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Abstract

The cell nucleus is becoming increasingly recognized as a mechanosensitive organelle. Most
research on nuclear mechanosignaling focuses on the nuclear lamina and coupled actin structures.
In this commentary, we discuss the possibility that the nuclear membrane senses and transduces
mechanical signals similar to the plasma membrane. We briefly summarize possible (i)
pathophysiological sources of nuclear membrane tension, (ii) features that render nuclear
membranes particularly suited for mechanotransduction, and (iii) molecular sensing mechanisms.
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Rapid nuclear deformations, such as stretching, squeezing or swelling, can give rise to
increases of nuclear membrane tension. Such deformations may result from severe
pathological perturbations of tissue homeostasis, such as ischemia, toxin exposure, trauma,
or infection. For example, cell swelling and lysis, i.e., two of the most common hallmarks of
tissue damage, both cause nuclear swelling. In case of cell swelling, nuclear swelling is due
to cytoplasmic water influx that decreases the extranuclear oncotic pressure, which in turn
results in water influx into the nucleus.141% In the case of cell lysis, the decrease of
extranuclear oncotic pressure results from macromolecule efflux from cells. Ischemic cell
swelling (‘cytotoxic edema’) occurs when the plasma membrane ion pumps that maintain
the osmotic balance of a cell (e.g., Na*/K*-ATPase) run out of ATP.2 Cell swelling is a
common denominator of programmed necrosis, including pyroptosis, necroptosis, efc.,
where it is caused by necrotic pore formation within the plasma membrane.3:30 Cell- and
nuclear swelling not only occur during cell death, but also as a response to transient
decreases of extracellular osmotic pressure:24 various internal epithelia of mammals are
exposed to fluids of low osmolarity, such as saliva, which covers the linings of the mouth
and esophagus. Epithelial damage allows this fluid to enter the tissue and to induce osmotic
cell swelling. In freshwater vertebrates the entire outer epidermis is covered by hypotonic
solution. Osmotic cell swelling after tail fin injury of zebrafish larvae is crucial for the
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recruitment of epithelial cells and leukocytes to the wound within minutes after
injury.1011.17.31 Fyrther more, nuclear deformations occur during 3D migration of cells
through confined spaces,’ e.g., when leukocytes squeeze their nuclei through narrow tissue
channels on their way to injury or infection sites.1® On a much slower timescale (i.e., hours-
to-days), cell spreading or cell growth during the cell cycle also induce nuclear
expansion,13:35.38

In contrast to the plasma membrane, membranes of the nuclear envelope do not participate
in constitutive membrane trafficking; their surface area thus fluctuates less. This intrinsic
quiescence should privilege them to function as low-noise detectors, to readily discriminate
environmental perturbations from traffic-induced area/tension fluctuations (Fig. 1). Several
further features make nuclear membranes well-suited for sensing external mechanical
perturbations to transduce them into chemical signals: Low concentrations of cholesterol and
a relative abundance of non-saturated, bulky fatty acids generate loosely packed nuclear
membranes that are more fluid and easier to stretch than the plasma membrane.*38 Nuclear
membranes typically contain less charged lipids (e.g., phosphatidylserine) than the plasma
membrane. Hence, protein binding to nuclear membranes tends to be less dominated by
electrostatics, and more by hydrophobic interactions as compared to the plasma membrane.*
Loose lipid packing exposes the hydrophobic membrane core to solvent, making the bilayer
more susceptible to hydrophobic protein interactions/insertions. Lipid packing can be
modulated by membrane stretch, which has been demonstrated to regulate the function of
associated proteins i vitro, likely through altering equilibrium lateral pressure.28
Experiments with artificial lipid bi- and monolayers have shown that the activity of various
signaling enzymes, including protein kinase C, phospholipase C and A is principally
sensitive to membrane stretch.>:28:40 A, The relatively low mechanical stability of biological
lipid bilayers, particularly those that are poor in cholesterol, such as the nuclear membrane,
poses a challenge for mechanotransduction.#37 To robustly function as a sensor, nuclear
membranes require mechanisms that prevent stimulus-overload and damage. In case of the
nucleus, a densely woven lamina provides force dampening and acts as a ‘molecular shock
absorber’8 (Fig. 2). Furthermore, the nucleus also dynamically adjusts its stiffness within
seconds to resist mechanically applied tension through the phosphorylation of emerin, a
protein of the inner nuclear membrane.2! Possibly due to this protective feature, nuclear
swelling behaves nonlinear and typically ceases before rupture occurs.® Thus, the lamina
and coupled structures (chromosomes, actin fibers, efc.), besides themselves being
mechanotransducers, are likely to function as signal conditioners that permit and modulate
mechanotransduction through the nuclear membrane, as extensively reviewed
elsewhere.112.20.32 | addition to adaption to input signal strength, signal termination is
another key feature of biological signaling. Signal termination in membrane tension based
transduction mechanisms may occur through membrane relaxation, e.g., via mobilization of
surplus membrane. During osmotic cell swelling, increases of plasma membrane tension
promote exocytotic vesicle fusion, which relaxes the membrane.18:1° Remarkably, isolated
nuclei can swell to ~2 times of their initial volume, corresponding to a ~1.6 times increase of
membrane surface area.® Lipid bilayers are little elastic and surface area expansion beyond
~2-4% causes rupture,?223 thus a decrease of lipid packing density alone cannot explain this
expansion. To which extent mobilization of surplus membrane reservoirs vs. e.g., regulation
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of nuclear pore size or number contribute to area expansion is unclear. Possible membrane
reservoirs include nuclear invaginations or the endoplasmic reticulum (ER), which is
contiguous with the outer nuclear membrane. Whether or how much of the ER is actually
“devoured” by nuclear swelling is unclear. Regardless of precise source, it appears plausible
that nuclear membranes, similar to the plasma membrane, signal their demand for surplus
area through a tension based mechanism.

