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Abstract

Compaction of the eukaryotic genome into the confined space of the cell nucleus must occur
faithfully throughout each cell cycle to retain gene expression fidelity. For decades, experimental
limitations to study the structural organization of the interphase nucleus restricted our
understanding of its contributions towards gene regulation and disease. However, within the past
few years, our capability to visualize chromosomes in vivo with sophisticated fluorescence
microscopy, and to characterize chromosomal regulatory environments via massively-parallel
sequencing methodologies have drastically changed how we currently understand epigenetic gene
control within the context of three-dimensional nuclear structure. The rapid rate at which
information on nuclear structure is unfolding brings challenges to compare and contrast recent
observations with historic findings. In this review, we discuss experimental breakthroughs that
have influenced how we understand and explore the dynamic structure and function of the
nucleus, and how we can incorporate historical perspectives with insights acquired from the ever-
evolving advances in molecular biology and pathology.
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THE LORE OF THE CELL NUCLEUS: An Historical Perspective

In the late 1870’s, Oscar Hertwig published his observations on sea urchin fertilization,
describing for the first time fusion of the sperm and oocyte nuclei (Hertwig and Campbell,
1895). These initial observations, which followed the discoveries of mitosis and Mendelian

"Corresponding Author: Janet L. Stein, PhD, University of Vermont College of Medicine, 89 Beaumont Avenue, Burlington, VT
05405-0068, P: 802-656-4876, F: 802-656-8216, janet.stein@uvm.edu.

The authors have no conflicts of interest.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tai et al.

Page 2

inheritance, contributed to the understanding that the nucleus houses the genetic material
that governs heritable traits. In 1944, Oswald Avery proved that genetic information is
encoded within DNA (Avery et al., 1944). This discovery subsequently led to the definitive
description of the double helical model of DNA by James Watson and Francis Crick
(Watson and Crick, 1953). At the time, the apparently simple, code-like nature of DNA led
to Crick’s concept of “the central dogma of molecular biology”, which postulated that
genetic information is transferred residue by residue from DNA to RNA to protein (Crick,
1958). The central dogma, although challenged many times, was fundamental to how
genetics was understood and taught for decades. The original postulate was that protein
could not transfer information to DNA or RNA in a heritable manner. This concept therefore
inadvertently relegated the nucleus and nuclear proteins to merely structural components
that functioned to compartmentalize genetic information from other cellular organelles
without direct engagement in controlling gene “read-outs”.

Advances in technology and experimental approaches are now directly challenging the
classical diagrams of the interphase cell nucleus, where DNA is illustrated as a disorganized
tangle of cords, and depicts the RNA polymerase holo-enzyme tracking along a linear DNA
strand to transcribe mMRNA. Today, we recognize that the cell nucleus is a highly organized
structure that contributes to the genetic and epigenetic control of genes. Recently, the field
of genomics has made huge strides in sequencing whole genomes, global characterization of
gene regulatory marks, and profiling of the nuclear ultrastructure in different cell and tissue
types. Importantly, sequences and genome-wide regulatory marks for human diseases are
being mapped. Our appreciation for the combined informational content is expanding
significantly. The use of high-throughput methods to query regulatory networks has
drastically altered how we tackle concepts developed only 20 years ago. As a consequence,
paradigms in gene regulation are constantly evolving.

The tides of information

In 2000, Jim Kent at the University of California, Santa Cruz brought the UCSC Genome
Browser online. This browser began as a resource to combine and visualize datasets
produced by the Human Genome Project (Kent et al., 2002), but has since expanded to
encompass a wealth of information gained from the ENCyclopedia Of DNA Elements
(ENCODE) Project, launched in 2003 (Birney et al., 2007; Schmutz et al., 2004). In 2007,
the ENCODE Consortium published a pilot study surveying a small component of the
human genome to demonstrate the applicability of high-throughput workflows for the
unbiased discovery of regulatory elements (Birney et al., 2007). This report not only
validated early concepts of chromatin structure, but also revealed previously unknown
aspects of chromatin architecture. The project, publically available on the UCSC Genome
Browser, has now expanded to include whole-genomes and regulatory elements of human
and mouse. Along with the Model Organism ENCylopedia Of DNA Elements
(modENCODE) project, which surveys functional elements of Drosophila melanogaster and
Caenorhabditis elegans (Celniker et al., 2009), the ENCODE datasets and the UCSC
genome browser are highly valuable resources for studying a wide array of biological
profiles including, but not limited to: 1) sequence conservation among multiple species, 2)
presence of regulatory regions in diverse tissues, cell types, and disease states, 3) single-
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nucleotide polymorphisms, 4) epigenetic marks encompassing DNA methylation, histone
modifications, and three-dimensional interactions, 5) RNA expression profiles, and 6) select
transcription factor binding profiles.

The ENCODE Project has corroborated many historical observations, but it has also become
increasingly difficult to assign biological significance to the wealth of information deposited
in the continually expanding information cloud. This is especially true when high-
throughput data conflict with long-held notions of how genes are regulated. When both the
human genome project and the ENCODE project began, the goals were to collate genomic
information such that applied bioinformatics would not only explain how genes are
regulated, but could also predict how they will be regulated in a given biological context.
However, it quickly became evident that the immediate aim should be to evaluate the depth
at which this wealth of information can enrich our understanding of biology. This problem
can become hyperbolically complicated when considering that the model systems already
represented by the ENCODE data sets span several disease states, developmental models,
and even engineered systems.

How do we then negotiate the large amount of information provided by high-throughput
studies to support, reject, or modify long-held concepts? Perhaps the integrated
interpretation of both high-resolution and more global studies with classical molecular
biology studies is needed to understand the true biology. Such a comprehensive approach is
necessary especially since controversial ideas that are initially rejected, can be and are
accepted concepts later. The goal of this review is to illustrate how our understanding of
gene transcription has gradually unfolded, how the collective interpretation of biology,
genomics, gene regulation, and epigenetics contributes to the modern concepts of a dynamic
3-dimensional nucleus, and how it continues to evolve with technological advances. We will
focus on the evolution of major concepts of nuclear ultrastructure, as well as its impact on
gene regulation, and will discuss some of the tools that helped to establish our understanding
of the hierarchical organization of the nucleus, and how diseases can be characterized,
identified, and potentially treated, through similarly integrated approaches.

ESTABLISHING THE NUCLEAR COMPARTMENTS OF THE GENOME: The
Lay of the Land

The compact nucleus: accommodating regulatory machinery

Compacted within the limited confines of the human somatic cell nucleus and distributed
among 23 pairs of chromosomes, are over 3 billion base pairs of DNA, measuring
approximately 2.3 meters. How DNA is organized within the nucleus has been a subject of
investigation since its discovery. The idea that DNA condenses in an orderly fashion was
based on early observations that mitotic chromosomes faithfully compact during every
cellular division (reviewed in Paweletz, 2001). Whether interphase chromosomes also
exhibited structured organization was less known, since visualization via early light
microscopy techniques was not sufficient in resolving such order. The discovery that DNA
was packed into nucleosomes consisting of histones, suggested an architectural organization
of chromosomes (Billett and Barry, 1974, Littau et al., 1965). Yet, an ordered
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compartmentalization within the nucleus remained a point of conjecture for several decades.
However, as visualization methods improved, and evidence for an organized nucleus
mounted, the idea that there is an ordered compartmentalization of regulatory machinery
within the nucleus was ultimately accepted. Functional outcomes of compartmentalization
are best illustrated by studies in the process of development.

Dynamic chromatinization during embryogenesis—In metazoans,
compartmentalization of the somatic genome begins at the fusion of zygotic nuclei during
fertilization. In contrast to somatic cells, where chromosomes are bound by nucleosomes,
the paternal genome within the sperm nucleus is much more compact and is bound by
protamines (Ward and Coffey, 1991). Since there is no active transcription occurring in the
sperm (Ward and Zalensky, 1996), the efficient and stable compaction of the paternal
genome is likely favored over a histone bound configuration that is required for active
transcription. Interestingly, it has been shown that about 4% of the human sperm genome
remains associated with nucleosomes (Brykczynska et al., 2010; Hammoud et al., 2009).
Although zygotically silent, it is thought that these positions, act to carry epigenetic marks in
the paternal genome to the embryo (Carone et al., 2010; Ng et al., 2010). Directly following
fusion, the haploid DNA of the sperm is de-compacted and protamines are replaced by
maternal histones of the egg. Only when properly loaded with histones can the paternal
DNA adopt a compact conformation. For example, the Histone Cell Cycle Regulation
Defective Homolog A (Hira) and Yemanuclein (Yem) genes in the Drosophila are required
to package histone H3 (H3.3) to the paternal genome. Loss of HIRA or YEM leads to an
irregular paternal pronucleus and the subsequent loss of the paternal genome (Bonnefoy et
al., 2007; Orsi et al., 2013).

Fertilization is then followed by the process of embryo blastogenesis, the early stages of
embryogenesis that is marked by formation of the blastula. The blastula contains cells of the
inner cell mass population that harbor the ability to differentiate into various cell types.
These non-differentiated pluripotent cells are characteristically more de-condensed than
differentiated cells (Bartova et al., 2008). In normal somatic cells, chromosome regions are
not homogenously compacted. Interphase chromosomes exist as highly compacted “closed”
heterochromatin and less compacted “open” euchromatin. These regions are very distinct
and were first visualized cytologically, where heterochomatin stained with higher intensity
(Heitz, 1928). Consistent with these observations, advances in electron microscopy during
the early 1960s, revealed that heterochromatic regions could be visualized by more electron
dense nuclear domains (Davies, 1967; Goodman and Spiro, 1962; Hay and Revel, 1963).
Euchromatin and heterochromatin can also be distinguished by how sensitive they are to
enzymatic digestion by DNase I, micrococcal nuclease, or mungbean nuclease.

