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Physical description: Matter out of thermal 
equilibrium,  driven internally by ATP consuming 

processes,  non-equilibrium biochemical reactions

Specific consequences: Large fluctuations, increased 
sensitivity, collective behaviour, coupling across very 
different length and time scales, spatial structuring
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Self-propelled objects a la Vicsek

In vitro models 
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the determination of the bending modulus ! . In Sec. IV we
will give a similar relation relevant to the active case.

D. Essential results

The results reported in Ref. "3# and duplicated in Fig. 4
show that when the vesicles are illuminated with green-
yellow light, the slope of the logarithm of tension versus the
areal strain is smaller than when the vesicles are illuminated
with red light. This indicates that the excess area is larger
when the BR is illuminated with green-yellow light, and con-
sequently that BR activity induces an amplification of the
membrane shape fluctuations. The quality of the fit suggests
that one can describe the effect of the BR activity in terms of
an effective temperature Te f f!2T . Another important fea-
ture of the experiment concerns the dependence of Te f f on
the BR concentration. Figure 5 shows that in a concentration
range that we estimate between approximatively 1015 and
1016 BR/m2, the effective temperature is essentially inde-

pendent on the BR concentration. This may look surprising,
since the BR activity is the driving force.
Before developing the interpretation of these results, we

must first guarantee their reliability, i.e., that it is an effect
related to the out-of-equilibrium pumping activity of BR and
nothing else. Control experiments with pure lipid vesicles
obviously exclude the role of the lipids themselves. For
these, we find, for both green-yellow and red illumination,
the expected kT/!!0.1 value "20#. Using simple estimates,
we can also rule out the possibility of any thermally induced
artifact due to the larger absorption of light by BR in the
green-yellow wavelength. Assuming that one BR molecule
absorbs one photon each $!5 ms, the total stationary flux
%total energy received per unit area of membrane and per unit
of time& is

W!
h'

$
" (̄ ,

where h is the Planck constant, ' is the photon frequency,
and (̄ is the mean BR density. In a pessimistic estimate, we
assume that this total flux W is dissipated via conduction in
the surrounding water. The sample cell is temperature
controlled by a cold water circulation, and we assume that a
temperature gradient arises from the BR heating between the
membrane and the sample cell wall. This gradient extends
over a typical length L!1 mm, which is the size of the
sample cell. With C!4.18"106 J m#3 K#1 the heat capac-
ity of water, and KT!1.5"10#7 m2/s the heat diffusion co-
efficient, we have

CKT
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This yields a temperature increase of )T!2"10#3 K, five
orders of magnitude smaller than the reported increase in
effective temperature, which cannot account for the observed
effect "21#. Direct heating is just totally inefficient %also note
that direct heating of water is clearly ruled out by the experi-
ments on pure phospholipidic vesicles&.
Most importantly, experiments with glycerol prove that

the observed effect is of nonequilibrium origin. The addition
of glycerol modifies dynamic parameters such as the solvent
viscosity * , the permeation coefficient +p , and the active
force Fa . At thermodynamic equilibrium, such parameters
cannot play a role in the fluctuation spectrum as imposed by
the fluctuation-dissipation theorem. For an active membrane
however, these parameters play a role, as can be seen from
Refs. "4# or "6#. The addition of glycerol increases the sol-
vent viscosity while it decreases its permeation coefficient.
The results given in Ref. "3# report a lower increase in the
effective temperature when 16% and 25% (w/w) glycerol
is added, clearly revealing the out of equilibrium nature of
the effect. This result is qualitatively consistent with the ob-

FIG. 4. Variation of the logarithm of the tension , vs the areal
strain )- for the same vesicle containing BR, alternately passive
and active.

FIG. 5. Variation of the effective temperature Te f f of the active
membrane as a function of the fluorescence intensity IF , and thus
of the BR concentration.
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+ acto-myosin gels,  cell-substrate interactions, 
nanoclustered domains on membranes, tissues .. 

Other “tractable” in vivo 
active matter systems?

Active self-organization
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Figure 2 | Intercellular stress maps and mechanical guidance of collectively migrating monolayers. Transmitted light image of the RPME cell monolayer

(a) and the MDCK cell monolayer (b). Corresponding to these images are the maps of average normal stress (c,d), maximum shear stress (e,f) and
principal stress ellipses (blue) and cell velocity vectors (red) (g,h). Note that for the MDCK cell monolayer, the average tensile stress (d) increased
systematically with increasing distance from the advancing front, thus contributing to the state of global tug-of-war

15
. The map of average normal stress

for the RPME cell monolayer is predominately tensile, but forms a rugged stress landscape (i). The alignment angle, φ, between the major axis of the

principal stress ellipse and the direction of the cellular motion (j, inset) shows that the greater the local maximum shear stress the narrower is the

distribution of φ (j–l). The cumulative probability distribution P̄(φ) varied strongly and systematically with stress anisotropy (m); curves, from blue to red,

are in the order of higher quintiles. The cumulative probability distribution for the MDCK cell monolayer is also shown (n). Vertical size of the images of cell

monolayers: RPME-545 µm, MDCK-410 µm. Each curve inm and n, and distributions in j, k and l have more than 8,000 observations.

probability 0 to probability 1 occurring at 0
◦
(Fig. 2m). If there

were no alignment, however, then all angles between 0
◦
and 90

◦

would be equally likely, and the cumulative probability function

would be a straight line from probability 0 at 0
◦
to probability

1 at 90
◦
. In the regions with lowest stress anisotropy (blue), the

angular distribution was broad but not uniform. In regions with

highest stress anisotropy (red), the angular distribution was quite

narrow; the orientation of cellular velocity and the orientation of

maximal principal stress were coupled strongly, but were unrelated

to the magnitude of local average stress (Supplementary Fig. S8).

The stronger was the stress anisotropy the greater was the overall

degree of alignment.

