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ABSTRACT
Among the many facets of DNA damage response (DDR), relocation of chromosome territories (CTs)
is most intriguing. We have previously reported that cisplatin induced DDR in human dermal
fibroblasts led to relocation of CTs 12, 15 from the nuclear periphery to its interior while CTs 19, 17
repositioned from the interior to its periphery. Studies of CT relocation remain nascent as we begin
unraveling the role of key players in DDR to demonstrate its mechanistic basis. Consolidating our
recent reports, we argue that gH2AX-signaling leads to enhanced recruitment of nuclear myosin 1
(NM1) to chromatin, which via its motor function, results in CT repositioning. Next, we invoke a
novel systems-level theory that subsumed CTs as pairs, not solo entities, to present the physical
basis for plasticity in interphase CT arrangement. Subsequently, we posited that our systems-level
theory describes a unified physical basis for non-random positioning of CTs in interphase nuclei
across disparate eukaryotes.
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Introduction

The eukaryotic DNA is packaged along with histone
and non-histone proteins to form a 30 nm chromatin
fiber,1 which in turn is non-randomly and hierar-
chically organized into chromosomes. In vertebrates,
during interphase stage of the cell cycle, each chromo-
some is territorially confined and referred to as
chromosome territory (CT)2 such that multiple chro-
mosomes are non-randomly placed in a radial
arrangement.2-5 However, in invertebrates, such as
fungi,6 plants7 and insects,8 the interphase chromo-
somes remain tethered to the nuclear envelope in a
polarized conformation, which is referred to as Rabl
arrangement.

The DNA is subject to damage from endogenous
as well as exogenous sources and such damages to
the genetic material pose a threat in all organisms.
As DNA damage can occur anywhere in the nucleus
it is imminent for the DNA damage response (DDR)
to occur spatially concordant with any damaged

locus (or loci), anywhere in the nucleus. Therefore,
DDR is best described as a systems-level response,9,10

(which for example involves over hundred genes in
humans11,12), that is executed with high fidelity irre-
spective of the nature and extent of damage within a
limit.13 Repair of linear collimated lesions (as that
induced by radioactive a rays)14 as well as pan-
nuclear damage (as that induced by mild dose of cis-
platin)15 have been reported under in vitro condi-
tions. Moreover, this evolutionarily conserved16 and
precisely coordinated response is ubiquitous in both
unicellular and multicellular eukaryotes, with many
different cell-types.17,18 Here, in this Extra View arti-
cle, we discuss results from 3 selected reports from
our laboratory, in the context of some current find-
ings and posit how disparate eukaryotic genomes
adapt using remarkably similar strategies in large-
scale CT repositioning, a unique facet seen during
DDR.15 Our focus will incorporate instances of
large-scale repositioning of specific CTs and a novel
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interpretation of the common underlying biology
from an inter-disciplinary perspective.

CTs repositioning as a unique and specific DNA
damage response

In vertebrates, the spatial positioning of CTs is cell-type
specific19 and therefore the DDR stimuli thereof is also
context driven. Large-scale CT repositioning has been
reported during DDR in an ensemble of human dermal
fibroblast (HDF) cells under controlled in vitro condi-
tions. This unique facet of DDR involved the reposi-
tioning of 4 CTs, chromosome 12, 15, 17 and 19, from
their respective native positions during a 4 hour treat-
ment of 25 mM mild dose of cisplatin.15 The general
methodology is schematically represented in Fig. 1,
where HDFs were probed at 4 different time points
during the entire 28 hour time window, which included
4 hours of cisplatin treatment. The time-series are so
chosen that the window of observation encompasses
robust DDR, withmarginal, if at all, extent of cell death,
where majority of damaged nuclei recover from dam-
ages due to DNA repair. The DDR time-series was
monitored by quantifying the gH2AX response.
Chromosomes 19 and 17, the 2 leading gene-rich CTs,
relocated from their native positions in the interior of
the nucleus to the periphery by the end of this treat-
ment (after 4 hours). Additionally, chromosomes 12
and 15, also relatively gene-rich CTs, relocated from

the nuclear periphery to the center during those 4 hours
(Fig. 2).15 This response was very robust, with approxi-
mately 70–90% of cells exhibiting statistically signifi-
cant relocations, from the native positions of the 4 CTs
mentioned above. Among the remaining CTs, a few
exhibited partial extents of spatial changes (chromo-
some 20) but most CTs did not show any perceptible
relocation from the native non-random positions.15