Differentiation-dependent genomic remodeling was observed and hypothesized early on to
be concomitant with the reprogramming of the pluripotent cell towards a terminally
differentiated cell fate. Among the earliest demonstration of this process was the
rearrangement and condensation of chromatin during the process of myogenesis (Chaly et
al., 1996). Additionally, during the retinoic acid induced differentiation of human embryonic
stem cells, chromosomes 6 and 8 are shown to condense approximately 30% and 54% of
their initial volumes, respectively (Bartova et al., 2008). Although the genome-wide
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rearrangement of chromosomes likely established the cell for proper transcriptional control,
the functional dependency of the 3-dimensional nuclear organization on cell fate and
identity remained underexplored.

Compartmenting active and silent genes—It is still unclear whether the functional
priority for nuclear organization is to efficiently compact and decompact the genome during
mitosis such that transcriptionally silent regions remain in heterochromatic states. Although
this hypothesis has yet to be directly tested, there is ample evidence to suggest that
chromosomes are folded in three-dimensional space to achieve compaction efficiency. For
example, chromosomal conformation analyses suggest that interactions among linearly
proximal sequences occur more frequently than those among distal sequences, (Lieberman-
Aiden et al., 2009; Yaffe and Tanay, 2011). Contrary to this notion, the clustering of
heterochromatic regions at the nuclear periphery and localization of euchromatic regions
towards the interior of the nucleus (Cavalli and Misteli, 2013) argues that occupancy in
three-dimensional space is crucial for gene regulation.

In mammals and flies, specific genomic regions physically associate with the nuclear
periphery at the nuclear lamina, a protein network that resides at the inner nuclear membrane
(illustrated in Fig. 2 and reviewed in Guelen et al., 2008; Kind and van Steensel, 2010). In
most cell types, the nuclear envelope is lined with heterochromatin containing gene-poor or
transcriptionally silenced regions. Transcriptional silencing is mediated by lamina-
associated sequences present near genes (Zullo et al., 2012), and experimental approaches
that tether active genes to the nuclear periphery generally result in repression or reduced
gene activity (Finlan et al., 2008; Reddy et al., 2008; Zullo et al., 2012). It is noteworthy that
labeling experiments have identified sites of active transcription near the periphery;
conversely inactive genes can be found in the nuclear interior (Misteli, 2013). Interestingly,
early DNase | nuclear digestion experiments demonstrated the preferential localization of
DNase-sensitive, open regions at the nuclear periphery (Hutchison and Weintraub, 1985).
Although these results somewhat contradicted other findings at the time, they likely revealed
DNase hypersensitive regions within heterochromatic regions that act to confer structural
information at lamin-associated domains.

Despite the ample evidence for inactive gene localization to the nuclear periphery, this is not
true in all biological conditions. For example, heterochromatin is located in the interior of
terminally differentiated rod photoreceptor cells in the nucleus of mammals adapted to
nocturnal life, while euchromatin is located at the nuclear periphery (Solovei et al., 2009).
By contrast, mammals with diurnal lifestyles do not show this rearrangement. Since
heterochromatin exhibits a higher refractive index than euchromatin, the inverted nuclei act
as micro-lenses in the eyes of nocturnal mammals (Solovei et al., 2009). It would be
interesting to address whether there are inherent differences between the transcriptional
profiles of rod cells in nocturnal versus diurnal mammals.

Bookmarking for restoring transcription after mitosis—The cell faithfully
synthesizes DNA during S-phase and chromatin undergoes mitotic compaction during M-
phase. As the cell exits mitosis, chromosomes de-compact and the transcriptional network is
presumably preserved in the progeny nucleus. Several recent studies within the past decade
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have shown that a subset of genes is bookmarked by transcription factors on mitotic
chromosomes, while other transcription factors are displaced from genes (Delcuve et al.,
2008). Mitotic bookmarking factors allows for the rapid transcription of genes following
mitotic de-compaction. For example, ribosomal RNA genes are poised for by the osteogenic
RUNX2 transcription factor expression when osteoblast cells emerge from mitosis (Stein et
al., 2009). Currently, the most notable bookmarking factors are Forkhead box protein Al
(FOXAL1), the master regulator of androgen receptor activity (Augello et al., 2011; Caravaca
etal., 2013; Zaret et al., 2010); GATAL a factor that is essential for hematopoietic
development (Caiulo et al., 1991; Kadauke et al., 2012); and the Runt-related transcription
factor 2 (RUNX2), the master regulator of osteoblast development (Lian et al., 2004). The
list of transcription factors that are capable of interacting with mitotic chromosomes to
bookmark genes remains incomplete. To date, over 30 transcription factors are known to
exhibit bookmarking activity by virtue of being at least partially retained on mitotic
chromosomes (Kadauke and Blobel, 2013). Whether other lineage “master regulators” are
capable of binding mitotic chromosomes has yet to be fully addressed. However, not all
“master gene” factors are retained on mitotic chromosomes. For example, the T-box
transcription factor 2 (TBX2), the master regulator of organogenesis, is largely evicted from
DNA during mitosis (Bilican and Goding, 2006)

Bookmarking of genes may play a much larger role than simply marking highly expressed
genes after mitosis. One of the more intriguing questions in biology is how the expression
profile of a differentiated cell is retained after the majority of transcription factors are either
degraded or displaced and newly synthesized nucleosomes are incorporated. More
specifically, how do pluripotent stem cells vs. differentiated cells retain their unique
transcriptional memory? The involvement of epigenetic mechanisms underlying cell fate
and lineage commitment is hinted at by the mitotic retention of tissue-specific regulatory
proteins such as RUNX2 on promoters that are functionally linked to the establishment and
maintenance of the cell phenotype (Zaidi et al., 2010). Whether a coordinated effort by
combinations of bookmarking factors, or bookmark code, which acts in a tissue and
temporal-dependent manner to uniquely reestablish the interphase nuclear architecture, has
yet to be fully explored.

CHROMOSOMAL TERRITORIES: Defining the Genetic Boundaries

Visualizing chromosomal clustering by microscopy

In 1885, Carl Rabl first described that interphase chromosomes were organized into discrete
territories in the salamander Salamandra maculate (Rabl, 1885). A little later, Theodor
Boveri observed by light microscopy that during the blastomere stages of the roundworm
Parascaris equorum, chromatin order was stably maintained, occupying distinct regions of
the nuclear space following cellular division and reformation of the nucleus (Boveri, 1909).
He suggested that each chromosome visible in mitosis retained its individuality during
interphase. However, the development of the electron microscope in 1950 and subsequent
electron micrography studies failed to support the idea that interphase chromosomes resided
in exclusive nuclear territories (Wischnitzer, 1973). Although well-defined structures like
nucleoli and electron-dense heterochromatic domains at the nuclear periphery were well-
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documented, the notion that interphase chromosomes were individually partitioned in an
organized fashion stood unproven for several decades. Biological approaches that showed
stained clumps of condensed chromatin, achieved by squashing fixed Chinese hamster cells
in acetic acid and treating air-dried cells to a sodium hydroxide solution, were the first
physical indications that interphase chromatin resided within distinct territories (Stack et al.,
1977). Although these experimental results were initially criticized as being precipitation
artifacts, they did correlate well with the concept that chromatin was organized into
territories. Following these studies, Thomas Cremer and colleagues showed that focally UV-
damaged DNA was localized to a small subset of DNA fibers when de-compacted, and not
dispersed widely and randomly (Zorn et al., 1979), suggesting that chromosomes were
confined in territories. However, direct visual evidence of chromosomal territories was not
possible until fluorescence in situ hybridization (FISH) methods were developed in the late
1970s (Cheung et al., 1977; van Driel et al., 1995), and were able to demonstrate that
individual chromosomes occupied a spatially restricted territory that is 2—4 microns in
diameter (illustrated in Fig. 1 and 2 reviewed in Cavalli and Misteli, 2013).

Earlier observations of chromosomal distribution have now been supported by more
elaborate three-dimensional multi-color FISH techniques that allowed for the coloration of
multiple chromosomes (Bolzer et al., 2005). These methods have shown that chromosomes
are radially dispersed and are positionally defined by parameters including transcriptional
activity, replication timing, and the GC content. For example, using painted probes, the
gene-dense human chromosome 19 was consistently found in the interior of human
lymphocyte and fibroblast nuclei, while the gene-poor chromosome 18 was consistently
located at the nuclear periphery (Cremer et al., 2003; Croft et al., 1999; Tanabe et al., 2002).
The pattern of radial distribution also seems to be specific to certain cell types (Hepperger et
al., 2008).

