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Abstract

The primary function of the genome is to store, propagate, and express the genetic information
that gives rise to a cell’s architectural and functional machinery. However, the genome is also a
major structural component of the cell. Besides its genetic roles, the genome affects cellular
functions by nongenetic means through its physical and structural properties, particularly by
exerting mechanical forces and by serving as a scaffold for binding of cellular components. Major
cellular processes affected by nongenetic functions of the genome include establishment of nuclear
structure, signal transduction, mechanoresponses, cell migration, and vision in nocturnal animals.
We discuss the concept, mechanisms, and implications of nongenetic functions of the genome.

In eukaryotic cells, the genome is enclosed within the nucleus, where it is organized into
chromatin fibers and separated from the cytoplasm by the nuclear membrane. The
compaction of the chromatin fiber and its global organization within the confines of the
nucleus play major roles in regulating the expression and propagation of the genetic
information encoded in the genome (1, 2). The chromatin fiber shapes and controls the cell’s
architectural and functional machinery by regulating gene expression. In addition to being
the carrier of genetic information, the genome is also a major structural entity of the nucleus
and, as such, affects cellular structure and function.

A diploid mammalian cell contains approximately 2 m of linear DNA, compressed in the
form of chromatin into a nucleus of typically 10 mm in diameter. Chromatin is a linear
polymer in which the DNA is wrapped around octameric histones to generate nucleosomes
and form a fiber that resembles beads on a string. The chromatin fiber is further organized
into several levels of higher-order structures by electrostatic, hydro-static, and elastic
interactions along the fiber and between genome regions on distinct chromosomes (3) (Fig.
1). Short-range interactions among nucleosomes shape the linear chromatin fiber into
higher-order domains, which are maintained by forces in the piconewton range (4). Longer-
range interactions along the fiber, facilitated by chromatin-bound proteins, promote the
formation of larger domains and ultimately give rise to whole chromosomes (5) (Fig. 1). The
polymeric properties of the chromatin fiber and their role in generating and stabilizing
higher-order chromatin organization are not fully understood, and multiple polymer folding
and interaction models have been proposed to explain higher-order genome architecture (3,
6).

The physical features of the genome affect cellular structure and function. As a result of the
mass of the genome, the inherent motion of the chromatin fiber (which undergoes
fluctuations in the range of 1 to 2 pm) (6, 7), and biologically mediated chromatin
reorganization events (for example, during remodeling of chromatin as part of activation of a
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gene), the genome exerts considerable mechanical forces, both within the nucleus and onto
its cellular surroundings (Fig. 1). These mechanical forces affect cellular functions by
nongenetic means. Dynamic interactions between neighboring chromatin domains, either on
the same or on different chromosomes, generate intranuclear mechanical forces that
propagate toward the cytoplasm, particularly at sites where chromatin contacts the nuclear
envelope (Fig. 1). Conversely, the genome itself is exposed to mechanical forces emanating
from the cytoplasm (8, 9), which may be transmitted either passively at contact points
between the nuclear envelope and chromatin, or actively via the LINC (linker of
nucleoskeleton and cytoskeleton) protein complex, which forms a bridge across the nuclear
envelope that physically connects the genome with the cytoskeleton and transfers
mechanical forces bidirectionally between the nucleus and the cytoplasm (10, 11) (Fig. 1).

An additional important nongenetic means by which the genome affects cellular processes is
via its ability to serve as a binding platform for cellular components. Although this property
is extensively used for genetic regulation by recruiting transcription factors to their
regulatory sites (12), other proteins and large macromolecular complexes exploit binding to
chromatin to perform their functions by nongenetic mechanisms. Prominent examples
include the kinetochore, the nuclear pore complex, and the DNA repair machinery. The
function of these cellular machineries is critically dependent on their binding to chromatin,
but it is the physical properties of chromatin, rather than the genetic information encoded in
the genome, that enables their function.

Whereas the genetic functions of the genome are well established, its nongenetic effects are
poorly understood. The traditional genetic functions of the genome include storage,
propagation, and transmission of the genetic material and rely on the use of the genetic
information encoded in the DNA sequence. In contrast, the nongenetic functions of the
genome do not use its genetic information and are mediated by the physical properties of
genomes. Nongenetic functions of the genome are emerging in diverse biological processes,
including nuclear assembly, response to mechanical forces, cell migration, cell cycle
progression, cellular signaling, and even physiological functions such as vision in nocturnal
animals. We discuss here the concept, mechanisms, and the biological implications of
nongenetic functions of the genome.