Spatial relocation of CTs induced by disparate
exogenous stimuli is reversible

From the aforementioned experiment,15 it was most
striking that after the DDR inducing agent was
washed-off from the cells, the relocated CTs reverted
back to their native positions.15 The repositioning of
CTs is not merely an instance of a reversible physical
change as they incurred biological “hysteresis” (CT
relocation and reversal take different time durations).
The reversal of CT positions back to their native posi-
tions needed at least 24 hours after the wash-off, which
was significantly longer than the 4 hours duration for
the forward relocation (Fig. 2).15 Absolute distance
measurements revealed that relocated CTs (chromo-
somes 19, 17, 15 and 12) reverted to the native inter-
CT distances vis-�a-vis stationary CT landmarks follow-
ing the completion of reversal. It is also interesting to
note that this reversal of CTs to their native positions
coincide with the loss of gH2AX foci (indicating com-
pletion of repair). Thus, these results suggest a possible
crosstalk between DNA repair proteins and mecha-
nisms that relocate chromosomes within a cell.
Importantly, these results together reflect that CT reor-
ganization is an integral part of cellular DDR. We spec-
ulate that CT repositioning is linked to “transcriptional
rewiring” of the cell required during large perturbative
changes such as DDR,15 serum starvation,20 etc. We
surmised that the underlying molecular biology for CT
changes associated with relocation and reversal might
not be trivially similar which prompted us to consider
other independent studies where such large-scale CT
repositioning had been reported.

Next, we inferred some parallels from another in vitro
experiment, which had resulted in CTs being relocated
during serum starvation induced stress. That study used
primary dermal fibroblast cells and reported that as nor-
mal fibroblasts exit the cell cycle, the rapid movement of
2 CTs, chromosomes 13 and 18 show rapid relocation
within about 15 minutes in serum starved media.20

Figure 1. An overview of experimental assay and study design
that demonstrated en masse CT repositioning during DNA dam-
age response. This scheme is based on the experimental assay as
reported by Mehta et al.15 Following controlled induction of DNA
double strand breaks by cisplatin treatment of 4 h, it was estab-
lished (using a clonal population of human dermal fibroblast
cells) that CTs 12, 15, 17 and 19 relocated from their original posi-
tion within the nucleus to newer ones. Upon washing off cisplatin
(after 4 h), the original CT arrangement in the nucleus was
restored in the population of treated fibroblast cells following
DNA repair when probed after 24 h.
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Here, the relocation of CTs from their quiescent posi-
tions to their proliferating location was observed after
more than 24 hours from the point of serum re-addition
(to offset the induced biological stress). In a different
study, which only involved serum restimulated cells,
more than 30 hours were required for CT reposition-
ing.21 Interestingly, after their exit from mitosis, CT
positions are set up in the G1 phase of the cell cycle.22,23

High chromatin mobility is observed in early G1 when
the positions of those chromosomes is being set up, fol-
lowed by little or no relocation throughout the cell
cycle.22-24 However, the mechanistic details of regula-
tion that connects CT relocation to cell cycle stages is
currently far from clear and forms an exciting new area
of research. Interestingly, much slower kinetics of CT
reversals observed during both DDR and serum-starva-
tion paradigms suggest that the CT dynamics is per-
haps synchronous with the ongoing cell cycle changes.
In consistent with this notion all these results indicate
that the cells need to traverse through mitosis before