High-throughput methodologies shed light on chromosomal territories

The ability to characterize chromatin structure by 3D-FISH alone has been met with
considerable technical issues. For example, differences in fixation procedures and probe-
labeling efficiency of chromosome pairs may impact chromosomal territory delineation
(Cremer et al., 2008; Ronneberger et al., 2008), thus leading to ambiguous interpretation of
chromosomal territory plasticity. The introduction of high-throughput methodologies has
greatly benefited how we view three-dimensional chromosomal interactions. Solid-phase
PCR, the basis for the massively parallel sequencing (high-throughput sequencing)
platforms, was first introduced in the early- to mid-1990s (Adessi et al., 2000). The high-
throughput sequencing methodology then led to an explosion of technical developments that
allowed for the exploration of gene regulation on a global scale when conjugated to
preexisting assays used to address various aspects of gene regulation. One of these
techniques, chromosome conformation capture (3C), applies the systematic querying of
chromosomal interaction frequencies of ligated chromatin fragments (Dekker et al., 2002).
This technique was originally developed to qualitatively detect interactions fixed in 3-
dimensional space between several individual ligation products by locus specific primers
and PCR. The first 3C experiments confirmed that regulatory regions or far-distal enhancers
looped into cognate basal promoter sequences (Miele and Dekker, 2008), an assumed
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behavior of enhancers that had yet to be formally proven. It didn’t take long for the 3C
method to be coupled with microarray and massively-parallel sequencing strategies to yield
several technique variants. Notably, carbon-copy chromosome conformation capture (5C)
and high-throughput genome-wide 3C (Hi-C) helped to reintroduce the concept of
chromosome territories, where they have largely supported the notion that open and closed
chromatin regions are spatially segregated. Additionally these methods continue to
demonstrate that interchromosomal interactions take place, albeit less frequently than
intrachromosomal interactions, thus helping to enrich the concept of chromosomal territories
to include territorial intermingling, another concept that light and fluorescence microscopy
methods hinted at (Dekker et al., 2013).

Studies using 5C and Hi-C have now allowed for the 3-dimensional “polymer” modeling of
non-random and non-homogenous compaction of chromatin into “fractal globules”, a
polymer configuration that can attain knot-free, maximal compaction where smaller
proximally located globules defined by several looping interactions can serve as monomers
for larger globules. Thus, the chromosomal territory is in essence composed of globules-of-
globules-of-globules of sequence (Bau and Marti-Renom, 2011; Dekker et al., 2013;
Lieberman-Aiden et al., 2009). The fractal globule would thus be facilitative of rapid
unfolding and refolding necessary during entry and exit of mitosis, as well as during the
melting of condensed chromatin at transcriptionally activated gene regions (Lieberman-
Aiden et al., 2009). On the whole, these significant advances provide strong support for
concepts that were developed decades before (reviewed in Cremer et al., 2008). In fact,
fractal-like looping of chromatin was observed in lampbrush chromosomes, where early
light and electron microscopy demonstrated that chromosomes loop in the shape of lamp
brushes, bringing long-ranging sequence in close proximity with one another (Anderson and
Smith, 1978; Flemming, 1882; Gall et al., 1991). Importantly, 5C studies provide
quantifiable support for the notion that favored interactions occur among regions of
chromosomes that lie closer in linear proximity to each other, but interaction frequencies
exponentially decay with increasing genomic distance (Dekker et al., 2013).

The changing of paradigms

The profiling of genomic topography via FISH microscopy and massively-parallel
sequencing methodologies have provided novel insight into gene regulation. When
transcription factors involved in the activation of bacterial operons were discovered, the
prediction was that gene regulation likely worked in a very similar manner in higher
eukaryotes. When the complex behaviors of eukaryotic promoters and enhancers were later
discovered, the idea that enhancers could activate multiple promoters within and between
chromosomes was still unknown. One of the first examples of gene regulation via
interchromsomsomal interactions were provided in the 1950s by Edward Lewis in studies
with the bithorax complex in Drosophila. He observed that, promoters and enhancers acted
in trans at homologously paired chromosomes in a process called transvection (Lewis,
1954). Although initially thought to be artifacts during the pachytene stages of meiosis,
these observations stimulated interest in non-homologous chromosomal interactions in
mammalian systems. With the advent of FISH methodologies, examples of regulatory
interactions occuring in trans were revealed. For example, at the mouse odorant genes, a
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single regulatory H-element enhancer region coordinates the expression of multiple
olfactory-receptor genes (Lomvardas et al., 2006). Additionally, circular 3C (4C)
experiments that use inverse PCR to generate genome-wide interaction profiles at single loci
have demonstrated that an NF-xB responsive enhanceosome complex establishes inter-
chromosomal interactions with the interferon B-gene (Apostolou and Thanos, 2008; Zhao et
al., 2006).

There is now surprising, yet compelling evidence, that gene promoters can act as enhancers
for neighboring genes (Li et al., 2012). These interactions likely occur among co-regulated
genes, where distally located promoters can potentiate the transcriptional output of proximal
promoters. In addition, enhancers themselves often bind RNA polymerase Il and produce
non-coding RNAs (De Santa et al., 2010; Djebali et al., 2012a; Mousavi et al., 2013; Wang
et al., 2011), further increasing the complexity of eukaryotic gene regulation.

Chromosomal structure at the single-gene scale has also been shown to impact gene
regulation. Initially observed in yeast, regions spanning the transcriptional start sites of
genes loop with the transcriptional termination site (O’Sullivan et al., 2004). These looping
events are also conserved at certain mammalian promoters, and are thought to allow for an
efficient recycling or reactivation of RNA polymerase Il (Tan-Wong et al., 2008; Tan-Wong
et al., 2009), and at least for the transcriptional processing of the H4 gene, 5" to 3" looping
is observed during the abbreviated G1 phase of hES cells (Medina et al., 2012).

Although 3C-based methods have proven to be a powerful tool for characterizing chromatin
folding, these methods simply reveal the relative interaction frequencies of chromosomal
regions within a cell population. Limitations of the approach include, but are not limited to,
the following: 1) 3C does not distinguish functional from non-functional associations
(Dekker et al., 2013), 2) chromosomal interactions can result from direct co-localization of
regions sharing a nuclear matrix component such as the nuclear lamina, nucleolus, a
transcription factory, or simply due to non-specific packing of the chromatin fiber (Dekker
et al., 2013), and 3) methods based on 3C do not reveal mechanisms that lead to genomic
interactions, with the possible exception of ChlP-coupled with high-throughput paired-end
sequencing of interacting fragments (ChlA-PET) (Fullwood et al., 2009).

Looping for regulation

While 5C and Hi-C methods have demonstrated that chromosomes are highly structured, the
extent to which each interaction is attributed to the control of gene expression is not fully
understood. However, evidence from the increasing number of 3C-based studies has
demonstrated how of chromosomal structure impacts gene regulation. One of the best-
studied examples regards the mammalian p-globin locus, where transcriptionally reliant
long-range interactions occur among a powerful distal enhancer, a locus control region
(LCR), and a set of distal promoters located 40-80 kb away. These events are mediated by
specific transcription factors including KLF1 and GATAL (Deng et al., 2012; Drissen et al.,
2004; Vakoc et al., 2005). Additionally, many looping events occur between active gene
promoters and distal elements that bypass one or more neighboring genes. These
observations suggest that the positional arrangement of genes and elements along the
chromosome arm is a poor predictor of their structural interactions and that higher-order
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organization serves a functional role beyond compaction (Dekker et al., 2013). Furthermore,
genes can interact with multiple distal elements, and elements can interact with multiple
genes. There are many examples of gene regulatory switches involving changes in loop
architecture to bring different enhancers in contact with a promoter. One such example is the
Homeobox (Hox) gene cluster, in which individual genes are sequentially activated along
the rostral-to-caudal body axis to organize the body plan during mammalian development
(Kmita and Duboule, 2003). By multiplex chromosome conformation capture-on-chip (4C)
to generate interaction profiles of the Hox locus, the organization of the HoxD cluster was
shown to change upon gene activation (Noordermeer et al., 2011; Simonis et al., 2006).
Analysis of the human HOXA gene cluster by 3C shows similar 3-dimensional architectural
changes during differentiation (Fraser et al., 2009; Noordermeer et al., 2011).

Single genes that exhibit dynamic control in various cell types or even under variable stimuli
may be regulated via its promoter interacting with a primary enhancer, while a secondary
enhancer acts to confer additional transcriptional control (Perry et al., 2010; Perry et al.,
2011). For example, the transcriptional control of the Muscle Creatine Kinase gene relies on
an upstream enhancer that acts to promote fast-twitch muscle expression while an intronic
enhancer promotes expression in slow-twitch muscle (Tai et al., 2011). Some genes utilize
multiple enhancer regions to establish developmentally regulated expression. For example,
enhancer usage at the MRF4 and Myf5 gene locus remains the classical example of dynamic
regulatory control of promoters between multiple enhancer regions during embryogenesis
(Carvajal et al., 2008; Hadchouel et al., 2003). However, chromatin loops are not limited to
active genes. Looping can also occur at genes prior to their full activation (Palstra et al.,
2003; Vernimmen et al., 2007). In these examples, the onset of transcription is concomitant
with additional looping interactions. These dynamic looping mechanisms may be related to
the priming of transcription while maintaining a configuration conducive to gene silencing.
Interestingly, upon repression of the Kit gene, the loss of an enhancer-promoter loop is
followed by a de novo loop formation within the gene body (Jing et al., 2008).