The genome as a determinant of nuclear architecture

A major nongenetic function of the genome is its role in establishing and maintaining the
overall structure of the eukaryotic cell nucleus (Fig. 2). This function is evident from in vivo
and in vitro studies of the postmitotic assembly of the nuclear envelope, a key event in the
cell cycle (13). During mitosis, the nuclear membrane disassembles and is absorbed by the
endoplasmic reticulum (ER), and membrane fragments disperse in the dividing cell. As
daughter cells are formed in telophase, the nucleus rapidly reassembles. During this stage,
chromatin serves as a physical scaffold on which the nuclear membrane fragments are
immobilized, facilitating their fusion into larger membrane sheets (13) (Fig. 2). Capture of
nuclear membrane fragments, either directly by the genomic scaffold or via linker proteins,
involves several inner nuclear membrane proteins including the lamin B receptor; the LEM
(LAP2, emerin, MAN1) domain proteins LAP2b, emerin, and MAN1, which tether
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membrane fragments to chromatin via their interaction with heterochromatin protein HP1;
and barrier-to-autointegration factor BAF (14-17). Direct experimental demonstration for a
nongenetic scaffold function of the genome in establishing nuclear architecture comes from
the finding that microinjection of bacteriophage A. DNA into Xenopus eggs leads to the
formation of double-bilayer membranes around the injected genetic material (18). Similarly,
nuclear membranes form in vitro around chromatin and even around purified DNA in
mammalian or Xenopus whole-cell extracts (19, 20). Nuclear membranes assemble
irrespective of DNA sequence or source of the genetic material used, demonstrating the
nongenetic nature of this genome function.

The genome also plays a role in a later step of nuclear reassembly, during the formation of
nuclear pore complexes (NPCs) (21, 22) (Fig. 2). NPCs are inserted into the reassembling
nuclear membrane in telophase, as cells enter G1. In both mouse and Xenopus extracts,
depletion of histone H3.3 or H4 prevents the formation of NPCs during postmitotic nuclear
assembly, although nuclear membrane assembly occurs normally, directly demonstrating a
scaffolding role for the genome in assembly of NPCs (21-23). The mechanism for this
function of nucleosomes in NPC assembly is nongenetic and involves the nuclear pore
protein ELY'S, which initiates the assembly process by acting as a key adaptor protein
between chromatin and the NPC and in this way initiates the assembly process (21-23). An
even broader role of nucleosomes and chromatin in the formation and assembly of the
nuclear periphery is suggested by the finding that in Xenopus the assembly of the nuclear
lamina is incomplete in the absence of nucleosomes (21). Furthermore, the lysine
demethylase LSD1, implicated in chromatin compaction, is required for the in vitro
assembly of the nuclear envelope and the NPC in Xenopus extracts (24). These observations
suggest that chromatin globally affects the assembly and structure of the nuclear envelope by
nongenetic means.

A related function of the genome is its contribution to determining nuclear size. Although
one mechanism for determining nuclear size appears to be the sensing of the nuclear/
cytoplasmic ratio of soluble factors (25), several independent lines of observations suggest a
critical role for global genome architecture, and for chromatin condensation in particular, in
nuclear size control. In eukaryotic cells, chromatin condensation is mediated by the
ubiquitous and abundant linker histone H1 family of chromatin binding proteins (26). A
direct role for H1-mediated chromatin condensation in nuclear size determination is evident
from observations in Tetrahymena, which contains a large macronucleus and a small
micronucleus, each with a distinct H1 isoform. Depletion of either H1 isoform results in
nuclear enlargement but affects only the nucleus in which the specific isoform is normally
present (27). Similarly, RNA interference-mediated knockdown of condensins, which play
key roles in preparing chromosomes for mitosis by facilitating their compaction (28),
increases nuclear size in both mouse embryonic stem cells and human cells (29, 30). A
physiological role for condensins in controlling nuclear size is also evident in mouse T cells,
which fail to compact their nuclei and do not enter quiescence in the absence of condensin 11
(31). An additional architectural chromatin factor implicated in nuclear size control is the
methyl-CpG binding protein MeCP2, whose loss in neurons, where it is expressed at high
levels, leads to substantial nuclear shrinkage, possibly via its interplay with linker histone
H1 (32). Taken together, these observations suggest that the global chromatin condensation
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status in a nucleus contributes to determining its size, evidently through nongenetic
mechanisms.

