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17.1
Introduction

A century ago Theodor Boveri (1862-1915) proposed several bold hypotheses with
regard to the organization and dynamics of chromosomes (for reviews, see [1-3]):
(i) chromosomes maintain their individuality in cycling cells and are confined to
distinct nuclear regions, called chromosome territories (CTs), (ii) arrangements of
these CTs are stably maintained during interphase, (iii) chromosome proximity
patterns change profoundly during prometaphase, (iv) similar CT arrangements in
pairs of daughter nuclei reflect symmetrical chromosomal movements during
anaphase and telophase, and (v) CT proximity patterns in daughter nuclei differ
substantially from the mother cell nucleus, whereas radial chromatin arrange-
ments are maintained. Boveri based these hypotheses on his studies of early
cleavage stages of fertilized Parascaris equorum eggs (or Ascaris megalocephala as
the horse roundworm was called in Boveri’s days). Since individual chromosomes
could not be visualized in interphase nuclei at Boveri’s time, he took advantage of
nuclear blebs (Kernfortsitze), which carry one or several chromosomal ends during
the early blastomere stages of P. equorum. These blebs served as markers for the
nuclear positions of Boveri’s hypothetical CTs. During the 1970s and 1980s
compelling evidence for CTs was obtained first by UV microirradiation experi-
ments and then by chromosome painting (for a review, see [4]). Recently, live-cell
imaging has provided strong evidence in favor of Boveri’s further hypotheses [5].

Electron microscopic studies of the nucleus starting in the 1950s provided the
first important insights into nuclear organization [6-15], yet failed to discover
the territorial organization of chromosomes in the cell nucleus. The quite exten-
sive early attempts to prove non-random arrangements of chromosomes in
metaphase spreads are reviewed in Ref. [9]. Only recently, approaches for detailed
studies of CT structure and arrangements in nuclei of fixed and living cells became
available that combine molecular cytogenetics, molecular biology, and advanced
light and electron microscopy. Furthermore, the zeitgeist was not favorable to
encourage and fund such research extensively at a time when molecular biology
alone seemed capable to unravel the mechanisms for nuclear functions, such as
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chromatin replication, gene expression, and DNA repair. This attitude has chan-
ged since it has become obvious that higher order chromatin organization matters
for the regulation of nuclear functions. A wealth of information on functional
chromatin organization in cell nuclei from various cell types and species has
provided an increasingly detailed and quantitative insight into the dynamic
organization of chromatin in the cell nucleus (for reviews, see [3, 6, 11-16]). This
chapter reviews the current state of knowledge on higher order structure and the
dynamic arrangement of chromatin in the viscous liquid of normal diploid cell
nuclei during the interphase of the cell cycle. During mitosis chromosomes
reorganize into highly compacted structures, as described in Chapter 18.

17.2
Higher Order Chromatin Organization: From 10-nm Thick Nucleosome Chains
to Chromosome Territories

The diploid genome of a normal, somatic mammalian cell nucleus comprises
about 6 x 10° basepairs (bp) in the G1 phase of the cell cycle. In a male human cell
nucleus, for example, this genome is organized in 22 autosomes and the gono-
somes X and Y. The DNA content of individual chromosomes ranges from 47 to
247 megabasepairs (Mb) in G1 and doubles during S-phase. Mammalian cell
nuclei with typical diameters in the range of 10-20 um contain about 2 m of DNA
in G1 and 4 m in G2 wrapped around histone octamers. This nucleoprotein
complex is called the nucleosome and represents the basic building block of
chromatin. As described in Chapter 3 the nucleosome consists of 145-147 bp
of DNA wrapped around a histone octamer protein core. It has a cylindrical
shape of 11 nm diameter and 5.5 nm height. The nucleosome repeat length (NRL)
varies between 165 and 220 bp of DNA depending on the species and also on the
cell type within a given organism. It amounts to about 200 bp in mammals.
Accordingly, about 6.4 Gb or 7 pg DNA in a mammalian cell nucleus are
assembled into ~30 million nucleosomes. Two extreme levels of chromatin
organization have been verified in cell nuclei of most eukaryotic species: the
10-nm thick “beads on a string” of nucleosomes [17] and the chromosome terri-
tories [11]. Higher order chromatin organization in between these two extreme
levels has remained a matter of conflicting opinions [18-20]. The folding of the
chain of nucleosomes is discussed in detail in Chapter 6 and the most relevant
structural motives are summarized in Table 17.1.

Since the nucleosome chain (or fibers formed from it) can be considered as a
polymer if sufficiently long, numerous models have been proposed that attempt to
rationalize genome organization from polymer properties (see also Chapters 9 and
20). These are compiled in Table 17.2. It is noted that all of them are able to
rationalize certain experimental results. However, currently no “unified” con-
sensus chromatin polymer model exists that is suited to explain all essential fea-
tures of chromosome organization that have been derived experimentally. In order
to classify the hierarchical organization of chromosomes during interphase as
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Table 17.1  Structural motives of nucleosome chain folding.
Structure Description References
10-nm fiber Extended and fully unfolded nucleosome chain that has been [17, 20, 21]
proposed to exist also as the dominating conformation
during interphase
Nucleosome Eight (chicken and rat liver) to 48 nucleosomes (sea urchin [22]
“superbeads” sperm) associate into a globular particle
30-nm fiber Chain of nucleosomes can reversibly fold into a fiber with a [17, 23-25]
diameter of approximately 30 nm
100-nm fiber Compaction of 10-nm/30-nm fibers into “chromonema” [26-28]
fibers of 100-130 nm in diameter
Table 17.2  Polymer models proposed for chromatin organization.
Polymer model Description References
Random coil Nucleosome chain folding is that of a polymer  [29]
confined by the available nuclear space
Polymer melt Resolution of nucleosome chain folding intoa  [20, 30, 31]

Reptated polymer

Entangled polymer

Kinked polymer
Looped polymer

Multi-loop
subcompartment (MLS)

Random loop (RL)

Fractal globule

more homogenous liquid phase-like aggregate
of nucleosomes devoid of periodic structure
Polymer mobility is reduced by a crowded
network-like environment so that
translocations of a locus at the polymer are
reduced or “reptated” as compared to a
homogenous solvent

Chromosome territories arise from
entanglement of nucleosome chain
Chromatin fiber with about 10 kinks per 1 Mb
Loops of regular size that are tethered to a
backbone-like structure

The 30-nm fiber forms loops of roughly 100 kb
that are arranged into rosettes

Self-avoiding random walk folding of the chain
with loops of a broad size range

Knot-free polymer conformation that enables
maximally dense packing

This chapter

(32]

(33]
[34-36]

[37-40]
41, 42,

Chapter 20
[43, 44]
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Table 17.3 Genome compartments.

