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Abstract

The genomes of a wide range of different organisms are non-randomly organized within
interphase nuclei. Chromosomes and genes can be moved rapidly, with direction, to new non-
random locations within nuclei upon a stimulus such as a signal to initiate differentiation,
quiescence or senescence, or also the application of heat or an infection with a pathogen. It is
now becoming increasingly obvious that chromosome and gene position can be altered in
diseases such as cancer and other syndromes that are affected by changes to nuclear
architecture such as the laminopathies. This repositioning seems to affect gene expression in
these cells and may play a role in progression of the disease. We have some evidence in
breast cancer cells and in the premature ageing disease Hutchinson-Gilford Progeria that an
aberrant nuclear envelope may lead to genome repositioning and correction of these nuclear
envelope defects can restore proper gene positioning and expression in both disease

situations.

Although spatial positioning of the genome probably does not entirely control expression of
genes, it appears that spatio-epigenetics may enhance the control over gene expression
globally and/or is deeply involved in regulating specific sets of genes. A deviation from
normal spatial positioning of the genome for a particular cell type could lead to changes that

affect the future health of the cell or even an individual.

Keywords: chromosome positioning, gene positioning, gene expression, nuclear envelope,

nuclear lamins.



Abbreviations: 2-dimensional, 2D; 3-dimensional, 3D; chronic myeloid leukaemia, CML;
fluorescence in situ hybridization, FISH; green fluorescent protein, GFP; Hutchinson-Gilford
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Introduction

The development of the technique of fluorescence in situ hybridization (FISH) and suitable
probes to reveal whole chromosomes and individual genes for diagnostic purposes on mitotic
chromosomes concomitantly allowed interphase nuclei to be analyzed by scientists interested
in how the nucleus behaved functionally. The painting of whole chromosomes and individual
gene loci led to the recognition that chromosomes and genes sit in individual locations within
interphase nuclei. Indeed, chromosomes are found within their own nuclear territories and
gene loci housed upon those chromosomes often sit at the edges of those chromosome
territories [1], but can also be nearer the interior of the territories or at a distance away from

the core individual chromosome territories, distended on chromatin loops (see Figure 1) [2].

The ability of FISH to reveal whole chromosomes and genes soon led to mapping
endeavours whereby it was discovered that chromosomes reside in non-random radial
locations within interphase nuclei with more gene-poor chromosomes such as 4, 13, 18, and
X found at the nuclear periphery whereas gene-rich chromosomes such as 17 and 19 were
found towards the nuclear interior [3, 4]. It should be noted that this correlation with gene
density was found in proliferating lymphoblasts and young proliferating primary fibroblasts

[5, 6].

A non-random distribution of the genome that is maintained throughout interphase
with all the dynamic processes that occur during this time e.g. replication and transcription,
must require energy and significant anchorage points that are dynamic in response to external
stimuli. Indeed, when one looks further into cells that are no longer young and proliferating,
diseased or subjected to an external stimulus, specific chromosomes and genes change
nuclear location. The Bridger laboratory has put tremendous effort into finding situations

where specific chromosomes and gene loci change location. This is so that we can ask



questions about how and why the genome is spatially organized and then how and why
individual genes and chromosomes become reorganized within the nuclear space. We have
found that specific chromosomes and genes change nuclear position in aged senescent cells
[7] in laminopathy patient cells [8, 9], cancer cells [10; Hassan Ahmed, Harvey, Karteris and
Bridger unpublished data], cells exposed to parasites [11; Arican, Bridger, Knight
unpublished data], cells subjected to nutritional alterations [6; 12] and temperature change
[Arican, Knight and Bridger unpublished data]. All the changes in position that we have
revealed have been shown to be non-random and even in some experiments reversible when

the situation/treatment is removed/reversed.

The reason why the cell invests energy in the relocation of chromosomes and genes to
new positions in the nucleus is being answered by determining what happens to them at their
new location with respect to gene up- or down-regulation. This is either done by techniques
such as reverse transcriptase-PCR, quantitative-Real Time-PCR, micro array analysis, RNA
FISH or by ChIP-seq and in many cases the repositioning correlates with changes in
expression. However, how the chromosomes and genes move and why they are
targeted/directed to areas of the nucleus at a distance from their initial environment is not yet
clear and requires much more investigation. These questions are what stimulates our
laboratory and we use a number of different situations, external stimuli and organisms to ask
the questions where, how and why are chromosomes and genes relocated. Here we will
describe several different experimental systems where such changes in spatial genome
organization have been observed, ending with similar types of changes that we and others

have observed in cancer cells that may be able to be taken advantage of for new therapies.