The genome in the cellular response to mechanical forces

The accumulation of heterochromatin at the edge of the cell nucleus is an evolutionarily
conserved feature of most eukaryotes (2). Targeting of compact heterochromatin to the
nuclear periphery is generally thought to serve mainly as a means to facilitate gene silencing
(33); however, several observations suggest that the peripheral sequestration of
heterochromatin may also enhance the structural robustness of the nucleus and strengthen its
ability to withstand physical challenges, such as mechanical forces exerted during cell
migration or in mechanically active tissues (34, 35) (Fig. 3).

Initial evidence for a role of chromatin in conferring nuclear robustness comes from
observations in the yeast Schizosaccharomyces pombe, where the condensed centromeric
chromatin is clustered and positioned opposite the micro-tubule organizing center, the region
of the nucleus that is subjected to the strongest mechanical forces generated in the cytoplasm
(36-38). Mutations in the nuclear proteins HEH1, HEH2, and IMAL, which tether chromatin
to the inner nuclear membrane, lower the ability of nuclei to withstand mechanical forces
emanating from microtubules assembled in the cytoplasm, as demonstrated by decreased
nuclear stiffness when challenged by optical tweezers (37, 38).

In vertebrate cells, the nucleoplasmic side of the nuclear membrane is lined by the nuclear
lamina, a meshwork of intermediate filaments that supports and strengthens the nuclear
membrane, thereby providing mechanical stability to the nucleus (Fig. 3). In mouse
embryonic fibro-blasts, down-regulation of the Prdm3 and Prdm16 methyltransferases,
which facilitate heterochromatic histone H3 Lys® methylation and promote
heterochromatinization, leads not only to decreased chromatin compaction but also to
disruption of the nuclear lamina, invaginations of the nuclear envelope, and changes in
nuclear shape (39). In addition, nuclear blebbing (deformation of the nucleus upon
weakening of the nuclear lamina) and defects in the nuclear membrane have been observed
in human laminopathies, diseases caused by mutations in the genes encoding the lamin
proteins (11); similar defects are seen in tissue culture cells overexpressing HMGNS5 (35), an
architectural chromatin protein known to promote chromatin decompaction by reducing the
ability of the linker histone H1 to bind to nucleosomes (40). In these cells, the levels of
lamina components or histone modifications associated with condensed heterochromatin
remain unaltered, which suggests that the defects in the nuclear membrane and lamina are
directly due to changes in chromatin compaction.

An obvious interpretation of these findings is that chromatin decompaction likely alters the
mechanical properties of the nucleus in a manner similar to that in cells with defective
lamina components (41, 42). The notion that chromatin decondensation weakens the ability
of the nucleus to withstand mechanical force is also supported by the finding that in Lmna’~
cells, which lack nuclear lamins A and C and already have a weakened lamina, chromatin
decompaction synergistically reduces nuclear robustness (35) (Fig. 3). Although these
observations point to an interplay between chromatin and the lamina in determining the
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mechanical properties of nuclei, the finding that nuclear stiffness changes upon alterations in
the nuclear ionic environment without apparent changes to the lamina structure suggests that
chromatin by itself contributes significantly, and directly, to determining the mechanical
properties of nuclei (43).

Evidence for a physiological, nongenetic role for heterochromatin in supporting lamina
integrity and nuclear robustness comes from analyses of transgenic mice. Global
overexpression of HMGNS5 leads to a hypertrophic heart harboring large cells with enlarged
nuclei lacking visually detectable condensed heterochromatin, and to death within a few
months of birth (35); this phenotype is similar to that of Lmna”~ mice (44). Transgenic mice
that overexpress HMGNS only in the heart are born with cardiomyocytes lacking
heterochromatin, yet their heart and cardiomyocytes appear normal, their lamina is intact,
and the transcription profile of their heart tissue is indistinguishable from that of wild-type
mice. However, most animals die within 3 months of birth, showing marked cardiac
hypertrophy with extremely large cells and nuclei in which the lamina is disrupted (35).
These pathologies are likely caused by loss of heterochromatin, which gradually diminishes
the ability of the nucleus to withstand the mechanical forces of the continuously beating
heart (35).