Structure Description References
1 Mb chromatin Higher order chromatin structure with a DNA contentin  [13, 45, 46]
domain (CD) the order of 1 Mb. Presumably built up from ~100-kb  [47-50]
looped subdomains
Perichromatin 100-200 nm zone at the periphery of ~1-Mb CDs. [12, 51, 52]
region (PR) Nuclear compartment most active for transcription,
splicing, DNA replication, and repair
Chromosome Chromosomes occupy distinct territories in nuclei of both  [6, 11-13,
territories (CT) interphase and postmitotic cells 53-56]
Interchromatin A 3-D system of channels and lacunas expanding [11-13,
compartment (IC) between CDs. It connects to nuclear pores and contains 57, 58]

splicing speckles and nuclear bodies. While soluble
nuclear proteins can freely exchange between the IC, the
PR, and the interior of CDs, diffusion of large complexes
appears constrained depending on size and electric
charge. A potential role of the IC and/or PR as routes for
mRNA needs to be further substantiated

Interchromosome
domain (ICD)

Space preferentially expanding between CTs that is more |55,
easily accessible to large nuclear complexes than regions 59-64]
within the CTs. When the ICD model was first proposed,

the sponge-like structure of CT with highly complex CT

surfaces was not established. Instead, threshold

boundaries of painted CTs were considered as delineating

CT surfaces. Accordingly, it was wrongly assumed that

RNA transcripts and splicing components were generally
excluded from the CT interior.

Chromatin as a fiber network that is stabilized by
intrachromosomal linkages

Interchromatin
network (ICN)

[56, 65]

observed in fluorescence and microscopy, different compartments and organiza-
tional principles have been proposed that are summarized in Table 17.3.
According to the chromosome territory—interchromatin compartment (CT-IC)
model CTs are built up from higher order chromatin domains (CDs) with an
average DNA content in the order 1 Mb DNA [13] (Figure 17.1). These ~1-Mb
CDs represent basic structural units of CTs and can be visualized during S-phase
as replication foci in living cells after the incorporation of thymidine analogs
directly conjugated to certain fluorophores [45]. While their mean diameter was
first estimated to be in the order of 500 nm, recent measurements yielded much
smaller values between 40 and 210 nm [46]. The ~1-Mb CDs are interconnected
by chromatin fibers and may be built up from smaller chromatin loop domains
with ~100 kb DNA content (~100 kb CDs). The scheme in Figure 17.1b exem-
plifies small chromatin loops representing the decondensed chromatin of tran-
scribed genes (indicated by dashed black circles). Narrow IC channels may be filled
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by small-sized chromatin fibers/loops (<200 nm), allowing direct contacts in cis
and trans, that is, between CDs belonging to the same CT and to neighboring CTs,
respectively (Figure 17.1b, dashed blue circle). The contacts are promoted by the
transient translocation of CDs due to constrained Brownian motions. Non-random
connections between chromatin occur both in cis within a given CT, and in trans
between different CTs yielding a 3-D higher order chromatin network expanding
throughout the nuclear space [46]. This network is involved in establishing and
maintaining a stable 3-D but at special occasions also dynamic 4-D (space and
time) organization of nuclear chromatin [5, 57] (see Sections 17.6 and 17.7). The
CT-IC model argues for an interchromatin compartment (IC) with channels and
lacunas extending not only between CTs but also extensively permeating into their
interior [11, 13]. The IC is rich in ribonucleoproteins and harbors splicing
speckles, as well as nuclear bodies [57]. Electron microscopic studies performed by
Stan Fakan and co-workers have provided strong evidence for both the IC and a
zone of decondensed chromatin, called the perichromatin region (PR), which
exists at the periphery of ~1-Mb CDs and is now considered as an essential
subcompartment for transcription, co-transcriptional splicing, DNA replication
and possibly also DNA repair [12, 51, 52]. In a recent study, 3-D structured illu-
mination microscopy (3D-SIM) and spectral precision distance microscopy
(SPDM) were combined to examine the nuclear topography of DNA, nascent RNA,
and nascent DNA, as well as RNA polymerase II (RNA Pol II) and histone
modifications typical for transcriptionally competent/active chromatin, such as
H3K4me3 and H4K8ac [71]. The 3D-SIM observations demonstrate a strong
enrichment of these components in the PR and a lack both in IC lacunas and the
interior of CDs.

Evidence obtained with SPDM confirmed the presence of RNA Pol II clusters
indicative of transcription factories. In contrast, the interior of CDs lacks such
markers as well as nascent RNA and DNA. Interestingly, an electron microscopic
study revealed that silencing proteins coded by polycomb group genes are also
concentrated in the PR of the mammalian nucleus [68]. However, the results of
Ref. [72] also suggest that a substantial part of transcription takes place in RNA Pol
II outside such factories. We hypothesize that the functional nuclear organization
of transcription and DNA replication depends on dynamic interactions between
the transcriptionally engaged chromatin located in the PR, the transcriptionally
silent chromatin located in the interior of CDs and the IC, as a storage site for the
supply of essential proteins, as well as RNA export. In summary, CTs may be
compared with sponges consisting of a network of ~1-Mb CDs and bigger domain
clusters permeated by IC channels [57, 58]. An earlier model of nuclear archi-
tecture, called the ICD model, argued that transcription should occur mostly in an
interchromatin domain (ICD), which mainly expands between neighboring CTs
[55, 59]. Accordingly, this model predicted that transcription occurs mostly at the
periphery of CTs, whereas the CT-IC model takes into account that transcription
can take in the PR both inside and in the periphery of a given CT.

