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Abstract
Cells sense physical and chemical signals from their local microenvironment and
transduce them to the nucleus to regulate genomic programs. In this review, we
first discuss different modes of mechanotransduction to the nucleus. Then we
highlight the role of the spatial organization of chromosomes for integrating these
signals. In particular, we emphasize the importance of chromosome intermingling
for gene regulation. We also discuss various geometric models and recent
advances in microscopy and genomics that have allowed accessing these
nanoscale chromosome intermingling regions. Taken together, the recent work
summarized in this review culminates in the hypothesis that the chromosome
intermingling regions are mechanical hotspots for genome regulation.
Maintenance of such mechanical hotspots is crucial for cellular homeostasis, and
alterations in them could be precursors for various cellular reprogramming
events including diseases.

Trends:
- Microenvironmental signals are transmitted to the cell nucleus via both,
physical and biochemical intermediates.
- The spatial organization of chromosomes is critical to regulating
microenvironmental control of gene expression.
- Intermingling regions between chromosomes are enriched with
transcription factors and RNA Pol II.
- The functional clustering of genes is modulated by microenvironmental
signals to exhibit differential gene expression programs.
Introduction
Cellular differentiation programs result in a few hundred different cell types with
well-defined transcription profiles. In this process, cells adapt to the tissue microenvironment and simultaneously sculpt it, thereby defining its geometry, rigidity,
and mechano-sensitivity (1-4). Cells seamlessly transition through the epigenetic
landscape during differentiation and trans-differentiation programs in our body.
These transitions are initiated at the molecular level: cells sense the geometry and
stiffness of the micro-environment and perceive a number of biochemical signals
via proteins on the cell membrane (5-7). These signals are transduced to the
nucleus via a number of canonical signaling pathways (8-9). In addition, the

nucleus is linked with an elaborate meshwork of cytoskeletal filaments, including
actin, microtubules, and intermediate filaments, that bridge the extracellular
microenvironment with the nuclear envelope and the genome (10-12). The
chemical and physical signals that reach the nucleus are translated via chromatin
remodeling enzymes and the transcription machinery to facilitate spatial control
of gene expression (13-15). Recent studies are beginning to reveal that the 3D
neighborhoods of chromosomes, their degree of intermingling, and the clustering
of genes within those intermingled regions, are optimized for cell-type specific
regulatory programs (16-20).

In this review, we highlight our current understanding of how physical and
chemical signals are transduced to the nucleus, how these signals are integrated
within the 3d organization of chromosomes, and how cellular and nuclear
responses to such signals remodel the nano-scale intermingling regions between
chromosomes; see Figure 1. Access to such nano-scale chromosome intermingling
regions is made possible through a number of technological innovations in superresolution microscopy, chromosome capture methods, and large-scale genome
sequencing, which are also discussed in this review. Our synthesis of the recent
work presented in this review culminates in the hypothesis that the chromosome
intermingling regions are mechanical hotspots for genome regulation that harbor
cell-type specific gene clusters. Going forward, we highlight the importance of
rigorous theoretical models to understand cell-type specific chromosome packing
and how gene regulatory networks couple with such spatial hubs to bring about
precise genomic programs when subjected to different micro-environmental
inputs.
Mechano-transduction of extracellular signals to the nucleus

In addition to soluble signals, such as cytokines or growth factors, cells experience
mechanical signals in the tissue microenvironment, such as stretch, compression or
shear (21). These mechanical signals are either static or cyclic, ranging from seconds
to hours (22). Force magnitudes can range from piconewtons for shear forces to
nanonewtons for compressive loading in tissues. Mechanical and biochemical inputs
are sensed via specialized membrane proteins, such as stretch activated channels,
RTKs, Integrins, GPCRs and a host of other receptor proteins (5-9). Then the signals
are relayed via second messengers and/or direct physical transmission from the
membrane to the nucleus. This transmission can happen in two modes, namely via
biochemical transmission and / or physical transmission (23-25).
Biochemical signaling mechanisms include the direct shuttling of transcription factors
from the sites of cell-matrix or cell-cell contacts to the nucleus. This can happen for
example through LIM domain proteins that dissociate from the cell-matrix (26, 27),
through β-catenin that dissociates from cell-cell junctions (28), or through the cleavage
of cytoplasmic domains from receptor proteins such as Notch (29). A second class of
biochemical signaling mechanisms consists of a host of transcription factors that are
shuttled between the cytoplasm and the nucleus upon activation, such as YAP (30).
Finally, a third class of biochemical signaling mechanisms consists of the generation of
secondary messengers, activation, and nuclear translocation of various cofactors to
activate transcription factors that are localized in the nucleus, such as the MRTF-SRF
pathway (31, 32). The typical timescales of such signaling from the membrane to the