The importance of genome condensation in the physiological response to mechanical stress
is also evident in mouse melanoma cells, where forces generated by microtubule reassembly
after chemically induced depolymerization lead to invagination of both the nuclear envelope
and the underlying lamina opposite the microtubule organizing center (MTOC) (45).
Imaging of live cells revealed a transient accumulation of heterochromatin at the membrane
invagination sites located closest to the MTOC, which suggests that the deformations in the
nuclear membrane trigger genome reorganizations, perhaps aimed at counteracting and
minimizing deleterious effects of physical changes in the nuclear membrane (45).

Taken together, these observations suggest that targeting heterochromatin to the nuclear
periphery not only serves a genetic function via silencing of subset of genes, but also
strengthens the nuclear lamina and the nuclear membrane by nongenetic means, thereby
supporting the structural integrity of the nucleus. This function of the genome may be
especially crucial in cells exposed to mechanical stress, such as cardiomyocytes and
migrating cells.

Genome organization in cell migration

Cell migration is involved in a wide range of biological processes including development,
tumor progression, tissue renewal, and immune responses. The nucleus is the largest and
stiffest cellular organelle, and its large size and rigidity limit the ability of cells to easily
move through restricted spaces. Consequently, during cell migration, the nucleus is exposed
to considerable mechanical stress as it undergoes changes in shape to facilitate passage
through the narrow constrictions imposed by tissues (46) (Fig. 4). The integrity of the
nuclear lamina and its components is known to play a major role in nuclear reshaping and its
ability to withstand mechanical stress during migration. Changes in the nuclear lamina that
increase nuclear stiffness lower the rate of cell migration, whereas decreased nuclear
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stiffness can reduce the viability of migrating cells (47, 48). Although the nuclear lamina
plays a major role in affecting nuclear deformations during cell migration, additional factors,
including the organization of the genome inside the nucleus, may affect this process (34, 49).

A major factor affecting genome organization is the dynamic binding of linker H1 variants
to chromatin (50). H1 variant molecules continually cycle between chromatin-bound and
unbound states, and the length of their chromatin residence time is related to the degree of
chromatin compaction, with shorter residence times in de-compacted chromatin (50). In
mouse melanoma cells, migration cues result in an increase in the time that H1 variants
remain bound to chromatin, leading to an increase in chromatin compaction. Migrating
melanoma cells also exhibit increased levels of histone H3 Lys? trimethylation, histone H3
Lys2” trimethylation, and histone H4 Lys29 methylation—histone modifications that mark
transcriptionally silent or condensed heterochromatin (51)—as well as a decreased rate of
nuclease digestion, an assay for chromatin compaction (52). It thus appears that cell
migration is associated with chromatin compaction. Conversely, chromatin decompaction
reduces the rate of cell migration. These effects are seen in the presence of transcriptional
inhibitors, which suggests that the lower rate of migration is mainly due to alteration in
chromatin organization rather than to transcriptional responses (53), strongly pointing to
nongenetic mechanisms. A direct causal link between chromatin condensation and enhanced
cell migration is also seen during migration of immune T cells and their extravasation into
inflamed tissues (54). T cell migration is facilitated by integrin-induced recruitment of the
histone methyltransferase G9a to the nuclear periphery, where it methylates specific residues
in histone H3, thereby promoting chromatin condensation and alterations in the physical
properties of the nucleus that facilitate T cell migration (54).

Changes in chromatin condensation and cell migration have also been seen in studies aimed
at understanding the biological consequences of alteration in histone modifications during
tumor invasion (55) and during development (56). In these processes, the effects of several
histone modifications on cell migration were attributed to a genetic mechanism via their role
in control of gene expression programs. However, it is also possible that some of the
observed migration defects were due to epigenetically induced changes in global chromatin
organization rather than to altered gene expression patterns. The decrease in nuclear size and
the increase in the stability of the nuclear lamina resulting from chromatin condensation
likely minimize potential damage during nuclear reshaping, thereby enhancing the migration
ability of cells (34).