To assess the generality of this finding, we then examined

monolayers comprising Madin–Darby canine kidney (MDCK)

cells (Fig. 2b), which are of particular interest because they are

epithelial, not endothelial, and because they are rounded in

the plane, not spindle-shaped as are RPME cells. Despite these

differences in cell type and cell morphology, the stresses were

dramatically heterogeneous (Fig. 2d,f) and the local orientation of

cellular migration was also found to follow the local orientation

of maximal principal stress (Fig. 2h,n). Remarkably, local cell

motions tended to follow local principal stress orientations even

when local cell geometry displayed no preferred orientation. To

assess further the generality of this finding, we next examined the

behaviour of monolayers of well-established breast-cancer model

systems: MCF10A cells (control or vector) (Fig. 3a), MCF10A

cells overexpressing ErbB2/HER-2/neu (Fig. 3b), and MCF10A

cells overexpressing 14-3-3ζ (Fig. 3c). We chose these cell lines

because each exhibits pronounced morphological differences as

well as diverse levels of transforming potential, expression of

cell–cell junction proteins, and cell proliferation
18,19

. Much as in

the case of endothelial cells and control epithelial cells, ErbB2

cells moved in alignment with the direction of maximum principal

stress (Fig. 3m). By contrast, 14-3-3ζ cells, which have decreased

expression of cell–cell junctional markers
18,19

, were seen to move

nearly independently of the orientation of the maximum principal

stress (Fig. 3m). To assess further the importance of cell–cell

adhesion, we weakened the cell–cell contacts of MCF10A vector

cells by calcium chelation (Fig. 4g,i). As expected, the alignment

between the orientations of local stress and the orientations of

local cellular motions was lessened (Fig. 4s, magenta), but was

restored on returning to the normal growth medium (Fig. 4i,s,

blue). However, this reversibility was blocked in the presence of

E-cadherin antibodies (Fig. 4r,s, red). Together, these observations
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Chromatin in the 
interphase cell nucleus

Gowrishankar et al, Cell 2012



http://student.ccbcmd.edu/~gkaiser/biotutorials/eustruct/u1fig2.html

Nucleus in eukaryotic cells
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The Cell Cycle

Chromosomes in 
interphase nuclei
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DNA packaged by histones. 
Formed protein/DNA complex is chromatin 
(heterochromatin/euchromatin)

Structural entity of chromatin is the nucleosome
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Eukaryotic interphase chromatin was 
thought for many years to have no 

obvious pattern of organization 

During the 1970s and 1980s, most 
researchers seemed content with the 
assumption that the nucleus is filled 
with intermingling chromatin fibers and 
loops like a dish of spaghetti, an 
assumption widely reflected by 
textbooks of cell biology .......
T. Cremer and M. Cremer, Cold Spring Harb Perspect Biol (2010)

http://www.edupic.net/Images/Mitosis/interphase(G2)_3D.png
http://www.edupic.net/Images/Mitosis/interphase(G2)_3D.png


Bolzer et al, PloS Biology (2005)

Ability to fluorescently 
label each chromosome 
(FISH), showed that 
chromosomes 

- are territorial
- have nonrandom
       arrangements
Rabl 1885, Boveri 1908, Stack 1977, Cremer, 
Bickmore, Misteli, ..

Three-Dimensional Maps of All Chromosomes
in Human Male Fibroblast Nuclei
and Prometaphase Rosettes
Andreas Bolzer1¤, Gregor Kreth2, Irina Solovei1, Daniela Koehler1, Kaan Saracoglu3, Christine Fauth4,5, Stefan Müller1,

Roland Eils3, Christoph Cremer2, Michael R. Speicher4,5, Thomas Cremer1*
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Heidelberg, Germany, 3 Theoretical Bioinformatics, German Cancer Research Center (DKFZ), Heidelberg, Germany, 4 Institute of Human Genetics, Technical University
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Studies of higher-order chromatin arrangements are an essential part of ongoing attempts to explore changes in
epigenome structure and their functional implications during development and cell differentiation. However, the
extent and cell-type-specificity of three-dimensional (3D) chromosome arrangements has remained controversial. In
order to overcome technical limitations of previous studies, we have developed tools that allow the quantitative 3D
positional mapping of all chromosomes simultaneously. We present unequivocal evidence for a probabilistic 3D order
of prometaphase chromosomes, as well as of chromosome territories (CTs) in nuclei of quiescent (G0) and cycling (early
S-phase) human diploid fibroblasts (46, XY). Radial distance measurements showed a probabilistic, highly nonrandom
correlation with chromosome size: small chromosomes—independently of their gene density—were distributed
significantly closer to the center of the nucleus or prometaphase rosette, while large chromosomes were located closer
to the nuclear or rosette rim. This arrangement was independently confirmed in both human fibroblast and amniotic
fluid cell nuclei. Notably, these cell types exhibit flat-ellipsoidal cell nuclei, in contrast to the spherical nuclei of
lymphocytes and several other human cell types, for which we and others previously demonstrated gene-density-
correlated radial 3D CT arrangements. Modeling of 3D CT arrangements suggests that cell-type-specific differences in
radial CT arrangements are not solely due to geometrical constraints that result from nuclear shape differences. We
also found gene-density-correlated arrangements of higher-order chromatin shared by all human cell types studied so
far. Chromatin domains, which are gene-poor, form a layer beneath the nuclear envelope, while gene-dense chromatin
is enriched in the nuclear interior. We discuss the possible functional implications of this finding.

Citation: Bolzer A, Kreth G, Solovei I, Koehler D, Saracoglu K, et al. (2005) Three-dimensional maps of all chromosomes in human male fibroblast nuclei and prometaphase
rosettes. PLoS Biol 3(5): e157.

Introduction

Somatic cells within an organism possess genomes that are,
with only a few minor exceptions, identical. However, various
cell types may possess different epigenomes including the
variation of DNA methylation and histone modification
patterns. Epigenome variability accounts for cell-type-specif-
ic gene expression and silencing patterns in multicellular
organisms. The impact of higher-order nuclear architecture
on these patterns is not yet known [1]. Studies of higher-order
chromatin arrangements in numerous cell types from differ-
ent species form an indispensable part of a comprehensive
approach to understanding epigenome evolution and cell-
type-specific variability. Numerous research groups have
attempted to map the large-scale organization and distribu-
tion of chromatin in cycling and postmitotic cell types (for
reviews see [2,3,4,5,6,7,8]). Reliable topological maps, how-
ever, for the three-dimensional (3D) and 4D (3D plus
spatiotemporal) arrangements of the two haploid chromo-
some complements in a diploid somatic cell nucleus have
been lacking so far. Such 3D and 4D maps would provide the
necessary foundation for studying the effect of higher-order
chromatin distribution on nuclear functions, and are needed
for different cell types at various stages of the cell cycle and at
various stages of terminal differentiation. In addition to their

importance for epigenome research, these maps should also
help to understand karyotype evolution [9,10,11,12] and the
formation of chromosomal rearrangements in irradiated or
cancer cells [13,14,15,16,17].
In a 2D analysis of human fibroblast prometaphase rosettes,

Nagele et al. [18,19] measured distances and angular
separations for a number of chromosomes. These authors
concluded that the maternal and paternal chromosome sets

Received March 26, 2004; Accepted March 2, 2005; Published April 26, 2005
DOI: 10.1371/journal.pbio.0030157
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What governs the large-scale 
architecture of chromosome 

territories?