Molecular glues within the nucleus

A large body of work has established mechanisms that maintain chromosomal folds in the
interphase nucleus. Factors such as CTCF, cohesin, and SATB1 play essential roles in
establishing three-dimensional nuclear architecture (Degner et al., 2011; Guo et al., 2012;
Junier et al., 2012). Initially, CTCF was identified as a negative regulator that bound three
direct repeats of the CCCTC-motif at the chicken myc-c locus (Lobanenkov et al., 1990).
Subsequent studies identified CTCF as a boundary and insulator element factor, a
component in establishing chromatin loops, and a transcriptional activator (Hou et al., 2012;
Phillips and Corces, 2009; Phillips-Cremins et al., 2013), indicating that CTCF serves as a
multifunctional molecular glue within the nucleus to establish long-range interactions
between regulatory regions (Ohlsson et al., 2010). Interestingly, some 5C studies in human
cells have shown that, enhancers skip many sites bound by CTCF in contacting their cognate
distal promoters. Thus, further work in this field of study is required to fully grasp the
actions of CTCF.
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Recently, a study focused on the profiling of chromosomal loops involving CTCF using
ChIA-PET (Fullwood et al., 2009; Li et al., 2012) showed that, CTCF was centered at 1,480
cisand 336 trans interactions in mouse ES cells. In this same study, the role of CTCF in
anchoring chromosomes to the nuclear lamina was also supported. Although the
predominant interactions centered at CTCF-bound regions are intrachromosomal, ChIA-PET
experiments on the other hand show that two-thirds of the contacts involving the presumed
transcriptionally linked ERa foci are trans interactions and do not act on the same
chromosome (Fullwood et al., 2009), suggesting that actively transcribed units may make
several trans interactions when compared to typical DNA segments. This is reminiscent of
previous studies that demonstrated that transcriptionally active foci were excluded from
chromosomal territories within inter-chromosomal domains (Visser et al., 2000).

In addition to chromosomal looping, CTCF appears to play an important role in the
recruitment of cohesin, a protein originally identified in the attachment of sister chromatids
during mitosis (Parelho et al., 2008; Rubio et al., 2008). Cohesin has been recently
implicated in the epigenetic regulation of genes through the establishment of chromosomal
organization in interphase and the nucleation of transcriptional hubs via bookmarking (Yan
et al., 2013). Furthermore, the knockdown of Scm1, a subunit of the cohesin complex, or
Med12, a mediator complex member, results in the disruption of chromosomal architecture
and the misexpression of cohesin-targeted genes (Phillips-Cremins et al., 2013).

TRANSCRIPTIONAL MICROENVIRONMENTS: Coming Together, Keeping
Together, Working Together

Focal sites of active transcription

As early as the 1990s, the concept of nuclear microenvironments in higher eukaryotes
consisting of high concentrations of replication, transcription, and repair factors was taking
hold (Jackson and Pombo, 1998; Ma et al., 1998). At the time, chromosomes were theorized
to be constrained by their physical association with nuclear bodies that make up the nuclear
matrix, a ribonuclear protein scaffold that anchors and regulates nuclear functions (Berezney
and Coffey, 1974; Berezney et al., 1995; Getzenberg, 1994; He et al., 1991; Stuurman et al.,
1990). The nucleolus, the first well-documented nuclear regulatory microenvironment
(reviewed in Boisvert et al., 2007; McKeown and Shaw, 2009), is the most prominent
cytological feature within the nucleus and is the site for ribosomal RNA (rRNA) expression.
Ribosomal genes are among the most abundant transcripts in the eukaryotic cell, and are
predominantly transcribed by RNA Pol | within the nucleolus. In humans, chromosomes 13,
14, 15, 21, and 22 each carry tandem copies of the rRNA gene. Likely, the localization of
active ribosomal transcription originating from multiple chromosomes within the nucleolus
is due, in part, to the high concentration of RNA Pol | and associated factors within this
structure (Papantonis and Cook, 2013). In addition, the promyelocytic leukemia (PML)
nuclear bodies, structures of 0.1-1.0 um in diameter found in most cell lines and tissue
types, interact concurrently with several genomic sites (Stuurman et al., 1990). Cajal bodies,
discovered by Santiago Ramon y Cajal in 1903 by silver-stained neuronal cells (Cajal, 1903)
and rediscovered as “coiled bodies” within the nucleus by electron microscopy (Monneron
and Bernhard, 1969), are proposed processing centers for histones and small nuclear RNAs.
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Clustering of Cajal bodies also hinted at the static compartmentalization of the nucleus
(Brasch and Ochs, 1992). These early observations prompted the question whether genes
sharing similar expression profiles or controlled by the same regulatory protein complexes
are also localized into discrete transcriptional microenvironments enriched with factors that
allow coordinated levels of gene expression.

The concept of active DNA polymerases being immobilized within discrete and stable
environments during DNA replication was first described in 1962, and was supported by the
finding that nascent DNA was tightly associated with a nuclear matrix (Berezney and
Coffey, 1975; Jacob and Brenner, 1963). Later, immunofluorescence experiments showing
that S-phase cells contained discrete nuclear foci of active polymerases (Nakamura et al.,
1986) definitively proved that DNA polymerases are immobilized when active. Yet, the
presence of focally immobilized transcriptional regions remained unproven. The first
evidence for the existence of fixed RNA polymerases came from experiments using
detergent and 1M NaCl to isolate nucleiods comprised of rosettes of DNA attached to a
cluster of bound polymerases (reviewed in Papantonis and Cook, 2013), initially suggesting
that RNA polymerases were the molecular ties that attached chromosomal loops to the
matrix. Indeed, Pol Il and Pol 111 reside in exclusive interchromosomal domains within the
nucleus, where RNA Pol Il produces the majority of protein coding transcripts, and RNA
Pol 111 produces the class of small RNAs including tRNAs and a subset of miRNAs (Pombo
et al., 1999b). However, positional exclusion of Pol I and Pol Il was not enough evidence to
suggest that transcription occurred in discrete foci, and the specialization of transcriptional
nuclear bodies beyond RNA Pol distribution into territories remained poorly understood.

The concept of nuclear scaffolds

Aside from the nucleolus, there is ample evidence suggesting that combinatorial assembly
and organization of nuclear microenvironments is mediated by scaffolding proteins, which
associate with target gene promoters and reside in subnuclear domains (reviewed in Stein et
al., 2000; Zaidi et al., 2007). The discovery of DNA anchorage sites in the enhancers and
intronic sequences of genes was among the first indications that genes were tethered to
larger protein scaffolding complexes (Brooks et al., 1994; Chen et al., 1993; Cockerill et al.,
1987; Dickinson et al., 1992). These sequences are termed matrix-associated regions
(MARSs) or scaffold attachment regions (SARs), and are approximately 200 base pairs in
length (Getzenberg, 1994). They are characterized by AT-rich sequence, although other
sequence motifs exist. MARs have been shown to functionally confer increased
transcriptional activity in genes, suggesting their association with nuclear factors
(Getzenberg, 1994; Stief et al., 1989; van Wijnen et al., 1993). Among the first MARs
associating factors identified were: poly(ADP-ribosyl) polymerase (PARP-1) (Levy-Wilson,
1981), which is better known for its function in DNA damage repair and involved in the
recruitment of other transcriptional activators and the recruitment of histone modifying
enzymes (reviewed in Gluch et al., 2008); special AT-rich DNA binding protein 1 (SATBL1),
the first cell-type-restricted MARSs associated factor (Dickinson et al., 1992); and YY1 (at
the time identified as NMP-1), which binds to the nuclear matrix attachment regions
upstream of the human H4 histone gene promoter (Dworetzky et al., 1992; Guo et al., 1995).
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The high-affinity binding events of steroid receptors to the nuclear-matrix in many estrogen
and androgen responsive tissues were also demonstrated early on (Barrack, 1987).

Most recently, 3C-based analyses have supported the notion that nuclear scaffolds act to
establish transcriptional environments. For example, there is compelling evidence that
promoter interactions can be specifically induced by expression of scaffolding factors.
Experiments utilizing 4C show that the inactive SAMDA4A gene made relatively few cis
interactions. However, upon activation by TNFa, the SAMD4A promoter initiated contacts
with the TNFAIP2 promoter and with other active genes on different chromosomes,
consistent with these genes sharing a scaffold (Papantonis et al., 2012). In addition, the
inhibition of transcriptional elongation via treatment with a chemical inhibitor does not
completely disrupt chromosomal contacts at 3C-defined interacting regions (Mitchell and
Fraser, 2008; Palstra et al., 2008), indicating that genes are scaffolded by auxiliary
complexes and form independently of RNA Pol Il recruitment.

Factor and gene specific factories

Although there is compelling evidence that sequence-tethered chromatin is held in physical
space within the nuclear matrix by scaffolding factors, what practical benefits are gained
from the recruitment of genes into discrete transcriptional foci? The nuclear matrix differs in
protein composition in a tissue-specific manner and can change in response to hormonal
levels, suggesting that matrix components either alter or reflect the activity of the regulatory
network (Getzenberg and Coffey, 1990). This suggests that the compaosition of scaffolded
transcriptional complexes can also be tissue-specific.

The concept of factor-defined transcriptional complexes may best be reflected in the work
by Peter Cook and colleagues, who have shown that the promoter sequences of genes can
help position chromosomes within the nucleus during active transcription (Papantonis and
Cook, 2013). Thus, gene promoters tether to static transcription factories, where the
transcription of two or more genes is carried out at locations of high factor concentration
(illustrated in Fig. 2 and reviewed in Papantonis and Cook, 2013; Sutherland and Bickmore,
2009). This model suggests that the transcriptional machinery is not completely diffusible.
Rather, promoters are recruited to transcription factories that are fixed in space, exhibit cell
type-specific composition and are responsive to upstream signals. This model is supported
by the fluorescence microscopy-based observation that DNA can diffuse freely, and that
activated genes are likely localized to transcription factories (Bornfleth et al., 1999;
Edelmann et al., 2001; Marshall et al., 1997). Furthermore, it has long been shown that
certain gene regions are targeted to specific foci within the nucleus, suggesting that
sequence motifs are not simply binding sites for transcription factors, but can be
conceptually thought of as regulatory sequences that carry zip codes (Brickner et al., 2012).