nucleus ranges from minutes to hours, depending on whether the signal is transduced
via diffusion and/or actively transported.
Physical signals can be transduced to the nucleus via two distinct modes and their
combinations: For small mechanical perturbations experienced at the plasma
membrane, stress is propagated via the direct physical links between the cytoskeleton
and the nucleus. The most well characterized such links are the actin-nesprin links; and
defects in these links lead to impaired nuclear mechanotransduction (33-35). Typical
timescales for such force transduction is in the range of elastic transmission modes. On
the other hand, large cellular mechanical perturbations lead to the remodeling of the
cytoskeletal organization. This includes for example the calcium mediated remodeling
of actin stress fibers, the tuning of acto-myosin contractility, or the transient
reorganization of the perinuclear actin (36-38). In addition, microtubules and
intermediate filaments can be reorganized to modulate the nuclear morphology and its
deformability. Typical time scales for such remodeling events are in the range of
seconds to minutes, reflecting cytoskeletal turnover rates. Finally, cyclic forces on the
cell membrane can be transduced via a combination of both force modes. An in-depth
review of mechanisms that regulate the assembly of cell-matrix and cell-cell junctions,
the regulation of acto-myosin contractility, or the activation of mechano-sensing
proteins is beyond the scope of this paper. The reader is directed to more recent
comprehensive reviews of this aspect of mechano-signaling (1-9).
Non-Random 3D Chromosome Organization within the Cell Nucleus
Signals from the tissue microenvironment, transduced via a combination of
biochemical and mechanical intermediates, eventually converge on transcription
factors and cofactors. These factors then bind to regulatory DNA sites and determine
which genes are upregulated or downregulated. However, processing of such microenvironmental signals in the nucleus poses a major challenge, since the meter-long
DNA is packed within an approximately 10-50 μm diameter container.
Mechano-chemical signals have to be converted into precise gene expression programs,
despite the highly crowded environment of the eukaryotic nucleus. The 3D nuclear
architecture is determined by compaction of the double-stranded DNA, which has a
typical contour length of ∼1m. Micromanipulation experiments have shown that DNA
is a flexible polymer chain with a persistence length of ∼50nm, resulting in a typical
radius of gyration of ∼200μm. This entropic coil is compacted within the cell nucleus,
which is of about 10 to 50μm in diameter, depending on the cell type. This is achieved
through the binding of histone and non-histone proteins to the DNA, forming a
nucleosomal array that is ~11nm in diameter. This array is folded into a dynamic
chromatin fiber through the interaction of linker histone proteins and stabilized by
histone tail-tail interactions. Recent analysis of chromosome capture assays revealed
that the chromatin is organized into topologically associated domains (i.e., TADs) of
about 1MB in size (15). These topologically associated domains are further folded into
higher-order chromatin structures composed of more condensed gene-poor
heterochromatin and less condensed gene-rich euchromatin regions. This differential
packaging is highly regulated by a number of epigenetic modifications on the amino
acid residues of histone and non-histone proteins and their variants. For example,
increased acetylation of core histone amino acid tail residues results in more open and

flexible chromatin structure; alternatively, methylation of amino acid residues of core
histone proteins facilitates the binding of heterochromatin proteins to form condensed
heterochromatin structures. In this way, as shown in Figure 2, the 1m long 1D sequence
of DNA in an interphase nucleus is condensed into chromosomes of ∼1 to 2μm in
diameter (39-42).