CTs reverted during DDR (Figs. 7 and 8 in ref. 15).
The two paradigms, cited so far, along with various
other reports, suggest that genomes are dynamic both
spatially and temporally at different length scales,
which may vary from gene-level to pan-nuclear scales.
Spatial dynamic changes are not limited to chromo-
somes alone but may even extend to other nuclear
organelles beyond chromatin such as nuclear speckles
and PML-bodies etc. during DDR (unpublished
results). However, the underlying molecular mecha-
nisms that initiate large-scale CT relocations during
various nuclear responses are still unclear. Unlike the
local dynamic changes associated with chromatin loops,
those associated with large-scale CT relocations are
expected to impact genome functions much more
extensively. To understand the mechanistic basis of the
same, we focused on the crosstalk between DDR signal-
ing and the dynamics of CT relocation25 and addressed:
(i) how is a systems-level biological response for chro-
mosomal relocation, orchestrated? (ii) what are the

Figure 2. Restoration of native CT positions after washing off cisplatin. Normal human dermal fibroblasts (NHDFs) were treated with
25 mM cisplatin to induce DNA damage for 4 hours. The cisplatin (Cp) was then washed off (0 h post Cp wash-off) and the cells were
then allowed to repair the damage by placing them in fresh medium and samples were collected at varying time-periods post cisplatin
wash-off (as indicated in Fig. 1). 2D-FISH was then performed for a set of chromosomes and at least 100 images per sample were ana-
lyzed via IMACULAT.50 The software basically divides the nuclei of each cell in 5 shells of equal area (shell 1 being the most peripheral
shell and shell 5 the innermost shell). The amount of FISH probe in each shell is then normalized with the amount of DNA and histo-
grams are plotted. The positions of chromosomes 11 and 19 (panels A–H) and 12 and 17 (panels I–P) were determined at respective
time points using 2D-FISH analyses. Cp D cisplatin. Adapted by permission from BioMed Central: reference 15, copyright 2013.
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motor proteins implicated in such “active” translations,
if any? and (iii) whether motor proteins are impacted
by any signaling events that are associated with DDR?

Outlined next are some of the highlights that have
now begun to define the molecular basis for CT relo-
cations in the context of induced stress during DDR.

Probing the mechanistic basis for CT relocation
and reorganization during DDR

gH2AX signaling is essential for CT relocation during
DDR
In the DDR paradigm, it was shown that CT reposi-
tioning required the activity of the 3 human apical kin-
ases ATM/ATR along with DNA Protein Kinase C
(DNA-PKcs)15 and that gH2AX signaling was also
needed (Fig. 2 reference 25). To understand the role of
gH2AX signaling, we overexpressed a non-phosphory-
latable mutant of H2AX S139A. Cells expressing the
mutant H2AX S139A showed fewer number of
gH2AX foci upon cisplatin damage than those in either
untransfected or H2AX wild type transfected control
cells. We also confirmed that the decrease in gH2AX
foci number led to a concomitant reduction of its
downstream signaling in the mutant H2AX expressing
cells following DNA damage. We observed that DNA
damage induced relocation of chromosomes 19 and 15
was not observed in the cells expressing mutant H2AX
S139A construct, while the same were observed as per
expectations in untransfected or wild type H2AX trans-
fected control cells (Fig. 3, reference 25). Thus gH2AX
signaling at DNA double strand breaks (DSBs) by the
phosphorylated histone variant (gH2AX) was a pre-
requisite for damage induced CT relocation, as cells
deficient in gH2AX signaling fail to exhibit such a
response.25 Statistical analysis quantitated the experi-
mentally derived frequency distributions of CT posi-
tions between the nuclear center and CT center in 3D
confocal images (63x magnification) using Imaris soft-
ware (N D 2, n D at least 30 nuclei) as represented in
Fig. 3 (and Fig. 3 reference 25). Chromosomes 19 and
15 boxplots represented frequency distributions where
the differences between treated and untreated samples
were statistically significant (P < 0.05 and P < 0.01,
from Fig. 3 reference 25). We reported CTs 19 and 15
as relocated, while CT 11 was used as control.25 Next,
to check for the involvement of motor proteins, cells
deficient and proficient (wild type) in a myosin isoform
were sought.

