which is not 

altered in its copy number across MCF10. This upregulation within the major histone cluster 

is likely due to increased proliferation resulting in an increased demand for histone mRNA 

expression in breast cancer.

Within the nucleus the major histone gene cluster is contained within a sub-nuclear domain 

termed the major histone locus body that contains the factors necessary for histone mRNA 

expression such as HINFP, NPAT, and FLASH and histone mRNA 3′ end processing factors 

such as SLBP and LSM10 (Bongiorno-Borbone et al., 2008; Ghule et al., 2008; Zhao et al., 

1998). The precise regulation of these factors is required for physiological control of cell 

proliferation (Bansal et al., 2013; Bongiorno-Borbone et al., 2010; Dominski and Marzluff, 

2007; Ghule et al., 2014; Krishnan et al., 2012; Salzler et al., 2013; Yang et al., 2014; Ye et 

al., 2003; Zhao et al., 2000). Interestingly, LSM10 and NPAT have been shown to be 

decoupled in several breast cancer cell lines indicating an altered microenvironment within 

HLBs (Ghule et al., 2009). This decoupling may suggest dysregulation and spatial 

separation between histone transcription and processing.

Understanding the higher order chromatin organization of HLB and any alterations that 

occur within these sub-nuclear bodies across breast cancer progression may provide 

mechanistic insight into its regulation and dysregulation in disease. The upregulation of the 

major histone gene cluster across breast cancer progression, together with the finding that 

there is an altered microenvironment within the sub-nuclear domain formed around this 

region raises compelling questions with regard to its higher order chromatin organization. 

The major histone gene cluster on chr6p22 is itself composed of three sub-clusters denoted 

A, B, C. We determined that the major histone gene cluster is hierarchically organized into 

domains. Two histone genes upstream of sub-cluster A are excluded from the mega-TAD 

encompassing the major HLB and are not detectably expressed. Other than these two histone 
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genes, we determined that the histone sub-clusters interact with each other more frequently 

than non-histone genes located between them. This organization suggests that the major 

histone gene cluster forms an active chromatin hub excluding the non-histone genes. 

Interestingly, we determined a fourth region which loops back to interact with the major 

HLB (Fig 3). This region may contain an unknown regulatory function within the HLB. 

While the overall structure of the major HLB is maintained, we detected subtle changes in 

its structure. The largest changes were seen in the local contacts within the histone sub-

clusters B or C. Since the histones genes are in an active state, only to be increased in breast 

cancer progression the overall structure of the major HLB might be important for the 

function of the histone sub-cluster active chromatin hub.

Given its known role as a chromatin organizer, we determined that CTCF may play an 

important role in organizing the major HLB within the nucleus. Both CTCF (Dunn et al., 

2003) and NPAT (Dobson et al., 2017) have been shown to be associated with the nuclear 

matrix. We extended these findings and determined that the major HLB is associated with 

CTCF at the nuclear matrix. Consistent with its insulator role at TAD boundaries (Ali et al., 

2016; Phillips-Cremins and Corces, 2013) and its enrichment at the anchor sites of 

chromatin loops (Rao et al., 2014), we find that this is the case within the major histone gene 

cluster. Since CTCF binding sites are frequently mutated in cancer (Katainen et al., 2015), 

we considered whether any changes in the structure of the major HLB are due to differences 

in CTCF binding. While the major TAD boundaries are unchanged across breast cancer 

progression, there may be some modest differences in sub-TAD boundaries contained within 

the largest TAD structure at this region. Since the binding of CTCF is unchanged within this 

region any changes in sub-TADs or looping are independent of CTCF occupancy. The fact 

that CTCF binding is maintained suggests that it may be critical for the active chromatin 

state within histone sub-cluster chromatin hub and may be involved in insulating it from the 

neighboring TADs.

This work provides insight into coordinate regulation and higher order chromatin 

organization of the major HLB during breast cancer progression. Despite these important 

observations, further work will be required to determine the mechanisms that drive the 

assembly and structure-function relationships of the major HLB to regulate expression of 

histone genes.

