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Bypassing Border Control: Nuclear
Envelope Rupture in Disease

Recent observations in laminopathy patient cells and cancer cells have re-
vealed that the nuclear envelope (NE) can transiently rupture during inter-
phase. NE rupture leads to an uncoordinated exchange of nuclear and

cytoplasmic material, thereby deregulating cellular homeostasis. Moreover,
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concurrently inflicted DNA damage could prime rupture-prone cells for ge-

nome instability. Thus, NE rupture may represent a novel pathogenic mech-

anism that has far-reaching consequences for cell and organism physiology.

Introduction

The nuclear envelope (NE) is a defining feature of
the eukaryotic cell (FIGURE 1). In the most reduc-
tionist view, the NE consists of a set of lipid bilay-
ers or membranes, of which the outer membrane is
continuous with that of the endoplasmic reticulum
(ER). However, the complete NE is much more
complex. Both the inner (INM) and the outer nu-
clear membrane (ONM) contain diverse groups of
proteins that are typically not found in the ER (42).
INM proteins include integral [also referred to as
NE transmembrane proteins or NETs (84)] and pe-
ripheral membrane proteins. Some of these—such
as the LEM domain proteins [Emerin, MAN1, and
lamina-associated polypeptide 1 (LAP1)]—directly
interact with chromatin and lamins (2, 27). Lamins
are filament-forming proteins that constitute a
meshwork underneath the INM known as the nu-
clear lamina. In mammalian cells, there are two
types of lamins, A-type and B-type lamins, which
form separate but densely intertwined networks of
unusually thin (3.5 nm) type V intermediate fila-
ments (87, 95). The A-type lamins, lamin A and C,
are alternative splice products of the LMNA gene
(60, 61), which are virtually absent in embryonic
stem cells, only to become expressed during differ-
entiation (15). Lamin B1 and lamin B2 are encoded
by separate genes, LMNBI (59) and LMNB2 (4),
respectively, and they are expressed throughout
the embryonic stem cell lineage. Both mammalian
lamin types also have tissue-specific splice variants
(lamin B3, lamin AA10, and lamin C2) (33, 34). The
nuclear lamina is an integral, structural part of the
NE; it organizes the genome, and it is connected to
elements of the cytoskeleton through membrane-
spanning linker of nucleoskeleton and cytoskeleton
(LINC) complexes (17). The latter are composed of
cytoplasmic Nesprins and nucleoplasmic SUN pro-
teins, which interact in the perinuclear space (9, 73)
(FIGURE 1). To date, more than 300 disease-causing
mutations have been identified in genes encoding

NE proteins (67). The majority (>250) of these mu-
tations has been mapped to the LMNA gene and is
associated with a collection of disorders known as
laminopathies (71, 100). This class of nuclear envel-
opathies predominantly targets cardiac or skeletal
muscle, but also entails systemic disorders such as
Hutchinson-Gilford Progeria Syndrome. Other nu-
clear envelopathies are caused by defects in lamin
processing (e.g., ZMPSTE24) or lamin interacting
(e.g., Emerin, Nesprin 1) proteins.

Although the NE physically separates the genetic
content from the cytoplasm, it is not completely
impervious. Aqueous protein channels called nu-
clear pore complexes (NPCs), which are embedded
and immobilized within the NE (19), facilitate reg-
ulated bidirectional nucleocytoplasmic transport.
Only very small metabolites and molecules (<40
kDa in mass, <5 nm in diameter) can pass freely,
whereas larger protein complexes require appro-
priate signal sequences [nuclear localization signal
(NLS) or nuclear export signal (NES)] to be trans-
ported through the NPC (47). This selective gating
feature is essential for conditional gene regulation
and genome maintenance (44). Indeed, gene ex-
pression can be regulated via temporally con-
trolled import of transcription factors into the
nucleus (106), as well as the regulated export of
mRNA (99). Moreover, the physical separation of
the genome from the cytoplasm has facilitated the
development of an innate immune recognition
system for detecting cytoplasmic DNA from un-
wanted invaders (103, 108) or nuclear damage (40,
49). Because of this, it was long thought that nu-
clear compartmentalization is vital for mammalian
interphase cells and that the NE only dismantles in
a highly regulated manner during mitosis. How-
ever, it has now become apparent that the NE
can also transiently lose its barrier function in
interphase, during so-called nuclear envelope
rupture (NER) events. Under various conditions,
the NE has been shown to rupture, resulting in
an instantaneous and uncoordinated exchange
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of cytoplasmic and nucleoplasmic components
(20, 22, 24, 77, 79, 97). This phenomenon can
occur several times within the same cell and is
non-lethal, since cells are still able to divide after
repetitive NER (FIGURE 2A AND B). Our group
discovered the occurrence of spontaneous NERs
in laminopathy patient cells (22), but a similar
phenomenon was also observed a decade earlier
in cells artificially expressing the HIV-associated
nucleocytoplasmic shuttling protein Vpr (20).
More recently, NERs have also been detected in
cancer cells (97) and cells migrating through nar-
row channels (24, 77). Thus NER is emerging as a
novel hallmark for a variety of pathological condi-
tions. Here, we will describe the most recent in-
sights into the causes and consequences of NERs
for cell and organism physiology, and we will dis-
cuss the opportunities for future research and
translational science.