FISH =
Fluorescence

In-situ
Hybridization



The moderate, but significant, changes of chromosome
positions in daughter cells observed in the chromosome-
tracking studies agree with the inherent probabilistic
nature of chromosome patterns [6,7]. The changes in
chromosome arrangements duringmitosis do not represent
either precise maintenance of positioning or complete
randomization of chromosome positions. Just like the
variable, but non-random, positions of interphase chromo-
somes, mitotic chromosomes appear to follow preferred,
but not predetermined, paths during segregation. Con-
sidering the very limited changes in chromosome positions
during interphase, the partial loss of positioning infor-
mation during mitosis is probably a significant contributor
to the variability of interphase chromosome arrangements
observed within a cell population.

It is unclear whether the spatial organization of
chromosomes has functional consequences. The fact that
radial positioning of some chromosomes has been evolu-
tionarily conserved might argue for a functional advan-
tage of positioned chromosomes [16]. However, the ability
of proteins and RNAs to diffuse relatively freely and
rapidly throughout the nucleus reduces the necessity for
strict positioning [17]. It is possible that the non-random
preferential positioning of chromosomes reflects the
attraction of gene loci to various nuclear compartments
in which transcription and processing factors are locally
concentrated [18]. Since positioning might facilitate, but
not be absolutely required for, faithful gene expression, the

precise location of genes and of chromosomes might vary
from cell to cell. An intriguing speculation is that the
variability of positioning patterns is related to the recently
described stochastic nature of gene expression patterns
observed in single cells [19].

Concluding remarks
The partial maintenance of chromosome arrangements
during mitosis raises the question of how positional
information is stored in chromosomes. Are active processes
involved or is the arrangement of chromosomes largely
determined by their physical properties, such as the
fraction of condensed or decondensed chromatin or simply
by the polymer properties of chromatin? It could also be
argued that it is not the chromosomes themselves, but
other nuclear components such as a nuclear scaffold, that
determine chromosome arrangements. A key question is
also how chromosome positioning affects gene expression
and whether positioning is the cause or consequence of
gene activity.

It already seems clear that chromosome and gene
positioning is not an absolute requirement for proper,
regulated gene function, since reporter genes with mini-
mal promoters often behave identically at integration sites
anywhere in the genome. However, the expression of a
knock-in gene is frequently affected by its chromosomal
context, and it is reasonable to consider that spatial
positioning in the nucleus contributes to variegation in
expression. Regardless of the functional significance of
positioning, the fact that chromosomes and genes are non-
randomly distributed within the nuclear volume is a
fundamental, little-explored property of genome organiz-
ation. To begin to address the functional relevance of
spatial genome organization, efforts are currently under-
way to describe and catalogue spatial genome patterns in
different cell types, during differentiation and in disease
states and to compare them with microarray expression
data. Although there have been sporadic reports that
chromosome positions can change during differentiation
[20] and in disease [21], that their position can change
during quiescence or senescence [11] and that non-random
positioning can be maintained between normal and cancer
cells [5], systematic descriptions of chromosome and gene
patterns are required. Once genome patterns have been
described in various physiological situations, the func-
tional impact of positioning can be assessed directly by
experimental perturbation to elucidate the molecular
basis of positioning. It is likely that an understanding of
how spatial genome organization is related to genome
function will ultimately come from such elucidations of
molecular mechanisms alone. These are early days in the
study of the spatial organization of genomes and, although
there is much uncertainty regarding the identity and
biological relevance of genome patterns, it is certain that
many provocative and insightful discoveries are ahead in
this emerging field.

References
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architecture and gene regulation in mammalian cells.Nat. Rev. Genet.
2, 292–301

Fig. 2. The probabilistic nature of chromosome positioning patterns. The radial
position of chromosomes can be analysed routinely by visualizing chromosome
territories using fluorescence in situ hybridization and determining the geometric
centre of the chromosome territory. The distance of the chromosome centre from
the centre of the nucleus is defined as the chromosome’s radial position. Chromo-
somes occupy distinct radial positions in a population of cells and chromosome
homologues are often not found in the same radial position. The range of occu-
pied positions of a chromosome in a population can be represented graphically as
a probability cloud or statistically as a probability distribution. Different chromo-
somes have different distributions.
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Given that 
chromosomes 

occupy non-random 
locations, what are 

the ‘positioning rules’ 
that govern them?

Parada, Roix, Misteli, Trends in Cell Biology 2003
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Differences in the Localization and Morphology of Chromosomes in the 
Human Nucleus
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Abstract. 

 

Using fluorescence in situ hybridization 
we show striking differences in nuclear position, 
chromosome morphology, and interactions with nu-
clear substructure for human chromosomes 18 and 
19. Human chromosome 19 is shown to adopt a 
more internal position in the nucleus than chromo-
some 18 and to be more extensively associated with 
the nuclear matrix. The more peripheral localization 
of chromosome 18 is established early in the cell cy-
cle and is maintained thereafter. We show that the 
preferential localization of chromosomes 18 and 19 
in the nucleus is reflected in the orientation of trans-

location chromosomes in the nucleus. Lastly, we 
show that the inhibition of transcription can have 
gross, but reversible, effects on chromosome archi-
tecture. Our data demonstrate that the distribution of 
genomic sequences between chromosomes has im-
plications for nuclear structure and we discuss our 
findings in relation to a model of the human nucleus 
that is functionally compartmentalized.

Key words: chromosome territories •  genome or-
ganization •  nuclear compartmentalization •  tran-
scription •  translocations
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 arrangement of human chromosomes on the mi-
totic spindle could reflect an ordered arrangement
of chromosomes at interphase (Nagele et al., 1995).

Whole chromosomes occupy discrete territories in the nu-
cleus (Cremer et al., 1993 and references therein). Never-

 

theless, with the exception of the inactive X (Xi)

 

1

 

 that is
positioned against the nuclear membrane, and the rDNA-
containing chromosomes that are intrinsic to the nucleo-
lus, there has been little evidence that other whole mam-
malian chromosomes regularly adopt defined addresses
within the nucleus (Manuelidis, 1990).