NM1 is essential for DNA damage induced CT
relocation
Addition of ATPase and/or GTPase Inhibitors to pro-
liferating cell cultures depleted in serum impaired
large-scale genome organization and no CT relocation
was observed.20 Therefore, an active mechanism
(of transport) was implicated early on in these studies,
which possibly involved motor proteins such as actin
and myosin. This was subsequently confirmed using
cells that had impaired myosin function.

The human NM1 is the predominant nuclear iso-
form encoded by MYO1C gene.26 To check if this
nuclear motor is essential for CT relocation during
DDR, we used the siRNA mediated knockdown of
MYO1C. As assessed by Western blotting analyses,
this siRNA knockdown resulted in nearly 60–70%

Figure 3. Chromosome territory repositioning requires gH2AX
signaling. The box plots were generated from experimentally
derived frequency distributions of CT positions between the
nuclear center and CT center in 3D confocal images (63x magnifi-
cation), quantitated using Imaris software (N D 2, n D at least 30
nuclei). Adapted by permission from Oxford University Press: ref-
erence 25, copyright 2016. Only top 2-sets among CT19 and CT15
boxplots represented frequency distributions where the differen-
ces between treated and untreated samples were statistically sig-
nificant (P < 0.05 and P < 0.01 as shown in Fig. 3, reference 25).
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reduction in NM1 levels. By using chromosome-spe-
cific 2D-FISH analysis, we assessed the positions of
chromosome 19, 15 and 11 in cells transfected with
control and MYO1C siRNA. Therefore, we corrobo-
rated the results that control NHDFs (treated with the
control siRNA) exhibited the expected relocation of
chromosome 19 from the nuclear interior to the
periphery upon cisplatin damage and vice versa for
chromosome 15. However, under the same experi-
mental conditions, MYO1C knockdown cells failed to
show any damage induced relocation of chromosome
19 and 15 (Fig. 4). We also noted that the negative
control chromosome 11 did not show any spatial relo-
cation following DNA damage in cells treated with
either siRNA. Additionally, we tested whether ATPase
function was relevant for DNA damage induced CT
relocation. To understand how the motor activity of
NM1 influences its enhanced chromatin binding
and CT relocation post DNA damage, cells over-
expressing NM1 motor function defective mutant
(G126S – that has defective ATPase function) or wild

type NM1 were analyzed. As expected, in the control
cells expressing wild type NM1, damage induced
increase in chromatin recruitment of nuclear myosin
protein, encoded by NM1, and CT relocation was
observed. In contrast, the NM1-G126S mutant
expressing cells failed to show such DNA damage
induced changes (Fig. 5), indicating that the motor
function of protein encoded by nuclear myosin gene
NM1 was important for its binding to chromatin fol-
lowing damage and for the subsequent CT relocation.

A hypothetical molecular basis for CT mobility
and active transport

Based on our results described here as well as pub-
lished earlier, we speculate that a co-ordination
between early DDR sensing by apical kinases ATM,
DNA-PK followed by gH2AX signaling; subsequent
chromatin remodeling and NM1 recruitment to the
chromatin is required for DNA damage induced CT
relocation, which is an integral part of DDR. CT