Direct contacts in cis and trans are emphasized by the interchromatin network
(ICN) model [72]. This model suggests much larger intermingling chromatin
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() Nuclear Interchromatin
speckle compartment  Nuclear

Chromosome

Nuclear
envelope

fibers than the CT-IC model to explain the relatively large regions of chromatin
overlap observed between neighboring CTs. It dismisses the IC and PR as struc-
turally and functionally distinct nuclear compartments [72]. Instead, it argues that
machineries for major nuclear functions can be formed within the interchromatin
space present between extensive intermingling of chromatin fibers and large loops
in the interior of CTs and in border zones of neighboring CTs driven by Brownian
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Figure 17.1  Structural and functional nuclear functional nuclear architecture at larger

organization according to the chromosome magpnification (scale bar: 200 nm). CTs are
territory-interchromatin compartment (CT-IC)  built up like a sponge from chromatin domains
model. (a) Schematic section through a (CDs) and the pervading IC. Its local width
mammalian cell nucleus (scheme modified varies from smallest channels (<100 nm) to
from ref. [16]). Various nuclear compartments  lacunas (>400 nm). Electron microscopic

are depicted that include nucleoli, studies [68-70], supplemented by super-
chromosome territories and the interchromatin resolution fluorescence microscopy [71],
compartment (IC). The IC starts/ends at indicate that fundamental nuclear functions
nuclear pores and pervades the nuclear space  such as transcription, co-transcriptional

as a system of channels and lacunas splicing, DNA replication and repair occur in

expanding both at the periphery of CTs and the perichromatin region (PR) located at the
throughout their interior. The scheme shows periphery of CDs. It comprises a 100-200 hm
the entire IC network as low density chromatin  thick zone of transcriptionally competent

regions in light gray and emphasizes cross chromatin (marked by dashed red lines). In
sections through larger chromatin free lacunas. contrast, the core of CDs arguably carries
These harbor nuclear bodies, such as PML silent chromatin. The CT-IC model predicts a
bodies and Cajal bodies, as well as splicing major functional role of small-scale chromatin
speckles [66, 67]. It is important to note that movements taking place between the PR and
neighboring CTs are not fully separated from  the core of CDs. Constrained Brownian

each other by an interchromosomal domain movements of chromatin domains allow
(ICD) as previously suggested [55, 59], but transient contacts between chromatin loops

reveal many sites of mutual, direct chromatin ~ present in the PR.
contacts. (b) Hypothetical view of the

motions. These would provide opportunities for intra- and interchromosomal
rearrangements predicted to play a major role for the spatial congression of genes
in trans. In contrast, the CT-IC model argues that giant loops crossing major parts
of the nucleus are infrequent or may not exist at all (compare Figures 1.2 and 1.8
in [11] and Sections 17.6 and 17.7 below). Both the ICN model and the CT-IC
model allow for the existence of a large non-chromatin space. However, the space
between intermingling chromatin fibers/loops predicted by the ICN model should
not be confused with the much more elaborated, structural, and functional
organization of the IC and PR predicted by the CT-IC model.

Branco and Pombo reported that intermingling volumes between specific CTs
correlate with the frequency of chromosome translocations after exposure to
ionizing radiation [72]. Experimentally observed frequencies of chromosome
translocations, however, are also in line with the CT-IC model [73, 74]. As a result
of constrained Brownian movements of CDs, the width of IC channels between
them is highly variable (see Section 17.4). Accordingly, two CDs, each carrying a
single double strand DNA break (DSB), may approach each other close enough to
enable aberrant ligations between broken DNA ends within the same repair
machinery. The range of nuclear phenotypes reflecting the large variety of func-
tional states is currently not well established. Possibly, the CT-IC model and the
ICN model represent extreme examples of nuclear phenotypes. To address this
issue, studies of cell nuclei with different gene expression patterns are necessary,
ranging from nuclei which are transcriptionally inactive to nuclei with a high
global transcriptional activity. Furthermore, nuclear architecture needs to be
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evaluated in the context of the evolutionary development from unicellular eukar-
yotes to multicellular animal and plant species to distinguish features possibly
conserved in all eukaryotes from species and cell type-specific peculiarities [14].
We expect that quite a number of unexpected and intriguing discoveries are
waiting along this line of research. At present it is not clear at all whether a single
model will finally suffice or whether such studies will support several models,
reflecting profoundly different pathways of nuclear evolution.

17.3
Genome Accessibility

17.3.1
Chromatin Density Distributions and Accessibility of Nuclear Space

Chromatin contains histone proteins and DNA is present at a concentration of
7 mg ml~! and 19 mg ml~". It would occupy ~ 10% of the total nuclear volume
when assuming its compaction into a 30-nm chromatin fiber with a mass density
of 6-7 nucleosomes per 11 nm fiber contour length [75, 76] and somewhat less in
an extended beads on a string structure, in which 0.5 nucleosomes are present
per 11 nm of the chain. Some estimates on the accessibility of this fiber network
can be made on the basis of nucleosome and/or DNA concentration measure-
ments and experimental studies on the distribution of particles with different
sizes in the nucleus. An average nucleosome concentration of 0.14 mM [77] or
the equivalent of 18-19 mg ml~* DNA ([78] and references therein) in a nuclear
volume of 0.4 pl has been reported for mammalian cell lines. A bulk of the more
densely packed heterochromatin has nucleosome concentrations of 0.2-0.3 mM
with a small heterochromatin fraction (~10%) reaching a nucleosome density
of 0.4-0.5 mM as inferred from fluorescence microscopy-based measurements
[77, 79, 80]. It is noted that an only moderate twofold difference in terms of the
density observed for euchromatin and bulk heterochromatin does not exclude
higher compaction differences on a smaller length scale that are not resolved by
optical methods. Consistent with this view, a tightly packed chromatin ultra-
structure was revealed for the inactive X chromosome that was not apparent from
a light microscopic comparison of the volume occupied by the inactive and active
X chromosome [81]. Other heterochromatin domains visible on fluorescence
microscopy images have dimensions in the micrometer scale and are mostly
found at the nuclear periphery, around the nucleolus and at the centromeres.
Reversible changes of the chromatin compaction state can be induced via factors
like histone acetylation [79, 82], the induction of transcription [83], ATP depletion
[57, 67], or by osmolarity variations of the medium [57],as discussed previously
[57, 84].

During interphase, particles up to ~20 nm in size experience no restrictions
with respect to their nuclear distribution within the 200-300 nm lateral and about
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800 nm axial resolution limit of light microscopy [79, 85, 86]. Particles with a size
of >30 nm like 150 kDa and larger FITC-labeled dextrans are progressively
excluded from dense chromatin regions. Particles with sizes around 100 nm (100
nm diameter nanospheres, 2.5 MDa dextrans) are completely excluded from the
chromatin mesh [87, 88]. This is also relevant for CBs and PML-NBs with sizes of
0.1-1.0 pm, which therefore have access to a subspace of the nucleus only as
discussed below.

