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ABSTRACT

Chromosome territories (CTs) in higher eukary-
otes occupy tissue-specific non-random three-
dimensional positions in the interphase nucleus. To
understand the mechanisms underlying CT organi-
zation, we mapped CT position and transcriptional
changes in undifferentiated embryonic stem (ES)
cells, during early onset of mouse ES cell differen-
tiation and in terminally differentiated NIH3T3 cells.
We found chromosome intermingling volume to be a
reliable CT surface property, which can be used to
define CT organization. Our results show a correla-
tion between the transcriptional activity of chromo-
somes and heterologous chromosome intermingling
volumes during differentiation. Furthermore, these
regions were enriched in active RNA polymerase
and other histone modifications in the differentiated
states. These findings suggest a correlation between
the evolution of transcription program in modifying
CT architecture in undifferentiated stem cells. This
leads to the formation of functional CT surfaces,
which then interact to define the three-dimensional
CT organization during differentiation.

INTRODUCTION

Genetic material is hierarchically packaged into the nu-
clei of higher eukaryotes as chromatin. This is further con-
densed into chromosomes and these are organized, during
interphase, into distinct regions termed chromosome terri-
tories (CTs) (1). In humans, gene-rich CTs were found in the
nuclear centre and gene-poor at the nuclear periphery (2,3).
But such radial organization of CTs is correlated with CT
size (4,5). Simultaneous labelling of multiple CTs in differ-
ent cell types has revealed that CT organization is also cell
type-specific (6). This is reflected in higher chromosomal
translocation patterns for the adjacent chromosomes (7,8)

and is also present in human cancer cells derived from spe-
cific tissues. For instance, Burkitt’s lymphoma, a B-cell ma-
lignancy, is characterized by translocation between chromo-
some 8 and chromosome 14, whereas acute T cell leukaemia
are associated with translocations between chromosome 7
and chromosome 10 or chromosome 10 and chromosome
14 (9). Such chromosomal interactions were also divulged
by extensive 3C data (10,11). However, the principles under-
lying specific relative chromosome organization are not yet
clear.

Although chromosome length and gene density may
guide the radial organization of CTs, these factors re-
main constant across multiple cell types in an organ-
ism, and hence, are insufficient to explain the cell type-
specific organization of CTs. 3C data have uncovered intra-
chromosome interactions that result from function driven
folding of DNA sequences. These data also predict that
intra-chromosome interactions are mediated by certain
transcription factors and are required for transcription ac-
tivity (12). The specific folding of the DNA sequences is ac-
tive in transcription and mRNA splicing and is hypothe-
sized to induce chromosome intermingling (13-15), which
has been probed by imaging and Hi-C techniques (16—
18). Using a single gene fluorescence in situ hybridiza-
tion (FISH) technique to visualize inter-chromosome three-
dimensional (3D) interactions between candidate genes, co-
clustering of genes within the nucleus at sites of active tran-
scription was revealed (12,19,20). The 3D organization of
chromosomes is thus important in the regulation of gene
expression and hence, we hypothesized that sites of active
transcription can be the organizing centres for CT position-
ing. Such an idea may also extend to the relative position-
ing of non-homologous chromosomes, which we have pre-
viously shown to be dependent on their transcriptional ac-
tivity in specific cells (21).

Interestingly, the above-mentioned cell type-specific CT
organization evolves from pluripotent stem cells. Stem cells
are known to comprise a highly active transcriptome, and
exhibit plasticity in the stiffness of their nuclei (22,23) and
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chromatin dynamics (24). Differentiation results in dras-
tic changes to these properties (25-27) that are accom-
plished only within a few cell divisions. Since chromosomes
can only move in a constrained fashion during interphase
(28), the cell type-specific CT organization should accumu-
late progressively during stem cell differentiation. Therefore
quantitative comparisons of the spatio-temporal organiza-
tion of chromosomes during stem cell differentiation and its
correlation to gene expression programs will be important
to understand the underlying principles of CT organization.

In this work, we correlated whole genome transcriptome
patterns with the spatial organization of chromosomes in
undifferentiated ES cells and at the early onset of differ-
entiation. This was compared to that in terminally dif-
ferentiated NIH3T3 cells. Quantitative confocal imaging
of individual chromosomes revealed the chromosome in-
termingling volume fraction as an important parameter
for understanding relative CT organization. The intermin-
gled regions between two heterologous chromosomes were
enriched in transcriptionally active gene, phosphorylated
RNA Pol IT (RNAPII) and regulatory histone modifica-
tions. We also found that the radial chromosome posi-
tioning also correlates with the chromosome intermingling
volume and size. Our results provide evidence to support
the differential rearrangement of smaller chromosomal do-
mains on individual chromosomes, which together can lead
to large-scale transcription-dependent chromosome posi-
tioning and its intermingling during cellular differentiation.

MATERIALS AND METHODS
Cell culture and perturbations

NIH3TS3 cells were cultured in DMEM (Gibco, Life Tech-
nologies, USA) supplemented with 10% FBS (Gibco, Life
Technologies, USA) and 1X pen/strep (100 units of peni-
cillin, 100 pg of streptomycin; Gibco, Life Technologies,
USA). E14.1 Mouse embryonic cells were maintained by
culturing them on gelatin (0.1%) coated dishes with recon-
stituted media. Reconstituted media was made from ES
cell Knockout DMEM supplemented with 15% Knock-
out Fetal Bovine Serum, 1 mM sodium pyruvate (Sigma
Aldrich, USA), 0.1 mM nonessential amino acids, 2 mM
L-Glutamine, 0.1 mM B-mercaptoethanol (Sigma Aldrich,
USA) and 500 U/ml leukaemia inhibitory factor (Merck
Millipore) and penicillin—streptomycin. All cell culture
reagents, unless otherwise indicated, are from Life Tech-
nologies. All cells were maintained at 37°C in 5% CO; in-
cubator. Transcription was inhibited using a transcription
initiation inhibitor, a-amanitin (Sigma Aldrich, USA) at
40 wg/ml for either 3 or 12 h. Cells were treated with 100
nM of Trichostatin A (TSA, Sigma Aldrich, USA), a hi-
stone deacetylase inhibitor that leads to hyper-acetylation
of chromatin during the 60 h incubation period.

Br-UTP incorporation and detection

NIH3T3 cells were cultured on fibronectin-coated slides for
3 h. Cells were briefly washed with hypotonic buffer (10
mM HEPES-pH7.4 and 30 mM KCIl). This was followed
by incubation with 10 mM Br-UTP (Sigma, B7166) in hy-
potonic buffer at room temperature. After 5 min, the hypo-
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tonic media was replaced with 10% FBS containing DMEM
medium and incubated at 37°C and 5% CO, for 20 min be-
fore fixing it with freshly thawed 4% PFA (in PBS) for 10
min. The PFA was neutralized with a brief rinse in 0.1 M
Tris HCI followed by gentle washing of the cells with 1X
PBS followed by 1 XPBS containing 0.5% Triton X-100 for
permeabilization. After blocking the nuclei with 5% BSA (in
2X SSC) for an hour at room temperature, they were sub-
jected to primary and the secondary antibody diluted in 5%
BSA solution made in 2X SSC.