Here, we investigate whether the two small human chro-
mosomes 18 and 19 (HSA18 and HSA19) adopt different

 

dispositions within the nucleus by fluorescence in situ
hybridization (FISH). There are several reasons why
these two chromosomes make for interesting comparisons:

HSA18 and 19 are similarly sized DNA molecules, con-
taining 85 Mb and 67 Mb of DNA, and so comprising 2.6
and 2%  of the physical length of the genome, respectively
(Morton, 1991), yet these two chromosomes have con-
trasting functional and structural characteristics. HSA19
contains a high density of CpG islands (Craig and Bick-
more, 1994) and repeats of the Alu family (Korenberg and
Rykowski, 1988), replicates most of its DNA in the early
part of S phase (Dutrillaux et al., 1976), and has abundant
hyperacetylated histone H4 in its chromatin (Jeppesen
and Turner, 1993). HSA19 also has the highest observed/
expected ratio of gene-based marker assignments of any
human autosome (Cross et al., 1997; Deloukas et al., 1998)
with 3.7%  of such markers assigned to it. In contrast,
HSA18 has far fewer gene assignments than expected for
its size (Cross et al., 1997; Deloukas et al., 1998), with only
1.7%  of gene-based markers mapped to it. It also has a low
CpG island density, a high concentration of the L1 family
of repeats, and a high proportion of late replicating DNA
(Dutrillaux et al., 1976; Korenberg and Rykowski, 1988;
Craig and Bickmore, 1994). Little hyperacetylated H4 is
detected on this chromosome (Jeppesen and Turner,
1993).

We compare the nuclear position and chromosome mor-
phology of human chromosomes 18 and 19 through the
cell cycle and in different cell types and visualize the asso-
ciation of DNA from each chromosome with substructure
of the nucleus. The effects of inhibiting transcription and
histone deacetylation on nuclear organization are assessed
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in the nucleus is reflected in the orientation of trans-

location chromosomes in the nucleus. Lastly, we 
show that the inhibition of transcription can have 
gross, but reversible, effects on chromosome archi-
tecture. Our data demonstrate that the distribution of 
genomic sequences between chromosomes has im-
plications for nuclear structure and we discuss our 
findings in relation to a model of the human nucleus 
that is functionally compartmentalized.

Key words: chromosome territories •  genome or-
ganization •  nuclear compartmentalization •  tran-
scription •  translocations
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 arrangement of human chromosomes on the mi-
totic spindle could reflect an ordered arrangement
of chromosomes at interphase (Nagele et al., 1995).

Whole chromosomes occupy discrete territories in the nu-
cleus (Cremer et al., 1993 and references therein). Never-

 

theless, with the exception of the inactive X (Xi)

 

1

 

 that is
positioned against the nuclear membrane, and the rDNA-
containing chromosomes that are intrinsic to the nucleo-
lus, there has been little evidence that other whole mam-
malian chromosomes regularly adopt defined addresses
within the nucleus (Manuelidis, 1990).

Here, we investigate whether the two small human chro-
mosomes 18 and 19 (HSA18 and HSA19) adopt different

 

dispositions within the nucleus by fluorescence in situ
hybridization (FISH). There are several reasons why
these two chromosomes make for interesting comparisons:

HSA18 and 19 are similarly sized DNA molecules, con-
taining 85 Mb and 67 Mb of DNA, and so comprising 2.6
and 2%  of the physical length of the genome, respectively
(Morton, 1991), yet these two chromosomes have con-
trasting functional and structural characteristics. HSA19
contains a high density of CpG islands (Craig and Bick-
more, 1994) and repeats of the Alu family (Korenberg and
Rykowski, 1988), replicates most of its DNA in the early
part of S phase (Dutrillaux et al., 1976), and has abundant
hyperacetylated histone H4 in its chromatin (Jeppesen
and Turner, 1993). HSA19 also has the highest observed/
expected ratio of gene-based marker assignments of any
human autosome (Cross et al., 1997; Deloukas et al., 1998)
with 3.7%  of such markers assigned to it. In contrast,
HSA18 has far fewer gene assignments than expected for
its size (Cross et al., 1997; Deloukas et al., 1998), with only
1.7%  of gene-based markers mapped to it. It also has a low
CpG island density, a high concentration of the L1 family
of repeats, and a high proportion of late replicating DNA
(Dutrillaux et al., 1976; Korenberg and Rykowski, 1988;
Craig and Bickmore, 1994). Little hyperacetylated H4 is
detected on this chromosome (Jeppesen and Turner,
1993).

We compare the nuclear position and chromosome mor-
phology of human chromosomes 18 and 19 through the
cell cycle and in different cell types and visualize the asso-
ciation of DNA from each chromosome with substructure
of the nucleus. The effects of inhibiting transcription and
histone deacetylation on nuclear organization are assessed
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A bbreviations used in this paper:

 

 2D, two dimensional; 3D, three dimen-
sional; AMD, actinomycin D; DAPI, 4,6-diamidino-2-phenylindole; DRB,

 

5,6-dichloro-

 

�

 

-

 

D

 

-ribofuranosylbenzimidazole; FISH, fluorescence in situ
hybridization; HSA18, human chromosome 18; HSA19, human chromo-
some 19; MAA, 3:1 methanol/acetic acid; pFa, paraformaldehyde; PI, pro-
pidium iodide; TSA, Trichostatin A; Xa, active X chromosome; Xi, inac-
tive X chromosome.
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chromosome morphology, and interactions with nu-
clear substructure for human chromosomes 18 and 
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Chromosome 19: 
62.03 genes/Mb and 
60 Mb size

Chromosome18: 
18.64 genes/Mb and 
78 Mb size
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for either HSA18 or 19 (the population of these cells has a
variable karyotype) (Fig. 1 d).