How we map genes and chromosomes in interphase nuclei



Our laboratory has mapped many chromosomes and genes in many different cell types and
organisms but we always use the same two ways of mapping for all situations for consistency

and reproducibility.

We always employ both 2-dimensional (2D) mapping that allows us to do lots of
mapping relatively fast and 3-dimensional mapping that takes longer but is important to
confirm the 2D data. For the mapping to work it is critical that the 2D sample is properly
flattened, since we normalize and extrapolate out to 3-dimensional (3D) with our findings and
it is critical that the 3D sample has not undergone any structural changes since we take

precise size and distance measurements from these samples.

For 2D samples imaging is performed, capturing fifty images of each
chromosome/gene in each cell type. These images are run through a bespoke script that was
devised by Dr Paul Perry in Prof Wendy Bickmore’s group in the MRC Human Genetics
Unit in Edinburgh [5]. This script outlines the entire nucleus based on a DNA dye (such as
DAPI) and erodes this mask, creating five shells of equal area. Within these five shells the
intensity of the fluorescent signal from the DNA dye and the FISH probe is measured and
recorded for each nucleus. In order to normalize for more DNA being in the interior shells
when a spherical object is flattened, the probe signal is divided by the DNA signal. The data
are plotted as a bar chart. This method does under record the signals that are at the periphery
since they may appear interior if on the top or bottom of the nuclei but interiorly located
signals always appear interior and since it is always used in a comparative way with other
chromosomes, other cell types etc., it works exceptionally well as a method for mapping

chromosomes and genes.

The 3D FISH method is based on one developed by Profs. Lichter and Cremer in

Heidelberg to preserve the 3-dimensionality of a nucleus while still allowing good



penetration of the FISH probe [13]. We then use a confocal laser scanning microscope to
collect optical sections and then the position of a chromosome or gene is measured in these
images from the geometric center of its signal to the nearest nuclear edge, whether that be in
the x,y or z axis. The results can be normalized to a measurement for the size of the nucleus
but this does not often change the final outcome. The data are plotted as a frequency
distribution. This method gives accurate measurements and we find that there are virtually no

differences in general position when compared to the 2D method.

Live cell imaging for chromosome and gene movement is something we are presently
working on. It is made complicated because we are often working in primary cells where
transfection and selection of clones would make it impossible to collect proliferating cells at
the end of the selection i.e. they would have become senescent through the number of
passages it would need to collect a colony of cells from a single cell. We also need to know
what genes and chromosomes we are assessing — this is imperative since some chromosomes
do not move at all and some move considerably. This can however be done using the GFP-lac
repressor system [14° 15] stably transfected, but it is important when such sequences are
added into a chromosome that they do not change its behavior, which could happen if the

large number of repeats created a region of heterochromatin within a chromosome.

Alterations to gene and chromosome position using growth factor

addition and removal

Addition of specific growth factors to cells in culture can induce cellular differentiation and
removal of growth factors induces quiescence, a period of reversible growth arrest in cells.

Both of these situations are controllable windows in which the cells have dramatic changes in

10



their gene expression profiles. Thus, we have developed systems that can be controlled easily
by the addition or removal of growth factors that have allowed us to analyze changes to

genome organization in nuclei.

Porcine mesenchymal stem cells were isolated from fresh pig bone marrow and grown
until there were copious numbers of cells and the culture was purely mesenchymal stem cells
[16]. By adding human adipogenic growth factors to the medium the pig stem cells
differentiated into adipocytes over a two-week period, giving committed pre-adipocytes at 7
days. We were interested in what would happen from a spatial organizational perspective to
genes involved in the adipogenic process during this in vitro differentiation. We studied
seven genes involved in the adipogenesis pathway and six of them had moved to a more
interior location after 14 days of treatment with growth factors, which was correlated with an
up-regulation in gene expression in all these genes. The seventh gene was GATA2, a gene
involved in pre-adipogenesis and this gene like the others was more peripheral at day 0 and
then was found to be more interiorly located on day 7, but it had moved back to its original
location towards the nuclear periphery by day 14. The movement of this gene to the interior
also correlated with its up-regulation in expression at day 7 and its down-regulation by day
14 [17]. These were quite broad time points and we cannot determine from these experiments
how fast genes respond after a stimulus. Other experiments in other experimental systems

(see below) address this better.