Materials and methods

Cell culture

MCF10A and MCF10AT1 cells were grown in DMEM: F12 (Hyclone-SH30271), 5% (v/v) 

horse serum (Gibco #16050) + 10ug/ml human insulin (Sigma I-1882)+ 20ng/ml 

recombinant hEGF (Peprotech AF-100-15) + 100ng/ml Cholera toxin (Sigma C-8052) + 0.5 

ug/ml Hydrocortisone (Sigma H-0888) Pen/Strep (Life Technologies) and Glutamine (Life 

Technologies). MCF10CA1a cells were grown in DMEM: F12 (Hyclone-SH30271) + 5% 

(v/v) horse serum (Gibco #16050) +Pen/Strep (Life Technologies) and Glutamine (Life 

Technologies). Cells were validated by STR and karyotype analysis (Fig S9).
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Nuclear matrix extraction and microscopy

ImmunoFISH for NPAT and chr6p22 (RP11-2p4) was performed as previously described 

(Ghule, 2008 PNAS). For immunofluorescene, cells were grown overnight on 0.5% gelatin 

coated coverslips. One set of coverslips were fixed in 3.7% formaldeyde, another was CSK 

(100 mM NaCl, 1 mM EGTA, 10 mM PIPES pH 6.8, 3 mM MgCl2, 300 mM sucrose, 0.5% 

v/v Triton X-100) treated for 5 minutes on ice, and a third were treated for isolation of the 

nuclear matrix. The nuclear matrix was isolated using DNaseI in a DNase buffer (50 mM 

NaCl, 1 mM EGTA, 10 mM PIPES pH 6.8, 3 mM MgCl2, 300 mM sucrose, 0.5% v/v Triton 

X-100) for 30 minutes at 30°C. The maintenance of the nuclear matrix was confirmed by 

DIC and presence of the UBF protein which has been shown to be maintained in the nuclear 

matrix (Fig S10). The images were obtained using Zeiss LSM 510 META confocal 

microscope using 63× oil immersion objective. Images were pseudo-colored. Image analyses 

were performed either using ImageJ.

Hi-C

Hi-C was performed as previously described (Belton et al., 2012). Briefly, cells were fixed 

with 1% methanol free formaldehyde for 10′ at room temperature, treated with glycine on 

ice for 15 minutes, PBS rinsed, and snap frozen in liquid nitrogen. HINDIII restriction 

digested products were blunt ligated after incorporation of biotinylated dCTP, The DNA was 

sonicated and crosslinks were reversed. Beads were used to pull down biotinylated di-tags. 

Sheered ends were repaired, A-tailed, and barcoded adapters were ligated. High ligation 

efficiency was determined by nhel restriction digestion (blunt end formation creates a nheI 

site). The belton et al., 2012 protocol was modified to increase the ligation step to 10 hours 

with a second spike-in of t4 ligase at hour 4. We found a dramatic increase in ligation 

efficiency using these conditions.

ChIP-seq

ChIP-seq was performed as previously described (O’Geen et al., 2010). We performed 

independent replicates for MCF10A, MCF10AT1 and MCF10CA1a using 20ul of antibody 

against CTCF (Cell Signaling Technologies, 3418S) and 150ug of chromatin for each 

sample.

Gene expression analysis

Total RNA was isolated from cells using Trizol (Life Technologies) and purified using the 

Direct-zol RNA kit (Zymo Research, Irvine, CA, USA: R2050). RNA quality and quantity 

were assessed using the RNA 6000 Nano Kit with the Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA). RNA quantity was further assessed using a Nanodrop2000 

(Thermo Scientific, Lafayette, CO) and Qubit HS RNA assay (Thermo Fisher Scientific). 

Total RNA was depleted of ribosomal RNA, reverse transcribed using a random hexamer 

strategy, and strand-specific adapters were added following manufacturer’s protocol (TruSeq 

Stranded Total RNA Library Prep kit with Ribo-Zero Gold, Illumina, San Diego, CA, USA) 

with the exception that the final cDNA libraries were amplified using the Real-time Library 

Amplification Kit (Kapa Biosystems, Wilmington, MA, USA) to reduce over-amplification 

of libraries. Generated cDNA libraries were assayed for quality using the High Sensitivity 
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DNA Kit on the Agilent 2100 Bioanalyzer (Agilent Technologies) then sequenced as single-

end 100 bp reads (IlluminaHiSeq1000, UVM Advanced Genome Technologies Core).

