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Abstract

Despite decades of study of chromosome territories (CT) in the interphase nucleus of mammalian
cells, our understanding of the global shape and 3-D organization of the individual CT remains
very limited. Past microscopic analysis of CT suggested that, while many of the CT appear to be
very regular ellipsoid-like shapes, there were also those with more irregular shapes. We have
undertaken a comprehensive analysis to determine the degree of shape regularity of different CT.
To be representative of the whole human genome, 12 different CT (~41% of the genome) were
selected that ranged from the largest (CT 1) to the smallest (CT 21) in size and from the highest
(CT 19) to lowest (CT Y) in gene density. Using both visual inspection and algorithms that
measure the degree of shape ellipticity and regularity, we demonstrate a strong inverse correlation
between the degree of regular CT shape and gene density for those CT that are most gene rich (19,
17, 11) and gene poor (18, 13, Y). CT more intermediate in gene density, showed a strong negative
correlation with shape regularity but not with ellipticity. An even more striking correlation
between gene density and CT shape was determined for the nucleolar associated NOR-CT.
Correspondingly striking differences in shape between the X active and inactive CT implied that,
aside from gene density, the overall global level of gene transcription on individual CT is also an
important determinant of chromosome territory shape.
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Introduction

Chromosomes in the interphase nucleus do not appear as the X-shaped entities characteristic
of mitosis (Cremer and Cremer 2001; Cremer and Cremer 2010; Stack et al. 1977; Zorn et
al. 1979). Instead, they occur as three dimensional structures termed chAromosome territories
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(CT) (Cremer and Cremer 2010; Cremer et al. 2006; Cremer et al. 2000; Lichter et al. 1988;
Manuelidis 1985; Meaburn and Misteli 2007; Schardin et al. 1985; Tajbakhsh et al. 2000;
Visser and Aten 1999). While the details of CT associations and their degree of non-
randomness is still under investigation, studies to date support a high degree of non-random
but probabilistic arrangements between various CT that show cell type and tissue specificity
in human cells (Boyle et al. 2001; Marella et al. 2009; Zeitz et al. 2009). Moreover, the
spatial arrangement of CT inside the nucleus are dependent on their size (Sun et al. 2000)
and gene density (Kreth et al. 2004).

Despite this progress, our knowledge of how DNA is arranged three-dimensionally into
individual territories and their overall morphology as CT is still in its infancy. Initially, CT
were reported to acquire a nearly spherical shape (Edelmann et al. 2001), with gene rich
CT19 occupying a less compacted territory than the gene poor CT18 (Croft et al. 1999).
Differences in the shapes of active X (Xa) and inactive X (Xi) chromosomes (Eils et al.
1996) were found in which Xi had a smoother and rounder surface while Xa was larger with
a more irregular surface (Eils et al. 1996).

The shapes of CT potentially depend on the relative content of the heterochromatin and
euchromatin. Open chromatin fibers originate from gene rich domains or ridges (Gilbert et
al. 2004). These ridges are less condensed and more irregularly shaped than the gene poor
anti-ridges (Goetze et al. 2007). Live cell studies of CT revealed complex CT shapes. These
findings suggested that different chromosomes may have different shapes and provided a
basis for our current study.

To establish a better understanding of chromosome shapes, we have undertaken a study of
12 different chromosomes in WI-38 and MRC5 normal human fibroblast cells. Based on
visual inspection and computer algorithms, we quantitatively measured the shape and
regularity of the chromosomes. We determined that the overall shape and regularity of CT at
the extreme ends of gene density (most gene rich and most gene poor) correlate with gene
density. Very gene-rich chromosomes were highly irregular in shape and very gene-poor
chromosomes were more regular ellipsoid-like. A significant correlation between gene
density and the degree of shape regularity was also found for chromosomes which are of
intermediate gene densities. Moreover, despite having the same gene densities, striking
differences in the shape regularity were demonstrated for the two homologs of CT X (Xa vs
Xi). These findings are discussed in terms of the role of gene density and activity in
chromosome territory shape.

Despite decades of study of chromosome territories (CT) in the interphase nucleus of
mammalian cells, (Bickmore 2013; Cremer and Cremer 2010; Lanctot et al. 2007; Meaburn
and Misteli 2007; Misteli 2004; Parada et al. 2004a; Parada et al. 2004b) our understanding
of the global shape and 3-D organization of the individual CT remains very limited. With
this in mind, we have undertaken a comprehensive analysis to determine the shape regularity
of different CT in WI138 normal diploid human lung fibroblast cells. To be representative of
the overall human genome, 12 different CT (~ 41% of the genome) were selected ranging
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from the largest (CT 1) to the smallest (CT 21) in size and from the highest (CT 19) to
lowest (CT Y) in gene density.