17.3.2
Mobility of Inert Molecules and Complexes on Different Scales

From the considerations above it is apparent that mobility and accessibility of
nuclear space are highly dependent on the size of a given particle. As a reference
particle the 27-kDa green fluorescent protein (GFP) is frequently used. GFP has a
barrel-like structure with a diameter of ~3 nm and a height of ~4 nm. It is
uniformly distributed throughout the nucleus in fluorescence microscopy images
without any apparent interactions with nuclear structures. The mobility of GFP
has been well characterized in a number of studies by means of FCS and FRAP
(86, 89, 90]. Its diffusion coefficient is 81 um?* s™" in water at 25 °C with a viscosity
of 0.89 mPa s. Average values of D=23 um? s™' were measured in the cell in the
cytoplasm or nucleus. The difference to water can be assigned to an apparent 3.5-
fold higher viscosity of the cellular environment. The cellular D value of GFP
corresponds to an effective displacement of 12 pm after 1 s, which is similar to the
dimensions of the cell nucleus. Thus, the time required for an isolated non-
interacting protein molecule to “roam” the whole nucleus is in the range of a few
seconds. GFP and dextrans of similar size have virtually unrestricted access to the
whole nucleus at standard fluorescence microscopy resolution. Interestingly, also
for larger particles like GFP pentamers with D as small as 8 + 1 um” s~ no
differences in the diffusion coefficients were detected between the cytoplasm and
the nucleoplasm [86]. As discussed in Chapter 7, the nucleoplasm represents an
environment, in which macromolecules are highly concentrated. This effects both
their interactions and their size-dependent mobility. Thus, inert particles up to a
size of about ~20 nm experience no restriction with respect to their accessible
space in the nucleus during interphase within the diffraction-limited resolution of
the fluorescence microscope. In terms of protein mass, these dimensions would
correspond to a molecular weight of 2-3 MDa. Accordingly, it is expected that in
the absence of interactions with chromatin or other nuclear subcompartments,
most nuclear factors are highly mobile. A compilation of experimental data that
describe their mobility resulting from both diffusion and interactions can be found
in Ref. [80]. With increasing size, macromolecules and complexes become
increasingly excluded from nuclear areas of higher density [79] while they are still
mobile. In contrast, dextrans, nanospheres, and inert NB-like complexes larger
than 100 nm are trapped locally. However, they show some chromatin-embedded
mobility (see below).
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17.4
Mobility of Chromosomal Loci and Nuclear Bodies

17.4.1
Typical Mobilities of Genomic Loci

Compelling insights into the mobility of selected chromatin regions were obtained
by tracking of labeled chromatin in living cells. Various methods were developed
for this purpose. In an early study chromatin was fluorescently tagged using
dihydroethidium, a membrane-permeant derivative of ethidium bromide [91].
After labeling, the authors used a laser microbeam to bleach small (~0.4 pm
radius) spots in the heterochromatin and euchromatin of living Swiss 3T3 and
Hela cells. Observations of these spots indicated their persistence for >1 h sug-
gesting that the bleached interphase euchromatin and heterochromatin was
substantially immobile during the observation period. Other groups marked
individual chromosomal loci in living eukaryotic cells, genomic sites by the inte-
gration of repetitive lac operator arrays, which were visualized with the help
of LacI-GFP [92]. This approach was widely used to follow movements and con-
formational changes of chromatin (for a review, see [93]). By tracking tagged
chromatin loci, average apparent diffusion coefficients of 1-2 10 * pm?* s~ " have
been reported for chromatin loci and for large nuclear particle movements within
a corral of 200-300 nm radius that can translocate in the nucleus as part of larger
CDs [66] (Table 17.4). These relatively slow and confined movements are in
agreement with a territorial organization of chromosomes and consistent with the
slow mobility of broken chromatin ends formed after introducing a DNA cut [96].
Notably, the time regime chosen for the experiments directly affects the resulting
apparent diffusion coefficients, if for example only the initial linear slope of the
MSD versus time plot is evaluated [80].

Table 17.4 Mobility of chromatin loci in mammalian cells.

Chromatin locus Telomere/end” Chromatin domain
Deagt (um? s7) 3107 110°° n. d.
Tefast (NM) 70 80 n. d.
Dgiow (Mm? s7) 210" 210°* n. d.
Teslow (NM) 240 150 n. d.
Dhour (um? s7) n. d. 1107° 0.5-5107°
References [94, 95] [96, 97-102] [67, 98, 103]

D is the diffusion coefficient and r. is the radius of confinement, that is, the effective radius of
the region, within which a given particle or chromatin locus can translocate its center of mass
during the observation time. Data acquired on different time scales suggest the existence of
three regimes. Att < 2 s (Dgg), t=2-10 S (Dgow) and ¢ > 1 min (Dyey,). The entry n. d. stands
for “not determined”.

“Average values observed for the majority of telomeres. A ~10% fraction of telomeres showed a
higher mobility, as discussed in the indicated references.
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In a high resolution analysis the mobility of lacO arrays in CHO hamster cells
and telomeres in the human U20S cell line was measured on the second time
scale [95, 98]. Multiple mobility layers were detected and the data could be fitted to
a confined diffusion or “moving corral” model [80]. This analysis yielded Dgg = 3.1
107* pm? s7* and Dy =2.4 107* um? s7! [95] and Dgec=2 107> pm? s™* and
Dinin =4 10~* um? 57! [98]. Interestingly, at the hour time scale, the diffusion
coefficient Dpouy=1 107° pm? s~ ' for telomeres or 1 Mb chromatin domains
labeled with Cy3-UTP is much lower [98, 103]. This is in support of the view that
this value represents the dynamics of large chromatin domains in the nucleus.
The relatively low mobility measured for the majority of telomeres is also in
agreement with a recent study where the mobility of DNA ends created from a
double-strand break between a lacO/Lacl-CFP and a tetO-TetR-YFP label was
evaluated [96]. The results indicate that DNA ends per se do not display a higher
mobility than other chromatin loci. This supports the model of a linked chromatin
fiber network, in which the local chromatin mobility is confined to a radius of
150-250 nm [80]. In another study the telomere mobility in U20S cells was
analyzed over a time period of 30—60 min with 1 min time resolution after labeling
the telomere repeats by hybridization with a PNA probe [102]. The majority of
telomeres moved in a confined region with an apparent radius of ~0.5 pm and a
short range diffusion coefficient of 1.8 10 * um” s~ as inferred from the plateau
and initial slope of the MSD versus time plot. A ~10% fraction of telomeres
displayed a higher mobility for which translocations up to 1.2 pm and an apparent
diffusion coefficient of 5.8 10™* um? s~ were reported. In summary, the default
mobility of a given genomic locus is rather low. While a radius of 100-200 nm is
explored within seconds any translocation on the micrometer scale would typically
require tens of minutes to hours. However, several instances of much faster long-
range movements have been reported [104]. Their origin is of special interest since
these could be important in the context of transcription-related chromatin reor-
ganization [16, 105, 106]. This issue is reviewed in further detail below.