Complementary DNA (cDNA) was synthesized from isolated RNA using the Superscript III 

First-Strand Synthesis System according to the manufacturer’s instructions (Life 

Technologies). Quantitative RT-PCR (qPCR) was performed using gene-specific primers and 

SYBR Green Master Mix (Bio Rad, Hercules, CA) on a Viia 7 system (Applied Biosystems, 

Foster City, CA, USA). After normalization to the reference genes glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) and actin, relative expression levels of each target gene 

were calculated using the comparative CT (CT) method and normalized relative to 

expression in MCF10A. Oligonucleotide primer sequences used for qPCR are as follows: 

hGAPDH forward primer, 5′-ATGTTCGTCATGGGTGTGAA-3′; hGAPDH reverse 

primer, 5′-TGTGGTCATGAGTCCTTCCA-3′; hACTB forward primer, 5′-

AGCACAGAGCCTCGCCTTT-3′; hACTB reverse primer, 5′-

CGGCGATATCATCATCCAT-3′; HIST1H3G forward primer, 5′-

CAGACTGCACGCAAGTCCA-3′; HIST1H3G reverse primer, 5′-

CGGAACTCTGAAAGCGCAGAT-3′; HIST1H2BJ forward primer, 5′-

CTGACACCGGCATTTCGTC-3′; HIST1H2BJ reverse primer, 5′-

CGGCCTTAGTACCCTCGGA-3′; HIST1H2BO forward primer, 5′-

GACCCGGCTAAATCTGCTCC-3′, HIST1H2BO reverse primer- 5′- 

GGCCTTGGTTACGGCTTTC-3′; CDH1 Forward: GGAAGTCAGTTCAGAGCATC, 

CDH1 Reverse: AGGCCTTTTGACTGTAATCACACC; CDH2 Forward: 

TGTTTGACTATGAAGGCAGTGG, CDH2 Reverse: TCAGTCATCACCTCCACCAT; 

Vimentin Forward: AGGAAATGGCTCGTCACCTTCGTGAATA, Vimentin Reverse: 

GGAGTGTCGGTTGTTAAGAACTAGAGCT; GAPDH Forward: 

TGTGGTCATGAGTCCTTCCA, GAPDH Reverse: ATGTTCGTCATGGGTGTGAA; Zeb2 

Forward AAGCCAGGGACAGATCAGC; Zeb2 Reverse: 

CCACACTCTGTGCATTTGAACT; Twist1 Forward: TGAGCAAGATTCAGACCCTCA; 

Twist 1 Reverse: ATCCTCCAGACCGAGAAGG; Snail1 Forward: 

CCAATCGGAAGCCTAACTACAG; Snail 1 Reverse: GACAGAGTCCCAGATGAGCATT; 

Zeb1 Forward: GGGAGGAGCAGTGAAAG; Zeb1 Reverse: TTTCTTGCCCTTCCTTTCT.

Bioinformatics Analyses

Sequencing base calls were generated on the HiSeq 1500 instrument in the UVM Advanced 

Genome Technologies Core Massively Parallel Sequencing Facility. Fastq conversion and 

demultiplexing were done using bcl2fastq (Illumina, v1.8.4) and evaluated using Fastqc. 

MCF10A HiC data was downloaded from GEO series GSE66733.

CTCF ChIP-seq

Adapters were cut (cutadapt v1.11) and low quality reads trimmed (Galaxy FASTQ Quality 

Trimmer 1.0.0; window 10, step 1, minimum quality 20). Reads were mapped to the human 

genome (hg38 canonical) using STAR version 2.4 (Dobin et al., 2013) with splicing disabled 

(–alignIntronMax 1) (Dobin et al., 2013). Enriched regions (narrowPeak calls) for each 

replicate were generated using MACS2 (Feng et al., 2012) and replicates were then 

evaluated using deepTools (Ramírez et al., 2016) to correlate alignments and IDR (Li et al., 
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2011) to evaluate peak call reproducibility (Table S5). After pooling replicates, MACS2 

(Zhang et al., 2008) was used on H3K4me3 to call narrowPeak at high stringency (P-value 

<10e-5), these peaks were further filtered according to IDR cutoffs. FE wiggle tracks were 

generated using MACS2’s bdgcmp and UCSC’s bedGraphToBigwig utility. CTCF ChIP-seq 

datasets have been deposited in the Gene Expressions Omnibus (GEO) under accession code 

GSE98551.