Shape Categorization Based on Visual Classification

While it is commonly assumed that chromosome territories generally have an ellipsoid-like
shape (Khalil et al. 2007), our initial observations of this large subset of CT suggested wide
variations in shape. Some chromosomes appeared “compact” with a regular ellipsoid-like
shape, while others displayed more of an “open” structure — sometimes with several
protrusions or “looping out” of chromatin from the main body of the CT and/or highly
convoluted borders. Moreover, the degree of shape regularity appeared to be characteristic of
each chromosome. In chromosome 17, for example, a large proportion of the observed CT
had highly irregular shapes with multiple projections extending in various directions (Fig 1).
In contrast, chromosome Y territories were predominantly of a regular ellipsoid-like shape
with only a very minor proportion of highly irregularly shaped CT (Fig 2-3). Detailed visual
inspection led us to divide each CT into three shape categories: 1) regular- a compact
regular ellipsoid-like shape; 2) dlightly irregular- an expanded more open ellipsoid-like
shape often containing a single protrusion and/or limited levels of undulation along the CT
borders; 3) moderately to highly Irregular- even more open and loose structures with major
undulations and/or projections along the CT borders. The 12 human chromosomes classified
into the above categories (100 — 150 CT images were analyzed for each chromosome
number) included: CT 19,17,11 (3 most gene rich), Y,13,18 (3 most gene poor), 22,1,12,X
(intermediate gene densities) and the nucleolar associated chromosomes (22,15,21,13). The
classification was performed without knowledge of the chromosome under inspection.
Representative 2-D projection images illustrating the three shape categories for each CT are
presented along with their corresponding border outlines in Figure 2. It is important to
emphasize that all the chromosomes from gene rich to gene poor had significant levels of
shapes ranging from highly regular to highly irregular. What was distinctive for each
chromosome was the distribution of these three shape categories in the population of each
CT.

Figure 3a shows the % chromosome distribution into the three shape categories for the three
most gene rich and most gene poor chromosomes. The gene poor CT had higher percentages
(38-56%) in the “regular” category while the gene rich CT were higher (38%—70%) in the
“moderately to highly irregular” category. A linear regression analysis performed on the
gene rich/gene poor CT distributions revealed a negative correlation (r2 = 0.70) between the
% distribution in the regular category and chromosome gene densities (Fig 3b) and a positive
correlation (r2= 0.73) in the moderately to highly irregular category (Fig 3d). No correlation
was found between the % slightly irregular and gene density (r2 = 0.27, Fig 3c). These
findings indicate that the very gene rich CT (9.2 — 22.5 genes/mbp) have more open and
irregular shapes while the very gene poor chromosomes (1.1 — 3.3 genes/mbp) had larger
proportions of more regularly shaped CT. Similar results were found for the NOR-
containing nucleolar associated chromosomes (Fig 3i-I), which also have a wide range of
gene densities (2.7 to 8.2 genes/mbp). While the chromosomes with intermediate gene
density (5.2 to 8.2 genes/mbp) (Fig 3e), showed a negative correlation (r2 = 0.70) between
the % distribution in the regular shape category and gene densities (Fig 3f), there was only a
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very weak positive correlation (r2= 0.43) in the moderately to highly Irregular category (Fig
3h), and no correlation in the slightly irregular category (Fig 3g).

A striking difference in shape distributions was found between the two homologs of
chromosome X. The inactive Xi homolog had a more regular, compact shape (Fig 2c(a, b))
with nearly 65% in the regular category (Fig 3m) compared to < 25% (Fig 3m) for the much
more irregularly shaped Xa (Fig 2c(a, b)). To further rule out the possibility that the
differences in the CT shapes were due to variations in labeling from one experiment to the
next, dual labeling FISH experiments were performed in which one relatively gene rich and
one gene poor chromosome were labeled at the same time in the same cells. Two different
pairs of chromosomes were analyzed (CT 13-22 and CT 18-19) with virtually identical
shape distribution patterns as those where only single CT were labeled (data not shown).
Representative images showing these double labeled CT are shown in Figure 2C.

To determine whether there is a difference in the shape regularity between 2 homologous
chromosomes in the same nucleus, we visually classified the 2 homologs of the same CT
into the 3 categories (category 1 — regular, category 2 — slightly irregular, and category 3 —
moderately to highly irregular). The CT investigated were gene rich CT 17, CT 11,
intermediate gene density CT 12, CT X, and gene poor CT 18. CTs 17, 11, 12, and 18 had
the highest % of homologs in the same category (72%-88%) compared to 26% for the CT X
homologs (supplementary Fig S1). These findings demonstrate a significant level of
similarity in the shape regularity of CT homologs in individual cells other than CT X.

Linear regression analyses performed on the three shape categories and the gene densities of
the entire subset of chromosomes revealed a weak negative correlation between the %
regular CT and gene density (r2 = 0.52; supplementary Fig S2a). While no correlation was
observed for the slightly irregular category (r2 = 0.19, supplementary Fig S2b), a weak
positive correlation was obtained for the moderately to highly irregular category (r2 = 0.51;
supplementary Fig S2c). No correlation (r2 = 0.002-0.14) was found between chromosome
size (mbp) and the % of CT in the regular, slightly irregular, and the moderately to highly
irregular categories (Supplementary Fig S3 (a—c). Thus chromosome size has no apparent
effect on shape regularity.