Gene FISH probe preparation

Rolling cycle amplification method was used to label Bac-
terial Artificial Chromosome (BAC) clone containing zyxin
sequence (RP23-358011, from SourceBioScience, UK) with
biotin or Dig labelled UTP. For the rolling circle amplifica-
tion, 100 ng of the BAC clone was denatured at 95°C for 5
min in 10 pl of annealing buffer (80 mM TRIS-HCI, pH
8.0 and 20 mM MgCl,) before moving to ice. The dena-
tured DNA was subjected to amplification by six units of
phi 29 DNA polymerase (New England Biolabs, catalogue
no. M0269S) with 0.2 mM d(AGC)TP, 0.15 mM dTTP, and
0.1 mM labelled UTP and 12.5 wM Exo-Resistant Random
Primer (Thermo scientific, catalogue no. S0181). The ampli-
fication was carried out at 30°C for 8 h, 65°C for 10 min and
kept at 4°C till CviKI-1 digestion to generate DNA frag-
ments of 100400 bp in size. The digested DNA fragments
was precipitated using 3M Sodium Acetate and twice the
volume of Ethanol for 1 h in —80°C followed by centrifuga-
tion at 13 000 rpm for 20 min on a desktop centrifuge. The
pellet of the gene FISH probe was washed with 70% ethanol
and re-suspended in 10 mM Tris-HCL pHS.0 and used for
FISH.

Chromosome FISH and immunofluorescence staining

For chromosome painting experiments, NTH3T3 cells were
cultured on fibronectin-coated slides for 3 h. ES cells were
cultured on fibronectin for 4, 12 and 24 h. ES cells cul-
tured on Poly-D-Lysine (PDL) were used as the undiffer-
entiated control. Cultured cells were then washed with 1X
PBS to remove cell culture medium followed by treatment
with CSK buffer (100 mM NaCl, 300 mM Sucrose, 3 mM
MgCl,, 10 mM PIPES with pH6.8) for 5 min. Cells are then
fixed with 4% PFA (Paraformaldehyde) for 10 min. PFA was
neutralized with 0.1M Tris-HCI and then cells were washed
and permeabilized with 0.5% Triton X-100 for 8 min. This
was followed by incubation in 20% glycerol overnight and
then five or six freeze-thaw cycles in liquid nitrogen. After
three rinses in 1X PBST solution (0.1% Triton containing
1X PBY), cells were equilibrated with 0.1 N HCI (made in
1X PBS) for 5 min at room temperature. They were then
subjected to 0.002% porcine pepsin (Sigma Aldrich, USA)
digestion in 0.01N HCI (diluted in PBS) at 37°C for 4 min
and quickly fixed with a 1% PFA solution for 5 min. The
cells were briefly rinsed in 1X PBS before being treated
with RNAse (from Promega, USA, 200 pg/ml made in 2X
SSC-0.3M sodium chloride and 30 mM trisodium citrate) at
37°C for 30 min. Cells were then equilibrated in 50% For-
mamide (FA) made in 2X SSC (pH 7.4) at room tempera-
ture for 2-3 h. This was followed by incubation at 4°C or
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until further use for hybridization. Hybridization was set
up the following day. Chromosome paints with or without
DNA FISH probes for zyxin gene, tagged with different
fluorophores (Chrombios, Germany) were thawed to room
temperature and mixed with hybridization buffer provided
by the supplier.

Cells were denatured in 70% FA/2X SSC at 85°C for
2 min and then incubated with the fluorescently labelled
mouse whole chromosome FISH probe mix (Cambio, Cam-
bridge, UK) and the slides were then sealed with a Sigma-
cote (Sigma) coated hydrophobic coverslip and rubber ce-
ment for 1-2 days in a moist chamber at 37°C with shak-
ing. At the end of the incubation period, slides were washed
thrice, each in 50% FA made in 2X SSC at 45°C and in 0.1X
SSC at 60°C. Cells were counterstained with Hoechst 33342
(Sigma, USA) and then mounted with Prolong Gold an-
tifade mounting medium (Life Technologies, USA), sealed
with a coverslip and imaged on a Zeiss 510-Meta confocal
microscope.

In case, where the transcription markers were detected
together with the chromosome positions by FISH, the
nuclei were fixed with 4% PFA after the RNAse treat-
ment for overnight at 45°C. The fixed nuclei were then
equilibrated in 50% FA in 2X SSC (pH 7.4) at room
temperature for 2-3 h and followed by hybridization and
post hybridization washes as mentioned before. After the
last stringent wash of the 50% FA made in 0.1X SSC at
45°C the nuclei were blocked in 5% BSA solution made in
2X SSC and then subjected to primary and the secondary
antibody diluted in 5% BSA solution made in 2X SSC.
The primary antibody used here are anti-RNA Polymerase
IT CTD repeat YSPTSPS phospho S5 (Abcam—ab5131),
anti-Macro H2A.2 (Abcam—abl02126), anti-Histone
H3 (acetyl K9) (Abcam—abl0812), anti-H3 (trimethyl
K9) (Abcam—ab8898), anti-Histone H4 (trimethyl K4)
(Abcam—ab1012), anti-BrdU (Sigma, B2531) and anti-
SRF (Santa Cruz biotechnology, sc-335). Finally, the cells
were counterstained with Hoechst 33342 (Sigma Aldrich,
USA) and then mounted with Prolong Gold antifade
mounting medium (Life Technologies, USA) and sealed
with a coverslip.

Confocal laser scanning microscope imaging

Chromosome FISH slides were imaged using a 100 x 1.4
NA objective mounted on Nikon A1 Confocal microscope
(Nikon, USA). Nyquist sampling criteria were followed and
pixel sizes of 0.13 and 0.15 pm were used in XY and axial
directions, respectively. The pinhole size of one airy unit was
selected and the z-section images acquired using a 639 nm
excitation wavelength. Imaging was performed in sequential
acquisition mode to minimize crosstalk between different
fluorophores. 2X line averaging was used to minimize the
noise involved.

Image analysis

Analysis of 3D FISH images was performed by a semi-
automated algorithm written in MATLAB (Mathworks,
USA). Nuclei and chromosomes were manually selected in
the maximum projected images and their respective masks

were generated. The entire z-stack of the nucleus and chro-
mosome was multiplied using masks to select only the re-
gion of interest. The mean and standard deviation of in-
tensity was computed for the masked nucleus and chromo-
some z-stacks and (mean + standard deviation) was used as
threshold for each section. This resulted in faithful selection
of the nuclear chromosomal regions.

Estimation of radial chromosome position. Thresholded
images of chromosomes and nuclei were used to estimate
the chromosome and nuclei centroids. The nucleus was fit-
ted with an ellipse to estimate its orientation and used to
reorient the nucleus and the chromosomes along the x-axis.
Radial position of the chromosome was measured as the
distance between the nuclear centroid and the centroid of
the chromosome. This distance is normalized by the radius
of the nucleus at the location of the chromosome centroid.
The most probable distance for a given chromosome was
estimated as the distance with highest frequency in the dis-
tribution of its radial distances.