In addition to packaging DNA into a chromosome, the next level of packaging involves
positioning chromosomes (i.e., 23 pairs of chromosomes in human cells or 20 pairs of
chromosomes in mouse cells) within the cell nucleus (43). Because the contour length
and folding fraction of each chromosome is different, the resulting chromosome
volumes are variable. A number of nuclear proteins that reside in the nucleus, most
importantly nuclear lamina (lamin A/C and lamin B), form a structural scaffold to
anchor the chromosomes (44, 45). More precisely, lamin A/C proteins are organized as
a sheet-like structure that connects the inner nuclear envelope to condensed
heterochromatin regions of the chromosomes via a number of adaptor proteins (46, 47).
Without such structural scaffolds, chromosomes would condense even further, as they
do during mitosis. Thus, the interphase nuclei in living cells have to balance the outward
entropic forces of the DNA fiber and the inward condensation forces of a metaphase
chromosome, thereby imposing mechanical constraints on the nucleus (48-50).
Recent experiments have revealed that each chromosome occupies a specific territory
and that the chromosomes are non-randomly positioned within the nucleus (43, 51, 52).
For example, interphase chromosomes appear to have preferred 3D radial positions
when mapped from the center of the nucleus to the periphery. Large or gene-poor
chromosomes have been found to be preferentially located towards the nuclear
periphery, whereas smaller or gene-rich chromosomes are positioned more towards the
center of the nucleus. Recent evidence also suggests that the spatial organization of
chromosomes is cell-type specific and may be evolutionary conserved (19, 53, 54).
Such spatial chromosome organization requires mechanisms for physically anchoring
the chromosomes in the nucleus. This is achieved through interactions between
chromosomes and the tethering of chromosomes to the nuclear envelope via lamin
proteins (55). Cytoplasmic to nuclear links and the transcription machinery provide
further mechanisms to position chromosomes in differentiated cells. While
chromosome neighborhoods are stable in differentiated cells, stem cell nuclei show a
highly dynamic chromosome regulatory landscape and more random chromosome
organizations as compared to somatic cells (56-58).
Chromosome Intermingling and Gene Regulation
To regulate gene expression, upon activation by micro-environmental signals the
transcription factors and their co-factors need to find their respective target gene
promoter sites that can be located on different chromosomes. The 3D organization
of chromosome territories within the nucleus is non-random, highly structured,
and cell-type specific. To obtain a better understanding of the spatial organization
in the nucleus, the intermingling of chromosomes has been mapped using highresolution imaging and FISH experiments (51, 59). The degree of intermingling
can be used as a sensitive measure for the relative chromosome positions. This
measure was shown to be more informative than the absolute chromosome
positions, since the intermingling volume shows a smaller variability within a
given cell type. Furthermore, earlier studies have shown that chromosomes with

similar average transcriptional activity tend to be close in space. Interestingly, the
intermingling volumes correlate better with transcriptional activity than the
distance between chromosome centroids, suggesting the importance of
chromosome intermingling for the regulation of gene expression (59, 60). More
recently, genome-wide contact maps using chromosome capture techniques have
become available for both, mouse and human genomes. Notably, the FISH and
chromosome capture experiments suggest that regions of chromosome
intermingling potentially contain a higher density of regulatory sequences and
could mediate interactions between chromosomes (51-54, 59-61).