Determining Chromosome Territory Shape by Computational Analysis

Our visual observations and categorizations (Fig 1-3) prompted us to develop computational
approaches to measure the degree of both the ellipticity (e) and the regularity (r) of the CT
shapes (see Materials and Methods). For ellipticity, e = 1.0 only if the shape is a perfect
ellipsoid. Shapes that deviate from an ellipsoid have progressively lower values (Zunic and
Zunic 2013). To quantitate the variation in the regular shape of different CT, we developed
an algorithm that evaluates the overall degree of shape regularity rather than conformity to a
given type of shape such as an ellipsoid (Berg et al. 2008). We term this the “regularity or r
algorithm”and it determines the ratio of the total area of the CT (a) and the convex hull area
(cha) or a/cha (see Materials and Methods, Fig 6h). Analogous to the e-algorithm, the ratio
of a/cha or r for an absolutely regular shape, is 1.0 and increasingly lower values correspond
to progressive increases in shape irregularity (Fig 6h).
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A series of simulated shapes were run through both these algorithms before applying them
to the actual chromosome images (Figure 4a—f). The simulated structures ranged from a
regular ellipsoid and a triangle to considerably irregular ellipsoid-like shapes with
protrusions coming off of the main body. The latter mimic the range of different shapes
which were directly observed for the different CT. Running both algorithms on the simulated
images verified their expected properties. The perfect ellipsoid had an ellipticity (e) value of
1 and a perfect score in terms of regularity (Fig 4a). The extended and irregular ellipsoid-
like structure of Figure 4c had a significant ellipsoid score (0.83) but a lower one for
regularity (0.73). The perfect triangle, on the other hand, scored a low value for e (0.70), but
a perfect regularity score. The irregular ellipsoids shapes in Figure 4d, and 4e were exactly
the same except for two thread-like projections or “looping-outs” in 4e. Addition of the
“looping-outs” drastically lowered both the e- and r-values (Fig 4e). Finally, a highly
convoluted and extended shape had low e- and r- values (Fig 4f).

Representative 3-D surface rendering images of the 3 most gene rich and 3 most gene poor
CT and chromosome X along with their e- and r-values are depicted in Figures 4g—m. A
good correlation is seen between the algorithm scores and the shapes displayed in the
microscopic images. More extensive determinations of e- and r-values performed on actual
CT images, led to the conclusion that values of e = 0.77, and r = 0.75, denote a considerably
degree of ellipsoid-like and regular shapes, respectively. With this as a basis we applied
these two algorithms on our entire CT image sets.

Ellipticity of Chromosome Territories

A high degree of ellipticity was measured for the most gene poor chromosomes ranging
from 0.83 for CT Y to 0.75 for CT 13 (Fig 5a). The 2 most gene rich chromosomes, CT 19
and CT 17, had e values that deviated significantly from regular ellipsoid shapes (0.62 and
0.66 respectively), while CT 11, which has the lowest gene density of the top three had a
value of 0.77 (Fig 5a). 7 of the 9 possible combinations comparing the ellipticity for the
gene-rich and gene-poor CT showed significant differences (p< 0.05). No significant
differences were observed in the ellipticity values between the gene rich chromosome 11,
and gene poor chromosomes - 13, and 18. Linear regression analysis demonstrated a strong
negative correlation (r2 = 0.87) between gene density and the degree of regular ellipsoid
shape (Fig 5b).

The ellipticity test was also applied to CT with intermediate gene densities (CT 22, 1, 12 and
X; Fig 5c¢). Statistically significant differences (p<0.05) were found in 5 out of 6
combinations of ellipticity values among these 4 chromosomes except for combinations
involving CT 1, and CT 12. Linear regression analysis showed only a weak correlation
between e-values and gene density (r2 = 0.56, Fig 5d). In contrast, analysis of the ellipticity
versus gene density for the four nucleolar associated CT (22, 15, 21, 13, Fig 5¢) revealed a
strong negative correlation (r2 = 0.85, Fig 5f). Consistent with our visual observations and
measurements (Fig 1-4), CT Xi had the highest value for ellipticity (0.90), while CT Xa had
a much lower level (0.73, Fig 5g). Moreover, the overall linear regression analysis with all
12 chromosomes together had an r2 value of 0.35, depicting at best a very weak correlation
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between e-values and gene density (Fig S2d). No correlation was found between the
chromosome size (mbp) and ellipticity of the CT (r2 = 0.08, supplementary Fig S3 (d)).

Shape Regularity of Chromosome Territories

Applying the regularity r algorithm to the image sets revealed that the most gene poor
chromosome Y had an r value closest to 1.0 (0.84) followed by the gene poor chromosomes
18 and 13 at 0.77 and 0.79, respectively (Fig 6a). The r-value for the most gene rich CT 19
was 0.71, followed by CT 17 (0.73) and CT 11 (0.75). 8 of the 9 possible combinations
comparing the regularity for the gene-rich and gene-poor CT showed significant differences
(p< 0.05). Linear regression analysis further demonstrated a good correlation (r2= 0.79)
between the r-values and the gene densities for the 3 most gene rich and 3 most gene poor
CT (Fig 6b).