During the induced adipogenesis of the mesenchymal stem cells the nuclear lamina
was altered and the longer in adipogenesis induction medium the more cells became negative
for A-type lamins, with the majority of cells being negative by day 11 (Foster and Bridger
unpublished data). This is a major change in nuclear architecture and may be involved in
allowing various regions of the genome to be freer to move into the interior of the nuclei, but

as yet there is no direct evidence.

11



A follow-on study allowed us to ask the question — “where are these genes going?”. In
agreement with some other studies [18] we found that the gene loci were co-localized in
significantly high numbers with SC35 splicing speckles [19]. Others have also found genes
moving to transcription factories [20]; however, it is possible that these transcription factories
were very close to splicing speckles and this is why both structures have been reported as a
gene’s destination. By analyzing three genes concomitantly that were each from different
areas of the genome, it became clear that all six loci (in diploid cells) were found in the same
splicing speckle in an individual nucleus much more often than could be considered a random
occurrence. These data add to building body of evidence that genes from the same pathway
may be transcribed together at common transcription factories or other nuclear structures
[21]. This implies that some genes may have to travel large distances across the nucleus,
avoiding the transcriptional structures in their locale and be directed to a specified nuclear
location. We know from our studies inducing adipogenesis in porcine mesenchymal stem
cells that whole chromosomes do not tend to move but we have seen genes loop out away

from the core chromosomal territories on peninsulas that reach into the nucleoplasm.

In another series of experiments we reduced growth factors by placing cells into low
serum. This makes proliferating primary cells, and some immortalized cells, enter a state
called quiescence, a reversible growth arrest. As with differentiation this comes with a lot of
gene expression changes and so makes an interesting inducible biological system in which to
study changes to genome organization through the spatial positioning of chromosomes and
genes. We have also been able to use this system to measure very precisely when the genome
first responds to an external stimulus. We knew from proliferation marker staining that cells
are not thought to be quiescent for at least 3 days after the removal of serum. We also knew
that at 7 days after serum removal some whole chromosomes have a different nuclear

location, such as chromosomes 13, 18 and 10 [6, 12]. A number of other chromosomes do not
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change their nuclear location, although some individual genes could, as in the adipogenesis
system, still change their location through looping out. Most interestingly, when we
investigated the specific timing of the chromosome shifts we found the response to the
removal of serum to be much more rapid than 7 days or even 3 days. Indeed, after starting our
time course at 7 days post-serum removal and working backwards, we found that whole
chromosomes had become relocated within just 15 minutes after serum removal. This implies
a directed repositioning requiring energy. In subsequent experiments where ATP and GTP
were inhibited, the chromosomes would no longer relocate after serum removal. These data
then begged the question what structures/entities that require energy could move
chromosomes so rapidly? We followed a controversial line of thought that was based upon a
small amount of evidence that in the nucleus there existed both actin and myosin isoforms
that could work in concert to create a nuclear motor capable of moving chromatin around the
nucleus [22-24]. Using immunofluorescence, some nuclear myosin 13 was observed in nuclei
throughout the nucleoplasm, at the nuclear periphery and at nucleoli [12]. This distribution
changed dramatically when serum was removed from the cells. The myosin 13 became
located only in aggregates within the nucleoplasm. Using chemical inhibitors of both nuclear
actin and myosin we also blocked the movement of the chromosomes upon serum
withdrawal. Nuclear myosin 13 was also found to be a major player in chromosome
relocation when we used short interference RNA protocols to remove it in >95% of the cells.
This study provides strong evidence to support that certain specific chromosomes are moved

within the nucleus to new non-random locations by a nuclear motor (see Figure 1) [see 23,

24].