Correlation analyses of sequences embedded within intermingling regions and
whole-genome transcription and epigenetic profiles are beginning to reveal the
spatial clustering of co-regulated genes (62-65). The intermingling regions can
comprise of multiple topologically associated domains derived from different
chromosomes. In addition, the intermingling regions have been shown to be
enriched with epigenetic modifications of transcription activation and repression.
For example, immunofluorescence analysis has revealed the preferential
localization of transcriptionally active phosphorylated RNAPII in the intermingled
regions (51, 59). Furthermore, these regions are also enriched with ATPdependent chromatin remodeling enzymes. These tune the acetylation and
methylation patterns to modulate local accessibility to regulatory sites on the
chromatin fiber. These findings suggest that the nano-scale intermingling regions,
which have also been described in the literature as transcription factories (14),
are active sites of transcription. Recent experiments have also shown that the
intermingling regions are structurally stable when inhibiting active
phosphorylated RNAPII, but the intermingling volume is reduced upon inhibiting
transcription factors (59). Cell-type specific chromosome intermingling needs to
be established during differentiation and memorized during cell division.
However, the molecular mechanisms underlying these processes are still unclear.
Identification of RNA and protein based molecular interactions between
chromosomes might be key to understanding the structural memory in
chromosome organization and the structural stability of intermingling regions.
Packing Models: Linking Chromosome Organization to Gene Regulation

The spatial organization of chromosomes in the cell nucleus has been described
by a number of different models, including polymer folding models, molecular
dynamics approaches, statistical models using Hi-C data, and active mechanics
models (41, 42, 66-69). To emphasize the important role of cell mechanical
constraints on chromosome packing and gene regulation, we discuss a
constrained optimization approach based on shape packing models (70, 71).
Shape-packing problems have been a popular area of research in optimization and
discrete mathematics over many years. Recent studies have revealed that
chromosome territories are approximately ellipsoidal shaped. In addition, the
shape of the nucleus strongly depends on the cellular mechanical constraints
within the tissue microenvironment. Further, chromosomes are well-distributed
in the nucleus with a certain amount of intermingling between them to facilitate
the co-regulation of genes. This leads to an interesting model of the spatial
arrangement of chromosomes obtained by solving a constrained optimization
problem. We seek a minimal overlap arrangement of ellipsoids of a given size and

shape into an enclosing container that allows for the co-regulated genes to come
close in space.

More precisely, each chromosome can be modeled by an ellipsoid εi, i=1,… ,n, of a
given size and shape. The nucleus, i.e. the enclosing container, is denoted by Ω and
is assumed to be a convex body for computational reasons. Denoting the vector of
pairwise overlaps between chromosomes by η, then finding an optimal
chromosome arrangement amounts to minimizing the pairwise overlap η subject
to the constraints that each ellipsoid εi lies in the container Ω. Furthermore, to find
configurations that reflect a cell-type specific gene expression pattern, the
pairwise overlap ηij between ellipsoids εi and εj is differentially penalized by the
difference in average gene expression of the two chromosomes; see Figure 3. This
reflects the above-described recent findings that chromosomes with similar
activity tend to be spatially clustered. In addition, a number of studies have
revealed that spatially clustered genes share transcription factors of specific
signaling pathways. By also differentially penalizing chromosome overlap based
on the amount of shared transcription factors, the solutions to the constrained
optimization problem are chromosome configurations that link the nuclear
architecture with gene regulation. This model can be used to analyze and predict
the impact of tissue microenvironment signals to regulate genome programs in a
cell-type specific manner (70, 71).

Mechanoregulation of gene expression
Cells perceive soluble and mechanical (rigidity and geometry) signals from the
local micro-environment and adapt to these input signals by tuning their gene
expression programs (21). The genetic response depends on cell-type; stem-cells
use these micro-environmental signals to differentiate and establish cell-type
specific chromosome organization that is optimized for a particular transcription
program (56-57). While differentiated cells, use such signals to maintain cellular
homeostasis (4-5, 24-25).