For CT with intermediate gene densities, r ranged from 0.70 for CT 22 to 0.81 for CT X (Fig
6¢). Highly significant differences in r-values were found among these 4 chromosomes
except for combinations involving CT 1 and CT 12. The linear regression analysis showed a
strong negative correlation between the r-values and their respective gene densities (r% =
0.87, Fig 6d). Moreover, analysis of the r-values versus gene density for the four nucleolar
associated CT (Fig 6e) revealed a nearly perfect negative correlation (r2 = 0.98, Fig 6f).
Intriguingly, Xa and Xi showed striking differences in regularity (0.76 vs 0.86; p<10~9, Fig
6g). This is significant since Xa and Xi have the same gene densities but they differ highly in
gene activity. Xi also showed greater levels of ellipticity than Xa (Fig 4 and 5). While the
regression analysis of all the 12 chromosomes together revealed an r2 value of 0.50,
suggesting a weak correlation between r values and gene density (Fig S2e), chromosome
size did not seem to have any effect on CT shape regularity (r2 = 0.01, supplementary Fig
S3e).

Shape Regularity during the Cell Cycle

Next we investigated whether the overall degree of shape regularity is altered between the
G1 and S phases of the cell cycle in W38 cells. Five different CT were analyzed including
the gene rich CT 17, gene poor CT 18, CT 1 and 12 with intermediate gene densities and CT
Xa/Xi. Visual classification of shape regularity revealed only minor differences in the
distribution profiles between the G1 and S phases for CT 17, 18 and X, but much greater
differences for CT 1, and 12 where there was a large increase in the percentage of irregular
structures in S phase compared to G1 (Fig 7a and S4a—d). Computational analysis using the
regularity algorithm confirmed these findings (Fig 7b). Statistically significant differences
were measured (p<0.05) in the r-values for CT 1 (0.78 in G1, 0.74 in S), and 12 (0.76 in G1,
0.72in S) but not for CT, 17, 18 or X (Fig 7b).

Discussion

Spatial positioning has emerged as a fundamental principle governing nuclear processes
(Berezney 2002; Berezney et al. 2005; Bickmore 2013; Kumaran et al. 2008; Lanctot et al.
2007; Malyavantham et al. 2008; Malyavantham et al. 2010; Stein et al. 2003; Zaidi et al.
2007). While it is now well accepted that chromosomes occupy discrete bodies in the

Chromosoma. Author manuscript; available in PMC 2017 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sehgal et al.

Page 7

interphase cell nucleus termed chromosome territories (CT) (Cremer and Cremer 2010;
Cremer et al. 2006; Cremer et al. 2000; Lichter et al. 1988; Manuelidis 1985; Meaburn and
Misteli 2007; Schardin et al. 1985; Tajbakhsh et al. 2000; Visser and Aten 1999), we are just
beginning to unravel the degree to which the CT are organized and the resulting effects on
gene regulation (Bickmore 2013; Cremer and Cremer 2010; Lanctot et al. 2007; Meaburn
and Misteli 2007; Misteli 2004; Parada et al. 2004a; Parada et al. 2004b). For example, our
understanding of the overall shape of CT is very limited. Earlier studies suggested non-
spherical shapes for human CT 7 and X (Eils et al. 1995; Eils et al. 1996) and ellipsoid-like
morphology for mouse CT 1, 11, 12, 15, 19 (Khalil et al. 2007). Moreover, the gene rich CT
19 was reported to occupy a less compacted territory and have a more irregular shape than
the gene poor CT 18 (Croft et al. 1999). Similarly, the gene active CT Xa was found to have
a more irregular and extended shape than its gene inactive CT Xi homolog (Bischoff et al.
1993; Eils et al. 1996; Walker et al. 1991). Differences in CT shapes across the population,
and a relative maintenance of these shapes for up to four hours in the cell cycle were further
suggested from live cell analyses (Edelmann et al. 2001; Muller et al. 2010). Thus studies to
date have been limited to a handful of chromosomes and no detailed investigations have
been performed of CT shapes, their regularities, and the factors affecting their shapes.

In this investigation we have undertaken a systematic analysis of CT shape by both direct
visualization and application of computational programs which precisely quantitate the
degree of ellipsoidal shape and regularity. A subset of 12 chromosomes were selected which
are representative of the wide range of chromosome size and gene densities in the human
genome. This included: a) the 3 most gene rich and most gene poor chromosomes; b)
chromosomes with average gene densities; ¢) nucleolar associated chromosomes; and d)
chromosome Xaetive (Xa) and Xinactive (Xi). Visual examination of hundreds of images for
each CT revealed regular ellipsoid-like shapes for the most gene-poor chromosomes, while
the most gene rich ones had very irregular shapes. We confirmed these observations by
application of newly developed algorithms that quantitate the degree of ellipticity (e) and
overall regularity (r) of the CT shapes. The degree of ellipsoidal or shape regularity varied
from chromosome to chromosome. All the chromosomes from gene rich to gene poor had
significant levels of shapes ranging from highly regular to highly irregular. What was
distinctive for each chromosome was the distribution of these three shape categories in the
population of each CT. Live cell studies (Edelmann et al. 2001; Muller et al. 2010)
performed on CT shapes in the past have also reported differences in the CT shapes within
the population as opposed to the general belief that CT are just spherical or ellipsoid in
shape. Consistently, we found that Chromosome 17, for example, demonstrated both a high
degree of irregularity within the main body of the CT as well as projections extending up to
microns in length away from the main body (Fig 1). CT 19 also had highly irregular shapes
but with lesser levels of projections and the gene poor chromosomes Y, 13 and 18 were
highly enriched in regular ellipsoid-like shapes (Fig 2). Similar linear relationships between
shape regularity and gene density for the most gene rich and poor CT were determined by
visual scoring of images as well as by measurements of ellipticity and shape regularity (Fig
3,5,6). This was also the case for the nucleolar associated CT (13, 15, 21, and 22) and to a
lesser extent the CT with moderate gene densities (CT X, 12, 1 and 22).