HiC data processing and analysis

Reads were aligned to canonical hg38 chromosomes using HiC-Pro 2.8.1 (Servant et al., 

2015) calling bowtie2 2.1.0 (Langmead and Salzberg, 2012) with HiC-Pro’s default options. 

The full HiC-Pro pipeline was run for biological replicates and pooled samples. The merged 

valid pair files from HiC-Pro were used to create JuiceBox (Durand et al.) .hic files using the 

hicpro2juicebox.sh script (slightly modified to include the 40kb resolution for convenience 

with HiC-Pro output) distributed with HiC-Pro and juicer_tools 0.7.5. Observed vs. 

Expected matrices were exported from JuiceBox for plotting using custom R scripts (Sushi 

v1.12.0 package for rotated interaction matrix and looping line plots). Observed vs Expected 

heatmaps had values capped below the .999 quantile to control outliers; the Observed 

heatmap was similarly capped at 0.975. Looping line plots were limited to lines representing 

the 100 strongest bin interaction that were between bins more than 4 bins apart. Hi-C 

datasets have been deposited in the Gene Expressions Omnibus (GEO) under accession code 

GSE98552. Quality control metrics can be found in supplementary material (Table S6).

TAD Calling

TADtool 0.61 (Kruse et al., 2016) was used to determine appropriate TAD calling 

parameters and for final TAD calls. The region of chr6 from 23 Mb to 31 Mb was selected 

for TAD calling. ICE matrices of 40 kb bins from HiC-Pro were used as input after masking 

bins from 26,680,001–26,800,000 due to an apparent mappability issue that caused artificial 

TAD boundaries to be called. The directionality algorithm was applied at windows of 0.8 

Mb, 2Mb, and 3 Mb with varying cutoffs as appropriate for each cell line.

RNA-seq Data Processing and DE analysis

Sequence files (fastq) were mapped to the most recent assemblies of the human genome 

(hg38) using TopHat2 (Kim et al., 2013). Expression counts were determined by HTSeq 

(Anders et al., 2015) with recent gene annotations (Gencode v23/v24) (Harrow et al., 2012). 

Differential expression was analyzed by DESeq2 (Love et al., 2014). Correlation between 

replicates and differential gene expression between samples was assessed by principal 

component analysis (PCA). RNA-Seq datasets have been deposited in the Gene Expressions 

Omnibus (GEO) under accession code GSE98393. DE call on protein coding genes only, 

minimally 2 fold-change and p-adjusted value of 0.05 (Tracy et al, 2017 et al, in press). K-

means clustering was performed on the log2 FC vs MCF10A of the average normalized 

counts from DESEQ2 for DE genes only. 14 genes (8 HIST1), in the region analyzed did not 

have enough uniquely aligned reads (>= 5) to be considered (Table S7). TCGA data 

presented is level3 microarray data (downloaded March 23, 2016) log2 lowess normalized 

(cy5/cy3) collapsed by gene symbol for all 593 samples this data is available for. Data for 3 

genes (1 HIST1) was not present in this dataset (Table S8).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genome-wide expression analysis reveals pathways involved in tumorigenesis, 
migration, invasion and proliferation across the MCF10 breast cancer progression series
(A) Differential expression analysis of RNAseq from the normal-like mammary epithelial 

MCF10A (10A) cells versus the premalignant MCF10AT1 (AT1) cells or the metastatic 

MCF10CA1a (CA1a) cells identified 1282 downregulated and 869 upregulated genes that 

are shared in both AT1 and CA1a. In contrast, there are 723 downregulated genes from 10A 

to AT1 that are unique for that pairwise comparison; 660 are uniquely down in 10A versus 