When quiescence is induced in young proliferating primary fibroblasts chromosome
10 moves from an intermediate location to a peripheral location. If the hypothesis is absolute

that the nuclear interior is for gene expression and the nuclear periphery is a region for gene
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silencing and down-regulation, then the movement of a whole chromosome should
simultaneously alter the expression of many genes. We found that out of 10 genes on
chromosome 10 only two were significantly down-regulated whereas five where up-regulated
when the chromosome moved to the periphery. Although this type of question requires global
analysis, this small gene set already indicates that the nuclear periphery is not purely about
gene silencing and down-regulation and the effects of repositioning depend on either

individual characteristics or the local environment of specific genes.

Although many of the genes found associated with the nuclear lamina at the nuclear
periphery are silenced or down-regulated, active genes can be moved towards the nuclear
periphery on a chromosome and remain up-regulated [25]. A lot of interest is being focused
on genes that tether to nuclear pore complex proteins as an area of the envelope that is
associated with active genes [26]. This further shows that spatial positioning within nuclei is
involved at some level with the regulation of gene expression, but it is much more

complicated than a gene just being at the edge of the nucleus or the interior.

Alterations to gene and chromosome position in aging and

premature aging

As chromosome and gene position was found to change specifically and reproducibly in
primary human dermal fibroblasts as they become reversibly arrested, it was pertinent to also
assess what happens to genome organization in human dermal fibroblasts that become
silenced at the end of their replicative lives and become senescent. Cellular senescence does
not mean cells die through apoptosis or necrosis. They sit within our tissues and probably

send out signals that affect others cells around them in a negative capacity. We have mapped
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all chromosomes in senescent cells and have found for the most part their nuclear locations
resemble those in quiescent human dermal fibroblasts [7]. For example, chromosome X
remains at the nuclear periphery and chromosomes 13 and 18 move to the nuclear interior,
becoming associated (or more intensely associated) with the nucleolus. We also have some
data that shows that chromosome 18 becomes embedded within and tightly attached to

nucleoli in senescent human dermal fibroblasts (Bridger, unpublished data).

Most interestingly there were two chromosomes that were found to be in different
compartments in senescent cells when compared to quiescent human dermal fibroblasts.
These were chromosome 15 and chromosome 10. Chromosome 10 was the most dramatic
with it being at the nuclear periphery in quiescent cells and deeply in the nuclear interior in
senescent cells — in fact, radially, at two opposing locations within the nuclei. This we
postulate is so that different levels of control can be maintained over the chromosomes. When
we looked at the same ten genes as we did for the quiescent human dermal fibroblasts, six of
them were down-regulated, two did not change expression and two were up-regulated.
Although this is again a small number of genes, it does show that there are measureable
differences between the two arrested states. Quiescence and senescence are thus maybe not as
similar as people believe and it is possible that the changes in gene expression are controlled
by other means rather than just location. Loss of lamin B1 has been implicated in controlling
genome behavior in senescence i.e. allowing the creation of senescence associated
heterochromatic foci and the relocation of genomic regions away from the nuclear periphery
[27]. This also shows us that gene down-regulation does happen deep within the nucleus.
This maybe a different type of silencing than is seen for genes at the periphery and this needs
to be further investigated since any event that prevents proper silencing of genes at

senescence could lead to re-expression and transformation of normal cells to cancer cells.
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The chromosome and gene mappers are frequently asked how relevant is looking at
chromosome positioning in tissue culture cells compared to real situations. When we map
chromosomes in sections of tissue preserved for their 3-dimensionality we find similar
locations for chromosomes to the in vitro observations — this is has been seen both in the pig
for a number of tissues from different cell sources in the pig [16] and in human skin (Mehta,
Kill, Bridger, unpublished data). Indeed, in skin we have found chromosome 10 in three
different locations depending on cell state — in proliferating nuclei at an intermediate location
as it is in tissue culture cells and in non-proliferating cells at two opposing locations, at the
nuclear periphery and in the nuclear interior, as was also seen in vitro. The cellular
senescence field has been searching for a long time for a suitable biomarker that can properly
differentiate between senescent and quiescent cells in vivo and perhaps the nuclear location of

chromosome 10 could be this biomarker if exploited in the right way.