The cell nucleus is kept under prestress tension to maintain cell-type specific
chromosome organization, which shows more cell-to-cell variability in stem cells
versus terminally differentiated cells (34, 50). Microenvironmental signals result
in remodelling the cytoskeleton, tuning nuclear deformability, and activating
transcription factors (9-11). These signals then integrate into spatial hubs of
functionally clustered genes – which we term “mechanical hotspots for
transcription” (as depicted in Figure 1). In a given cell-type, the transcription
factors, RNA Pol-II machinery, and post-translational chromatin modifications
provide the necessary stickiness to stabilize chromosome organization and the
mechanical hotspots of transcription (59).
Methods for analyzing these hotspots are coming from major breakthroughs in
imaging and genomic technologies. The ability to map, at single-cell resolution,
genome-wide chromosome contacts combined with whole genome analysis of
epigenetic markers and transcriptomes, are starting to reveal 3D regulatory codes
for transcription control (72). In addition, advances in multi-color superresolution microscopy are enabling the nanoscale structural analysis of chromatin
and its co-localization with active or repressive transcription marks in the

intermingled chromosome and gene neighborhoods (73-75). Furthermore,
technologies to label proteins, genes (using Crispr-Cas systems) and transcripts
(using in situ RNA FISH methods) are providing handles to analyze transcription
at unprecedented spatial and temporal resolution (76-79). Such methods,
combined with better ways to mechanically manipulate single cells (80), enable a
quantitative analysis of chromosome intermingled regions. These experimental
findings together with theoretical models describing the polymer physics of
chromosome folding and the more recent geometrical models of chromosome
packing combined with gene expression analysis are beginning to suggest 3D DNA
folding patterns which are optimized for cell-type specific transcription.
Our hypothesis, that these nano-scale regions of functional gene clusters act as
“mechanical hotspots for transcription control” has important implications for
establishing cellular transcriptional memory. In dividing cells the nuclear
membrane is disintegrated with the spindle formation and sister chromatids are
separated to form two daughter nuclei. While this process involves the breakdown
of cytoskeletal and nuclear architecture, the resulting transcriptional programs
are maintained. A number of studies have revealed that the maintenance of such
transcriptional memory is encoded at the level of posttranslational modifications
on chromatin binding proteins (13). However, such mechanisms alone are
insufficient to epigenetic inheritance. We argue that the spatial organization of
chromosomes and the specific transcription dependent chromosome
intermingling could provide additional mechanisms to maintain cellular
transcription memory (51, 59-60). The local functional gene clusters could
provide stickiness to specific chromosomes enabling the maintenance of their
spatial organization in the two daughter nuclei (62, 65). We suggest that the
relative arrangement of chromosomes and genes are more important to preserve
cellular transcription memory. Specific pairwise chromosome FISH experiments
as well as Hi-C contact maps provide beginning evidence for such mechanical
hotspots necessary to maintain spatial memory in dividing cells (52-54, 58-59).
Stem cells have been shown to have a highly dynamic cell nucleus, and as a
consequence, there is a higher degree of variability in chromosome positions. In
addition, stem cells possess a highly active transcriptome which has been
observed to be correlated with heterogeneous relative chromosome positions.
Mechano-chemical signals experienced by stem cells lead to their differentiation
into specific lineages (81, 82). Time lapse studies of chromosome positions during
the early onset of stem cell differentiation indeed revealed the emergence of stable
relative chromosome positions (59). Collectively, these studies suggest that
cellular differentiation is accompanied by the emergence of a tight coupling
between cellular architecture, the spatial chromosome positions and functional
gene clustering to stabilize cell-type-specific transcription programs (56).
Terminally differentiated cells constantly use micro-environmental signals to
reinforce and maintain their corresponding chromosome organization and gene
expression (85).
Cells test their local microenvironment and activate specific downstream
transcription factors to regulate gene expression patterns (28, 83-84). In fact, the

target genes of specific pathways have been observed to be spatially clustered,
thereby providing an optimized mechanism for the integration of regulatory
molecules, chromatin remodeling enzymes, and the RNA Pol II machinery (62-65,
75). In general, cells in physiology are in a quiescent state and maintain their gene
expression programs throughout the cell-cycle. These expression programs are
altered when local micro-environmental signals change either due to wounds or
pathogen infections. Such alterations invariably involve cytoskeletal remodeling,
reorganization of 3D nuclear architecture, and the activation and cytoplasmic to
nuclear shuttling of transcription factors that eventually are integrated to
functional gene clusters; see Figure 4. We speculate that the key to such
expression changes is the ability to transiently remodel chromosome
intermingling regions, i.e. the “mechanical hotspots”, but yet to maintain a
structural memory of spatial chromosome organization to revert back into
quiescent transcriptional states. Loss of such structural memory could be a
precursor for trans-differentiation programs in tissues, the induction of cellular
apoptosis, and the onset of a number of diseases, including cancer and fibrosis (13).
Concluding Remarks