Chromatin-mediated signaling

The complex higher-order topology of the genome serves as an efficient binding platform
for a wide range of cellular components. Although binding of chromatin remodelers and
transcription factors to the genome leads to changes in gene expression patterns, other
binding events occur in the genome that do not result in gene regulation but elicit
downstream effects by non-genetic means. In particular, chromatin binding has been
implicated in activation of cellular signaling pathways (Fig. 5).
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A prominent example of chromatin-mediated signaling is the spindle checkpoint response
(57). Segregation of mitotic chromosomes is mediated by the spindle microtubules, which
attach to the chromosomes to align them at the metaphase plate. The attachment of
microtubules occurs at the kinetochore, a complex proteinaceous structure that forms at the
centromere, a specialized region of chromosomes, which is characterized by the presence of
specific core histone proteins, CENP-A in mammals and Cse4 in Saccharomyces cerevisiae
(57). The spindle checkpoint is a signaling cascade that emanates from the kinetochore and
involves the recruitment of a complex set of kinetochore-associated proteins, such as BUB1-
3 and MAD1-3, to chromatin (Fig. 5A). Association of these proteins with chromatin
inhibits the activity of the anaphase-promoting complex (APC), which controls the
destruction of mitotic cyclins and thus controls exit from mitosis. As long as the checkpoint
proteins are bound to the kinetochore, APC is inhibited and cells do not proceed through
mitosis. Proper attachment of microtubules to all kinetochores, most likely via sensing of
microtubule tension, generates a signal to activate APC by releasing bound proteins, thus
triggering progression into anaphase (Fig. 5A). In parallel, the protein phosphatase PP1-
Sds22 binds to kinetochores when they reach the cortex in late anaphase, and appears to
trigger subsequent cytokinesis (58). Both of these signaling pathways rely on, and are
triggered by, the regulated binding of signaling components to chromatin in specialized
regions of the chromosome (57, 58). Indeed, recent studies demonstrate that loss of
methylation of H3 Lys? at the centromere leads to defects in both sister chromatid cohesion
and kinetochore attachment, ultimately causing chromosomal instability, a major driver of
tumor progression (59).

A related function of chromatin-bound proteins is in defining the spatial orientation of the
mitotic spindle and the cleavage furrow. Mitotic chromosomes generate from their surface a
gradient of the guanosine triphosphate—bound form of Ran (Ras-related nuclear protein),
which is implicated in nuclear transport during inter-phase and spindle assembly in mitosis
(60). The gradient is generated by retention of the Ran exchange factor RCC1 on the mitotic
chromosomes via binding to chromatin (61). The Ran gradient promotes spindle assembly
and also influences spindle positioning via displacement of the LGN protein, which is
involved in centering the spindle and maintaining its localization (62). Similarly, chromatin
serves as a regulatory binding platform for a group of proteins referred to as chromosome
passenger complex (CPC) proteins. These proteins are essential for accurate progression of
cells through mitosis and associate with condensed chromosomes during early stages of
mitosis (63). Their controlled release from chromatin at late stages of mitosis is a key
regulator step in cell division, as it allows the CPC proteins to associate with the central
spindle and the mid-body where they play critical roles in formation of the cleavage furrow
and abscission (63).

A nongenetic signaling activity of chromatin is also evident from several findings indicating
that the condensation status of chromatin can be sensed by components of the DNA damage
response (DDR) machinery (64, 65) (Fig. 5B). The essential cell cycle checkpoint kinase
ATR is thought to promote the detachment of chromatin from the nuclear envelope during
replication and to ease the topological strain on the chromatin fiber (64, 66). Recent
observations suggest that ATR is activated by changes in chromatin structure induced by
mechanical and topological strain, such as unwinding during replication (64). In normally
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growing cells, ATR localizes in part to the nuclear envelope, but it also accumulates at the
nuclear periphery in response to various stressors including osmaotic stress and mechanical
force (64). ATR activation during mechanical strain is independent of DNA damage, which
suggests that the kinase does not sense DNA damage but detects topological changes in
chromatin or the nuclear membrane. Sensing of the chromatin condensation status may be of
physiological relevance when chromosomes begin to compact during mitotic prophase,
because inhibition of ATR in early mitosis delays full chromatin condensation, leading to
delayed nuclear envelope breakdown and progression through mitosis (64). Independent
evidence that changes in chromatin structure can trigger DDR signaling cascades comes
from experiments in which highly compacted chromatin domains were generated by stably
tethering heterochromatin binding factors such as heterochromatin protein HP1 to chromatin
(65), which led to ATM- and ATR-dependent activation of canonical DNA damage
responses, even in the absence of detectable DNA damage (65). Similarly, DDR activation
without DNA damage also occurs upon global decondensation of chromatin (67).