Chromosoma. Author manuscript; available in PMC 2017 December 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sehgal et al.

Page 8

Several chromosomes in this study have a similar mbp size but large differences in gene
densities. CT 19 and Y are at the extreme ends of gene density but are virtually identical in
mbp size. Other CT pairs of similar mbp size but vastly different in gene densities are: CT
17/18, CT 11/13, and CT 21/22. The striking dissimilarity between the shape regularity in
the above mentioned CT pairs with equivalent sizes supports the view that gene density and
not chromosome size, plays a major role in the global architecture of CT. Moreover, linear
regressive analysis revealed no correlation between chromosome size and shape regularity
(Fig S3).

We further analyzed the shape regularity between the two homologs of the same CT in the
same cell. A similar regularity was found in a large majority of cells (72-88%) for CT
ranging from gene-rich to gene-poor (CT 17, 11, 12, and 18) but not for CT X (26%, Fig
S1). Thus chromosome homologs in individual cells are largely similar in their degree of
shape regularity even though each CT as a total population has a characteristic range of
regularity.

Aside from gene density a role of transcription in chromosome shape is suggested by the
striking differences in shape regularity between Xa and Xi. If this is the case, it would be
expected that inhibition of transcription would result in a corresponding change in the shape
of Xa toward the more condensed Xi shape. While an earlier study demonstrated this for
CT19 (Croft et al. 1999), the study of Muller et al (2010) did not observe this alteration for
CT11 in living cells. In another recent study transcriptional inhibition resulted in the
compaction in the overall structure of Xa to the level of Xi and led these investigators to
propose that transcription and gene activity do affect CT shapes ((Naughton et al. 2010). Our
measurements of CT X confirmed previous findings (Eils et al. 1995; Eils et al. 1996) of
striking differences in the shapes of Xi (regular and ellipsoid-like) and Xa (irregular and less
ellipsoidal) and further demonstrated a remarkable similarity in the morphology of the
transcriptionally inactive Xi and CT Y. CT Y is the most gene poor chromosome and
displays very limited transcriptional activities (Flicek et al. 2014; Quintana-Murci and
Fellous 2001). From these findings we conclude that gene activity influences CTX shape
regularity and possibly that of CTY. Generalization to the other chromosomes, however, will
require further investigation.

Differences in CT shapes might also be related to corresponding differences in chromatin
folding. Gene rich CT like 19, 17, and 22 (the fourth most gene dense) are abundant in open
chromatin fibers and along each chromosome there is a strong correlation between the
presence of open chromatin and regions of high gene density (Gilbert et al. 2004). In
contrast, gene poor CT like 18, 13, and Y have much lower levels of open chromatin fibers
which correlate with regions containing increased levels of closed chromatin and low gene
density (Gilbert et al. 2004). Transcriptome mapping has further identified chromosomal
regions (typically ranging from 5 to 25 mbp) of increased gene expression (ridges) and
regions of low gene expression (anti-ridges) (Caron et al. 2001). Moreover, ridges are
generally of high gene density, while anti-ridges have low gene densities (Caron et al. 2001;
Gierman et al. 2007). More detailed analysis at the mbp level has revealed that the chromatin
present in ridges is much less compact and more irregular in shape than the chromatin in
anti-ridges (Gierman et al. 2007; Goetze et al. 2007). These previous findings of local
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chromosomal shape alterations at the mbp level are remarkably similar to what we have
found for the global shapes of CT.

Although CT 11 is the third most gene rich chromosome (9.2 genes/mbp), it was overall
more regular in shape than CT 22 (8.2 genes/mbp). CT 11, also has an unusually low content
of open chromatin fibers for a gene rich chromosome as compared to other gene rich CT 19,
and 17, and the intermediate gene dense CT 22 (Gilbert et al. 2004). It is even lower than
some of the moderate gene density CT including 12 (Gilbert et al. 2004). Thus the degree
and arrangement of open versus close chromatin regions in CT may also be an important
determinate of CT shape along with gene density and activity. A role of steric hindrance in
CT shape is also likely considering the crowded microenvironment of the cell nucleus
(Muller et al. 2010).