CA1a; 459 are uniquely up in 10A vs AT1; 824 are uniquely up in 10A vs CA1a. (B) The 

pattern of differential expression is displayed in eight subsets of genes (1. highly 

upregulated, 2. moderately upregulated, 3. up specifically in CA1a, 4. up specifically in 

AT1, 5. down in AT1 and up in CA1a, 6. somewhat down, 7. moderately down, 8. highly 

downregulated). (C) The top ten activated and inhibited upstream regulators are displayed 

for both 10A vs AT1 and 10A vs CA1a.
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Figure 2. Positional gene clustering identified the major histone locus as a highly-upregulated 
cluster across MCF10 breast cancer
(A) Positional gene enrichment (De Preter et al., 2008) was applied to the differential 

expression from RNAseq from 10A to AT1 or 10A to CA1a to identify coordinate regulation 

of gene expression across the chromosomes. The major histone gene locus on chr6p22 was 

among the most significantly upregulated clusters across the MCF10 series (upregulated 

clusters are in red, downregulated clusters are in blue, the major histone gene cluster is 

outlined in green). (B) The major histone gene cluster is subdivided into three sub-clusters 

denoted A, B and C. One histone gene from each sub-cluster was randomly chosen for 

qPCR validation. qPCR was consistent in determining upregulation for all three histone 

genes chosen. (C) A heatmap of this region based upon RNA-seq demonstrates that the 

histone sub-clusters are upregulated while the non-histone genes located between the histone 

sub-clusters are more frequently downregulated.
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Figure 3. The higher order chromatin organization of the major histone locus
(A) Pairwise DNA-DNA interactions were analyzed via Hi-C within the major histone gene 

cluster across the MCF10 series. The structure of the region is organized into hierarchical 

topologically associating domains. The histone sub-cluster A is contained within a sub-TAD 

adjacent to another sub-TAD containing sub-clusters B and C. Interestingly the histone sub-

clusters are located at the TAD boundaries. A downstream region termed region D loops 

back to interact with the histone sub-clusters. (B) Interactions that are enriched above 

expected linear sequence-interactions are shown. (C) The major histone gene cluster was 

subdivided into sub-regions of interest including two histone genes which are upstream of 

sub-cluster A and located outside the major histone gene cluster-megaTAD, the TRIM38 

gene which is located at the megaTAD boundary, histone sub-clusters, non-histone regions 

which are located between, and the D region which interacts with the major histone gene 

sub-clusters. Interestingly, the histone sub-clusters interact with each other more frequently 

than the non-histone regions. (D) For ease of comparison across the MCF10 breast cancer 

progression series, specific sub-region interactions are displayed side-by-side. Importantly, 

the overall pattern is dissimilar for different subregion-subregion interactions. Local 

interactions: 1) within each cluster, 2) inter-subcluster interactions, 3) interactons to the D 

region, and 4) to the A’ histone genes outside the major histone gene cluster TAD are shown 

(E) A schematic diagram of the higher-order chromatin organization of the major histone 

gene locus is shown.
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Figure 4. CTCF is a structural component of the major histone locus body
(A) ImmunoFISH was performed to 6p22 (red) and NPAT (green), a coregulatory protein 

involved in histone expression to demonstrate that NPAT can be used a surrogate for the 

major histone locus body (major HLB) within the nucleus. (B) Immunofluorescence before 

(CSK) and after (NIMF) nuclear matrix extraction shows that CTCF associates with the 

major HLB at the nuclear matrix. (C) ChIPseq for CTCF compared with looping interactions 

from the Hi-C demonstrates that CTCF is present at the anchor sites of looping interactions 

within the major HLB.
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Figure 5. TCGA datasets for breast tumors confirms upregulation across the major histone locus 
in breast cancer patient samples
Comparison of normal tissue adjacent to tumors demonstrates upregulation of the histone 

genes within the major histone gene locus in breast cancer tumors. The pattern is 

reminiscent of the MCF10 breast cancer progression series. The blue lines indicate the 

location of sub-TAD boundaries in the MCF10 series.
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