One of the earliest examples of DNA content conferring positional information within the
nucleus was the characterization of nucleolar organization regions (NORs). NORs are
specific genomic foci that act to promote the formation of the nucleolus and were first
identified by Barbara McClintock in maize (McClintock, 1934). It was shown later that the
key RNA Pol | transcription factor UBF acts to sequester NORs into nucleoli (Nemeth et al.,
2010). Domains that lack bound UBF are not initially incorporated into functional nucleoli
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(Roussel et al., 1996), suggesting that regulatory elements including promoters, when
recognized by transcription factors, act as zip codes which position genomic regions to
transcriptional machinery. Additionally, early work demonstrated that genes encoding
transcripts with characteristic 3”-stem loop structures but lacking introns or poly(A) tails
(histones, small nuclear RNAs, U1-4 U11 and U12) are all transcribed on the surface of
Cajal bodies (Jacobs et al., 1999). This observation suggests that different factories process
different sets of transcripts. Consequently, 4C analysis shows that a subset of non-coding
genes also tends to co-localize (Robyr et al., 2011).

Recently, convincing demonstration that genes are transcribed within specific transcription
factories was achieved using engineered mini-chromosome constructs, plasmids that contain
eukaryotic origins of replication and promoter sequences of interest. When introduced into
cells, mini-chromosomes were recruited to specific foci within the nucleus in a promoter-
specific manner (Xu and Cook, 2008). Mini-chromosomes carrying identical (intron-less)
transcription units were transcribed in the same factories, but those with intronic sequence
were targeted to and transcribed in a different factory (Larkin et al., 2013a; Xu and Cook,
2008). In support of this finding, ChlA-PET experiments show that intron-less genes often
contact each other (Li et al., 2012). Similarly in yeast, the association of genes with nuclear
pores appears to be dependent on targeting sequences within the 5”-ends of genes that
sequester them from the nuclear interior to the nuclear pore, further supporting the notion
that eukaryotic promoter sequences can act as zip codes.

Despite accumulating evidence that transcription factories within microenvironments recruit
actively transcribed genes, the concept of transcriptional factories was mainly hindered by
the ability to accurately detect subnuclear structures via immuno-labeling and fluorescence
or electron microscopy methods (Papantonis and Cook, 2013). The first low-resolution
method of detecting transcription factories involved pulsing cells with [3H] uridine and
visualizing the location of nascent RNA by autoradiography (reviewed in Papantonis and
Cook, 2013). Higher resolution methods include the use of fluorescent approaches by
tagging newly synthesized transcripts with nucleotide analogues and detection by indirect
immuno-labeling (Faro-Trindade and Cook, 2006a; Faro-Trindade and Cook, 2006b; Iborra
et al., 1996a; lborra et al., 1996b). By these methods, a wide range of nucleoplasmic
factories have been detected (Papantonis and Cook, 2013; Pombo et al., 1999a), varying
between ~3,000 to 33,000 factories per cell, depending on the cell type and species. RNA
FISH probes targeting two independent transcripts within one factory showed that factories
are typically ~46 to 54 nm in diameter, regardless of cell type (Larkin et al., 2012; Larkin et
al., 2013b; Papantonis et al., 2010). It is predicted that all transcription essentially occurs in
factories (Papantonis and Cook, 2013) and recently, the protein compositions of
transcription factories organized by Pol I, Pol 1l and Pol 111 are being defined (Melnik et al.,
2011).

Immunofluorescence analyses within recent years have revealed that nuclear
microenvironments tend to be highly dynamic structures. During erythroid differentiation,
which is marked by dynamic transcriptional changes, the B-globin locus relocates away from
the nuclear periphery and moves centrally into transcriptional foci (Bender et al., 2012).
This relocation and subsequent Pol 11 elongation appears to depend on the activity of the p-
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globin LCR. Individual deletion of DNase-hypersensitive sites within the LCR suggested
that the B-globin LCR is an array of four enhancers that act independently to output near
continuous Pol Il elongation (Bender et al., 2012). The release of paused Pol Il is therefore
not a binary process, but is dynamically adjusted in response to differentiation cues and
environmental changes. Therefore, the association of genes via enhancer elements within
discrete transcription factories may help mediate the output of finely controlled gene
expression. The recruitment of transcriptional complexes, which includes post-
transcriptional speckles (Fox et al., 2002), to dynamic microenvironments may act to co-
regulate groups of genes. In fact, the most compelling evidence that transcription occurs
within tightly defined microenvironments is that “trans-splicing” occurs extensively in
mammals. Additionally, these trans-splicing events have been shown to coincide with 3C-
enriched interactions (Djebali et al., 2012b; Gingeras, 2009; Li and Heermann, 2013).

Transcriptional repression

Much focus has been placed on how gene transcription is activated and maintained.
However, gene repression is just as critical for the establishment of cellular identity. The X-
chromosome inactivation is the first documented large-scale architectural change that
mediates transcriptional repression (Barr and Bertram, 1949; Lyon, 1962). The main
cytological difference between the inactive X-chromosome (Xi) and the active X-
chromosome (Xa) or other autosomes is that Xi is more highly compacted (Eils et al., 1996).
Also known as the Barr body, Xi is generally located at the nuclear periphery. As stated
before, demonstration by FISH and 3C analyses show that silent regions cluster together at
the nuclear periphery (Simonis and de Laat, 2008). The localizing of the Barr body and other
heterochromatic regions in three-dimensional space prompted interest into how the nuclear
structure impacts gene suppression.

Advances in experimental methods are continually shedding light on how genomic
landscapes establish suppressed gene regions. The first well-studied genomic elements that
controlled spurious transcriptional effects were LCRs and insulator regions. LCRs were first
identified by their ability to regulate far distal enhancer regions so that they were only able
to interact with their designated promoter, and not flanking genes. It was known that the
inclusion of LCRs conferred copy number and positional control in ectopic chromatin sites
in transgenic animals (Grosveld et al., 1987). Similarly, insulator elements were shown to
prevent spurious enhancer activity (Burgess-Beusse et al., 2002). However, the mechanistic
understanding of insulators was unknown prior to the discovery of CTCF. By binding CTCF
factors, which are also known to regulate LCR activity, insulator elements were thought to
establish transcriptional barriers between gene domains (Sexton et al., 2012). Genome-wide
studies combining CTCF ChlA-PET, ChlP-seq, and Hi-C data suggest that LCRs and
CTCF-bound insulator regions are likely similar. Recently, LCRs have been shown to
associate with the nuclear periphery, suggesting that they function to establish territorial
information by shuttling gene loci to specific genomic locations to be transcribed or
suppressed. The loss of LCR elements leads to mislocalization, and consequently
misexpression of genes (Bender et al., 2012). Further characterization of differentially
regulated blocks of chromatin established by LCR or insulators will be critical to understand
how structure impacts expression.
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Interestingly, the action of LCRs is strikingly similar to the emerging concept of
topologically associating domains (TAD) identified by recent 5C and Hi-C experiments.
TADs exhibit high-interaction frequency that can span hundreds of kilobases, and are
partially defined by genomic boundary elements that also recruit CTCF and cohesin (Dixon
etal., 2012; Nora et al., 2012). Loci within a TAD interact frequently with each other and
infrequently with loci located outside of the TAD (Dekker et al., 2013). These observations
suggested that enhancer and promoter interactions are particularly frequent within TADs,
perhaps acting to establish domains or to limit the range of regulatory elements that blocks
of genes can survey and interact with, a concept similar to CTCF defined insulator elements
and LCRs.

MERGING CONCEPTS OF THE STABLE NUCLEUS VERSUS THE DYNAMIC
NUCLEUS: Even a Clear Concept Has Only a Limited Range of Applicability

The probabilistic nucleus

Historically, studies that probe nuclear organization often had conflicting outcomes.
Ultimately, the recent advances in techniques to probe the genomic landscape have allowed
investigators to observe for the first time how our genome is structured in three-dimensional
space, although it is still difficult to extrapolate the function of every fold observed. The
mapping of chromosomal interactions based on 5C, Hi-C, and other 3C-based methods have
shown that the genome exists in highly ordered fractal globules within chromosomal
territories. Furthermore, compelling live-cell imaging demonstrates that the motion of genes
and chromosomes during interphase is constrained, suggesting that the nucleus is
topologically constant (Chubb et al., 2002). However, the genome must be dynamically and
differentially ordered to produce physiological levels of gene expression. This notion is
evident by the observation that chromatin domains de-condense and move from the
chromosomal territory into interchromosomal space to form long-ranging contacts during
gene activation (Morey et al., 2007; Morey et al., 2009). Conformational data suggest that
some of this reorganization drives concerted gene expression. For example, 5C models have
revealed statistically significant interactions in the form of transcription foci among highly
expressed and functionally related genes (Dekker et al., 2013). Similarly, using
predominantly single-cell FISH analyses, Tom Misteli and others have described non-
random proximity patterns in the cell nuclei of various tissues (Parada et al., 2004; Parada et
al., 2002; Roix et al., 2003). However, cell-to-cell variations of chromosomal arrangements
have been found for all cell types queried thus far, and suggest that even homogenous cell
culture models do not exhibit uniform chromosomal organization. What these findings
demonstrate is that chromosome conformation capture methods are limited in that they
represent the chromosomal interactions of millions of cells and that interaction mapping
generated from population-based methods is a summation of many different genomic
landscapes. On the other hand, single-cell FISH represents snap-shots of individual nuclei,
thus yielding non-uniform proximity patterns of a dynamic system.