Estimation of intermingling volume. In order to estimate
the volume of intermingling, a combined 3D image was gen-
erated from the binary images of individual homologues
chromosome pairs. For each pair of chromosome analysed,
two images were generated. When both of these images were
multiplied, only the regions shared between the two chro-
mosomes retain a value of 1 and the other regions are ren-
dered a value of 0. This selected region was identified as
the intermingled region and the number of voxels in this
region corresponds to the intermingling volume. This inter-
mingling volume is divided with the volume of the nucleus
to obtain the normalized intermingling volume (/o). Pairs
with non-zero intermingling volume are considered positive
for intermingling and all such pairs are enumerated for a
particular pair of chromosomes.

Estimation of intermingling frequency. The frequency of
intermingling, /feq, was defined as

N
Tiveq = VI x 100

T
where N, is the number of intermingling heterologous chro-
mosomes pairs in a nucleus and N7 is the total number of
possible heterologous chromosome pairs in a nucleus for a
given pair of chromosomes.

Estimation of RNAPII enrichment. The distribution of
RNAPII on the chromosome was estimated by dividing the
chromosome into a 3-pixel (450 nm) thick shell and interior
excluding the shell. The chromosome surface was identified
from the binary image of the chromosome and a 3-pixel
shell that was generated by differentiation in all the three
directions. The shell in the x direction is generated by

Shell,+ (x, y, z) = Chr (x, y, z) — Chr (x + Ax, y, 2)

Shell,_ (x, y, z) = Chr(x, y, z) — Chr(x — AXx, y, 2)

Where Chr(x,y,z) represents the binary chromosome image
with the centroid at (x,),z) of the chromosome and Ax is



the thickness of shell. Shell,+ and Shell,. denote the differ-
entiation in the positive and negative direction. The com-
plete shell in the x direction is obtained by

Shell, (x, y, z) = Shell ., + Shell,_

Similar shells were generated in y and z directions and
denoted as Shell, and Shell,, respectively. The final shell is
given by

Shell (x, y, z) = Shell, + Shell, + Shell.

This can lead to overcounting of pixels. Hence a binary
image was generated by replacing all non-zero pixels by 1.
The region interior of the chromosome is generated by

Interior (x, y, z) = Chr(x, y, z) — Shell (x, y, z)

The mean and standard deviation of RNAPII intensity
was estimated in the shell and the interior of the chromo-
some. The distribution of RNAPII was estimated by the co-
efficient of variation (COV) defined as

cov=2
m

In order to estimate the enrichment of RNAPII in the
intermingled region, a RNAPII enrichment factor was de-
fined as

.
polll Iext
where [iy is the intensity of RNAPII in the intermingled re-
gion and I is the intensity of RNAPII in the chromosome
excluding the intermingling region. npoir could be affected
by the statistics over the small number of pixels in intermin-
gling region as compared to the rest of the chromosome.
Hence to eliminate such effects, an image was generated
with random intensity with mean and standard deviation
similar to the experimental RNAPII image. npoinr estimated
from this was considered as a negative control.

Statistical analysis

A Student’s T-test was used as a test of significance wher-
ever the standard deviation in the distributions overlapped.
In the case of gene expression profiles, which have a non-
Gaussian distribution, a Wilcoxon’s signed rank test was
performed to test the significance in differences in the ac-
tivity of chromosomes. Significance of the correlations ob-
tained was tested by false discovery rate (FDR) analysis.
Towards this one of the quantities correlated was generated
randomly for 10 000 iterations and correlated with the other
quantity. The FDR was defined as

Number of iteration showing correlation

better then the actual correlation
FDR =

Total number of iterations

Microarray sample preparation and analysis

To perform genome-wide transcriptome analysis, 65 000
cells were seeded on fibronectin coated (FN) and uncoated
(CT-control) tissue culture dishes (Nunc, Denmark) and
cultured for 3 h. E14.1 cells were either cultured on PDL
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to maintain them in a differentiated state (CT-control) or
were cultured on fibronectin for different periods of time
to inducing an early onset of differentiation. The cells were
harvested and RNA was isolated using RNAeasy kit (Qia-
gen). RNA concentration and purity was determined using
a Nanodrop® ND-1000 spectrophotometer (Wilmington,
DE, USA) and the integrity of RNA was verified. Microar-
ray was performed using the Agilent Gene Whole genome
40 000 microarray chip (AMADID -014868) by Genomax
technologies, Singapore. To reduce the noise in gene expres-
sion, microarrays were performed in duplicate for NTH3T3
cells and triplicate for ES cells. Typically, each gene on a mi-
croarray chip is represented by multiple probes. Hence the
expression level of a particular gene was obtained by com-
puting the mean expression of all the probes representing
the gene. Similarly expressing genes within replicates were
selected using the following condition:

‘Genei1 — Gene?

<

((Gene} — Genef) + 0.5stdev (Gene,-l — Gene?))

where Gene} and Gene? represent the activity of ith gene
in the first and second replicate, respectively. ‘< >’ and

‘stdev (Gene} — Genef)’ represent averaging and standard

deviation over all the gene. In case of ES cells where mi-
croarray was performed in triplicates, a T-test was per-
formed and the genes with a P-value < 0.05 were selected.
The selected genes indicate that the gene expression is faith-
fully represented between the biological replicates.

Gene expression profiles obtained from microarray ex-
periments have a long-tailed distribution. To estimate the
difference between the gene expression profiles of individual
chromosomes, the histogram of the individual gene expres-
sion profiles was compared. Highly expressed genes were
selected by setting a cutoff of 500 in the intensity. The his-
tograms of each chromosome were generated with 10 bins
and normalized with the total number of selected genes
in the chromosomes. Inter-chromosome activity distance
(IADgk1) was generated by selecting a pair of chromo-
somes and estimating the symmetrized Kullback Liebler di-
vergence given by

SKL _1 ) pi(a) l ) pja)
DI =2 2 ("”n<p, (a)) talp (”)ln(pl (a>>

RESULTS

Chromosome territories in terminally differentiated cells have
higher intermingling than undifferentiated cells

In order to identify changes in chromosome organization
that occur in differentiated and undifferentiated cells, we
measured the chromosome positions in ES cells and ter-
minally differentiated NIH3T3 cells. ES cells were cultured
on PDL-coated glass slides to maintain the undifferenti-
ated stem cell state. Morphologically, the ES cells remained
spherical on PDL, whereas NIH3T3 cells were flatter with
ellipsoid nucleus. The flattening was quantified as the as-
pect ratio of the nucleus (ratio of the long axis and short
axis of the fitted ellipse). ES cells had more spherical nuclei
with aspect ratio near one and in NIH3T3 the aspect ra-
tio was much higher (Supplementary Figure S1). The cells
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ES PDL

NIH3T3

Figure 1. Chromosome intermingling in undifferentiated ES and differen-
tiated NIH3T3 cells. (A) Representative images showing intermingling vol-
ume in different chromosome pairs in ES and NIH3T3 cells. (B) Schematic
for /.1, intermingling volume fraction. (C) Quantification of the /,,; for ES
cells on PDL and NIH3T3. Scale bar, 5 pm. ** denotes FDR < 0.05.

were then subjected to 3D-Fluorescence In situ Hybridiza-
tion (3D-FISH) (Figure 1A).