Chromosome repositioning in patient cells with mutations in the

lamin A gene

We believe that the nuclear envelope and the proteins found there are responsible for
organizing the genome in interphase nuclei: thus we postulate that chromosomes and genes
might reposition in cells from patients where proteins of the nuclear envelope are affected.
We started with the nuclear lamina and the A-type lamins and used primary fibroblasts from
a group of patients that have a laminopathy. These patients had different mutations along the
LMNA gene, which encodes for nuclear lamins A and C. These laminopathies ranged from
muscular dystrophies such as autosomal and X-linked Emery-Dreifuss muscular dystrophies
to lipodystrophies such as Dunnigan’s partial familial lipodystrophy to premature ageing

syndromes such as Mandibuloacral dysplasia and Hutchinson-Gilford Progeria Syndrome
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(HGPS). What we were expecting to do was to map the genome organizing regions of lamin
A by mapping chromosome location in the different disease cells that were proliferating.
Interestingly, we found that all the diseases had a completely altered chromosome location
from the wild-type lamin A that was nonetheless similar between the cells from the different
diseases [8]. Initially, with the chromosomes we were assessing this reorganization resembled
the chromosome distribution of all non-proliferating cells, which would fit the premature
ageing aspect of some mutations in lamin A since chromosomes 13 and 18 were found in the
nuclear interior. This was also seen by another group that also saw changes in gene
expression associated with the chromosome repositioning [28]. It was not until we assessed
chromosome 10 that we found, particularly in the proliferating HGPS cells, that it was not a
senescent type pattern of chromosome positioning. Instead, it was a quiescent one, since
territories of chromosome 10 were found at the nuclear periphery in the HGPS cells [9]. The
effect that LMNA mutations have on these cells seems to uncouple the control over the
chromosomes position in proliferating cells and allows them to take a resting state. This links
lamin A to genome organization as has been shown recently by Solovei and colleagues [29]
and others [30]. In HGPS cells chromosome position can be rescued by treating cells with a
farnesyl transferase inhibitor that does not permit mutant lamin A with a uncleavable farnesyl
group to be produced [9]. Thus, the toxic lamin A that retains a farnesyl group and associates
with the nuclear membrane affects genome positioning with cells appearing as in a quiescent-

like state when they display proliferating markers.

A genome-wide study of the sequences associated with the mutant toxic lamin A at
the nuclear periphery in mouse confirms that A-type lamins are involved in chromatin and
genome organization in nuclei, such that some genes have changed their location and are
away from the nuclear periphery. On the other hand some genes have an enhanced

association with the nuclear envelope in the mouse Progeria model [31]. In HGPS patient
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cells we have also shown that fewer telomeres are bound to the nuclear architecture which

will inevitably affect genome stability and regulation (Godwin and Bridger unpublished).

It is interesting that nuclear myosin 1, the myosin we believe is involved in moving
some chromosomes around nuclei, is distributed quite differently in non-proliferating cells
and in HGPS cells — as large aggregates in the nucleoplasm and absent at the nuclear
periphery and nucleoli. Thus, we would predict that chromosomes and maybe even genes are
not transposable around the nucleus in a resting state or a diseased state such as HGPS. This
hypothesis is yet to be tested in normal cells, but we do know that chromosomes are not
repositioned in restimulated quiescent human dermal fibroblasts until the cells have been
through mitosis [6,12], which takes more than 24 hours from when the serum is re-added.
These timescales are similar to those seen for chromosome movement when specific nuclear

envelope transmembrane proteins (NETs) as opposed to lamins are removed [32].

Alterations to gene position in cells exposed to a pathogen

Pathogens are known to use their hosts for their own benefit and this may go as far as
manipulating the hosts’ genomes to alter host gene expression. We have been studying the
effects on genes within the secondary host of the tropical disease schistosomiasis (bilharzia)
which eventually leads to liver cancer in the human host. The host is the fresh water snail
Biomphalaria glabrata. The snail is infected by miracidia found in water polluted with
human feces. The miracidia burrow into the snail and develop into the next stage of their life-
cycle. We have been looking at genes that are up-regulated in the snail after an infection with
schistosoma. Two systems have been employed: an in vitro cell system whereby miracidia

are only placed in the media with a snail cell line [11] and actual infected whole organisms.
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The schistosoma miracidia can be irradiated so that they are still alive and can burrow into
the snails but are attenuated and do not progress further to an infection. In both these systems
we have determined that exposure to the fully functioning parasite induces the genes that are
up-regulated in these infections to be relocalized within the nuclear environment (Arican,
Bridger and Knight unpublished). By doing close time studies we have been able to show that
the gene moves slightly prior to its being switched on and expressed. This helps answer an
important question in the field as to whether genes and chromosomes move before they alter
their transcriptional status as some have proposed that transcriptional activation can actually

drive a gene away from the nuclear periphery.