Cell-type specific or transient interactions at transcription factories may represent low
frequency interactions. Variability in biological behavior between individual cells comes
from the stochastic activity of genes (Raj and van Oudenaarden, 2008). The gene expression
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profile of a population of cells in response to a dosage dependent signal could reflect a
subpopulation of cells that may only express a subset of genes, while another may express a
different subset. Stochastic gene expression is also concomitant with stochastic gene
interaction. An early demonstration of this behavior was termed “gene kissing”, where 3D-
FISH provided evidence for transient spatial association of the Angelman syndrome/Prader-
Willi syndrome (AS/PWS) loci during late S phase (LaSalle and Lalande, 1996; Teller et al.,
2007). In summary, transcriptional profiles of individual cells within a population can range
widely, and reflect a stochastic behavior of promoters where genes are expressed in bursts
rather than truly continuous (Chubb et al., 2006; Larson et al., 2009; Raj et al., 2006). This is
best illustrated by the cooperative action of the multiple hypersensitive sites of the B-globin
LCR that act to achieve near continuous transcriptional activity, but the deletion of one or
more sites, leads to fewer transcriptional events (Bender et al., 2012).

Evaluating three-dimensional interactions

As studies delve deeper into understanding how chromosomal structure regulates cell
identity, the gap between our ability to observe structural elements and our ability to relate
these observations to biological processes will narrow. Notably, when interpreting how
chromatin interactions defines the nucleus, it is important to consider that repressed domains
tend to interact with other inactive domains on the same chromosomal arm and are likely
more stable, while active domains can dynamically and stochastically interact with multiple
active regions on the same or on different chromosomes. These observations suggest that
repressed domains predominantly define the framework of chromosomal territories. Due to
the biased nature of interacting chromosomal regions, sequences that are “inactive” may be
detected at higher frequencies. Similarly, most investigations tend to focus on how global
looping events can explain global gene regulation, despite the fact that DNA replication,
DNA repair, and other nuclear processes occur simultaneously and also define chromosomal
organization.

Recently, the massively parallel sequencing of Okazaki fragments on a genome-wide scale
allowed for the construction of the replication map for eukaryotic genomes (McGuffee et al.,
2013). Consequently, 5C and Hi-C approaches have also identified clustering of origins of
early replication (Duan et al., 2010). Together, such studies allow profiling of origins of
DNA replication throughout S-phase and can help define hubs enriched for replication
machinery. These studies and similar approaches will undoubtedly bring concepts predicted
a few decades back, stating that DNA replication occurs at centralized factories (Berezney
and Coffey, 1975; Berezney and Wei, 1998) to a full circle.

Interestingly, simultaneous labeling of replication and transcription sites in mammalian cells
followed by three dimensional microscopy and computer imaging techniques demonstrated
that replication and transcription sites are clustered into separate higher-order domains or
zones in the cell nucleus (Wei et al., 1998). However, it has been suggested the
transcriptional zones are rezoned for replication, demonstrating that nuclear foci may exhibit
multilayered functionality (Cook, 1998). Ultimately, the interpretation of 5C and Hi-C
analyses performed in asynchronous cells need to consider that interactions may reflect
organization related to mitotic packing or interactions with static DNA replication factories.
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Functional testing of regulatory regions

One perplexing problem that arises from the concept of transcription factories relates to how
one interprets transfection and reporter gene assays that have remained a staple for
understanding promoter and enhancer activity for nearly three decades (Dennis and Berg,
1985; Lee et al., 1987). Regulatory regions of interest that drive reporter constructs can be
tested by single base pair mutational analysis, which in turn, can yield quantifiable changes
in transcriptional activity. If promoters in native contexts tether to specific factories within
the nucleus, why do parameters such as element spacing, base pair deletions, or point
mutations have a significant impact on reporter gene activity? Perhaps one explanation is
that there are soluble transcription factors that freely diffuse within the nucleus, and upon
recognition of an open or poised regulatory sequence, can either initiate or help to nucleate
new transcription factories via de novo transcription factory formation. Likely, the high
plasmid concentrations usually transfected into cells in these experiments may nucleate
nascent transcription factories with properties that are unique to the promoter-enhancer
sequences present on the plasmid construct. This notion is supported by early experiments
showing that plasmids can coalesce in vitro in a sequence- and factor-specific manner
(Dunaway and Droge, 1989; Mahmoudi et al., 2002; Mueller-Storm et al., 1989). Although
plasmid DNA have been shown to recruit endogenously expressed histones (Shi et al.,
2004), it is still unclear the extent to which plasmids can mimic endogenous chromosomal
landscapes to promote the nucleation of matrix factors.

Similarly, transgenic studies have been susceptible to the phenomenon of transgenic
variegation (Dobie et al., 1996). Copy number and insertion location of transgenic reporters
are known to affect the activity of promoter transgenes. It is now known that epigenetic
effects of flanking chromatin at sites of integration can lead to transgene variegation. These
concepts raise a very interesting question: can the simple introduction of exogenous
sequence affect the transcription of endogenous genes via formation of nascent transcription
factories. Thus far, there is no evidence to suggest that such a phenomenon can occur;
however, the ever-changing paradigm of transcriptional activation and repression may
potentially alter how reporter gene constructs are designed, tested, and interpreted.

EPIGENETIC GENE CONTROL AND THE CHROMOSOMAL LANDSCAPE:
The Structure of Inheritance

Chromosomal architecture as a heritable entity

Epigenetic regulation relates to heritable mechanisms driving gene expression that are not
mediated by DNA sequence. These encompass DNA methylation as well as histone
modifications, which include acetylation, methylation, phosphorylation, sumoylation, and
ubiquitination. However, does the three-dimensional structure of chromosomes itself also
confer epigenetic and heritable gene control in a tissue- or cell type-dependent manner?
Evidence presented thus far suggests that the organization of chromosomes alone cannot
define cellular identity. Conversely, cellular identity cannot fully predict chromosomal
structure. Yet, several studies have linked epigenetic marks to chromosomal organization.
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From yeast to human, the relationship between DNA methylation, histone modifications,
and chromosome architecture has been studied in depth (Taverna et al., 2007). For example,
DNA compaction is dependent on the composition of histones within bound nucleosomes.
The inactivated X-chromosome is marked by H3K9 methylation, and low levels of histone
acetylation and H3K4 tri-methylation (Chow et al., 2005). Large-scale analysis of chromatin
structure, histone modifications, and expression profiles show that genomes are partitioned
into well-defined, actively or repressively marked domains that strongly correlate with
transcriptional activity. Furthermore, these domains are separated by sharp boundaries
marked by specific histone modification patterns that overlap binding sites for chromatin
insulator proteins (Dixon et al., 2012; Handoko et al., 2011; Nora et al., 2012). Notably,
mono/tri-methylated lysine 4 on histone H3 (H3K4) generally marks active or poised gene
promoters and enhancers, lysine 9 (H3K9) acetylation marks active genes, and di/tri-
methylated lysine 27 (H3K27) and H3K9 are correlated with silenced gene domains. These
marks, in turn, can act to recruit transcription factors that favor specific classes of histone
modification: Chromodomain proteins recognize a wide range of H3 methylation marks,
Tudor domain proteins can recognize H3K3me3, methylated lysine 20 on histone H4, and
di-methylation arginine 3 on histone H4 (H4R3me2), and Bromodomain proteins recognize
H3 lysine acetylation. Combinatorial marks also determine how a gene is transcribed. For
instance, the bivalent association of H3K4me3 and H3K27me3 at gene promoters is thought
to mark developmental genes (Bernstein et al., 2006). The combination of H3 arginine 17
mono-methylation, asymmetric di-methylation (H3R17mel/me2a), and H3 lysine 18 and 23
acetylation (H3K18/23ac) marks estrogen-stimulated transcription (Daujat et al., 2002). In
addition to histone marks in mammals, methylation at CpG islands marks transcriptional
silencing and abrogation of transcription factor binding.

Histone modification and DNA methylation have all been proven to be heritable
modifications throughout any given cell lineage. There is also a tremendous body of work
relating histone modifications to chromosomal re-arrangements, suggesting a strong link
between chromosomal organization and epigenetic control. For example, the genome-wide
profiling of different mammalian cells shows that large heterochromatic blocks of hundreds
of kilobases known as LOCKSs (Large Organized Chromatin K9 madifications) carry the
repressive histone marks H3K9me2/3 and overlap with LADs (Lamin Associated Domains)
(Guelen et al., 2008). These regions are interspersed with small euchromatic islands that are
hypersensitive to DNase I, bind CTCF, and carry active histone marks (H3K4me3,
H3K9ac). The current challenge is to now perform comparative analysis with ChlP-seq of
active and repressive histone marks with Hi-C or 5C data sets to definitively determine a
relationship between histone composition and nuclear organization. Single locus 3C or 4C
models are at the forefront of demonstrating these types of relationships. For example,
during the dynamic three-dimensional transitions at the Hox cluster, the chromatin
microenvironment is altered from a repressive histone H3K27me3, to a transcription-
permissive histone H3K4me3 state (Noordermeer et al., 2011).