Several recent studies have quantified chromosome orga-
nization by visualizing absolute and relative chromosome
positioning. Absolute positioning is measured by radial po-
sition of chromosomes based on gene density or size, assum-
ing each chromosome to be an independent entity. Relative
chromosome positioning measured as proximities of chro-
mosomes forms an additional layer of organization, where
neighbourhood of chromosomes are the organizing entities.
This results in a multidimensional interaction map, which
is unique for each tissue type. In addition to course-grained
chromosome FISH data, 3C techniques have mapped se-
quence level proximity and revealed a long-range interac-
tion between regulatory elements and genes, which could
be present on different chromosomes. Similar interactions
can also be visualized as overlap between two CTs in both
light and electron microscopy and has been termed chromo-
some intermingling. Chromosome intermingling leads to
frequent chromosome translocations between certain pair
of chromosomes in cancer cells (13). Due to the suggested
functional importance and implicated role in transcrip-
tional regulation, we analysed chromosome intermingling
as a measurement of chromosome organization.

We observed multiple interactions between heterologous
chromosomes (Figure 1A) by measuring chromosome in-
termingling volume, which is the region where two heterol-
ogous chromosomes overlap spatially. To quantify these in-
teractions, the intermingling volume fraction for heterolo-
gous chromosome pair was defined as (Figure 1B)

Intermingling volume
Lot =

Nuclear volume

The intermingling volume is normalized to nuclear vol-
ume, as this does not underestimate the volume of inter-
mingling, if the concerned chromosome is larger in size.

As larger chromosomes also contain the largest number of
genes, they could also potentially form larger chromosome
intermingling volumes according to our hypothesis. Inter-
mingling of selected pairs of heterologous chromosomes in
ES cells cultured for 4 h on PDL was compared to those
of NIH3T3 cells. When the mean value of I, for all the
fluorescently labelled heterologous chromosome pairs was
pooled, I, in NIH3T3 was significantly larger than ES
cells (Figure 1C). This showed that the fraction of the in-
dividual CTs, which overlapped or interacted with other
heterologous chromosomes, was higher in the differenti-
ated cells. The chromatin in the ES cells is known to be
more fluidic where the histones are more dynamic (24) and
the chromatin shows higher spatial fluctuations (23). Hence
we hypothesized that the chromosome intermingling in ES
cells can be due to transient interactions, which will lead to
smaller intermingling volume as compared to the differen-
tiated state where the chromosome intermingling can be a
result of much more stable chromatin interactions.

An extension of this hypothesis was that the interac-
tion between the different heterologous chromosomes in the
plastic ES cell state would be similar. To test if the measured
intermingling volume fraction for specific pair of chromo-
somes were significantly different than others, a T-test prob-
ability matrix was computed (Supplementary Figure S2A
and E). Pairs of chromosomes, which showed significant
difference in intermingling volume, are coloured in brown,
which has P-values <0.05 in the heat map. The T-test matrix
showed that in addition to lower intermingling volume in
ES cells a majority of chromosome pairs were similar (Sup-
plementary Figure S2F). This reflected the plastic nature of
the chromosome organization in the ES cells as shown ear-
lier (23).

Increase in chromosome intermingling fraction correlates
with emergence of transcriptional programs

What could be the underlying reason of the higher intermin-
gling volume observed in the differentiated cells? Transcrip-
tion co-regulation where genes and regulatory sequence
come together to form cis- or trans-interactions can be one
of the reasons. Spatial mapping of the co-expressed genes by
gene FISH reveals (12) that co-expressed genes present on
either homologous or heterologous chromosomes can come
together and co-localize with common transcription factors
required for their transcription. To test this hypothesis we
first measured the transcriptional output of the undifferen-
tiated ES cells and the differentiated NIH3T3 state. ES cells
grown on PDL for 4 h and NIH3T3 cells on fibronectin for a
similar duration were subjected to RNA extraction and mi-
croarray for quantifying its transcriptional landscape (‘Ma-
terials and Methods’). A clear difference in the transcrip-
tional activity of chromosomes of NIH3T3 was observed
when compared to ES cells by performing microarray for
these conditions (Supplementary Figures S3A-B and S4).
To further assess the transcriptional state of the cells, we
generated an IADgk matrix by measuring the symmetrized
Kullback Liebler divergence between pairs of chromosomes
(27), which measures the difference between the distribution
of gene expression activity (Supplementary Figure S3C) de-
termined by microarray for a pair of chromosomes (‘Mate-
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Figure 2. Correlation between transcription activity and chromosome in-
termingling. (A) IADgk 1, matrix for ES cells and NTH3T3. (B) Scatter plot
between the intermingling volume fraction (/y,]) and IADgk, for ES (top)
and NIH3T3 (bottom) cells. (C) PCC for correlation between IADgky, of
ES and NIH3T3, respectively.

rials and Methods’). The IADgk is defined as

sk _ 1 ) pi(@) 1 ; 2, @)
IAD;™ = 2 ;p' @i (P/ (a)) *a ;p, @i ( pi (a))

Where p; (a) and p;(a) are the probability of gene activ-
ity ‘@’ in chromosome i and j, respectively. The summation
is performed over all such activities for a pair of chromo-
somes. High TADggy values, which are denoted by warmer
colours, represent chromosomes with different transcrip-
tional activities, while low IADgk1 values, which are dis-
played by cooler colours in the IADgk matrices, signify
similar transcriptional activities (Figure 2A). To compare
the transcriptional state of ES cells with the differentiated
NIH3T3 cells, we measured the Pearson Correlation Coef-
ficient (PCC) between the IADgk; matrices of these two
states. The PCC value between the ES cell IADgk; ma-
trix and NTH3T3 was very low (Supplementary Figure S5)
showing that the transcriptional landscape between the un-
differentiated ES cells is very different from that of the dif-
ferentiated NTH3T3 cells.

Next, we correlated the intermingling volumes measured
in ES cells or NIH3T3 cells with their respective IADgg
values. As shown in the scatter plots of Figure 2B, the
IADgk 1 was weakly correlated with the Iy in ES cells when
compared to the correlation in case of the NTH3T3 cells,
where the TADgk decreased exponentially with increasing
L. A very weak correlation of —0.009 between the I,
and TADgky in undifferentiated ES cells was found (Fig-
ure 2B and C). Whereas in the terminally differentiated
NIH3T3 cells, the I, was strongly correlated to IADgky,
with a statistically significant PCC value of —0.65 (Figure
2B and C). This correlation between intermingling volume
and IADgk is independent of chromosome size, as correla-
tion between intermingling volume normalized to the sum
of participating chromosomes’ volume (as opposed to nor-
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malizing with nuclear volume as before) still showed a sim-
ilar trend with IADgk (Supplementary Figure S6A).