These observations of ATR signaling and chromatin-mediated DDR induction in response to
structural changes of chromatin suggest that the DDR machinery not only recognizes DNA
breaks but may also be able to detect changes in chromatin structure. Sensing of chromatin
structure by the DDR machinery may be an integral function of the regular DDR cascade,
because recent analysis by live-cell imaging demonstrates that chromatin domains flanking
the site of DNA damage undergo sequential decondensation and recondensation (68, 69). It
is thus tempting to speculate that chromatin structure serves as a signal to alert the DDR
machinery to damage occurring in the DNA sequence, and that the DDR machinery not only
repairs damaged genome regions but also continuously surveys the physical organization of
the genome.

Chromatin organization as a facilitator of nocturnal vision

A striking example of a nongenetic role of the genome that affects the biological function of
a tissue rather than that of single cells is seen in the physiology of vision in nocturnal
animals. Extensive comparative analysis of the global organization of the genome in rod
photoreceptor cells from evolutionarily distant species revealed a remarkable correlation
between heterochromatin organization and the capacity of animals for night vision (70).
Whereas in most cell types and species the highly condensed heterochromatin regions of the
genome are found at the nuclear periphery, in rod cells of nocturnal animals the orientation
is inverted, with most heterochromatin congregated in the nuclear interior (70). The
mechanism for this orientation involves the lamin A/C proteins and the inner nuclear
membrane protein LBR (lamin B receptor), which appear to tether heterochromatin to the
periphery (71). The likely evolutionary basis driving the inversion of heterochromatin
location in nocturnal animals are the resulting beneficial changes of the optical properties of
the rod cells, because the inverted pattern of heterochromatin location leads to a
considerably higher refractive index at the center of the nucleus, thereby reducing light
scattering and enhancing the focusing of light onto the photoreceptor plane (70). It thus
appears that in the case of mammalian night vision, evolutionary pressure has selected for a
physical, nongenetic, rather than a genetic, property of the genome.
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The genome has traditionally been thought to exert its function exclusively by genetic
means. However, it is increasingly apparent that genomes also affect and regulate a large
array of vital cellular and physiological processes through their physical properties via
nongenetic means. Given that only a relatively small fraction of the genome is transcribed
into protein-coding or noncoding RNAs, it is intriguing to entertain the possibility that the
presence of large non-transcribed regions is not only a remnant of evolutionary genetic
reshuffling events but may also serve to enhance its nongenetic functions by increasing the
physical mass of the genetic material. It is notable that several of the cellular processes
affected by nongenetic functions are intimately linked to mitosis, including postmitotic
assembly of the nuclear membrane, chromatin-initiated spindle checkpoint signaling, and
chromatin condensation, allowing for the possibility that nongenetic genome functions are
particularly relevant for ensuring proper cell cycle progression. It is highly likely that
additional unanticipated nongenetic functions of the genome will be discovered. For
example, chromatin and chromatin binding proteins are already known to signal not only
within the confines of the cell but also extra-cellularly, where they can function as immune
triggers and are involved in the etiology of lupus erythematosus (72), enhance the sensing of
cytoplasmic DNA in innate immune recognition (73, 74), and can act as cytokines in
apoptosis, inflammation, and infection (75-78).