Figure 4. Nuclear myosin1 (NM1) is required for the relocation of chromosome territories. Positions of chromosomes 19, 15 and 11 were
assessed by 2D-FISH in control siRNA and MYO1C siRNA treated cells. 2D-FISH images were analyzed and quantitated by using the compu-
tational script IMACULAT.50 X-axes of the graphs depict the nuclear shell number, with shell 1 being as the outermost and shell 5 being
the innermost. Y-axes of the graphs show the percentage of probe normalized to DAPI. N D 2, n > 100 nuclei. Error bars represent the s.
e.m. P-values calculated using Student’s t-test. “�” and “��” indicate P < 0.05 and P < 0.01, respectively; n.s. D not significant. On graphs
C D Center of nucleus, P D Periphery of nucleus. Adapted by permission from Oxford University Press: reference 25, copyright 2016.
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relocation perhaps is a means of orchestrating large-
scale remodeling of the nuclear milieu, thereby rewir-
ing the transcriptional program for efficient DDR and
maintenance of genomic stability (Fig. 6). One of the
intriguing aspects of this model is that NM1 puncta
on chromatin do not seem to colocalize with gH2AX
repair foci in the nuclei during DDR. However our bio-
chemical assays suggest that gH2AX signaling is func-
tionally coupled to NM1 recruitment, both of which are
mandatory for mediating CT relocation changes. The
nature of functional coupling between these 2 spatially
separate signaling centers is unclear. We are currently
probing DDR specific NM1 interactome with the hope
that candidate(s) from the same might mediate a cross
talk with gH2AX foci. We believe that even though this
model captures the essential mechanistic steps underly-
ing CT relocations, a precise nature of molecular cross
talk that may finally culminate in systemic changes of
CT dynamics is far from clear which forms an active
area of future research.

In addition to the molecular insights on CT dynam-
ics described above, we also sought to learn more
about CT repositioning at a more coarse-grained level
– at a level that subsumed individual CTs into pairs of

Figure 5. Motor function of nuclear myosin NM1 is required for CT relocation due to damage induced DDR. FISH was used to analyze the
positions of CTs 19, 15 and 11 in the NM1 wild type or motor defective over-expressing cells. X-axes of the graphs depict the nuclear
shell number, with shell 1 being the outermost and shell 5 being the innermost. Y-axes of the graphs show the percentage of probe nor-
malized to DAPI. ND 2, n D at least 100 nuclei. On graphs CD Center of nucleus, P D Periphery of. Adapted by permission from Oxford
University Press: reference 25, copyright 2016.

Figure 6. Data derived schematic describing our current
understanding of the molecular basis for CT repositioning.
The roles of gH2AX-signaling axis of DNA damage response
leads to enhanced recruitment of nuclear myosin protein,
encoded by NM1 gene, to chromatin. “?” Indicates significant
steps of functional coupling whose molecular basis remain
unclear.
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CTs. As such studies were unconventional, we used a
first principles approach from physics to investigate
how CT positioning and its subsequent repositioning
was architecturally feasible in the crowded milieu of
the human nucleus.

Organization of CTs from kilobase scales to beyond
solitary CTs

For nearly 2 decades, long before the noncoding part
of the human genome was described and annotated, 2
empirical rules outlined the basis for spatial position-
ing of chromosomes in interphase nuclei. The first
rule contended that gene rich CTs were localized to
the nuclear interior,27,28 while in the second one was
that small-sized CTs were localized to the nuclear
interior.29 However, ambiguities in chromosomal
arrangement could not be explained. Moreover, new
Hi-C technology provided deep insight in to a fractal-
like pattern of chromosomal arrangement,30 which
melded well with a crumpled globule model of the
DNA that had been proposed using polymer physics
approaches.31 Therefore, we asked what information
could be obtained from diverse disciplines to gain an
insight into the physical basis for CT repositioning?