Intermingling frequencies (/v.q), which quantify the
probability of chromosome interactions (‘Materials and
Methods’), were measured for NIH3T3 cells and also
showed significant negative correlation with the IADgkp
(Supplementary Figure S6B-D). This negative correlation
suggested that chromosomes with higher transcriptional ac-
tivity (low IADgk1 values) overlapped more often and to a
larger extent in differentiated NIH3T3 cells, whereas such
interactions were still undeveloped in the undifferentiated
ES cell.

Transcriptional regulators are enriched at the chromosome
intermingling regions

The increase in the chromosome intermingling fraction in
differentiated cells together with high correlation with the
transcriptional activity suggests the functional nature of
chromosome intermingling. But the correlation itself does
not provide any insight into the molecular mechanism. The
undifferentiated ES cell chromatin is known to harbour bi-
valent histone modifications (29) with both repressive and
activating histone modifications which might repress lin-
eage control genes during pluripotency but at the same time
keep them poised for activation during differentiation. Dur-
ing differentiation these bivalent histone modifications are
lost. The lineage-specific genes get enriched in activating hi-
stone modifications and active RNA polymerase where as
the other genes are turned off by accumulation of the re-
pressive chromatin marks on the promoters (30). Hence, to
further understand the functional nature of the intermin-
gling regions we probed for distribution of transcriptional
regulators with respect to the CT organization, which are
known to change during differentiation, for transcriptional
activation—phosphorylated S2 of Carboxyl Terminal Do-
main of RNA polymerase II (RNAPII), H3K9 acetyla-
tion (H3K9Ac), H3K4 trimethylation (H3K4Me3) (31) and
transcription factor serum responsive factor (SRF); and
for repression—H3K9 tri methylation (H3K9Me3) (32) and
macroH2A.2 (33).

Towards this, we subjected the cells to long fixation proto-
col to preserve the transcriptional markers before perform-
ing the rigorous hybridization of the chromosome probes
(‘Materials and Methods’). After the FISH, the transcrip-
tional markers were immuno-localized and imaged in con-
focal microscope (Figure 3A). First, we measured the distri-
bution of the transcriptional regulators in the differentiated
state of NIH3T3 cells. The enrichment of RNAPII at the in-
termingling regions of the chromosomes was defined as the
RNAPII enrichment factor, mpoy:

Iinlermingling

NMpolll = ———

Ichr

where Ilinermingling and Icn, are the mean intensities of
RNAPII in the intermingled region and the chromosome
excluding intermingled region, respectively. As shown in
Figure 3B, the mean RNAPII intensities shifted to higher
values in regions of chromosome intermingling (/intermingling)
compared to the rest of the chromosome (/). This leads
to a much higher mpo; value than would be expected if
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Figure 3. Transcriptional markers are enriched in intermingled regions.
(A) A composite image showing Chr 4 (green), Chr 6 (red) and RNAPII
(blue). The yellow Region Of Interest shows one of the intermingled re-
gions. Heat map images show the intensity of RNAPII in the intermingled
region and regions of Chr 4 and Chr 6, which do not intermingle. (B) His-
togram showing the distribution of RNAPII in the intermingled regions
and rest of the chromosome. Inset shows mpoy; in ES and NIH3T3 cells
(* denotes P < 0.05). (C) Representative colour map showing the distri-
bution of RNAPII in the interior and on a 400 nm thick shell on surface
of the chromosome. Colour bar indicates the intensity of RNAPIL. (D) A
cumulative histogram of RNAPII in the shell (black) and in the interior
(red) of the chromosome (distributions are significantly different with P <
10~28). Inset shows the comparison of RNAPII intensity in the regions of
the shell occupied by intermingling regions (Shellnermingted) With the en-
tire shell (Shell). **** denotes P < 10~*°. (E) Enrichment factor for ran-
dom simulated image (random), RNAPII, activation markers—H3K9Ac
and H3K4Me3, and repressive markers—macroH2A and H3K9Me3. **
denotes P < 1074, *** denotes P < 10710, **** denotes P < 10~2%. Scat-
ter plot between mpor and IADgky for NIH3T3 cells. Scale bar, 5 pm.
(F) Single confocal Z plane showing of Chr10 (white), Chr4 (cyan), noise-
removed RNAPII (green), SRF (red) and nucleus outline (yellow). Scale
bar, 5 pm. Inset: zoomed in image of the cropped intermingled regions as
marked by the yellow box. Bar graph shows the scatter plot, mean (red
line), standard deviation (SD) and standard error of mean (SEM) for the
PCC of co-localization between RNAPII and SRF.

RNAPII were not enriched in regions of chromosome inter-
mingling as was the case in the simulated ‘random’ RNAPII
intensity of the nucleus (‘Materials and Methods’ and Fig-
ure 3E). Interestingly, a significantly lower mpo value was
obtained from undifferentiated ES cells (inset of Figure 3B
and Supplementary Figure S7C). This suggests that the en-
richment of RNAPII within intermingled regions was well
established only in differentiated cells. The sites marked by
RNAPII were indeed regions of the nucleus that are en-
gaged in transcription, as RNAPII foci coincided with the
Br-UTP incorporated in live cells ("Methods and Materials’

and Supplementary Figure S7A and B). A similar enrich-
ment was observed for markers of activation and repression
of transcription, indicating enrichment can be due to seg-
regation of both positively and negatively co-expressed re-
gions of the chromosome (Figure 3E). In our experiments
we looked at a pair of the heterologous chromosome inter-
mingling at a given time. Although there are many more un-
visualized chromosome intermingling regions are present.
This inability of separating all the possible intermingled and
non-intermingled regions of the chromosome could con-
tribute to noise in the quantification of the npyyy. In spite
of this additional noise, the npoy is significantly higher in
the intermingling region, suggesting a greater enrichment
of the RNAPII.

To qualitatively estimate the effect of labelled and un-
labelled chromosome intermingling regions on the enrich-
ment of RNAPII, we took advantage of the fact that these
inter chromosome interactions usually occur at the surface
of the chromosomes, which harbour active looping regions
of the chromatin (34). We divided the chromosomes into
two regions; a 450-nm thick ‘shell’ region and an internal
region, to quantify the chromosomal distribution of active
RNAPII. The mean intensity of RNAPII was similar in
both the interior and shell regions of the chromosome but
the shell showed higher heterogeneity in the intensity (Fig-
ure 3C). We then estimated the heterogeneity in the distri-
bution of RNAPII by measuring the COV of the marker
in the shell and interior regions. After plotting a cumula-
tive histogram of COV values computed over multiple chro-
mosomes in different nuclei, we observed a significant dif-
ference between the COV in the shell region and that in
the interior region (Figure 3D). This heterogeneity could
stem from an enrichment of RNAPII in the intermingled
regions (overlapping region between two CTs) of the shell
(Shellytermingling) as compared to non-intermingled regions
of the chromosomes (Shell). The intensity of RNAPII in the
intermingled regions of the shell was therefore measured,
and a significantly higher intensity was observed as com-
pared to other regions of the shells (Figure 3D inset).