Cellular Pluripotency

Lineage commitment and differentiation is marked by large changes in chromatin
organization. However, one of the most intriguing questions concerning stem cell
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pluripotency relates to how embryonic stem cells (ESCs) maintain an open genome state to
allow for maximum plasticity. How the nuclear environment impacts the expression of
pluripotency genes is still emerging. In general, ESC chromosomes are characterized by an
abundance of active chromatin marks, and have a relatively lower level of repressive marks
(Mikkelsen et al., 2007). During differentiation, these marks disappear and chromosomes
largely begin to condense. Conversely, genome-wide studies show that genes associated
with the nuclear lamina in ESCs lose their interactions with the nuclear lamina during
differentiation (Peric-Hupkes et al., 2010). Therefore, the extent to which nuclear
architecture affects cellular plasticity has yet to be fully understood.

For many years, investigators sought to understand how regulatory mechanisms can be
altered on a genome-wide scale to reconfigure terminally differentiated cells into a more
stem-like state. Some of the earliest work in this regard involved cellular de-differentiation
using 5’ -azacytidine to prevent de novo DNA methylation (Razin and Cedar, 1991).
However, the 5"-azacytidine method failed to obtain a true pluripotent cell population.
Between 2007 and 2008, Shinya Yamanaka and colleagues were able to induce pluripotency
(iPS) in terminally differentiated somatic cells using a cocktail of transcription factors:
OCT4, SOX2, MYC, and KLF4 (Takahashi and Yamanaka, 2006). The ability of these
factors to epigenetically convert terminally differentiated cells into pluripotent cells is partly
attributed to their role as “pioneer” factors, a subset of transcription factors that can access
silent chromatin during embryonic development and direct the binding of other transcription
factors (Cirillo et al., 2002; Zaret and Carroll, 2011). Pluripotency factors can thus bind to
the distal elements of many genes required for reprogramming, through bypassing and
reorganizing the preexisting chromatin topology (Gao et al., 2013).

The ability of the pluripotentcy factors to transform the genetic landscape is fascinating.
Considering that terminally differentiated cells are defined by pre-existing transcription
factories, how does the cell accommodate the exogenous expression of a pluripotency
factor? Do new factory complexes form and rapidly change the transcriptional profile of the
cell? How is the chromosomal architecture rearranged? Genome-wide occupancy maps of
ES and iPS cells show that OCT4, SOX2, and KLF4 factors are central to the core
pluripotency network. By contrast, c-Myc binds to the promoters of genes involved in cell
growth and survival, and indirectly enhance reprogramming by allowing more chances for
stochastic transcriptional events to occur at bound OCT4, SOX2, and KLF4 regions (Hanna
etal., 2009; Kim et al., 2008; Knoepfler, 2008; Sridharan et al., 2009). Thus, central to the
epigenetic conversion of the nuclear structure is the ability of Oct4, Sox2, and KLF factors
to bind chromatin lacking detectable open histone marks and to permit c-Myc to gain access
to its target sites (Soufi et al., 2012). In this regard, response to pluripotency factor
stimulation is a stepwise process. Binding initially occurs at distal conserved elements or
enhancers preceding marked transcriptional activation and is followed by recruitment to
promoters. Promotion of gene activity in this manner recapitulates the recruitment of pioneer
factors at enhancers during early development of progenitor cells (Soufi et al., 2012).
Perhaps then, pluripotency factors do nucleate new factories or at least modulate pre-
existing ones. Further work is required to characterize how the nuclear ultrastructure is
altered during iPS reprogramming.
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NUCLEAR INSTABILITY AND GENETIC DISEASES: A Thing Is Right When
It Tends to Preserve Stability of the Biotic Community, It Is Wrong When It
Tends Otherwise

The Almanac of Genetic Stability

How have evolving concepts in nuclear structure altered our understanding and treatment of
diseases? This section will summarize a few clinical examples that demonstrate how
perturbations of the nuclear structure can directly affect the transcriptional regulation of
genes, thus leading to disease phenotypes. We will also describe developing trends that have
great potential for the epigenetic manipulation of the genome to treat disease.

Progeria: disruption of the nuclear lamina—One of the best-studied pathologies
associated with perturbations in the nuclear architecture is the progeroid class of diseases
caused by mutations in the LaminA/C (LMNA) gene (Capell and Collins, 2006). LMNA
produces two protein isoforms that are critical components of the nuclear lamina.
Interestingly, mutations throughout LMNA can manifest in a diversity of diseases that affect
many tissue types: Emery-Dreifuss muscular dystrophy (muscular), Charcot-Marie-Tooth
disease (neuronal), limb girdle muscular dystrophy (muscular), Hutchinson-Gilford progeria
(systemic), and familial partial lipodystrophy (subcutaneous fat) (Rankin and Ellard, 2006).
The range of mutant phenotypes caused by LMNA defects suggests that perturbations of the
nuclear lamina dysregulates multiple target genes in a tissue or cell-type specific manner. In
the case of Hutchinson-Gilford progeria, some genes lose their association with the nuclear
lamina, however these genes did not exhibit drastic changes in gene expression (Kubben et
al., 2012). Yet, during astrocyte differentiation, inactive genes are readily upregulated when
displaced from the nuclear lamina (Peric-Hupkes et al., 2010). Currently, how LMNA
mutations act to alter epigenetic gene regulation is not fully understood.

Perturbation of chromosomal interactions in Cornelia de Lange syndrome—
Cornelia de Lange syndrome (CdLS) is a genetic disorder characterized by delayed growth,
abnormal facial features, upper limb development abnormalities, and cognitive retardation
(Liu and Krantz, 2008). The disease is predominately caused by dysregulated genes
encoding proteins that are in the cohesin complex or interact with it. However, the most
prominent cause is via mutations within the NIPBL (nipped-B-like) gene (Krantz et al.,
2004). NIPBL is not a core component of cohesin, but is important for loading the cohesin
complex onto chromatin during S-phase, where cohesin functions to hold sister chromatids
together. Paradoxically, CdLS cell lines do not consistently exhibit premature sister
chromatid separation or related dysfunctions during mitosis. The phenotypes observed in
CdLS individuals suggest a defect in gene regulation rather than in chromatid cohesion
during cell division (Liu et al., 2009). CdLS cell lines where NIPBL is mutated exhibit a
large number of moderately misexpressed genes and by FISH analysis, a disrupted
interphase chromatin structure. Loss of NIPBL causes widespread decompaction that is most
pronounced at regions with high gene density (Nolen et al., 2013). Interestingly, a recent
report attributes a role for mitotic bookmarking to cohesin, where cohesin contributes to the
genome-wide retention of transcriptional memory (Yan et al., 2013). Disruption of cohesin
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function leads to an alteration of transcription factor clustering at enhancers and promoters,
and a global reduction of DNase hypersensitivity, further supporting a model in which CdLS
is caused by aberrations in gene expression.

Polycomb repression in Facioscapulohumeral muscular dystrophy—
Facioscapulohumeral muscular dystrophy (FSHD) is an autosomal dominant disease
characterized by the progressive wasting of the facial, upper arm, and shoulder girdle
muscles. FSHD is unique in that it is caused by deletions that reduce the copy number of the
tandemly repeated 3.3kb D4Z4 sequence at the subtelomeric 4q chromosomal arm
(Cabianca and Gabellini, 2010). These deletions are thought to cause the inappropriate de-
repression of several 4q35 genes. The D4Z4 region shares several features with repressive
polycomb/ trithorax response elements (PRES/TRES) that act to epigenetically silence genes
by the recruitment of Polycomb group (PcG) proteins, which in turn repress the expression
of nearby genes (Schuettengruber et al., 2007). In the non-disease state, the D4Z4 region is
extensively bound by repressive PcG proteins leading to the spreading of DNA methylation,
histone de-acetylation, and chromatin compaction at the 4935 region. FSHD patients harbor
a loss of repressive marks and the de-repression of 4935 genes (Lemmers et al., 2010). One
model that has been put forth is that D4Z4 deletion leads to insufficient binding of PcG due
to the loss of D4Z4 repeat regions, causing the production of DBE-T, a long ncRNA
embedded within the D4Z4 repeat (Cabianca et al., 2012). DBE-T is thought to promote a
topological reorganization of the FSHD locus leading to de-repression of the 4935 genes,
and a positive feedback loop that sustains 4935 gene de-repression.

Translocations in cancer models—In 1973, Janet Rowley proposed that the chronic
myelogenous leukemia (CML) was caused by a chromosomal translocation event between
chromosomes 9 and 22 t(9;22), resulting in the Philadelphia chromosome discovered
previously by Peter Nowell in 1960 (Nowell and Hungerford, 1960; Rowley, 1973b). The
fusion of the ABL gene encoding tyrosine kinase on chromosome 9 and the BCR gene on
chromosome 22 leads to a chimeric fusion protein with constitutive oncogenic kinase
activity (Heisterkamp et al., 1985). This was a seminal demonstration that chromosomal
defects could cause cancer. Along with Rowley’s discovery of the 8;21 translocation in
acute myelogenous leukemia, which produces the AML1-ETO fusion of the known nuclear
scaffolding protein RUNX1/CBFA2 gene at 21922, and the MTG8 encoded protein ETO at
8022 (Erickson et al., 1992; Miyoshi et al., 1991; Rowley, 1973a), many other translocation
events have been characterized (Zhang and Rowley, 2006). The AML1-ETO fusion protein
results in the loss of the RUNX1 nuclear targeting signal and as a result, is mislocalized
within nuclear microenvironments that are distinct from those in which wild-type RUNX1
resides (Barseguian et al., 2002; McNeil et al., 1999; Zaidi et al., 2007). This results in the
aberrant recruitment of the N-CoR repressor complex, further exacerbating the disease
phenotype by altering the nuclear environment and affecting the expression of off target
genes (Okuda et al., 1996).