Extrapolation of data from 2D preparations assumes
that the relative organization of the intact nucleus is not

significantly perturbed. In 

 

Drosophila

 

, a comparison of
data collected from hypotonically treated and squashed
nuclei, with those collected from 3D-preserved nuclei, has
confirmed the validity of this assumption (Csink and Heni-

Figure 1. Human chromosomes 18 and 19 interphase territories. 2D preparations of nuclei, swollen in hypotonic and fixed either with
MA A  (a–d) or with 4%  pFa (e), were hybridized with HSA 18 and 19 paints. In the central panels of a–e HSA 18 and 19 paints were
biotinylated and detected with avidin-FITC (green). In the left-hand panels of a and b, paints were labeled either with biotin and de-
tected with TR (red) or with digoxigenin and detected with FITC (green). All nuclei were counterstained with DAPI (blue). (a) Pri-
mary lymphocytes; (b and e) lymphoblastoid cell line; (c) primary fibroblasts; (d) HT1080 fibrosarcoma cells. Bars, 2 �m. On the right,
histograms show the mean proportion of DAPI stain (blue bars), and HSA18 (filled bars) and HSA19 (open bars) hybridization signals
in each of the five concentric shells of equal area eroded from the periphery (1) to the center (5) of 50 segmented nuclei. Error bars
show SEM.
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Radial chromosome positioning dependent on 
gene density?
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Radial symmetry
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S(R)

R
If each chromosome is distributed uniformly 
throughout the nucleus, then S(R) quadratic, 

maximum at nuclear envelope

Good diagnostic for non-random placement



Chromosome 12: 
30.92 genes/Mb 
and 134 Mb size,

Chromosome 20: 
29.71 genes/Mb 
and 63 Mb size)

Chromosome 19: 
62.03 genes/Mb 
and 60 Mb size

Chromosome 18: 
(red) 18.64 genes/
Mb and 78 Mb size Chromosomes 12 and 20 have different sizes 

but the same gene density

Chromosomes 18 and 19 have roughly the 
same size but different gene densities
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The moderate, but significant, changes of chromosome
positions in daughter cells observed in the chromosome-
tracking studies agree with the inherent probabilistic
nature of chromosome patterns [6,7]. The changes in
chromosome arrangements duringmitosis do not represent
either precise maintenance of positioning or complete
randomization of chromosome positions. Just like the
variable, but non-random, positions of interphase chromo-
somes, mitotic chromosomes appear to follow preferred,
but not predetermined, paths during segregation. Con-
sidering the very limited changes in chromosome positions
during interphase, the partial loss of positioning infor-
mation during mitosis is probably a significant contributor
to the variability of interphase chromosome arrangements
observed within a cell population.

It is unclear whether the spatial organization of
chromosomes has functional consequences. The fact that
radial positioning of some chromosomes has been evolu-
tionarily conserved might argue for a functional advan-
tage of positioned chromosomes [16]. However, the ability
of proteins and RNAs to diffuse relatively freely and
rapidly throughout the nucleus reduces the necessity for
strict positioning [17]. It is possible that the non-random
preferential positioning of chromosomes reflects the
attraction of gene loci to various nuclear compartments
in which transcription and processing factors are locally
concentrated [18]. Since positioning might facilitate, but
not be absolutely required for, faithful gene expression, the

precise location of genes and of chromosomes might vary
from cell to cell. An intriguing speculation is that the
variability of positioning patterns is related to the recently
described stochastic nature of gene expression patterns
observed in single cells [19].

Concluding remarks
The partial maintenance of chromosome arrangements
during mitosis raises the question of how positional
information is stored in chromosomes. Are active processes
involved or is the arrangement of chromosomes largely
determined by their physical properties, such as the
fraction of condensed or decondensed chromatin or simply
by the polymer properties of chromatin? It could also be
argued that it is not the chromosomes themselves, but
other nuclear components such as a nuclear scaffold, that
determine chromosome arrangements. A key question is
also how chromosome positioning affects gene expression
and whether positioning is the cause or consequence of
gene activity.

It already seems clear that chromosome and gene
positioning is not an absolute requirement for proper,
regulated gene function, since reporter genes with mini-
mal promoters often behave identically at integration sites
anywhere in the genome. However, the expression of a
knock-in gene is frequently affected by its chromosomal
context, and it is reasonable to consider that spatial
positioning in the nucleus contributes to variegation in
expression. Regardless of the functional significance of
positioning, the fact that chromosomes and genes are non-
randomly distributed within the nuclear volume is a
fundamental, little-explored property of genome organiz-
ation. To begin to address the functional relevance of
spatial genome organization, efforts are currently under-
way to describe and catalogue spatial genome patterns in
different cell types, during differentiation and in disease
states and to compare them with microarray expression
data. Although there have been sporadic reports that
chromosome positions can change during differentiation
[20] and in disease [21], that their position can change
during quiescence or senescence [11] and that non-random
positioning can be maintained between normal and cancer
cells [5], systematic descriptions of chromosome and gene
patterns are required. Once genome patterns have been
described in various physiological situations, the func-
tional impact of positioning can be assessed directly by
experimental perturbation to elucidate the molecular
basis of positioning. It is likely that an understanding of
how spatial genome organization is related to genome
function will ultimately come from such elucidations of
molecular mechanisms alone. These are early days in the
study of the spatial organization of genomes and, although
there is much uncertainty regarding the identity and
biological relevance of genome patterns, it is certain that
many provocative and insightful discoveries are ahead in
this emerging field.
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Fig. 2. The probabilistic nature of chromosome positioning patterns. The radial
position of chromosomes can be analysed routinely by visualizing chromosome
territories using fluorescence in situ hybridization and determining the geometric
centre of the chromosome territory. The distance of the chromosome centre from
the centre of the nucleus is defined as the chromosome’s radial position. Chromo-
somes occupy distinct radial positions in a population of cells and chromosome
homologues are often not found in the same radial position. The range of occu-
pied positions of a chromosome in a population can be represented graphically as
a probability cloud or statistically as a probability distribution. Different chromo-
somes have different distributions.
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Non-equilibrium mechanical 
activity (transcription and 
chromatin remodeling 
machinery), inhomogeneous 
across gene-rich and gene-poor 
regions gives gene-density-
based radial segregation

Hypothesize:

Heermann, University of Heidelberg, 2010

T.Cremer and C. Cremer, Nature Reviews 
Genetics vol. 2, no. 4, pp. 292-301 (April, 
2001)

• Why do chromosomes not mix?

• What is the shape of territories?

Chromosomes

No self-propulsion - unlike in all active matter models studied 
so far - but inhomogeneous activity, confinement and 
polymer character all important

Chromosome territories a natural consequence of compact 
chromosome configurations and activity



ATP-driven molecular machines 
change chromatin structure, 
translocate nucleosomes, evict 
nucleosomes, change nucleosomal 
histone composition, involved in 
transcription.  Work in concert 
through remodeler-specific 
interactions.  Highly dynamic. 
Present at large density

Erdel et al, BBA (2011)
RNA polymerase

http://upload.wikimedia.org/wikipedia/commons/e/e9/RNA_Polymerase_II_Transcription.png

Barriers to nucleosome 
motion:  20-40 kT

Chromatin Remodelers
Groups of ATPases classified into the Snf2, ISWI, Mi-2, Chd1, Ino80, ERCC6, ALC1, CHD7, Swr1, RAD54, and Lsh subfamilies

http://upload.wikimedia.org/wikipedia/commons/e/e9/RNA_Polymerase_II_Transcription.png
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‘Mechanical’ effects of active chromatin remodelers?