The experiments with the attenuated parasite have been an important control since in
the co-culture in vitro system the normally up-regulated genes were not relocated in
interphase nuclei and remained stationary [11]. Further, in the whole organism experiments
two genes did not move with attenuated parasite, remaining in their non-random location.
However, one gene moved in the same direction under the same early time point in both
attenuated and unirradiated miracidia samples. This shows that this gene is expressed due to
the infiltration of the parasite into the host rather than any control or influence over the host
genome. This species of snail also has a resistant laboratory bred strain in which the two

genes that move in the susceptible strain are not expressed and remain stationary.

In order to work towards understanding where these genes are travelling to and what
takes them to their new location upon a parasitic infection, we went back to the snail cells in
culture and established a heat-shock stimulus, where cells were moved from 27°C to 32°C for
1 hour. This allowed the gene Asp70 to be expressed. From the literature we know that genes
can move to PML bodies [33], SC35 speckles and transcription factories when they become
active. Using 3D fixation and immuno-FISH in the snail we were able to see these structures

with the gene loci of interest. Upon heat shock we found that there was a significantly
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increased number of gene loci associated with transcription factories as revealed by anti-RNA
polymerase II antibodies. This association correlated with the increased gene expression of

the Asp70 gene.

Whilst staining the snail cells with antibodies that may have crossed the species we
found that anti-nuclear myosin 1 that recognizes a nuclear myosin in human cells stained
very strongly around the nuclear envelope and had foci throughout the nucleoplasm of the
snail cells. We are already advocates of a nuclear motor system in cells moving chromosomes
and possibly genes around functionally in the nucleoplasm. A drug that inhibits nuclear
myosin polymerization was used and it removed all the internal foci of nuclear myosin 13
staining within the nucleoplasm. It also inhibited the genes moving to their new internal
location and a produced much reduced expression of the 4sp70 gene. Thus, we believe, even
in organisms such as molluscs they use the same system of moving around specific genes to
regulate their expression and they do this via a nuclear motor system as has been shown in

human cells.

We believe that the system we have found whereby a pathogen will influence genome
reorganisation in a host is a general mechanism benefitting the pathogen. This has been seen
with a viral infection that elicited specific chromosome repositioning [34]. In a long term
infection it may difficult for a host to regain control of its genome and cells may change their
behavior through instability and become transformed, leading to either cellular premature

senescence, death or immortalisation.

Unlike other studies in the mammalian cells where we have shown genes moving
more to the nuclear interior when they get up-regulated, in the snail cells we see genes that
become activated move towards the nuclear periphery. This may have to do with the snail

nuclear envelope being different to higher organisms and not such an area for down-
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regulation and silencing. Indeed, B. glabrata seems to have nuclear lamins, but they are more
akin to Drosophila lamins than mammalian lamins (Town and Bridger, unpublished) and

may instigate a different type of genome organization within this species/ Genus.

Alterations to genome organization in cancer

Genome organization is altered in cancer cells as has been shown nicely many years ago by
the distribution of centromeres and telomeres being altered in bladder carcinoma cells [35]. A
number of more recent studies now show abnormal chromosome positioning in cancer cells.
Abnormal relocation of chromosome 18 from the nuclear periphery to the interior has been
reported in several types of tumor cell lines, including those derived from melanoma, cervix
carcinoma, colon carcinoma, Hodgkin’s lymphoma, and metastasizing cells from a colon
carcinoma [36]. Moreover, several reports support the idea of a functional correlation
between non-random chromosome positioning and formation of specific chromosome
translocations, for example human chromosomes 9 and 22 in chronic myeloid leukaemia
(CML) [37] as well as the correlation between tissue specific spatial organization and tissue
specific translocations [38]. These findings are particularly compelling because chromosomes
that tend to be adjacent to one another are much more likely to form particular fusion proteins
from translocations that are prevalent in a particular tumor type. That this would be observed
in large numbers of patients at the level of a specific fusion protein underscores that patterns
of spatial genome organization are very highly conserved. Furthermore, the nuclear positions
of chromosomes 10, 18 and 19 were assessed in normal thyroid tissue and compared to
several types of thyroid cancers including adenomatous goiters, papillary carcinomas and
undifferentiated carcinomas. There was no difference in chromosome position in the normal