Translocation events require double-strand breaks (DSB), physical association with broken
ends, and the misjoining of the partner chromosomes. Interestingly, translocation events
occur at hotspots in the genome. For example, the t(8;21) translocation event is prevalent in
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acute myelegenous leukemias (Zhang and Rowley, 2006) and always takes place at
breakpoints in the RUNX1 gene that is nuclease accessible. Why do translocation hot spots
exist? The idea that chromosomal DSB ends are sequestered to DNA damage repair
factories has been a longstanding hypothesis (Meister et al., 2003). The observation that
domains of DSBs can undergo long-range movements argues for the existence of damage
factories (Soutoglou et al., 2007). The increase in focal concentration likely improves
efficiency of repair and the spatial proximity of breaks may promote misjoining. For
example in flies, damaged regions of heterochromatin exit the chromosomal territory for
repair (Chiolo et al., 2011). Within mammals, evidence shows that although DSB ends
migrate to repair centers, they have limited mobility (Girst et al., 2013), suggesting that
structural components that establish chromosomal positioning and proximity in a cell-type
structural factors contribute strongly to translocation frequency.

Numerous FISH studies have underscored a strong correlation between the spatial proximity
of chromosomes or genes and their translocation frequencies (Bickmore and Teague, 2002;
Parada et al., 2002). In the case of mouse lymphocytes, breakpoints in chromosomes 12 and
15 frequently translocate and are proximally located, whereas this translocation does not
occur in hepatocytes (Parada et al., 2004). Instead, chromosomes 5 and 6 are often
translocated in hepatomas, where these breakpoints are proximally located, but are not in
lymphocytes. Thus, the physical proximity between genomic regions likely drives
translocation events. The recent development of high-throughput, genome-wide
translocation sequencing (HTGTS) has confirmed the notion that translocations occur
strongly based on the proximity of chromosomal positions (Chiarle et al., 2011).

Nuclear architecture as a diagnostic readout for disease

With the increased understanding of the importance of nuclear architecture as well as the
three-dimensional organization of chromatin for gene regulation, it becomes pertinent to use
advances in experimental approaches to discover alterations in nuclear architecture for
diagnosis and treatment of disease. Namely, cancer cells show a highly modified nuclear
architecture, suggesting a functional relationship between nuclear organization and gene
expression that can facilitate tumor diagnosis. Proteins that reside in sub-nuclear domains
are also being used to diagnose cancer. Cancer-related changes to the compartmentalization
of PML bodies, Runx and acute lymphoblastic leukemia 1 (ALL1) regulatory domains,
changes in the number, size, and localization of nucleoli, aberrations of the perinucleolar
compartment (PNC), PCNA and BRCA | nuclear foci are all hallmarks that can benefit
cancer prognoses (Fischer et al., 2004; Zaidi et al., 2007). Similarly, aneuploidy and the
fragmentation of chromosomes, which are characteristics of transformed cell nuclei,
undoubtedly affect territorial organization. To diagnose these genomic abnormalities,
spectral karyotyping (SKY or M-FISH) and comparative genomic hybridization can be
utilized to characterize many chromosomal aberrations of hematological diseases and solid
tumors (Knutsen et al., 2005). It is also becoming increasingly plausible to use high-
throughput tools for the diagnosis and treatment of disease. The use of massively-parallel
genome sequencing and global-scale DNase-hypersensitivity methods to map nuclear
architecture for personalized medicine are on-the-horizon approaches to screen for changes
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or aberrations of regulatory DNA elements and SARs at gene boundaries (Metzker, 2010;
Schweiger et al., 2013).

Gene therapy tools to epigenetically manipulate gene expression

The development of gene therapy strategies has always been an endpoint goal for the
treatment of genetic diseases. As mechanisms of epigenetic gene control continues to
become unraveled, bold new approaches for epigenetic therapies are also being developed.
A recent example for such strategies involved whole-chromosome silencing by the
transgenic insertion of an XIST target transgene into chromosome 21 of a trisomy Down’s
syndrome fibroblast cell line (Jiang et al., 2013). This led to the generation of a chromosome
21 Barr body, which effectively resulted in the in vitro phenotypic reversal. This study
demonstrated the plausibility of modifying the higher-order architecture of a disease-causing
chromosome and perhaps represents a turning point for therapeutic strategies. Since
epigenetic manipulation can be heritable, it in theory circumvents the requirement of a
dosing regimen of therapeutic products. Furthermore, epigenetic therapy does not require
gene editing at the mutated gene, as this may not always be a viable option. Similar to this
strategy is the development of both the TALEN and the CRISPR approaches for targeted
gene editing (Cong et al., 2013). The recent use of customizable TAL effectors fused to
Fok1 nuclease has become a revolutionary method to design and utilize sequence-specific
nucleases for genome editing (Bogdanove and Voytas, 2011). Fusion of TAL effectors to
either DNA methyltransferases, histone demethylases, or deacetylases to epigenetically
modulate gene expression are promising approaches to correct gene misexpression
(Bogdanove and Voytas, 2011). The most recent demonstration of this concept is the fusion
of TAL-effectors to LSD1, an H3K4 demethylase, to transcriptionally silent gene expression
(Mendenhall et al., 2013). Similarly, promoter silencing using a CRISPR-mediated RNA-
guidance of a kinase-dead Cas9 domain (dcas9) (Gilbert et al., 2013) is yet another potential
strategy for targeted epigenetic therapy. Since both TAL-effectors and CRISPR-mediated
methodologies can theoretically be conjugated to any modulatory catalytic domain,
genome-wide epigenetic manipulation is likely achievable.

THE ALMANAC: Concluding Thoughts

In this review, we have discussed how our understanding of nuclear organization has
evolved with the development of increasingly sophisticated assay techniques, and how this
relates to the diagnosis and treatment of disease. These continually shifting paradigms have
led us to embrace the analogy of the almanac. The traditional almanac functioned as an
annual publication that provided important information about technology trends, covered
practical ways of living for the coming year, and were largely based on divination. Although
modern almanacs still tend to reference astrological charts, they now contain
meteorologically backed weather forecasts and descriptions of healthy living based on trends
in medical findings. It is always left to the discretion of the reader to embrace information
gained through modern, traditional, or both sources. As an almanac essentially aims to
predict and interpret the outcomes of observable events while adapting old theories to new
technologies, it seems fitting for the field of genomics to publish an all-encompassing
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genomic almanac that details integrated knowledge, sourced both from classical studies and
those gained from next-generation methodologies.

Here, we have highlighted many studies that have focused on nuclear organization: from
early cytological observations, to the bioinformatic dissection of the genome, to the impact
of nuclear instability on disease. Since its discovery, chromosome biology has undergone
several waves of paradigm changing concepts. Despite these changes, it is satisfying that the
shifts in paradigm often result in the resolution and complementation, rather than the
rejection, of standing notions. Because there is always value in considering historical studies
when interpreting data that rely on current high-throughput or high-resolution
methodologies, it may be necessary to begin publishing an annual Genomic Almanac. The
fact that reviews are continually being published which explore new discoveries and how
they impact the interpretation of historic studies reflects the desire for such a publication to
be established. In this manner, we can truly appreciate and learn from the diversity of the
approaches used to study genomic, epigenetic and gene regulatory networks.
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Fig. 2.
Diagram of the nucleus. Highlighting the structural componentsg that contribute to the epigenetic control of genes. Chromosomes
are arranged as non-random chromosomal territories (designated by different colors: red, green, cyan, and blue), and are
composed of fractal globules of chromosomal folds that establish their ultrastructure. High concentrations of regulatory
complexes reside within the interchromosomal space and constitute the nuclear matrix. Highlighted here are the transcriptional
foci or factories (yellow circles), where loops of chromosomes can be recruited away from their territories to interact with
regulatory elements in trans (red, green, cyan, and gold loops). Chromosomes are also classified into euchromatin (open and
more transcriptionally active) (gold domains, plus the red, green, cyan, and blue territories), and heterochromatin (closed and
more transcriptionally silent) (brown domains). Heterochromatin is predominantly located at the nuclear periphery. Chromatin is
compacted via the winding of DNA around nucleosomes (gold spheroids). Nucleosomes are themselves composed of histone
octamers that are epigenetically modified on their histone tails (red and yellow features). DNA methylation (red lollipops) at
CpG islands also contributes to the epigenetic control of genes. The nucleolus, the most cytologically prominent feature of the
nucleus is illustrated in purple. Perturbations in the nuclear structure that can be attributed to mutations, gene dysregulation, or
environmental damage are illustrated within the red ring. Double-strand break repair occurs within repair factories (red circle),
which are conducive to translocation events between neighboring chromosomal regions (blue and cyan chromosomes). In
laminopathies, the disruption of the nuclear lamina (yellow fibrils) cause nuclear envelope blebbing, and the loss of peripheral
localization of certain chromosomal regions. The nuclei of cancer cells are characterized by abnormal, enlarged, and/or
fragmented nucleolar morphology.

J Cell Physiol. Author manuscript; available in PMC 2014 June 01.