A physical organization of CT arrangement that
subsumes individual CTs

It has been long realized that CTs intermingle with
neighboring CTs and other nuclear structures, such as
nuclear lamina, within the inter-chromosomal space.32

The spatial proximity among CTs may in turn
manifest as translocations among two or more
chromosomes at high frequency—beyond random
occurrences,19,33 and furthermore it has also been
independently reported that intermingling volumes
between specific CTs correlate with the frequency of
chromosome translocations.32 Although, at chromo-
somal length scales, these CTs remain relatively sta-
tionary during interphase, it has been long reported
that chromatin strands (at resolutions finer than
nucleosomes) experience constrained diffusion-like
dynamics.34 Following that, it was suggested that CTs
were not distinct entities that were separated by spaces
depleted in chromatin35 and then subsequently con-
firmed by a series of relatively recent high throughput
chromosome conformation capture (Hi-C) experi-
ments from disparate mammals.30,36-41 Evidence for
chromosomal-level positional ambiguity (degeneracy)
among intermingling CTs has also been strengthened

Figure 7. Comparison of the hierarchical organization for genome-level data generated independently from experiment (A) and theory
(B). (A) Population-based analysis of Tethered Conformation Capture (TCC) Hi-C results,38 from the (46,X,X) diploid human nucleus, for
chromosome territory localizations. Clustering of CTs was generated with respect to the average distance between the center of mass
of a CT pair in the genome from the population of cells. The TCC Hi-C clustering dendrogram is shown on top and a matrix of the aver-
age distances between CT pairs is shown at the bottom. The darker blue shade signifies proximal genomic loci signifying closer contacts
in space and therefore the intensity (of shade) changes inversely with the distance of separation between loci. Panel adapted by permis-
sion from Macmillan Publishers Ltd: reference 38, copyright 2012. (B) The hierarchical clustering of effective gene density elements from
the effective gene density matrix that is generated for the diploid human male genome (46,X,Y). The 5 CTs associated with the Nucleolar
Organizing Region are represented in bold. Four CTs that do not concur with “cluster 1” in panel A are highlighted using hash (#) in
panel B.

NUCLEUS 455



by the results from various ensemble-based Hi-C
experiments.30,36-41 Those experiments have generated
unflinching support for the possible physical contacts
among genomic loci across long-ranges spanning
mega bases and across CTs, which were generated
from unbiased all-to-all genome-spanning contact
maps (heat map as shown in Fig. 7A) at inter-CT
length scales, across species. Again, from unbiased Hi-
C data, in the context of genome activity it has also
been reported that active chromatin marks (such as
H3K36 trimethylation sites) correlate with long-range

genomic loci, including inter-CT loci.30,42 Additionally,
single-cell Hi-C study has revealed statistically signifi-
cant cell-to-cell variability in inter-CT arrangement,
substantiating the organizational plasticity in the
murine genome.43 Despite such organizational plastic-
ity, the inter-CT contact interfaces seem to be pat-
terned such that active gene domains are positioned
where the CTs contact or intermingle.43 Therefore, we
speculate that the 3D organizational plasticity is linked
with the genome activity as represented by H3 lysine 4
tri-methylation sites from the single-cell Hi-C study.43