1. Effective local ‘active temperature’ Tact,  associated with gene  
density. More transcription implies more ATP-consuming activity from 
remodeling/transcription-coupled enzymes

2. Coarse-grain to athermal noise acting on, 1Mb scale  monomers 
(Known to be appropriate to functional units of chromosome territories)

3. Estimate scales of active temperature (barriers to nucleosome motion, 

etc): Tact= 20Ttherm

in "Pluripotent Stem Cells", ed. Deepa Bhartiya and Nibedita Lenka, Intech (2013)

Stem Cells and Epigenetic Reprogramming

By Perla Cota, Mehdi Shafa and Derrick E. Rancourt 

http://www.intechopen.com/books/pluripotent-stem-cells
http://www.intechopen.com/books/pluripotent-stem-cells


A. B. C.

D. E.

A. B. C.

D. E.



A. B. C.

Brownian dynamics, 3-d: 6098 monomers
Different effective temperature for each monomer
Assign this depending on gene density (very nonlinearly)
Varied nuclear shape: spherical, ellipsoidal
Passive and active confinement

ζ
dri
dt

= Fi + ηi

�ηαi (t)ηαj (t�)� = 2kBTiζδijδ(t− t�).

Simulations using the 
SCD model (spherical 
chromatin domain)
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A. B. C.

Simulation Configurations

Spherical Confinement, 
Equilibrium

Ellipsoidal Confinement, 
Equilibrium

Spherical 
Confinement, non-

Equilibrium
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But, no chromosome territories ... 

A. B. C.

D. E.

A. B. C.

D. E.

We get 

Whereas we should have got  

Why?

Our model for individual 
chromosomes assumes no structuring



Heermann, University of Heidelberg, 2010

Key Experiments

P.M. Diesinger and D.W. Heermann, Biophys. J. (2009)

Key Experiments

Individual chromosomes are 
compact on large scales

Heermann, University of Heidelberg, 2010

J. Mateos-Langerak et. al. PNAS March 10, 2009 vol. 106 no. 10 3812-3817
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Rosette model
Helical fold model
Network model
Random loop model
Fractal globule model + ....

Mateos-Langerak et al, PNAS 2009

Models for large-scale chromosome structure



We implement the random loop model

Our model 
chromosomes are 

now compact on large 
scales

Can compactness and 
inhomogenous activity 
generate “chromosome 

territories”?
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With inhomogeneous activity and compactness  at 
large scales, how does our model compare to data?
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With inhomogeneous activity and compactness  at 
large scales, how does our model compare to data?
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Positioning 
correlates to 

chromosome size? 
Nuclear shape?

Kalhor et al, Nat Biotech (2012)

Cis interaction/
trans interaction

Cis and trans
co-association

Transcription
factory

Chromatin
loop

Speckle

Chromosome territory

Nuclear colocalization of genes and regulatory elements
In tissue in which Hbb is not expressed (brain), 4C showed that the 
interactions captured with Hbb were with other silent gene clusters, 
including clusters of olfactory-receptor genes that are in cis with, but 
distant from, Hbb3 (Table 1). Although there is no evidence that in this 
instance the associations contribute functionally to the silent state of 
these gene clusters, the spatial organization of olfactory-receptor genes 
does seem to be involved in their extraordinary regulation in olfac-
tory sensory neurons. Only 1 of the 1,300 olfactory-receptor genes is 
expressed in a given neuron, and then only from 1 allele of that gene. 
An enhancer element (H) required for expression of olfactory-receptor 
genes has been identified35. A quarter of sequences identified as inter-
acting with this element by 4C analysis were immediately upstream 
of olfactory-receptor genes36. Like the 4C interactions described for 
Hbb, most (75%) of the olfactory-receptor genes captured with H were 
located in cis, although some interactions were in trans (Table 1). This 
predominance broadly reflects the relative frequency with which differ-
ent olfactory-receptor genes are expressed and suggests that expression 
of an olfactory-receptor gene depends on its interaction with H in the 
nucleus (Fig. 3). Consistent with this idea, DNA FISH showed that H 
colocalizes with an allele of a specific olfactory-receptor gene in about 
30% of the cells that express that gene. Since only one allele of H is 
thought to be active in this respect (the other is methylated, unusually 
at CpA sequences), expression of olfactory-receptor genes would be 
restricted to the allele that is in contact with H. Indeed, combined RNA 
and DNA FISH for H DNA and a specific olfactory-receptor RNA in 
trans showed that H is in contact with the actively transcribed allele 
in 85% of cells with a FISH signal for olfactory-receptor RNA. Taken 
together, these results suggest that H is in contact with the active olfac-
tory-receptor gene specifically during a transcriptional pulse but may 
dissociate during periods of transcriptional inactivity. 

Transient interactions between regulatory elements and genes in the 
nucleus have also been associated with coordinately regulated gene 
expression in other examples. Interchromosomal interactions between 
the interferon gamma (Ifng) gene and the locus control region of the 
T-helper 2 (TH2) cytokine locus are found by 3C and FISH in the nuclei 
of naive CD4+ T cells37 (Table 1). This interaction is thought to hold the 
Ifng and TH2 cytokine gene loci in a poised state that can respond rapidly 
to T-cell activation by expression of both gene loci, but only at very low 
levels. Later, after the decision to differentiate into TH1 or TH2 cells has 
been made, and expression of Ifng or TH2 cytokines is very high, these 

interchromosomal associations are lost in favour of intrachromosomal 
ones. It will now be interesting to analyse the interaction of these loci 
with other regions of the genome during T-cell activation and differen-
tiation by use of 4C approaches.