and goiter tissue with chromosomes 10 and 18 positioned towards the nuclear periphery and
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chromosome 19 in a central location. However, in the papillary carcinoma tissue
chromosome 19 was located more centrally. Furthermore, in undifferentiated carcinomas all
the chromosomes assessed were mislocalised [37]. Marella et al., in 2009 [40], used normal
human WI38 lung fibroblast and MCF10A epithelial breast cells and identified that similar
levels of association were found in WI38 and MCF10A (both are non-tumorigenic) for
chromosomes 1, 4, 11, 12, 14, and 16 whereas a nearly 2-fold increase in chromosomes 4 and
16 associations was found in a malignant breast cancer cell line (MCFCA1la) compared to the
related normal epithelial cell line (MCF10A). This demonstrates that chromosome
associations are cell-type specific and undergo alterations in cancer cells [40]. Furthermore,
Wiech et al., 2005 analyzed chromosome 8 positions in wax embedded pancreatic cancer
tissue samples. Their results obtained from non-neoplastic pancreatic cells indicated that the
radial arrangement of the chromosome 8 territories did not significantly differ between
normal individuals. However, in pancreatic tumours, the radial distance changes indicated the
repositioning of chromosome 8 to the nuclear periphery. Positioning changes were also
observed in breast cancer. In non-neoplastic ductal epithelium of the breast there was a large
distance between the position of the centromere 17 and HER2 domains among individuals. In
neoplastic epithelial breast cells, the distances between centromere and gene domains were
smaller than in non-neoplastic cells. The centromere and the gene encoding HER2 on
chromosome 17 were shown to reposition to a more internal location [41,42]. A later study
by Wiech et al., in 2009 looked at cervical carcinomas. They reported repositioning of
chromosome 18 during cell differentiation of cervical squamous epithelium towards the
nuclear center whereas, cervical squamous carcinomas showed a repositioning of

chromosome 18 towards the nuclear periphery [43].

Therefore, changes in the radial position of specific gene loci in cancer cells could

contribute to tumorigenesis, but further investigation is still needed. These observations
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strongly support the idea that the genomic regions influenced by states of gene activity and
cell-type specific genome architecture are predisposed towards translocations that are

characteristic to specific cell types and cancers.

All the aforementioned studies did not assess the status of the nuclear structure,
especially those proteins involved in genome organization. Other studies only look at nuclear
structure changes with respect to cancer and do not look at any genome behavioral changes
[44]. Changing the nuclear architecture will have a direct effect on the genomes’ stability and

may then lead to cancer.

Alterations to gene and chromosome position in breast cancer cell

lines can possibly be manipulated to reduce cancer phenotypes

A number of studies have shown that in cancer cells whole chromosomes and specific gene
loci can change nuclear location away from the norm. Indeed translocations prevalent in
cancer cells can place genes in new locations in interphase nuclei that affect their behavior

and expression profiles as has been shown with HLXB9 in pediatric leukaemia [45].

One of the best studies for looking at gene repositioning in cancer is that of Meaburn
and Misteli for loci of genes that are involved in some of the important changes in breast
cancer. These authors showed a number of genes were non-randomly located at new locations
in a 3D culture model system and in tumor tissue sections. They showed altered positioning
of cancer-associated genes such as AKT1, BCL2, ERBB2, and VEGF loci, although no

correlation was found between this radial redistribution and gene activity levels [46].
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Meaburn ef al., in 2009 expanded on their study of the repositioning of genes that are
involved in breast cancer. From 11 normal human breast and 14 invasive breast cancer tissue
specimens, they identified eight genes (HESS, ERBB2, MYC, FOSL2, HSP90AAI, AKT]I,
TGFB3, and CSFIR) that had altered their position in breast cancer [47] Excitingly, the
position of a specific gene, HESS, a transcription repressor that regulates cell differentiation,
could distinguish between a cancerous tissue and a healthy one with almost 100 percent
accuracy. Alteration or repositioning of this gene has been associated with tumorigenesis and
was observed in several types of breast cancer so that it could prove a useful diagnostic tool

[47].