Figure 8. (A) schematic representing distinct CT positioning in the (46,X,Y) diploid human nuclei. (A) The effective gene density distribu-
tion from CT pairs is represented in a histogram using off-white color (s0 – highest effective gene density) to red color (s6 – lowest effec-
tive gene density). All pairs of chromosomal entities (suprachromosomal units), which were derived from the human genome represent
the histogram in panel A. Lighter colored hues, from off-white to yellow, represent a shallow pool of degenerate suprachromosomal
entities. However, deeper hues, from orange to red, represent progressively larger pools of degenerate suprachromosomal units with
similar effective gene density. (B, C) Cartoons of 2 human nuclei, rendered in 2D, represent the plasticity of a hypothetical arrangement
of those suprachromosomal entities. The cohorts of suprachromosomal entities s0 – s6 may be used to recreate different CT constella-
tions in cell type-specific or a clonal population of human nuclei. As mandated by a hypothetical boundary condition, where suprachro-
mosomal units are arranged with relatively high effective gene density suprachromosomal contributors (described by s0 – s2) toward
the interior of the nuclei. This condition then sets the basis for a self-organized arrangement where the lower effective gene density
contributors (described by s5 – s6) are toward the periphery (direction of arrowhead). Schematic suggests multiple ways (plasticity in
spatial CT arrangement) in which suprachromosomal units described by s5 – s6 occupy the periphery of the 3D nucleus, those described
by s0 – s2 occupy the interior and s3 – s4 are intermediate to the 2. Solid contours imply suprachromosomal entities in the foreground
while those in the background are shown using dashed contours.
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Clearly solitary CTs failed to capture the overall
inter-CT dynamics that concerned us, and so we
sought a physical scale that was beyond solitary CTs.
In an alternate approach, we proposed a physics-based
theory for the first time, using linear vector spaces
(matrix algebra), whereby it was possible for us to
assess the physical basis of such positional ambigu-
ity.44,45 In our novel theory, which we referred to as
the paired chromosome gene count (PCGC) theory,
we considered pairs of chromosomes as minimal phys-
ically interacting units across the genome.45 These
abstract pairs provided us with a theoretical supra-
chromosomal basis to rationalize the ambiguities seen
during CT positioning in a radial format, and during
CT relocations. Moreover, if the eukaryotic nucleus is
perceived as a complex physical system with multiple
chromosomes, it is but natural that a solitary chromo-
some cannot be considered as an independent player
that shapes the architecture of the eukaryotic 3D
genome. Therefore, we proposed to investigate the
complexities of the genome at a higher, but abstract
physical dimension, which we termed as the supra-
chromosomal scale. Our formalism involved solving
the mathematics using linear vector algebra (matrices).

A higher order organization in the eukaryotic
genome takes the form of chromosomes, each of which
encodes several hundred genes. One may mathemati-
cally characterize the total number of genes per chro-
mosome (say on the chromosome labeled Cj) by the
product of the chromosomal length Lj

� �
and a coarse-

grained average gene density dj
� �

. In this formalism,
we propose an alternate higher order organization – at
a suprachromosomal scale. Analogous to a solitary CT,
here we have quantitatively described all possible pairs
of nearest-neighbor CT C’

jk (a pair from CTs labeled Cj

and Ck), which we termed as a suprachromosomal
pair, using its effective total gene count (n’jk).

45 Then,
analogous to an isolated chromosomal entity, where
the total number of genes is the product of an average
coarse-grained gene density and the chromosomal
length, we hypothesized that an effective total gene
count n’jk is a product of the effective gene density (s

’
jk)

and an effective length of the suprachromosomal pair:

n
0
jkD s

0
jk L

0
jk: (1)

This formalism has, for the first time, delineated
a new way of describing the “suprachromosomal”

organization comprising of inter-CT couplings. Since
the biologic framework of the same is unknown cur-
rently, we resorted to a computational description of
the same, which enabled us uncover the basic rules of
CT hierarchy in the mammalian nuclei.45 Next, we
derived this effective gene density term as a sum of the
original gene density term representing a solitary CT
(intrinsic parameter) plus a correction term (extrinsic
parameter), which lends it a semblance of a systems-
level parameter that is incumbent on its neighborhood,
subsuming a solitary CT. This effective gene density is:

s
0
jkD

d
0
jk

2
1C LjdkC Lkdj

LjdjC Lkdk

� �
D s

0
kj : (2)