Going forward, a number of major questions still remain unanswered. For
example, it is yet to be understood, how cells establish cell-type specific
chromosome intermingling that is optimized for its mechanical state. In addition,
the molecular mechanisms that allow the maintenance of such intermingled
regions through cell cycle are rather unclear. Another important question
concerns the mechanical rewiring of such intermingling regions to form new
functional gene clusters during trans-differentiation programs. Insights to such
questions are enabled through single-cell chromosome capture assays combined
with super-resolution imaging during reprogramming. In addition, it is desirable
to develop a rigorous theoretical framework to describe the chromosome
intermingling regions by combining genome-wide regulatory networks with
chromosome packing models and polymer physics at the scale of functional gene
clusters. Such a combination of experiments and modeling will lead to important
new insights into how changes in cell-type specific chromosome intermingled
regions are involved in the onset of diseases such as fibrosis and cancer, and open
new ways for early disease diagnostics and therapeutic interventions.
Outstanding questions:
-

-

-

How are cell type-specific transcription factors transduced to the nucleus
by seemingly non-specific mechanical microenvironmental signals?
Are there active mechanical links between cell matrix and functional gene
clusters that can relay physical forces directly to the scale of genes?
What is the nanoscale structural organization of chromosome
intermingling regions?
What are the molecular mechanisms that cluster genes depending on the
microenvironmental signals?

-

Can one predict the gene expression changes induced by alterations in
nuclear shape and chromosome packing that are modulated by
microenvironmental signals using theoretical models?
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Figure 1: (A) Cells sense the geometry and rigidity of the tissue microenvironment and perceive a number of biochemical signals via proteins on the cell
membrane. (B) These signals are transduced to the nucleus via a number of
canonical signaling pathways. In addition, the nucleus is linked with the cell
membrane through an elaborate meshwork of cytoskeletal filaments, including
actin, microtubules, and intermediate filaments. (C) The spatial organization of
chromosomes in the cell nucleus, in particular the spatial neighborhoods of
chromosomes, their degree of intermingling, and the clustering of genes within
those intermingled regions, are optimized for cell-type specific regulatory
programs. (D) The chemical and physical signals that reach the nucleus are
translated via chromatin remodeling enzymes and the transcription machinery to
facilitate the regulation of particular genes. Our hypothesis is that these
chromosome intermingling regions serve as mechanical hotspots that harbor celltype specific gene clusters and integrate micro-environmental signals for genome
regulation.

Figure 2: Scales of DNA packing in the cell nucleus. The ~1m long double-stranded
DNA is packed into an approximately 10µm diameter cell nucleus. DNA is wrapped
around histone and non-histone proteins to form a nucleosomal array of ~11nm in
diameter. The resulting chromatin fiber is organized into topologically associated
domains (i.e., TADs), which are further folded into a higher-order chromosome
structure. The chromosomes (23 pairs for human cells) are then packed within the cell
nucleus in a cell-type dependent manner.

Figure 3: Geometric chromosome packing models. (A) Chromosomes are modeled
as ellipsoids εi, i=1,… ,n, of a given size and shape. The nucleus is modeled as an
enclosing ellipsoid Ω. The chromosomes are packed within the cell nucleus by
differentially penalizing the pairwise overlap ηij between ellipsoids depending on
the difference in average gene expression of the two chromosomes. (B) Simulation
results of the optimized chromosome packing arrangements show that two
distinct nuclear mechanical constraints result in different chromosome
neighborhoods.

Figure 4: Mechanoregulation of chromosome intermingling. Cells objected to
external microenvironmental signals result in a reversible reorganization of
chromosome intermingling regions, i.e., the mechanical hotspots for
transcription control.