As a quantitative description for the average mobility of a genomic locus during
interphase is depicted in Figure 17.2 using the data set from Ref. [98]. It shows the
observed mobility of telomeres expressed as the mean squared displacement
versus time over five orders of magnitude, that is, from milliseconds to hours. This
relation can be evaluated according to a generalized diffusion model:

MSD = (d?(At)) = 2nI' A"

in which » is the dimensionality and T is the transport coefficient. For o =1 it is
equal the diffusion coefficient D and represents the case of simple diffusion. A fit
of the telomere data set yields a value of o = 0.36 when averaging over all data with
o =0.22 for the fast times (¢ up to 0.01 min) and o= 0.48 for ¢t > 10 min. This
bears some striking similarity to the behavior of a polymer in a crowded
environment or network according to the reptation model [107]. In this situation
the polymer dynamics are characterized by a transition from the MSD being
proportional to t>%° at short times and to oct™® at longer times. Thus, on an
averaged and global scale the dynamics of a chromatin locus can be described by
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Figure 17.2 Dynamics of a chromosomal locus on a time scale from milliseconds to hours.
The mean squared displacement versus time is plotted.

that of a polymer in a network that reduces its mobility. For a free polymer o= 0.5
would be obtained [107]. Some features of this type of behavior were also reported
in another study of telomere mobility over multiple time scales [99].

17.4.2
Mobility of Nuclear Bodies and Exchange of Protein Components
with the Nucleoplasm

Both the structure and dynamics of CTs affect the location and mobility of nuclear
bodies (NBs). These are mobile subcompartments in the nucleus and represent
sites, in which specific genome-related activities are concentrated. It is an open
question how these are targeted to a specific region of the nucleus [67, 108, 109].
NBs are dynamic structures that exchange their constituting components with the
nucleoplasm on the scale of seconds to minutes as shown for Cajal bodies (CBs)
[110], PML nuclear bodies (PML-NBs) [111], and speckles/SC35 domains involved
in RNA processing [112, 113]. Thus, a mechanism for their translocation could be
a highly dynamic fluid-like conformation that allows a transient disruption of its
structure during passage through chromatin. At least in part this appears to apply
for the very dynamic nuclear speckles/SC35 domains [113]. However, CBs and
PML-NBs have a more stable structure that is mostly preserved during their
translocations. This is apparent from the relatively high residence time of 48 min
reported for the exchange of the PML V splicing variant between the freely mobile
state in the nucleoplasm and a PML-NB complex [111]. This suggests that the
structural scaffold of PML-NBs is relatively stable on this time scale.
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Since CBs and PML-NBs have typical sizes of 0.1-1.0 uM diameter they are
too large for an unrestricted movement. Accordingly, it was proposed that the
dynamic chromatin organization of the interphase nucleus determines the
confined translocation of mobile nuclear subcompartments like PML and Cajal
nuclear bodies, and their targeting to certain regions of the nucleus [66, 67].
Consistent with this view nuclear bodies are highly enriched in the inter-
chromatin compartment at the interface between chromosome territories [57].
The latter can be visualized via the polymerization of nuclear localization signal
(NLS)-containing vimentin filaments [64, 66]. On the time scale of seconds to
minutes or less, the movements of NBs can be described by a diffusion-like
motion of the particles’ center of mass in a corral with a radius of 200-300 nm
that is at least transiently devoid of chromatin. This value is strikingly similar to
what is observed for chromatin itself. Above this length scale a chromatin
reorganization is required that allows the separation of chromatin subdomains
in order to create accessible regions within and through the chromatin network.
The associated chromatin locus translocations occur with an apparent diffusion
coefficient of up to ~107* um* s™' (Table 17.4). This is again similar to the
value measured for nuclear bodies at the same time and length scales. The
above view of the location and mobility of PML-NBs and CBs being determi-
nants of the higher order chromosome structure and its dynamics does not
account for the chromatin-bound states that these subcompartments can adopt.
It has been shown that Cajal bodies are associated to several different snRNA
and snoRNA (small nuclear/nucleolar RNA) gene loci as well as histone gene
loci [114-118]. For PML-NBs an occasional association to certain gene regions
[119, 120] as well as the formation of specific complexes with telomeres [121] has
been reported.

17.5
Mitosis Causes Drastic Changes of Chromosome Territory Proximity
Patterns in Cycling Cells

For many decades cell biologists lacked proper methods necessary to either con-
firm or falsify Boveri’s hypothesis that CT arrangements established at the
beginning of interphase are stably maintained throughout this interphase,
whereas profound changes of such arrangements take place as a result of mitosis.
In case of cycling cells, the question arises whether a given CT interphase
arrangement can be propagated through the cell cycle. Several groups have studied
this problem in living cells taking advantage of cell lines, which express core
histones tagged with fluorescent GFP or RFP [122, 123], photoconvertible Dendra2
[124] or photoactivatable paGFP protein [5, 125]. By photobleaching, photo-
conversion or photoactivation via laser microirradiation distinct fluorescent chro-
matin patterns were established in interphase nuclei or on mitotic chromosomes.
These patterns were then tracked through interphase and mitosis. Ellenberg and
coworkers reported that global chromosome positions are maintained in cycling
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mammalian cells despite major changes of prometaphase chromosome neigh-
borhood arrangements [122]. A mechanism acting at anaphase was proposed to
restore changes of chromosomal neighborhoods during prometaphase, but this
report could not be confirmed in other studies. Walter et al. observed frequent
examples, where chromatin arrangements in a mother nucleus differed drasti-
cally from the arrangements observed in daughter nuclei [123]. These authors also
detected an increased chromatin mobility during the first 2 h of G1, which
arguably provides a time window for the restoration of positional order. Thomson
et al. used cell lines, in which stable integration of lacO arrays in different
chromosomes were tracked via a bound GFP-LacI-NLS fusion protein [126].
These loci were followed from mitosis into daughter cell nuclei. The authors
concluded that the organization of chromatin in the nucleus is not transmitted
accurately from one cell to its descendants but is more plastic and becomes
refined during early G1. In another study it was noted that the CT order present
in daughter nuclei was strikingly different from the mother nucleus, although it
was not entirely randomized [124]. Finally, Strickfaden et al. investigated these
issues by transfecting the human cell-line RPE-1 simultaneously with a construct
for H4 tagged with a photoactivatable GFP (paGFP) and another construct for
H2B tagged with mRFP [5]. Various patterns of paGFP fluorescence were intro-
duced and followed by live cell imaging through interphase and mitosis. Patterns
produced in interphase nuclei typically persisted to the next prophase (see below
for important exceptions from this rule). In contrast, the movements of prome-
taphase chromosomes involved in the formation of the metaphase plate resulted
in new chromosomal neighborhoods, which were transmitted to the daughter
nuclei. In conclusion, the weight of evidence supports Theodor Boveri’s early
hypotheses that CT neighborhood patterns are stably maintained during inter-
phase, whereas mitosis leads to major changes of the pattern in cycling cells.
These changes occur during prometaphase and are not restored during anaphase,
in contrast to conclusions reported previously [122]. A single mitotic event might
not be sufficient to yield a complete randomization of CT neighborhood
arrangements in the two daughter nuclei: First, non-random radial arrangements
of gene dense and gene poor CTs as well as some ordering of chromosomal
subregions according to their gene density within a CT are maintained in cycling
cells (Figure 17.3A). This constraints the possible range of changes with respect to
CT neighborhood arrangements. Second, changes in neighborhood arrangements
accumulate during subsequent mitotic events (Koehler D, Mattes J, Gao J, Joffe B,
Cremer T, Eils R, and Solovei I, unpublished data). We do not see any theoretical
argument for the evolution of a mechanism that drives full randomization of CT
neighborhoods during a single mitotic event. Third, certain differentiation
dependent, cell-type specific CT neighborhood arrangements may be maintained
in some cycling cell types [11]. The associated mechanism(s) and respective cell
cycle stage(s) would require further investigations, but it seems more likely that
these would operate during interphase rather than during mitosis. (see Sections
17.6 and 17.7).
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Nuclear lamina