We find statistically significant enrichment of activated
RNAPII in the intermingling regions, suggesting that these
regions are transcriptionally active. We visualized the co-
localization of RNAPII, and a transcription factor SRF
in the intermingling regions of Chr10-Chr4 in NIH3T3
cells. Chr4 and Chr10 were chosen, as the gene targets SRF
are enriched on these two chromosomes. SRF is a known
mechano-sensitive protein, which controls cell rounding
and differentiation. Figure 3F clearly shows the direct co-
localization of the transcription factor with RNAPII in the
intermingling regions and a higher PCC of co-localization,
further validating the enrichment of the transcriptional reg-
ulators in the intermingling region.

Enrichment of transcriptional markers at intermingling re-
gions correlates with transcription

The high correlation between the IADgk and intermin-
gling volume in the differentiated state corroborated well
with the finding that the intermingling regions in the differ-
entiated NIH3T3 cells had higher concentration of the tran-
scriptional markers. Hence, we decided to investigate if the
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Figure 4. Correlation of transcriptional markers enrichment with tran-
scriptional activity and perturbation in differentiated cells. (A) Scatter
plot to compute correlation between mpo;; and IADgky . (B) Scatter plot
to compute correlation between mpop and Iy Red lines indicate linear
fit. (C) mpoirr for chromosome intermingling regions of Chr11-Chr18 and
Chr1-Chr2. (D) Single confocal Z plane of Chr4 (red), Chr6 (green) and
zyxin (white), with nuclear outline (blue). Scale bar, 5 wm. Inset: zoomed-
in image of intermingling region as marked by the yellow box. Bar graph
shows the quantification of frequency of zyxin in intermingling region.
(E) Quantification of mpyyr in chromosome intermingling regions for tran-
scription perturbations (* denotes P < 0.05 and ** denotes P < 0.001). (F)
Heterogeneity of RNAPII distribution, quantified as COV on the chromo-
some surface and interior on untreated and TSA treatment.

enrichment of active RNAPII is dependent on the intermin-
gling volume and/or transcriptional activity of the chromo-
somes themselves. We determined the correlation between
Mpoir and both 7, and TADgky in NIH3T3 cells, where
the cell lineage specific transcriptome and the intermingling
volumes are the most defined.

We observed a negative correlation between mpo and
IADgk, with a PCC of —0.5 (Figure 4A) indicating a de-
crease in the density of RNAPII with increasing IADgk .
On the other hand, we observed a positive correlation be-
tween the mpoy; and the Iy, suggesting that the intermin-
gling regions are in fact the sites of transcription (Figure
4B). We also checked if the observed mpo;; was correlated
with the size of the heterologous chromosome pair involved.

Nucleic Acids Research, 2016, Vol. 44, No. 11 5155

For this we selected a pair of smaller chromosomes (Chrl1-
Chr18) and a pair of larger chromosomes (Chrl and Chr2)
and computed the npyy; for the two pairs, as shown in Figure
4C. Interestingly, Chrl and Chr2 also contain more number
of genes as compared to Chrl11-Chrl18. This result suggests
that the larger chromosomes, which have a larger number of
transcribing genes, not only may form large intermingling
regions but also have a higher density of co-expressed genes.

To establish position of an active gene with respect to in-
termingling region, we carried out DNA FISH analysis of
a candidate gene zyxin (‘Materials and Methods’), which is
regulated by the transcription factor SRF. We found that
zyxin is upregulated in spread NIH3T3 cells as opposed to
the rounded cells (Supplementary Figure S12B). Hence, this
was a good condition where we could test correlation be-
tween the gene expression level of zyxin and its position
with respect to the chromosome intermingling. The chro-
mosome intermingling was measured for Chr6 and Chr4,
as zyxin is present on Chr6, and Chr4 is enriched for other
gene targets of SRF. We found that the higher number of
cells showed at least one zyxin foci within the intermingling
in spread cells as compared with the rounded cells (Figure
4D) which correlated with the higher expression of zyxin in
spread cells. This strengthened our hypothesis that the genes
in intermingling regions are transcriptionally active.

Transient transcriptional perturbations reveal the structural
nature of chromosome intermingling

We asked if the enrichment of active RNAPII is due to more
stable structural DNA interactions formed during longer
time scale of multiple cell cycles or due to functional modi-
fications of the chromatin required for immediate transcrip-
tional regulation at the chromosome intermingling. To an-
swer this, the cells were treated with global transcriptional
perturbants- a-Amanitin, TSA or serum depletion. Despite
each perturbant causing a disregulation in transcription,
the intermingling region still showed a higher concentration
RNAPII than the randomly selected regions in the nucleus
(Figure 4E). This suggests that the intermingling regions are
formed through a mechanism that is not affected by tempo-
rary changes in transcription.

To assess if this variation was due to the heterogeneous
organization of the chromatin in the nucleus as euchromatin
or heterochromatin regions, we treated the cells with the
histone deacetylase inhibitor TSA. This essentially decon-
denses heterochromatin thereby making the chromatin ho-
mogenous and also increases transcription (35,36). The ra-
tio of shell COV (which is a measure of heterogeneity of
RNAPII intensity) to interior COV was significantly larger
in untreated cells compared to TSA-treated cells, suggesting
the structure of chromatin also contributes to the observed
heterogeneity of RNAPII distribution within the shell (Fig-
ure 4F). But still this was insufficient to decrease the en-
richment of the RNAPII in the intermingling region as
low as the random region negative control as shown in the
graph of Figure 4E. These results suggest that the intermin-
gling regions are structural regions, which are not perturbed
by transient transcriptional perturbations and still retain
higher concentration of RNAPII.
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Figure 5. Radial organization of chromosomes with respect to chromo-
some size, density and /o). (A) Images showing representative chromo-
somes of ES 4 h and NIH3T3 cell in increasing order of their base pair
lengths. (B) Polar plots showing the radial positions of chromosomes 1 and
19 in ES cells, and chromosomes 1 and 18 in NIH3T3 cells, normalized to
the nuclear radius at that angular position. Blue dots indicate individual
chromosomes and red line indicates the maximum probable position of the
distribution. (C) Scatter plot between maximum probable radial position
and chromosome length for ES 4 h and NIH3T3 cells. Red line indicates
the exponential fit. (D) Intermingling volume for two large chromosomes
Chr1-Chr2 and two smaller chromosomes Chr1-Chr2. (E) Scatter plot to
quantify the correlation between the mean maximum probable radial dis-
tance and the intermingling volume measured for a pair of heterologous
chromosomes

Radial chromosome organization also correlates with chro-
mosome intermingling volume and size