Numerous investigations demonstrate that long-range chromosomal interactions (both
intrachromosomal and interchromosomal) occur in a transcriptionally dependent manner to
regulate gene expression (Clowney et al. 2012; Osborne et al. 2004; Osborne et al. 2007,
Spilianakis et al. 2005). These chromosomal interactions provides a potential mechanism for
distally located genes to cluster in close proximity at “transcription factories” for gene
function or silencing (Clowney et al. 2012; Malyavantham et al. 2008; Malyavantham et al.
2010; Mitchell and Fraser 2008; Osborne et al. 2004; Osborne et al. 2007; Williams et al.
2010). The CT shape irregularities observed in this investigation may provide the structural
basis to enhance both intrachromosomal and interchromosomal interactions. Large scale
projections or “looping out” of certain gene-rich domains have been reported in correlation
with gene activation (Gilbert et al. 2004; \Volpi et al. 2000; Williams et al. 2002). The finger-
like projections of up to several microns that we have observed enriched in the gene rich
chromosomes may correspond to these regions of active gene expression. In this scenario the
projections would provide the means for genes to increase the distance they can transverse
for productive gene expression. “Looping out” protrusions were also observed in the gene
poor chromosomes (Fig 2), but at a much lower frequent than in the gene rich chromosomes
(Fig 1). CT with intermediate gene densities also displayed occasional projections (Fig 2).

Positioning of CT within the nucleus is likely to also have an impact on their shape. The
nucleolar associated CT show high levels of association with the nucleoli which inevitably
effects the overall shapes of these chromosomes as do the associations of CT with the
nuclear periphery where the majority of the condensed heterochromatin is found. The
peripherally located CT also have more interactions with the lamin proteins (Guelen et al.
2008). A role of nuclear matrix proteins in maintaining the overall territorial organization of
chromosomes has also been reported (Berezney et al. 2005; Croft et al. 1999; Ma et al.
1999). We propose that the final shape of CT are a result of the interactions of several factors
such as open chromatin levels, gene density, gene activity and transcription, positioning in
the cell nucleus, associations with other nuclear proteins, and steric constraints as proposed
by (Muller et al. 2010). Moreover, our findings of statistically significant differences for at
least some of the CT in the degree of overall shape regularity between the G1 and S phases
are consistent with a dynamic nature of global CT shapes that can be altered in concert with
corresponding alterations in the overall transcriptional program during the cell cycle.
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Materials and Methods

Cell Culture

ATCC human lung fibroblast cell lines WI38 and MRC5 were grown in advanced

Dulbecco’s Modified Eagle Medium supplemented with 10% serum and penicillin-
streptomycin at 37°C, 5% COs».

DNA FISH (Fluorescence In-situ hybridization) and Immunofluorescence

Microscopy

Cells were treated with trypsin at ~80% confluency, placed on coverslips and grown
overnight. Fixation was carried out using 4% paraformaldehyde for 10 min, followed by
treatment with PBS-glycine for 20 min. Cells involved in cell cycle studies were pulsed with
20 uM Edu for 30 min before fixation. Cells were permeabilized using 0.5% Triton X-100
(25 min), and incubated in 20% glycerol/1X PBS for 1 h. Four rounds of freeze thaws were
carried out in liquid nitrogen followed by treatment with 0.1N HCI for 5 min. The coverslips
were stored in 50% formamide/2XSSC at 4°C until denaturation was carried out at 75°C for
9 min in 70% formamide/2 X SSC followed by ice cold 50% formamide/2 X SSC for 5 min.
Probe paints for chromosomes 1(DEAC fluorophore), 11 (DEAC fluorophore), 12 (DEAC
fluorophore), 13 (Texas red fluorophore), 15 (Texas red fluorophore), 17 (DEAC
fluorophore), 18 (DEAC fluorophore), 19 (Texas red fluorophore), 21 (Texas red
fluorphore), 22 (DEAC fluorophore), X (DEAC fluorophore), and Y (Texas res fluorophore)
were obtained from Chrombios GMBH, Nussdorf, Germany. The probes were denatured at
75°C for 10 min. The coverslips were then inverted on the probe solution and sealed with
rubber cement. Hybridization was carried out at 37°C for 48 h in a moist chamber. Three
post hybridization washes for 45 min each at 37°C contained in order: 50% formamide /
2XSSC/0.05% Tween-20; 2 X SSC/0.05% Tween 20; and 1 X SSC. All the chromosomes
were labeled in female WI138 cells except for chromosome Y, which was labeled in male
MRCS5 cells. For cells involved in cell cycle studies, S phase cells were selected based on
EdU incorporation (Cavanagh et al. 2011). EdU was detected using the Click-iT EdU
detection kit (Life Technologies, Chicago, IL) following the manufacturer’s protocol with
minor variations. The G1 population was distinguished from G2 by singlet/doublet analysis
(Fritz et al. 2013) using BAC probes that labeled 6 regions throughout the length of the
chromosome. The G2 population was not analyzed in this study.

Images were captured with an Olympus 100X,1.4 NA objective on an Olympus BX 51
(Olympus America Inc., Center Valley, PA) microscope equipped with a Sensicam QE
digital CCD camera (Cooke Corporation, Romulus, MI), a motorized z-axis controller
(Prior), Slidebook 4.0 (Intelligent Imaging Innovations, Denver, CO) and Image-Pro plus 4.1
(Media Cybernetics, Inc., Bethesda, MD) softwares. Optical sections (0.5 um) were
collected, deblurred using the “NoNeighbor algorithm” within Slidebook 4.0, and exported
as 16-bit tiff intensity files for further analysis.
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Identification of Xa and Xi territories

The images obtained after labeling CT X were merged with the DAPI image of the
respective nucleus. The colocalization of one of the copies of CT X with the highly intense
DAPI region in the nucleus (Barr Body) resulted in the identification of the Xinactive
((Teller et al. 2011); Fig S5). The Barr body was easily recognizable in ~85% of the image
sets. Image sets in which this distinction could not be made were not used for analysis.