These studies of olfactory-receptor genes and cytokine genes clearly 
implicate nuclear interactions in gene-expression states that are then 
epigenetically stable, and may even implicate nuclear organization in 
epigenetic ‘decisions’. The paradigms for investigation of epigenetic 
mechanisms that underpin allelic choice are X-chromosome inactiva-
tion and imprinting. Strikingly, nuclear interactions have been impli-
cated in both. The two X chromosomes transiently colocalize, and the 
X-inactivation centres interact physically during the differentiation of 
female embryonic stem cells9,10. The timing of this nuclear interaction 
is concurrent with the onset of X-chromosome inactivation38 (Fig. 1). 
It is also within the time frame that would implicate it in the intriguing 
process whereby the number of X chromosomes per nucleus is ‘counted’ 
and the ‘choice’ is made to inactive one of them. 

The other system in which transient nuclear interaction happens on 
homologous chromosomes is imprinting39. In mouse neonatal liver, a 
4C approach showed that the imprinting control region (ICR) of H19 
had many trans interactions in addition to its abundant cis interactions2. 
Importantly, sequences from multiple different chromosomes could be 
captured within the same 4C clone after intramolecular ligation, suggest-
ing that the nuclear associations were not just pairwise, but that multiple 
genomic loci could co-associate simultaneously with the H19 ICR in a 
single nucleus. In mice in which the maternally derived H19 alleles could 
be distinguished from the paternally derived ones (Mus musculus versus 
Mus spretus origins), about 75% of the sequences captured were specific 
for the maternally derived allele. Hence, the epigenetic status of the H19 
ICR, which is methylated on the paternally derived allele, determines the 
patterns of most of its intra- and interchromosomal interactions. As well 
as maternal-specific interactions in cis with another imprinted domain 
on mouse chromosome 7, interactions were also detected with known, 
or predicted, imprinted regions on other chromosomes (Table 1). 3C 
analysis confirmed that the H19 ICR interacted with a differentially 
methylated region on chromosome 18 that is implicated in the control 
of imprinting there. Hence, the nuclear interaction might not one be of 
gene with gene, or gene with regulatory element, but of two regulatory 
elements with each other. The functional significance of this finding 
was demonstrated by the altered expression of two genes, Osbpl1a and 
Impact, from within the chromosome 18 imprinted domain in mice 

Figure 2 | Colocalization of genes in the nucleus for expression or 
coregulation. Active genes on decondensed chromatin loops that 
extend outside chromosome territories can colocalize both in cis and 
in trans at sites in the nucleus with local concentrations of Pol II (namely 

transcription factories; dark pink) and adjacent to splicing-factor-
enriched speckles (pale pink). Interactions can also occur between 
regulatory elements and/or gene loci and lead to coregulation in trans 
(blue circle).
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Fraser and Bickmore, Nature (2007)
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A hierarchy of positioning drivers ... ?

Activity-based radial segregation

Nuclear shape/envelope/lamins/

TF’s, Inter-chromatin domains

Higher-order interactions

Nuclear actin/myosin?

?

Increasing 
complexity

Activity- based radial 
segregation might provide 
a generic initial template 
for local physical and 
biochemical events acting 
to further stabilize and 
optimize positioning



Conclusions

1. Chromatin as a model system for active matter

2. Suggest: Segregation by gene density and the 
formation of chromosome territories have a common 
origin in “activity-based segregation”

3. Inhomogeneous activity, confinement and polymeric 
nature of chromosomes are central
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ABSTRACT

Chromosomes within eukaryotic cell nuclei at
interphase are not positioned at random, since
gene-rich chromosomes are predominantly found
towards the interior of the cell nucleus across a
number of cell types. The physical mechanisms
that could drive and maintain the spatial segrega-
tion of chromosomes based on gene density are
unknown. Here, we identify a mechanism for such
segregation, showing that the territorial organiza-
tion of chromosomes, another central feature of
nuclear organization, emerges naturally from our
model. Our computer simulations indicate that
gene density-dependent radial segregation of
chromosomes arises as a robust consequence of
differences in non-equilibrium activity across
chromosomes. Arguing that such differences origin-
ate in the inhomogeneous distribution of ATP-
dependent chromatin remodeling and transcription
machinery on each chromosome, we show that a
variety of non-random positional distributions
emerge through the interplay of such activity,
nuclear shape and specific interactions of chromo-
somes with the nuclear envelope. Results from our
model are in reasonable agreement with experimen-
tal data and we make a number of predictions that
can be tested in experiments.

INTRODUCTION

Studies of the compartmentalization of the cell nucleus
trace their origins to the pioneering work of Rabl and
Boveri, who first proposed that individual chromosomes
within the interphase nucleus of higher eukaryotes were

organized into distinct territories (1–3). Recent studies
find that chromosomes are not located randomly within
the nucleus, quantifying such higher order organization by
combining the fluorescent labeling of individual chromo-
somes with light optical serial sectioning via laser confocal
microscopy (4). As an example of such non-random pos-
itioning, the gene-rich chromosome 19 is consistently seen
toward the interior of the nucleus in human lymphocytes,
with the similarly sized but gene-poor chromosome 18
located more peripherally (5). Early measurements of the
locations of human chromosomes in nuclei of diploid
lymphoblasts inferred a gene density-based radial organ-
ization, finding that gene-dense chromosomes were pref-
erentially associated to the nuclear interior (5,6). More
broadly, late replicating regions of the genome, containing
predominantly non-genic heterochromatin, generally
manifest toward the nuclear boundary, whereas gene-
rich early replicating euchromatin regions are located
closer to the center of the nucleus across multiple cell
types (7–10). Finally, studies of nuclear organization in
rodents (11), cattle (12) and birds (13) argue for gene
density-based radial chromosome positioning, an arrange-
ment which is also conserved across the several million
years of evolution separating humans from old-world
monkeys (14,15).
The conventional radial arrangement of interior gene-

rich euchromatin surrounded by peripheral heterochroma-
tin is strikingly inverted in nuclei of rod cells from the
retina of the mouse, a nocturnal mammal, with gene-
rich regions now located at the nuclear periphery (16).
Alternative forms of radial organization based on
chromosome size have been proposed for some cell
types, together with a link to nuclear shape, as flatter
nuclei appear to favor size-dependent chromosome local-
ization (17). Chromosome–chromosome interactions
mediated via the clustering of co-regulated genes at tran-
scription complexes enriched in RNA polymerases,
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example, in murine embryonic stem cells, 
Pah and Igf1 are adjacent to the Mash1 
locus and remain transcriptionally silent 
during neuronal differentiation yet become 
more internally positioned along with dif-
ferentiation-induced Mash1 (Williams et 
al., 2006). A neighborhood effect is also 
suggested by the observation that radial 
positioning correlates with local gene den-
sity, with locally gene-dense regions pref-
erentially having an internal position (Mur-
mann et al., 2005). The in!uence of the 
chromosomal context of a gene regarding 
its propensity to become repositioned has 
also been suggested when comparing 
gene behavior between species (Brown et 
al., 2006, 2008b). In human erythroblasts, 
the -globin gene becomes repositioned 
away from its chromosome territory and 
upon activation is often juxtaposed with 
-globin. During this differentiation pro-