The realization that the physical properties of genomes have a substantial impact on a
diverse set of cellular functions calls for several avenues of further investigation. For one, it
will be critical to determine the biophysical properties of the genome in intact cells. A key
step in characterizing nongenetic functions of the genome will be the development of live-
cell and intravital approaches to measure the type and magnitude of forces the genome
exerts on its surroundings, as well as the forces to which the genome is exposed, in intact
cells under various physiological and environmental conditions. Likewise, novel
experimental and computational methods need to be developed to probe, simulate, and
quantify the physical properties of the nuclear environment and to determine how forces are
transmitted from and to the genome. Because many of the nongenetic functions of the
genome involve interaction with structural elements of the nucleus, such as the lamina or the
nuclear pore complex, further investigation of these interplays should be useful in
characterizing new genome functions. A particularly intriguing aspect of nongenetic genome
function is its role in signaling events where the genome seems to serve as an assembly
platform for signaling complexes. Characterization of chromatin-associated signaling
complexes and of the physiological consequences of their interactions with the genome will
be of considerable interest.

In addition to measuring the physical properties of the genome, it will be equally, if not
more, important to develop methods to manipulate nongenetic genome features in intact
cells to test their functional consequences, akin to the use of overexpression and gene
inhibition to probe genetic functions of the genome. Nanomanipulation devices and light-
induced optogenetic methods may be promising approaches to alter the physical properties
of the genome in single cells. Ideally, these methods will be applicable to whole-animal
studies so as to allow testing of nongenetic genome functions in physiological settings.
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The observations discussed here highlight the emerging notion that the functions of the
genome are substantially more diverse than merely the regulation of gene expression, and
that the genome’s physical nongenetic properties play a central role in cellular function.
Although decades of studies on the regulation of gene expression have led to some of the
most revolutionary advances in biology, our understanding the genome will be incomplete
without elucidation of these hongenetic genome functions.
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Fig. 1. The genome as a physical entity.

In eukaryotes, the genome is housed in the cell nucleus, which is separated from the
cytoplasm by a double membrane (blue) supported by a network of intermediate filament
proteins of the lamin family (red). The genome is a prominent physical entity with
considerable mass, volume, and density. Transport between the nucleus and the cytoplasm
occurs via nuclear pores (pink). DNA is folded into higher-order chromatin domains and
ultimately chromosomes. The genome exerts, and is exposed to, mechanical forces
transmitted into and out of the nucleus, either passively (red, green arrows) or actively via
the membrane-spanning LINC protein complex (purple). The genome also exerts and is
exposed to intranuclear forces (red, green arrows) via intrafiber, intrachromosomal, and
interchromosomal interactions.
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Fig. 2. The genome as a scaffold for nuclear assembly.
The cell nucleus disassembles during cell division. The genome serves as a critical scaffold

to organize nuclear envelope fragments (blue) and nuclear pore components (pink) during
formation of the nucleus in the two daughter cells.
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Fig. 3. Genome compactness enhances the sturdiness of the nucleus.
(A) Mechanical forces can deform the nucleus. (B to D) Nuclear deformations are larger in

cells with defective lamina or decompacted chromatin and larger still in cells that have both
defective lamina and decompacted chromatin. Size of red arrow indicates the relative
intranuclear opposing force.
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Fig. 4. Nuclear rearrangementsduring cellular migration.
Cellular migration through narrow spaces leads to deformation of the nucleus, structural

changes in the nuclear envelope (blue) and lamina (red), and genome reorganization.

Science. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Bustin and Misteli

Page 19

A Spindle assembly checkpoint

Kinetochore

" / SAC proteins
=R )) M-phase
llipn? progression
& i

arrest
Centromere .

\
. i T MT

Mitotic ' N-phase

rogression
chromosome . . prog

B Chromatin structure sensing

Sensor proteins

{// ¥ k\ v

RE AN

RIS N G
9’1\"(((\ oy

Y 9

«—— Decondensed chromatin

Interphase Topological strained/condensed
chromosome chromosome region

Fig. 5. The genome as a signaling platform.
(A) Proteins of the spindle assembly checkpoint (SAC; orange) bind via the kinetochore

(blue) to mitotic chromosomes at centromeres. Upon binding of microtubules (MT) to
kinetochores, SAC proteins are released and promote M-phase progression. (B)
Topologically strained or highly condensed chromosome regions can be recognized by DNA
damage sensors (red) and activate DNA damage response (DDR) pathways.
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