Interaction in cis

Transcriptional activity
and gene density

Nucleolus

Interaction in trans via loop

(b) invasion of into neighboring CT

Interaction in trans at the
border of neighboring CTs

Figure 17.3 Radial nuclear organization of
chromatin and spatial interactions between
genomic loci in cis and trans. (a) The relative
nuclear position of chromatin contained in a
given CT depends on gene density and AT
content [16]. (b) Spatial interactions of genes
(“gene kissing”) in cis and trans can be
explained by the CT-IC model (compare

Fig. 17.1) as well as the interchromatin
network (ICN) model [56]. A gene kissing
event in trans is depicted for two genes
located at the border zone of CTs 1 and 2. A
giant chromatin loop expanding from the
surface of CT 2 and penetrating deeply into CT
3 provides another possibility of gene kissing
events in trans. In addition, CT2 shows a gene
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kissing event in cis between two genes located
on the same chromosome, but separated at
the DNA sequence level. It has been proposed
that gene interactions in trans may be
triggered between widely separated CTs [127].
If this hypothesis holds true, evidence for a
pronounced variability of CT proximity
patterns between nuclei from the same cell
type [5, 140] implies a necessity for large-scale
directed movements of CTs and/or chromatin
loops harboring these genes. Alternatively, it
seems possible that gene kissing events in
trans may be restricted to a fraction of nuclei,
where the respective genes are already located
by chance close enough for interactions driven
by locally constrained Brownian movements.

Large-Scale Chromatin Dynamics in Nuclei of Cycling and Post-Mitotic Cells

Large-scale chromatin movements have received much attention in recent years
due to reports that chromatin loci can change nuclear positions over pm distances
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and move from a nuclear sub-compartment favorable for silent genes into a
neighboring compartment favorable for transcription or vice versa [105, 128-130].
Genome-wide mapping approaches yielded strong evidence for multiple, non-
random DNA-DNA contacts, mostly in cis (as expected as a consequence of CTs)
but also in trans [44, 131-133]. Such contacts contribute to non-random, cell-type
specific features of higher order chromatin organization but the underlying
molecular mechanisms remain elusive [56, 65, 134]. Genes located far apart either
on the same chromosome or on different chromosomes may come together in the
nucleus under certain conditions and spatially associate within a special expres-
sion hub or transcription factory (TF) that allows for a co-regulation of associated
genes (Figure 17.3) [105, 132, 135]. In the light of findings, which argue for a
pronounced variability of neighborhood CT arrangements, such “gene kissing”
events may often require positional changes over large distances on the micro-
meter scale. As discussed in Section 17.4.1 translocations of this magnitude
typically do not occur during the observed random movements of a chromatin
locus, in which only a region of 200-300 nm diameter is explored. Thus, despite
the reports mentioned above that invoke larger positional changes of CDs, chro-
matin loops and individual genes, the relative location of genome loci with respect
to the complete nucleus seems often to be rather stationary in somatic cell types
studied to date during interphase.

The relative positioning of a chromosome within the nucleus has been related to
gene density and gene expression as well the relative content of DNA segments in
GC and AT, respectively [6, 16, 56, 105, 106, 136, 137] (Figure 17.3a). In general,
gene-rich CTs locate preferentially in the nuclear interior and gene-poor chro-
mosomes more at the nuclear periphery. As discussed in Chapter 8 an association
of chromatin with the nuclear lamina has gene silencing effects. In agreement
with this, heterochromatin is enriched in cluster located preferentially at the
nuclear periphery and around nucleoli. In line with the increasing evidence that
chromatin dynamics play a role at certain stages of cell differentiation, a recent
study reported a profound exception to this organization principle [138]. In rod cell
nuclei of mammalian species with a nocturnal lifestyle constitutive and facultative
heterochromatin forms a single mass in the interior of the nucleus, whereas all
transcriptionally active euchromatin locates at the nuclear periphery. This drastic
change occurs within a period of several weeks after birth during postmitotic,
terminal differentiation of rod cells. Unexpectedly, it was found that rod cell nuclei
act as micro-lenses that help to channel light efficiently to the light-sensing rod
outer segments. In contrast, rod cell nuclei in diurnal mammalian species show a
conventional higher order chromatin organization.