cess in mice, however, these genes do not 
become juxtaposed and -globin remains 
within its chromosome territory. Interest-
ingly, the chromosomal contexts of these 
genes in the human and mouse genomes 
are quite different. In human cells, -globin 
is close to a telomere in a gene-dense 
region enriched in housekeeping genes, 
whereas in the mouse it is proximal to a 
centromere and in a region of lower gene 
density (Brown et al., 2006). Having said 
that, neighborhood effects are not uni-
versal. CFTR and its neighboring genes 
become repositioned away from the 
nuclear periphery independently of each 
other when activated (Zink et al., 2004). 
One difference between the neighbor-
hoods of the Mash1 and CFTR loci is the 
number and type of genes activated. The 
genes surrounding CFTR are not coordi-
nately regulated, whereas those !anking 
one side of Mash1 are. Thus, movements 
of genomic neighborhoods may occur 
preferentially if multiple genes are acti-
vated. An extreme case of this is the dra-
matic expulsion of large loops of several 
micrometers containing active multigene 
clusters from the body of the chromo-
some (Misteli, 2007). It is highly likely that 
neighborhood effects also apply to gene 
repression although no examples have 
been reported to date.

Beyond the Tip of the Iceberg
Radial positioning is routinely used as a 
surrogate to determine whether a gene 
undergoes a change in its nuclear loca-

tion, but radial positioning is merely the 
proverbial tip of the iceberg. It is impor-
tant to point out that a lack of apparent 
change in radial position does not mean 
that a locus does not change its position 
within the nucleus. A gene may alter its 
location relative to other gene loci, to 
intranuclear compartments, or to hetero-
chromatin domains. Such relative move-
ments, not necessarily accompanied by 
radial movements, are increasingly being 
recognized as functionally relevant. The 
importance of relative positioning lies 
in its ability to bring distantly located 
genome regions into close spatial prox-
imity, allowing their physical interaction. A 
striking example is the recently reported 
association of the active allele of the 
monoallelically expressed interferon-  
gene with three regulatory sequences 
on distinct chromosomes (Apostolou 
and Thanos, 2008). The authors pro-
posed that these sequences facilitate 
the assembly of the transcriptional 
machinery via their interaction with the 
interferon-  locus. How sequences on 
different chromosomes "nd each other 
in the nucleus and whether and how they 
move within the nucleus are key ques-
tions in the "eld. An intriguing possibil-
ity comes from the observation in living 
cells of linear actin/myosin-mediated 
motion of genome regions over long dis-
tances (Chuang et al., 2006; Dundr et al., 
2007), perhaps pointing to the existence 
of directed gene transport mechanisms 
within the nucleus.

Another manifestation of the poten-
tially important role of relative position-
ing is the clustering of coregulated genes 
in nuclear space. Such clustering is well 
established for ribosomal genes that 
aggregate to form the nucleolus. Similar 
clustering has been suggested for genes 
transcribed by RNA polymerase II, exem-
pli"ed by the association of coregulated 
genes during erythrocyte differentiation 
in transcription centers enriched in RNA 
polymerase II (Fraser and Bickmore, 
2007). How generally applicable clus-
tering of coregulated genes is and how 
precisely clustered genes associate with 
each other is not known. One model 
suggests that gene clusters represent 
transcription factories, which consist of 
preassembled transcription complexes 
that serve multiple genes in a centralized 
fashion (Fraser and Bickmore, 2007). 

Alternatively, other observations favor 
the interpretation that clustered genes 
associate with intranuclear structures 
termed interchromatin granules, which 
are enriched in pre-mRNA splicing fac-
tors and roughly correspond to nuclear 
speckles (Brown et al., 2006, 2008b; 
Lawrence and Clemson, 2008). In addi-
tion to gene activation, clustering of 
genes and chromosomes has also been 
implicated in repression, imprinting, and 
X chromosome inactivation (Fraser and 
Bickmore, 2007; Misteli, 2007; Schneider 
and Grosschedl, 2007), pointing to a 
ubiquitous role of relative positioning in 
genome function. It appears from these 
observations that the relative positioning 
of genes and genomic regions to each 
other undergoes more dramatic changes 
during various events and might there-
fore be functionally more important than 
radial positioning.

Conclusions
The discovery of distinct radial posi-
tions of chromosomes and genes has 
changed the way we think about genome 
organization. It has highlighted the non-
randomness of higher-order genome 
organization and it has inspired the pur-
suit of how spatial genome organiza-
tion contributes to function. Ironically, 
despite its importance in uncovering this 
fundamental principle of nuclear organi-
zation, the functional relevance of radial 
gene positioning has remained elusive. 
Clearly, radial gene positioning (and 
probably relative gene positioning too) 
are affected by multiple components, 
and positional changes of a given gene 
locus are not determined by a single 
mechanism. Furthermore, it appears that 
different genes behave very differently 
and it is not easy to deduce universal 
rules. A complicating factor in unraveling 
the positioning-function relationship is 
that many studies to date have focused 
on probing the effect of single param-
eters on the positioning of single genes. 
More complex, systematic, and unbi-
ased methods of analysis are required 
to begin to understand the rules and 
consequences of genome positioning 
events. Fortunately, such methods are 
now available. There is no reason why the 
combined use of genome-wide expres-
sion analysis, genome-wide interaction 
maps based on chromosome conforma-
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Other directions (biological): positioning in specific cell 
types, effects of nuclear envelope, repositioning on DNA 
damage, stem cell chromatin ... ?

Other directions (statistical-mechanical): What 
determines activity-based segregation, confined active 
matter

Further 
Work“Meaning of gene positioning”, Takizawa, Meaburn & Misteli, Cell (2008)

Hutchinson–Gilford progeria syndrome

 67Illustrations by Anatomy Blue

Chromosomes in a dividing cell 
(le!) are duplicated and highly 

compact. At other times, though, 
they are singletons and more 

expanded (below). Until the recent 
advent of “chromosome painting” 

techniques, the expanded 
chromosomes were di!cult to 
distinguish from one another. 
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