Till now our results showed that chromosome intermingling
regions are the structural intermediates, which connects the
transcriptional activity required for specifying tissue spe-
cific transcriptome and relative chromosome organization.
Next we wanted to determine the role of chromosome inter-
mingling, chromosome size and gene density in the radial
positioning of the chromosomes, where the latter two fac-
tors have been implicated as factors responsible for radial
positioning of chromosomes for many different cell types.
In the radial positioning, each chromosome is regarded as
an independent entity, hence we first measured the radial
positions of individual chromosome, defined as the distance
from the nuclear centroid to the chromosome centroid (Fig-
ure 5A). These measurements were normalized with respect
to the local radius of each nucleus and then plotted as blue
points in Figure 5B. The most probable distance (‘Mate-
rials and Methods’) of each chromosome from the centre

of the nucleus was determined from the distribution mea-
surements and plotted as the red dotted line. In NIH3T3
cells, the larger chromosome 1 was predominantly localized
to the nuclear periphery, while the smaller chromosome 18
was primarily located in interior region of the nucleus (Fig-
ure 5B and C). But similar distinction for positioning of the
larger chromosome 1 and smaller chromosome 19 was not
observed for the ES cells. Moreover, when we compared the
radial positions of chromosomes by computing a T-test ma-
trix (Supplementary Figure S8), we observed that chromo-
somes in ES cells are less heterogeneous in their organiza-
tion as compared to differentiated NIH3T3 cells suggesting
the plastic nature of ES cells.

Furthermore, the radial position of each chromosome
was strongly correlated with chromosome length in base
pairs (Figure 5C: PCC ~ 0.56, FDR < 0.012) for NIH3T3
cells. This is evident in the size-based colour-coded radial
position plots (Supplementary Figure S10E), with the seg-
regation of radial position resulting from the localization
of larger chromosomes towards the nuclear periphery. This
observation is in agreement with a previously observed cor-
relation in human male fibroblasts, where the radial dis-
tribution of chromosomes was suggested to be a general
mechanism of chromosome positioning that was conserved
across multiple organisms and cell types (4). In contrast,
the differences in radial positioning of chromosomes in ES
cells (Figure 5B and Supplementary Figure S9), as well as
the segregation of the colour-coded probable radial position
plots (Supplementary Figure S10A), were significantly less
compared to terminally differentiated NTH3T3 cells. This
resulted in a lower PCC value for correlation between ra-
dial chromosome position and chromosome size in ES cells.
Hence, the size-based radial positioning of chromosomes
was not significant in the undifferentiated ES cells, but is
present in the differentiated NIH3T3 cells.

Previously, the radial positioning of chromosomes was
attributed to their gene density—gene-rich chromosomes
were associated with the transcriptionally active nuclear
centre, while chromosomes with fewer genes were located
towards the nuclear periphery (3). To establish whether gene
density was a contributing factor in our observations, we
correlated the most probable normalized radial position of
each chromosome in NTH3T3 cells with their gene density,
which was defined by the total number of coding and non-
coding genes per base pair from http://www.ensembl.org/
Mus_musculus/Location/Genome. In both cases the PCC
obtained was lower than the PCC of radial position based
on chromosome size (Supplementary Figure S8F). Hence
these results suggest that the size-based positioning of the
chromosomes is a more general mechanism.

To test if chromosome intermingling has any role to play
in radial positioning, we tested if mean most probable radial
position of the two heterologous chromosomes for which
the I, was computed correlated with the 7, in differenti-
ated NIH3T3 where the radial organization of the chromo-
somes is well established. The Spearman’s rho for the cor-
relation between the most probable radial position and 7y
was 0.687, which was significant as the FDR for this was
only 0.007. Again from these observations we conclude that
radial position does correlate with the intermingling volume
that is well developed in the differentiated NIH3T3 cells.
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Figure 6. Radial chromosome organization and chromosome intermin-
gling during early onset of differentiation. (A) DNA marked in blue shows
the nuclear morphology. Orthogonal section of each nucleus shown in the
inset indicates nuclear height, scale bar, 5 wm. (B) Quantification of the as-
pect ratio of the nuclei. (C) Spearman’s Rho to quantify the correlation be-
tween the radial chromosomes and its size in Mbp. (D) Bar graph for inter-
mingling volume, Iy, between heterologous chromosomes. (E) Graph for
PCC quantifying the correlation between transcriptional activity, IADgsk .
and intermingling volume, I, for pairs of heterologous chromosomes in
different conditions (* denotes P < 107%).

Although with our observations we were able to show that
radial positions correlate with both chromosome size and
intermingling volume, deconvolving contributions of these
two factors in radial chromosome organization requires fur-
ther inspection.

Both relative and radial chromosome positioning develop to-
gether with appearance of chromosome intermingling at early
onset of differentiation

The previous sections showed clear differences between the
radial and relative positions of chromosomes in the undif-
ferentiated ES cells (on PDL) and differentiated NIH3T3
cells. Both parameters of the chromosome organizations
were well established in the differentiated cells of NIH3T3
cells as compared to ES cells. At the same time we ob-
served that the relative position of chromosome correlates
well with intermingling volume, enrichment of the RNAPII
and transcriptional activity observed in NIH3T3 cells. We
next asked the question if these features of the chromosome
organizations appear during the early onset of differentia-
tion of the ES cells, as cells move away from the pluripotent
state of ES cells.

To investigate the early onset of differentiation, we plated
ES cells on fibronectin for 4, 12 or 24 h, which caused vis-
ible changes in the morphology of cells and plasticity of
chromatin (23). The cells became flatter, the nucleus became
more ellipsoid like (similar to NIH3T3 cells) (Figure 6A
and B) and the transcriptional landscape also changes dur-
ing these early onset of differentiation (Supplementary Fig-
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ures S3 and 4). During the early onset of differentiation the
correlation between the radial positions of the chromosome
and chromosome size increases as ES cells spend more time
on the fibronectin (Figure 6C).

Similarly, the intermingling volume and its correlation
with transcription in the terms of IADgk1, shows a general
trend of increase with time during this early onset of dif-
ferentiation (Figure 6D-E and Supplementary Figure S11).
But during this time enrichment of RNA Pol II remained
at significantly lower as compared to NITH3T3 cells (Sup-
plementary Figure S10), further suggesting that these inter-
mingling regions emerge as structural regions and the en-
richment is perhaps a process, which happens during later
stages of differentiation.

As we had observed nuclei flattening in differentiating ES
cells and terminally differentiated NIH3T3 cells, we asked
whether this could be responsible for the size-based radial
positioning of chromosomes. To investigate this we labelled
chromosomes in a non-adherent T-cell, which, despite being
differentiated, retains a spherical nucleus (18,26). The ra-
dial position of the six homologous chromosomes showed
PCC of 0.7 and suggested the presence of an unidentified
mechanism that facilitates the size-based radial positioning
of chromosomes (Supplementary Figure S13) and rules out
nuclear flattening as one of the possible mechanisms.