Visual Classification of Shape Regularity

Images of different chromosomes types were mixed and labels were removed in order to
classify their shape regularity without knowing their identity. Background reduction was
performed using the background subtraction plug in on Image J (National Institutes of
Health, Bethesda Maryland). The chromosome boundary (contour) was then obtained
manually, using Image J’s threshold plug in. The chromosomes were then visually classified
into three broad categories- 1) regular, 2) slightly irregular, 3) moderately to highly irregular.
All optical sections for each image set were inspected as a basis for classification. 100-150
CT images were analyzed for each chromosome.

Computer Analysis and Statistics

Algorithms were developed to measure the level of shape regularity for each image set that
was previously evaluated by visual inspection. In the first algorithm, termed the ellijpticity or
e-algorithm, the closeness of a shape to an ellipsoid was measured. This algorithm (Zunic
and Zunic 2013), is a significant improvement over previously developed algorithms. In this
approach, it is assumed that all ellipses are of the same shape regardless their axis-ratios.
Basically, three steps are used to accomplish the measurement — First, the CT shape is
normalized.

Definition 1—For a given shape S, S is said to be normalized if:
1 The area of S'is 1;
2. The centroid of S coincides with the origin;
3. The orientation O(S) of S is 0.

The orientation (Rosin 2005; Zunic et al. 2006) of a shape means the line that minimizes the
integral of the squared distance of shape’s points to this line. For example, in an ellipsoid,
the orientation is its long axis. The orientation is 0 means the long axis is parallel to X axis.

Then we compute ellipticity measure &(S) from geometric moments to be the direct
measurement of closeness to ellipsoid.

Definition 2—Geometric moments my, 4(S) of a planar shape S is defined as

mp,q(S):ff 2Py drdy
S
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Definition 3—The ellipticity measure e(S) is defined as

1

S S w20 (S) 1S = 10 (S)

NN
*

Where “(8)= \/27r2L(S)—7r % \/4m2L(S)*=1,b(S)= \/27T2L(S)+7r % \/4m2L(8)*—1 and
L(S) = mypo(S) + My 2(S)

It’s proved in (Zunic and Zunic 2013) that £(S) =1 & S 7a an ellipsoid. And the range of
e(8) is (0,1].

Starting from calculating several geometric moments, we can obtain the ellipticity measure
of a chromosome territory. The more e close to 1, the more the territory is close to an
ellipsoid.

In the second algorithm, termed the regularity or r-algorithm, the overall degree of shape
regularity was measured. In this algorithm, the area ratio of each chromosome territory over
its convex hull (a/cha) was determined. The convex hull CH(S) of a set S is the smallest
convex set that contains S. To be more precise, it is the intersection of all convex sets that
contains (S) (Berg et al. 2008). If a chromosome is regular, the ratio of its area over its
convex hull area will be close to 1. An Increase in irregularity will result in a corresponding
decrease of the a/cha ratio. Figure 6h illustrates the convex hull of a hypothetical
chromosome territory. The chromosome boundary is depicted with a solid blue line, while
the convex hull of that territory is shown as a dashed red line. To calculate the ratio of area/
convex hull area (a/cha), convex hulls of chromosome territories were first obtained using
the (function: bwconvhull) in MATLAB and then area of chromosome territories and area of
convex hulls were separately obtained using the (function bwarea).

To optimize the accuracy of the measurements for both algorithms (e- and r-values) each CT
copy was subjected to the computer programs individually. After background subtraction
using Image J, the upper and the lower limits of the image threshold were determined
manually using the threshold plugin in Image J. These upper and lower threshold limits were
then plugged into the algorithms running in MATLAB. The algorithms analyzed all the 3-D
sections of a given CT image, and generated values for each section of the image. The e- or
r- values for CT in each image set was then expressed as the average of all the in focus
sections. The output file for each individual CT was then manually compiled into a
composite MS excel file to allow for further analysis. To determine whether or not
differences in measurements were statistically significant, student’s t-tests were carried out
on the results and all comparisons with p-values below 0.05 were determined to be
significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Irregularity in chromosometerritory 17 shape
Individual optical sections transversing 4 different CT 17 (one homolog) are shown (a—d). 2-

D projection images for the combined sections of each CT are depicted on the extreme right
panels. Arrows point to “looping out and projections”. Scale barrepresents 2 pm
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Fig. 2. Projection images and contours of chromosometerritories
The chromosome territory (CT) projection images were divided into 3 categories based on

the degree of shape irregularity (1- regular, 2-slightly irregular, 3- moderately to highly
irregular). (a) gene rich CT: 19 (a—c), 17 (g—i) and 11 (m-0). The shape classifications were
made based on the contours for the same 2-D projection images after applying the ImageJ
threshold plug-in (CT 19, d-f; CT 17, j-I; CT 11, p-r); (b) gene poor CT: 18 (a—c), 13 (g—i)
and Y (m-0). The shape classifications were made based on the contours for the same 2-D
projection images after applying the ImageJ threshold plug-in (CT 18 d—f; CT 13, j-I; CT Y,
p-1); (c) (a) 2-D projection image of the active (Xa) and the inactive (Xi) CT X; (b) contours
for the same image after applying the ImageJ threshold plug-in; 3-D surface rendering
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images showing irregular shaped CT 22 (red) and regular shaped CT 13 (green) in the same
cell (c), and irregular shaped CT 19 (red) and regular shaped CT 18 (green) in the same cell
(d). This suggests that differences observed in the degree of CT irregularity are not an

artifact of the FISH procedure. Scale bar represents 2 um; grid depicts 50 pm? in Fig c(c, d)
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Fig. 3. Shape distributions of chromosometerritories
(a) % distribution of 3 gene rich CT (19, 17, and 11) and 3 gene poor (18, 13, and Y) in the