For a diploid male nucleus with 46 CTs, chromo-
somes 1–22, X and Y, the effective gene density may
be mathematically represented as a 24 £ 24 matrix as
shown in Fig. 7B. An unbiased hierarchical clustering
generates two primary subgroups of CTs, which we
refer to a Group A and Group B.45 We note a remark-
able similarity in the contents of Group A and Group
B (Fig. 7B)45 to the Clusters 1 and 2 respectively repre-
sented in Fig. 7A.38 The subgrouping of all CTs cor-
roborate in the 2 instances except for 4 CTs, 3 of
which (chromosomes 14, 15 and 21) are primarily
associated with the Nucleolar Organizer Region
(NOR). The multiple nucleoli within the human
nucleus may therefore represent an assortment, which
is specific to the NOR, and involves all 10 homologous
acrocentric CTs, 2 each of: chr13–15, chr21 and
chr22. The biological basis of NOR heterogeneity, if
any, with respect to the assortment of NOR-CT clus-
tering in mammalian cells is an interesting unsolved
problem in cell biology. Here, it is important to high-
light that our theoretical method does not mandate
any spatial information with regard to the positioning
of CTs in the interphase nucleus.45 However, on man-
dating (as boundary condition imposed on a physical
system) that the most gene-rich CT (chromosome 19)
occupy the interior of the nucleus (which is an experi-
mentally known fact), we can justify the physical basis
of a self-organized constellation of all the remaining
CTs in the interphase human nucleus (Fig. 8), irre-
spective of cell-type specificity.

We had presented this systems-level perspective of
CTs as an important step forward in our understand-
ing of eukaryotic genome organization because we
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could corroborate the hierarchy tree from indepen-
dent ensemble based Hi-C experiments.30,38 Further-
more, in the same report we have reasoned why
spatial ambiguity of CT positioning emerges as a natu-
ral consequence of this hierarchical tree and corrobo-
rated our findings in disparate vertebrate species.45 By
applying our theory to other vertebrates with known
radial CT arrangement, we correctly predicted their
inner core CTs.45 When we sought the human chro-
mosomes with shared conserved synteny to the pre-
dicted inner CTs from disparate vertebrates, we
discovered that chromosomes 19 and 17 featured
prominently.45 Interestingly, our theory does not
include any DNA sequence information, but our theo-
retical results underscore a highly conserved nature of
inner CTs across disparate vertebrates in the proposed
abstract effective gene density space as well as in the
realm of sequence-based information theory.

There is conclusive evidence that spatial organiza-
tion of chromosomes is dynamic,34 which is further
enhanced during DNA damage;13,46-48 but the ques-
tion persists why? During the discussion of single-cell
Hi-C results we highlighted that the crosstalk of
genome activity and genome plasticity was revealed
from the murine genome. Here, we hypothesize that
the same crosstalk may be constrained during evolu-
tion, which in turn may suggest that genome plasticity
could have evolved across eukaryotes, and not
abruptly appear in the murine lineage. It has been pro-
posed that chromatin compartments influence DDR
and sub-nuclear compartments, like the nuclear enve-
lope and the nucleolus affect DSB repair,13,46-48 but
the component of spatial ambiguity during CT reposi-
tioning (or its lack of) has been unexplained. Using
this physics-based method, we hypothesize that CT
positioning may fundamentally manifest the spatial
degrees of freedom that are mandated during DDR in
the 3D space. Therefore, hypothetically speaking and
irrespective of species, such conformational plasticity
may merely be a consequence of genome-level con-
straints that remain conserved during the course of
evolution – from unicellular species with Rabl CT
arrangement to multicellular species having radial CT
organization. The 3D spatial plasticity of CT arrange-
ment is much restricted for Rabl arrangement because
the CTs remain tethered during interphase. However,
we hypothesize that in the radial format of CT
arrangement, 3D spatial plasticity evolved along with
the genome activity and its expansion, both features

enabling CT relocation during stress – such as induced
serum starvation or controlled cisplatin treatment.
Radial format of CT arrangement provides the neces-
sary plasticity in suprachromosomal organization in
higher eukaryotes where cell-type specific epigenome
function is a critical cellular requirement. Therefore,
we believe that this systems-level theoretical approach
(PCGC formalism) can capture the genome-centric
hierarchy changes during Rabl to radial transition.49

Moreover, PCGC formalism provides a unified and
genome-level approach that integrates multiple supra-
chromosomal organizational states ranging from Rabl
to radial formats, perhaps also encompassing interme-
diate states.49 Therefore, it is of great importance to
theoretically predict Rabl and radial arrangements
using such physics-based approaches to complement
experiments.
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