DISCUSSION

The 3D organization of CTs within the nucleus has been
suggested to be probabilistic, with our current inability to
predict the CT positions precisely. Still, CT organization is
not completely random, as the radial positions of CT are
believed to be determined according to the chromosomes
gene density or size. Additionally, in the mammalian cell
nucleus, specific heterologous chromosomes are brought to-
gether via the adjacent positioning of the Nucleolar Or-
ganizing Regions to form the nucleolus and also chromo-
some neighbourhood changes during differentiation (37).
This preferential relative chromosome positioning has also
been implicated in an increased frequency of translocation
between certain pairs of chromosomes (13). Together, these
observations suggest that radial and relative chromosome
positioning occurs in an organized and structured manner,
albeit by unknown mechanisms. In this work, we measured
the positions of CTs during the early stages of differentia-
tion in mouse embryonic stem cells and compared the find-
ings to those from terminally differentiated NIH3T3 cells.
This allowed us to record the evolution of CT organization
during differentiation and in doing so, gain some insight
into the mechanisms that determine CT organization.
Chromosome intermingling regions, which were mapped
by 3C and FISH, had been implicated as the functional re-
gions of the chromatin where the co-expressed genes can
interact. Hence, we specifically looked at the relationship
of the chromosome intermingling and the 3D chromosome
organization. To probe cell type-specific CT organization,
we measured the intermingling volume and frequencies be-
tween heterologous chromosomes. Regions of chromosome
intermingling and chromosome surfaces contain a higher
density of active genes, which can undergo transcription
and splicing (13-15). We found chromosome intermingling
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Figure 7. Schematic showing the evolution of chromosome intermingling
during differentiation. (A) Organization of chromatin and CTs in undif-
ferentiated ES cells, differentiating ES cells and terminally differentiated
NIH3T3 cells. (B) Evolution of chromosome intermingling through the
process of differentiation. (C) Evolution of radial chromosome organiza-
tion through differentiation.

volumes to be a more sensitive and statistically significant
measure of the relative CT organization then the widely
used inter-centroid chromosome distance, which is influ-
enced by the chromosome volume (21). In an earlier study,
we found that heterologous chromosomes with similar tran-
scriptional levels are spatially closer when compared to
chromosomes with very different transcription levels (21).
In support of this, we found that inter-chromosomal inter-
actions, which were quantified through the intermingling
volume and frequencies, increased during the early onset of
ES cell differentiation and were highest in terminally differ-
entiated NIH3T3 cells. Interestingly, the total intermingling
volume was found to be smaller in ES cells as compared to
NIH3T3 cells, which again points towards the plastic na-
ture of ES cell nuclear architecture. The intermingling vol-
umes correlated better than the inter-centroid chromosome
distances, suggesting that the intermingling volume and fre-
quency measurements are better reflections of the degree of
transcription and probabilistic nature of chromosome inter-
actions (21).

Inter-chromosome contacts between heterologous chro-
mosomes from both mouse and human genomes have been

extensively mapped using 3C techniques (10) and impli-
cated in chromosome pair translocation and the regulation
of transcription. Indeed, we found that intermingling re-
gions in NIH3T3 cells, which can be described as inter-
chromosome contacts, were enriched with markers of tran-
scription activation and repression. The intermingling re-
gions, which were enriched in activated RNAPII, also con-
tained Br-UTP incorporation and SRF, a transcription fac-
tor relevant for differentiation of ES cells. We also found
zyxin, a target gene of SRF, to be present in the intermin-
gling regions more frequently when transcriptionally more
active. These evidence support our hypothesis of intermin-
gling region as important functional regions in nucleus.

Undifferentiated ES cells, as well as ES cells in the early
stages of differentiation, possessed intermingling regions
that showed an enrichment of transcriptionally active phos-
phorylated RNAPII. The absolute value of RNAPII en-
richment factor was however smaller than that observed in
NIH3T3 cells for similar heterologous chromosome pairs.
RNAPII enrichment was higher between chromosomes
with a similar transcriptional activity (or low [ADgkp).
This negative correlation suggests that the intermingling re-
gions are the basis of such transcriptional activity. This idea
was strengthened by the positive correlation between the
RNAPII enrichment factor and the intermingling volume.
Furthermore, transient perturbation of transcription by ad-
ministration of histone deacetylase (a transcription upreg-
ulator), a-amanitin (a transcriptional repressor) or with-
drawal of serum (global transcription repressor) could not
completely abolish the enrichment of transcriptional mark-
ers at the intermingling regions. This suggests that these
are structurally stable regions formed during differentiation
that remain unchanged during the cell cycle.

We also investigated the potential role of the chromo-
some intermingling in the radial organization of the chro-
mosomes. Previous studies have indicated that CT posi-
tioning is dependent on both gene density (2,3) and chro-
mosome size (4,5). Our findings corroborate the studies of
Bolzer et al. and Sun et al, with CT organization in the
terminally differentiated NIH3T3 cells being strongly cor-
related to chromosome size. However, the radial position of
each chromosome was found to be less dependent on the
gene density than on the chromosome size. This correlation
between chromosome size and position was absent in stably
undifferentiated ES cells as well as in ES cells in the early
stages of differentiation (4, 12 or 24 h on fibronectin), al-
though considerable changes in the level of transcription
were observed during these early stages of differentiation.
Consistent with previous studies, nuclei flattened out as dif-
ferentiation progressed in ES cell (23). By measuring the ra-
dial position of CTs in free-floating naive T cells from mice,
which retain a spherical nucleus despite being differentiated,
we showed a strong correlation between chromosome size
and the radial position of CTs. Our observation that CT
positioning is determined independently of nuclear mor-
phology corroborates with a previous study which reported
changes in the radial position of chromosome 12 during dif-
ferentiation of flat pre-adipocyte cells to the more rounded
adipocyte cells (37). Interestingly, we also observed that het-
erologous chromosomes in the differentiated NIH3T3 cells,
which share similar radial positions, also intermingle more.



Together, these results suggest that the plasticity of nuclear
organization in ES cells (23) might result in the radial orga-
nization of CTs being non-specific until differentiation com-
mences, at which point a specific radial and relative chro-
mosome organization is induced by developing the chromo-
some intermingling regions.

In conclusion, we have shown that radial and relative
chromosome positioning evolves during the process of dif-
ferentiation (Figure 7). In the differentiated state, CTs
are radially arranged according to the chromosome size,
though a weak correlation with chromosome gene den-
sity was also observed. The relative position of the chro-
mosomes may result from transcription regulation depen-
dent interactions, which leads to co-clustering of DNA se-
quences and intermingling of adjacent chromosomes. These
intermingled regions are enriched with markers of both
transcription activation and repression. Whether these dif-
ferent markers of transcription are segregated in the inter-
mingled region requires further investigation. Since these
CT interactions build up, step by step, during differentia-
tion, it remains to be seen how the information of specific
interactions between CTs is transmitted and accumulated
through cell divisions to develop the cell type-specific nu-
clear architecture. Identification of RNA- or protein-based
molecular ties which brings structural stability to intermin-
gling regions will be the key to understand the mechanisms
of chromosome organization.
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