To investigate the positioning of all human CTs in nuclei of fixed primary
fibroblasts, Bridger and coworkers employed chromosome painting [139]. They
reported major changes of CT arrangements, when a growth arrest was induced in
proliferative cells by the removal of serum from the culture medium. These
changes became evident in less than 15 min, required ATP, and were inhibited by
drugs affecting the polymerization of myosin and actin. When the expression of
nuclear myosin 1 was repressed by RNA interference, the induction of CT
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Figure 17.4 Live-cell observation of
transient, large-scale changes of CT proximity
patterns in a flatly shaped RPE-1 interphase
nucleus [5]. The nucleus carried both histone
H2B tagged with mRFP (red) and histone H4
tagged with photoactivatable GFP (paGFP-
H4). The paGFP fluorescence was activated
by illumination at 440 nm around the entire
nuclear rim. (a) Image directly after paGFP
activation. (b) 10 min later the green ring had
apparently turned into a broad band of green
fluorescent chromatin expanding across the
nucleus. (c) 20 min after paGFP activation a
restoration of the fluorescent rim was noted.
(a—c) Top row: Projections from stacks of
light optical nuclear, serial sections. Below
these the nuclear cross-sections along the
arrows are shown. Colors from blue to yellow
to red indicate increasing intensities of the
GFP signal. These cross-sections demonstrate
that the photoactivated chromatin remained
associated to the nuclear envelope throughout
the observation period. Middle and lower
rows: 3D reconstructions of the paGFP signal
from different viewpoints. The image

sequence reveals a rotation of the flatly
shaped nucleus around an axis parallel to the
growth surface (x,y plane) resulting in a
transient change of chromatin proximity
patterns (compare Fig. 17.6). This rotation
was repeated four times during a total
observation period of 110 min (not shown
here; compare Figure 3A in [5]). Note that
nuclear rotations around an axis
perpendicular to the growth surface occurred
much more frequently, but did not change
chromatin proximity patterns. This rare
observation of a nuclear rotation around an
axis parallel to the growth surface is likely to
reflect corresponding rotational movements of
the entire cell. It may be enforced by
cytoplasmic filaments attached to the nuclear
envelope. Complex rotational, nuclear
movements of the type observed here may be
part of a mechanism to bring chromatin
domains from widely separated CTs in close
proximity allowing subsequent “gene kissing”
events of genes in trans for spatial co-
regulation [148] (compare Fig. 17.3b).
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movements by low serum was also inhibited. When normal serum concentrations
were restored in serum-starved culture, CT repositioning was observed, but
required 24-36 h. In support of major changes of CT arrangements occuring on
the minute time scale, Strickfaden et al. [5] occasionally observed major chromatin
movements in nuclei of the human retina pigment epithelium cell line RPE-1.
Figure 17.4 depicts such a nucleus after induction of paGFP-H4 fluorescence
around the entire nuclear rim. After 10 min the fluorescent chromatin ring had
seemingly disappeared. Instead a broad band of fluorescent chromatin expanded
from one side of the nucleus to the other. Image sections made in x,z through the
3-D image reconstruction of the relatively flat RPE-1 nucleus revealed that the
fluorescent chromatin was still associated with the nuclear envelope. However, the
CT proximity pattern had largely changed so that some previously separated CTs
were brought into close proximity. After 20 min the fluorescent chromatin ring
reappeared in the 2-D image projection. This drastic, transient change was repe-
ated four times during the total observation period of 110 min.

These findings point to the need to acquire a more comprehensive and detailed
knowledge about chromatin dynamics in nuclei of cycling and post-mitotic living
cells. These are particularly important, since conclusions on higher order chro-
matin arrangements and chromatin dynamics from FISH studies of fixed cell
populations could not always be confirmed by later studies [140-142]. The critical
issues of FISH procedures and the unbiased, quantitative evaluation of FISH
signals in a cell population are discussed in detail in Ref. [143].

17.7
Considerations on Possible Mechanisms of Large-Scale Chromatin Dynamics

The evidence for long-range DNA-DNA interactions in trans and large-scale
chromatin movements, including entire CTs (see Section 17.6) has prompted a
search for the mechanismy(s), responsible for the formation of specific higher order
chromatin arrangements and their functional implications. These need to account
for the randomizing effect of mitosis on CT neighborhood arrangements (see
Section 17.5). It seems that probabilistic CT neighborhood arrangements in
somatic cell nuclei may be rather the rule than the exception at least in cycling
cells [140]. As a caveat we wish to emphasize that most studies of CT arrangements
were performed to date with cells cultured in vitro. Such studies need to be
complemented by systematic, comparative studies of nuclei from various cell types
in tissues since the native tissue environment may have profound effects on large
scale chromatin dynamics.

It has been proposed that gene kissing events over large distances may be
brought about by giant chromatin loops carrying the associated genes to a spe-
cialized TF [132]. While these loops clearly exist neither the actual frequency of
occurrence nor the organization of giant loops expanding through a major part
of the nuclear space is well documented to date. An example for a giant loop
structure adapted from Ref. [57] is shown in Figure 17.5. A gene-dense region
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compaction
~1:300

Figure 17.5 Multicolor 3D FISH of a human
fibroblast for a 2.34 Mb region on human
chromosome locus 11p15.5 (figure taken from
ref. [57]). (a) Schematic draft of the 15
bacterial artificial chromosome (BAC) clones
used for the contiguous delineation of this
region with one 350 kb interruption in the
middle. The different colors indicate the most
telomeric (red), the most centromeric (green)
and the intermediate clones (yellow). (b—d):
Maximum intensity projections along the z-
axis after 3D-FISH of the CT 11 (blue) and the
11p15.5 BAC probes indicated in the painting
scheme. (b) In addition to the two BACs
marked green and red, two BACs marked by

an asterisk in (a) were visualized together
with the CT 11. (c, d) Here, the most
telomeric (red) and centromeric (green) BAC
were visualized together with all other BACs
(yellow). Images in panels (b) and (c) show
that the stained region forms a finger-like
chromatin protrusion with a compaction
factor of ~ 1:300 expanding from CT 11. The
inset in (c) outlines the contiguous structure
of the region delineated by all BACs. The
arrow points to a much thinner fiber segment
connecting the thicker parts of the protrusion.
(d) Here, the stained region presents itself as
a more condensed structure.
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located in 11p15.5 with a size of about 2.3 Mb was visualized, which was first
described by Mahy et al. [144] to expand as a giant loop away from the human
CT 11. Whereas Mahy et al. used a single BAC for the visualization of this region,
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Albiez et al. [57] performed multicolor 3-D FISH with a series of BACs extending
over the whole region (Figure 17.5).

When tested individually, each BAC yielded a dot-like FISH signal at the per-
iphery or outside the CT. Hybridization with the whole BAC pool allowed the
visualization of chromatin configurations ranging from rather compact structures
at the CT surface to finger-like chromatin protrusions expanding from the per-
iphery. These had a maximal length of up to 3 pm and a width of several hundred
nanometers. The compaction rate of such protrusions was an order of magnitude
higher than the compaction ratio of ~1: 30 to 1 : 40 typical for a 30-nm fiber.