3 shape categories; (b) linear regression analysis demonstrates a negative correlation (r2 =
0.70) between the % distribution of regular CT shapes and gene density for (a); (c) linear
regression demonstrates a very weak negative correlation (r% = 0. 27) between the %
distribution of slightly irregular CT shapes and gene density for (a); (d) linear regression
demonstrates a positive correlation (r2 = 0.73) between the % distribution of moderately to
highly irregular CT shapes and gene density for (a); (€) % distribution of intermediate gene
density CT (22,1,12, and X) in the 3 shape categories; (f) linear regression indicates a
negative correlation (r2 = 0.70) between the % distribution of regular CT shapes and gene
densities for (e); (g) no linear correlation is found (r2 = 0.001) between the % distribution of
slightly irregular CT shapes and gene density for (e); (h) linear regression demonstrates a
weak correlation (r?2 = 0.43) between the % distribution of moderately to highly irregular CT
shapes and gene density for (e); (i) % distribution of the nucleolar associated CT (22, 15, 21,
and 13) in the 3 shape categories; (j) linear regression analysis depicts a negative correlation
(r2 = 0.78) between gene density and the % distribution of regular nucleolar CT shapes; (k)
linear regression demonstrates a moderate negative correlation (r2 = 0.63) between gene
density and % slightly irregular; (1) linear regression shows a positive correlation (r2 = 0.74)
of moderate to highly irregular nucleolar CT shapes and gene density; (m) The %
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distributions of the two X CT demonstrate huge differences in shape regularity between Xa
and Xi; n = 100-150 CT images for each distribution study
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h) CT 17

Fig. 4. Computer simulations of shapesand 3-D surface rendering of chromosometerritories
Simulated images (a—f) were constructed in imageJ and run through the computer algorithms

to determine the ellipticity (e), and shape regularity (r) obtained over a range of simulated
chromosomes from highly regular- denoted by an ellipsoid, and a triangle (a,b) - to highly
irregular denoted by both an irregular shape and “looping out” (e, f); (g—m) representative 3-
D surface rendering images and the e, and r values for the 3 most gene rich CT 19(g), 17(h),
and 11(i); the 3 most gene poor CT 18 (j), 13 (k), and Y (I); and CT Xa vs Xi (m). Grid
represents 50 pm?
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Fig. 5. Chromosome territory shape élipticity
An e value of 1.0 denotes a perfectly regular ellipsoid while decreasing values indicate

increasing levels of irregularity in the CT shape. (a) 3 most gene rich (19, 17, 11) and the 3
most gene poor (18,13,Y) CT; (¢) CT with intermediate gene densities (22, 1, 12, X); ()
nucleolar associated CT 22, 15, 21, and 13; (g) Xa vs Xi; (b) linear regression analysis
revealed a strong linear correlation (r2 = 0.87) between the ellipticity and the gene densities

of the most gene rich and poor CT but a weak correlation (r? = 0.56) with CT having
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intermediate gene densities (d); (f) depicts a strong linear correlation (r2 = 0.85) with the
nucleolar associated CT; error bars represent SEM
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Fig. 6. Chromosometerritory shaperegularity
An r value of 1.0 denotes a perfectly regular structure, e.g. an oval, while decreasing values

indicate increasing levels of irregularity in the CT shape. (a) 3 most gene rich (19, 17, 11)
and the 3 most gene poor (18,13,Y) CT; (c) CT with intermediate gene densities (22, 1, 12,
4); (e) nucleolar associated CT 22, 15, 21, and 13; (g) Xa vs Xi; regression analysis revealed
a linear correlation (r2 = 0.79) between r and the gene densities of the most gene rich and
poor CT (b) as well as with CT (d) having intermediate gene densities (r% = 0.87); (f) depicts
a very strong linear correlation (r2 = 0.98) of r and gene density for the nucleolar associated
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CT; (h) schematic diagram showing a hypothetical chromosome territory (blue solid line)
and the convex hull of that shape (red dotted line); error bars represent SEM
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Fig. 7. Chromosometterritory shape during G1 and S phase
Visual classification (a) and computational analysis (b) was performed on CT 17, 1, 12,

Xa/Xi, and 18 in cells which were in either G1 or S phase of the cell cycle. There were no
significant differences in the shape regularity in the 2 cell cycle stages for CT 17, Xa/Xi, and
18 but striking differences for CT 1, and 12 (p<0.05), as indicated by the asterisks; error bars

represent SEM
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