The studies by Meaburn and Misteli did not link any actual nuclear or chromosomal
event or aberration in nuclear structure to this change in location. However, in a study using a
panel of breast tumor epithelial cell lines we found that whole chromosomes were mis-
positioned as well as individual genes. Most interestingly, when genes were mislocalized
without repositioning of the whole chromosome they were found out on loops at some
distance from the chromosomes. Interestingly, we also found that a number of the cells
lacked or had reduced levels of lamin A and lamin B receptor that have been implicated in
gene/chromosome/chromatin position by us and others. The cells also had large
accumulations of B-type lamins in the centre of their nuclei. The cell lines with the most
pronounced loss or changes in nuclear envelope proteins had the most changes with respect to
breast cancer gene relocation. In fact the three genes that were focused upon, HER?2,
HSP90AA and AKT1, were found towards the nuclear periphery in these aberrant cells. When
the cells were treated with a drug that restored lamin B receptor to the nuclear periphery and
placed lamin B back at the nuclear periphery, one cell line had the genes HER2, HSP90AA
and AKTI become more internal with a corresponding up-regulation of all three genes.

However, another cell line pulled the same genes more towards the nuclear periphery after
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treatment which correlated with a down-regulation of expression in AK71 and HSP90AA

(Hassan Ahmed, Harvey, Karteris and Bridger, unpublished data).

This is a very important finding because it links nuclear envelope aberrations with genome
mislocalization in cancer. Though the reasons for the differences between cell lines need to
be determined, our ability in this study to correct to a certain extent the nuclear envelope
abnormalities and correspondingly restore proper gene location and expression may open

the way for novel therapeutic treatments.

Summary

The non-random spatial positioning of the genome within nuclei appears to be highly relevant
to controlling gene expression and silencing [49]. The gene-density distribution of
chromosomes in proliferating cells requires energy and highly organised tethering to nuclear
structures to be maintained. This organization is changed dramatically when cells become
non-proliferating, perhaps some of the positioning is more relaxed requiring less energy to
maintain. However, there are some noticeable differences between quiescent and senescent
cells and we believe this is due differences in gene expression profiles but also the absolute
need to silence irreversibly in senescent cells to prevent reactivation and these cells becoming

cancerous. This silencing, we postulate, will be deep within nucleus.

It is not only chromosomes that move around nuclei after a stimulus but individual
genes. These genes can move to new areas around the nucleus without the whole
chromosome moving. We predict that these genes translocate across the nucleus in a directed

manner, to structural entities such as transcription factories or splicing speckles for example
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using nuclear motor activity (see Figure 1). We believe that the nuclear motors require
nuclear envelope proteins such as emerin and the lamins to function correctly [48]. These
genes will meet other genes at the transcription factories and if this movement, co-
occupation, transcription and the return of the gene to its original location is not functioning
correctly then it is possible that chromosomal translocations are formed that are a hallmark

of cancer [44].

Pathogen-led spatial reorganization of the genome is a newly discovered process and we need
to discover how the pathogen controls specific selected gene expression but further we need
to determine what irreversible alterations have been elicited in the cell that will affect its

future.

Data from breast cancer cells and the premature ageing disease HGPS demonstrates that the
nuclear envelope is involved in chromosome and gene positioning, especially proteins such
as A-type lamins, lamin B receptor and lamin B. Finally, and perhaps most importantly, these
studies on gene repositioning and its consequences in cancer cells may pave the way for
novel therapeutic interventions or combination treatments to inhibit tumor cell proliferation

and restablise the genome in cancer cells.
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Figure 1. The translocation of genes to transcription factories via nuclear motor
activity. This cartoon shows how genes may be relocated to transcription factories at some
distance from the main body of the chromosome territory that houses the gene. The nuclear
myosin moves along actin filaments that polymerise where they are needed. There must be a
signal from the chromatin to be moved and this must unravel due to changes in chromatin
modification i.e. the histone code. If this process does not proceed correctly then genome
stability may be affected, genes may be over or under expressed or become translocated with

other chromosomes.
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