To illustrate the complex demands of long range chromatin movements neces-
sary for kissing events in trans, let us consider the case of the recruitment of specific
genes located on two different, randomly arranged CTs for co-regulated expression
to a preformed, specialized TF [52, 145, 146]. If this TF is located at a nuclear site
remote from these CTs, the respective giant loops must either penetrate through
additional CTs located in between or the CTs involved must move aside. While IC
channels pervading the nucleus may serve as routes for expanding loops to remote
nuclear sites other physical obstacles within the IC due to non-chromatin domains
are likely to be present. At the onset of mitosis the retraction of a giant loop towards
its corresponding chromosome generates a further potential problem. Most
importantly, the directions along which two giant loops expanding from two ran-
domly distributed CTs must move to meet differ strongly in different nuclei. This
problem does not exist if efficient transcription of certain genes depends on their
spatial interaction with only one of numerous specialized TFs, which are widely
distributed throughout the nuclear space. Genes located far away from each other
will explore different nuclear sub-volumes and attach to different TFs suitable for
their special needs of regulatory factors. However, even probabilistic CT proximity
patterns should yield a small fraction of cells, where two or even more genes from
the same regulatory gene network, but located on different CTs, attach to the same
specialized TF. This would be simply the result of a random localization near
enough to attach to the same specialized TF, while they explore their immediate
nuclear environment by constrained Brownian motions. Such co-localization
events may be more easily discovered by sensitive 3C approaches (Chapter 9). This
scenario could explain why 3-D FISH studies of the same cell population typically
detect gene co-localization events only in a fraction of nuclei [129].

Complex nuclear rotations may be part of an alternative or additional
mechanism with the capacity to generate specific neighborhood arrangements of
CTs widely separated prior to such a movement [5]. De Boni and coworkers
described saltatory, rotational movements of nuclei with changes in direction [147,
148]. They argued for a link between such complex rotations and the positioning of
specific chromatin domains into non-random chromosome pattern in cycling and
even in terminal differentiated cells. In multinucleolated neurons studied by time-
lapse imaging the same group also observed examples of nucleolar fusion, where
nucleoli moved along curvilinear trajectories within the 3-D nuclear space prior to
the fusion event [149]. Large-scale movements of nucleoli require concomitant
large-scale movements of NOR-bearing CTs and likely also of other CTs carrying
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Figure 17.6 Complex rotational movements provide possibilities for the spatial alignment of
CTs in somatic cell nuclei. For further details see text.

CDs specifically associated with perinucleolar heterochromatin. Thus, they pro-
vide a case in point for the necessity of a choreography, in which CTs move in
assemblies rather than as independent individuals. For example, Figure 17.4
shows the rotational movement of the flatly shaped nucleus of a RPE-1 cell studied
by live-cell imaging. Changes of CT neighborhoods during rotational nuclear
movements around an axis parallel to the growth surface may be compared with a
group of square dancers (Figure 17.6).

Importantly, this scenario does not require a priori information on the topo-
graphy of two CTs involved in a “gene kissing” event. For any start configuration a
desired pair of dancers can move into a directly opposite position by a clockwise or
anti-clockwise rotation of the whole assembly. Figure 17.6 exemplifies only one of
many possibilities of changes of CT arrangements brought about by CTs moving
in a concerted manner. The larger the diploid number of chromosomes, the more
obvious is the need for such a choreography in order to enable positional changes
without chaos. The situation of CTs packed together in a nucleus may be com-
pared with the situation in an overcrowded subway wagon. Two persons who are
located at opposite sites of the wagon and wish to approach each other are well
advised to convince the other passengers to perform coordinated movements
similar to the square dance scenario discussed above. The requested nuclear
choreography of CTs dancing in assemblies alone still does not suffice to enable
gene kissing events. For this purpose additional information is needed, which
instructs dancing CTs when to stop. The right moment would be the case, when
two CTs largely separated at the beginning of complex nuclear rotation events are
close enough to allow a local search driven by constrained Brownian movements.
The assumed dance of CTs in assemblies takes place within a 3-D nuclear space.
This environment can change shape transiently or permanently. Accordingly, the
possibilities for choreographies may be exceedingly more complex than the
example of the square dancers shown in Figure 17.6.

Homolog alignment and pairing during meiotic prophase [150] provides a case in
point, where coordinated movements of chromosomes in assemblies rather than
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isolated movements of individual CTs are required. Another example is somatic
homologous chromosome pairing during Drosophila melanogaster embryogenesis
[151]. Thus, it is tempting to speculate that homologous and heterologous chro-
matin alignments necessary to achieve a non-random DNA-DNA interaction pat-
tern in cis and trans also require a concerted movement. The examples mentioned
above might all share, at least to some extent, the same molecular mechanisms.
These considerations raise the question if rotational movements in the nucleus
occur in toto, that is, including the nuclear envelope, or whether they represent
independent motion of subnuclear structures relative to each other within the
nucleus. Reports that CDs showed significant changes of their intranuclear posi-
tions while cytoplasmic structures with a juxtanuclear position did not move,
suggest that the interface for rotational movements of CT is located on the kar-
yoplasmic side of the nuclear envelope [147]. Rotations of whole nuclei would
require a motor fiber system located in the cytoplasm and attached to the nuclear
envelope. For intranuclear chromatin rotations such a motor fiber system may
either pass from the cytoplasm through the nuclear envelope in order to attach to
chromatin sites or the system may be located within the nucleus [139, 152]. In both
cases interactions of chromatin with lamin receptors would have to be highly
dynamic in order to free peripheral chromatin transiently for rotational movements.

Complex rotational movements of CTs assemblies, followed by constrained
Brownian motions of CDs or loops harboring specific genes provide an experi-
mentally testable hypothesis. It predicts how log-range DNA-DNA or chromatin—
chromatin interactions in trans can be established in a population of cells starting
with random CT proximity patterns. In our current view of this process it seems
that two separate mechanisms must interact: One mechanism results in the
successful alignment of genes, whereas the other mechanism provides the
recognition and stabilization of correctly aligned chromatin segments. The latter
task may involve chromatin [56, 65, 134] as well as non-chromatin linkers that
connects two loci of interest analogous to meiotic transverse filaments [71, 153].
One may even speculate that a kissing event between two genes in trans may take
place for the first time as a result of complex rotational movements of CT
assemblies. Numerous molecular components are likely to be involved in such
long-range interactions and remain to be identified. Currently, a few candidates
exist: in addition to cytoplasmic and/or nuclear actin and myosin [104, 130, 152,
154, 155] other proteins like dynein [156] should be considered. Furthermore, a
disturbance in the connection between the nucleus and the cytoskeleton and
a concomitant loss of nuclear rotation was observed in A-type lamin-deficient
(Imna—/-) fibroblasts isolated from Imna knockout mice, as well as in 3T3 cells
with RNAI induced reduction of Imna expression [157].
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