How may the nuclear membrane convert tension into biochemical signals? Not much is
known. Mechanosensitive ion channels have been identified on the outer nuclear membrane,
and reported to mediate store-release of Ca2* in response to nuclear envelope/ER stretch
caused by cell spreading.2%:34 This mechanism has been implicated in transcriptional
regulation involving calmodulin-dependent kinase IV mediated phosphorylation of MEF2.25
Another interesting possibility is that nuclear membrane tension may directly regulate the
activity of peripheral membrane enzymes. As mentioned above, some kinases and
phospholipases are principally sensitive to the biophysical properties of their target
membranes. Yet it is unknown whether this serves any regulatory purpose in vivo, e.g., on
nuclear membranes. Interestingly, the nuclear envelope functions as an activation scaffold
for a variety of important peripheral membrane proteins, including two key members of the
‘eicosanoid’ cascade, i.e., cytosolic phospholipase A, (cPLA)) and 5-lipoxygenase (5-
LOX).33 The latter two enzymes are part of a central inflammatory pathway that mediates
production of highly chemotactic lipid mediators (incl. leukotrienes, oxo-eicosanoids) on the
nuclear envelope. The physiological reasons for the nuclear association of this paracrine
pathway remain little understood. In zebrafish, osmotic cell swelling after epithelial damage
triggers the production of chemotactic eicosanoids that attract leukocytes to the injury site.10
Furthermore, accumulation of eicosanoid pathway metabolites characterizes a variety of
pathological conditions that imply cell swelling and thus nuclear swelling, e.g., ischemia and
macrophage pyroptosis.241 Given the previous findings that PLA,-type phospholipases (and
other membrane enzymes) are principally sensitive to membrane lipid packing density, this
raises the intriguing possibility that the nuclear association of this central inflammatory
pathway permits its mechanical regulation through nuclear membrane tension,11:28

Whereas cytoskeletal mechanics and its role in nuclear mechanotransduction have become a
thriving line of research, the field of nuclear membrane mechanics and its
pathophysiological implications remains almost entirely untouched. Seizing its opportunities
will require an interdisciplinary approach that combines methods of enzymology, lipid
biochemistry, biophysics and signaling. Breaking this field open for mainstream biomedical
research will be accelerated by the development of biosensors of membrane stretch that
allow non-invasive measurements of tension on intracellular organelles. Current techniques
of biophysical membrane tension measurement, such as atomic force microscopy or
micropipette aspiration assess the combined mechanical properties of membranes and
underlying cytoskeleton (i.e., ‘apparent membrane tension’).2’ It can be challenging to
deconvolute actual membrane tension from these experiments.8 Also, such direct mechanical
probing techniques are unsuited for non-invasive /in vivo measurements inside intact cells.
As eluded to above, membrane tension can be measured by assessing the hydration status of
a membrane as its hydrophobic core becomes exposed to solvent upon stretch.#2 Latter can
be measured by generalized polarization dyes, such as laurdan, which integrate into the
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bilayer and change their fluorescence according to the polarity of their environment.#2 The
application of many of these dyes is still limited by their poor membrane permeability, but
improved versions are being developed.?:39 In order to target biosensors to specific
organelles, such as the nucleus, within specific cell types and inside live animals, genetic
approaches are required. Systematically assessing the stretch sensing abilities of membrane
binding domains should be a first step towards the development of genetically encoded
membrane tension sensors. This calls for a considerable research investment, but the reward
promises to be exciting.
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Hypothesis: Nuclear membranes function as low-noise detectors of environmental
perturbations. In contrast to the quiescent nuclear envelope (NE), constitutive membrane
trafficking in the plasma membrane results in heavy surface area and tension fluctuations.
Due to the higher signal-to-noise ratio, mechanical strain induced changes in tension are

easier to discriminate in the nuclear membrane.
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FIGURE 2.
Stretching force exerted on the nucleus is mainly absorbed by the lamina. The nuclear

lamina acts as a signal conditioner by dampening the input force and protecting the nuclear
envelope (NE) from stimulus overload. The remaining stretching force changes lipid
packaging in the NE and exposes the hydrophobic membrane core to the nucleoplasm,
which allows for novel hydrophobic protein interaction/insertions with the inner nuclear
membrane.
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