Detecting NER in Living Cells

NERs are accompanied by a transient loss of nu-
clear compartmentalization. This can be visualized
microscopically, using fluorescent markers that are
sequestered to either the cytoplasmic or the nu-
clear compartment in properly compartmentalized
cells (i.e., cells that have an intact NE). To reveal
true molecular fluxes that are independent of any
cellular signaling pathway, such a molecule should
ideally be as inert as possible. Hence, one ap-
proach is to load the cytoplasm with fluorescently
labeled dextran molecules of high molecular
weight (>70 kDa), which should not traverse the
NPCs (7, 22, 48, 57). Upon NER, the fluorescent
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FIGURE 1. Schematic representation of the major components of the
nuclear envelope

The mammalian interphase nucleus is filled with chromatin (light and dark blue for
eu- and heterochromatin, respectively) and is surrounded by the bilayer nuclear en-
velope. This bilayer is supported by the nuclear lamina and harbors nuclear pore
complexes (NPC). LINC complexes, consisting of interacting Nesprin and SUN pro-
teins, connect the lamina with the cytoskeleton (actin filaments and microtubules).
Figure is adapted from Ref. 78 with permission.
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signal will change from an exclusively cytoplasmic
location to a pan-cellular one. A disadvantage of
this approach is the need for physical perturbation
of the plasma membrane (through micro-injection
or scrape loading) to load the cells with dextran.
This problem can be avoided by using a genetically
encoded fluorescent protein, such as GFP, coupled
to a nuclear localization signal (NLS) of the SV40
large T antigen (**°PKKKRKV*'??) (22, 79, 97). Under
normal conditions, the signal sequence is recog-
nized by importins, causing the NLS-tagged pro-
tein to become transported into the nucleus (54).
When the NE barrier is broken, the fluorescent
fusion protein will no longer be contained within
the nucleus and will flow into the cytoplasm. This
leads to a quantifiable decrease of the nuclear sig-
nal and concurrent increase in cytoplasmic signal
(FIGURE 2A). Upon restoration of nuclear com-
partmentalization, the signals restore to baseline
levels. Importantly, not all nuclear proteins delo-
calize during NER. For instance, most histones re-
main tightly bound to the DNA when the NE
breaks (FIGURE 2C). This specific feature can be
used to facilitate automated quantification of NERs
(79); whereas the histone 2B (H2B) signal can be
used to consistently track nuclei in successive time
frames, the ratio of the NLS to H2B signal serves as
a robust readout for NER events, and allows for the
removal of false positives that may arise from out-
of-focus movements (FIGURE 2C).

Molecular Mechanisms of NER

Recent work has uncovered the first molecular de-
tails of the NER sequence (FIGURE 3). The most
supported model thus far suggests that mechanical
stress is exerted onto the NE, and thereby triggers
a local remodeling. This is often accompanied by
the formation of a nuclear extrusion or bleb.
Above a certain threshold level, the NE breaks,
especially at sites that are more fragile, for in-
stance due to lamin depletion. Concurrent loss
of compartmentalization leads to exchange of
soluble proteins, and also of larger macromole-
cules and even whole organelles. Shortly after,
the ruptured site is resealed, and nuclear com-
partmentalization is restored.

NER is Caused by Mechanical Stress and
Promoted by Lamin Defects

Unassailably, mechanical stress is an important
elicitor of NER. Physical compression by entrap-
ment of cells in between a glass and polymer plate
or by single-cell indentation has been shown to
trigger transient or permanent NER (6, 56). Like-
wise, cells that migrate in microfluidic channels
exhibit NER when their nucleus squeezes through
narrow pore openings (25-pum2 cross-section) (24,
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77). The forces that act to induce NER are believed
to be, at least in part, conveyed by the actin cyto-
skeleton, since depletion of actomyosin contractil-
ity significantly reduces NER frequency (24, 41, 79),
and loss of antagonizing myosin phosphatases
(PPP1R12A and PPP1CB1) promotes NER (91).
Compressive rather than pulling forces are con-
sidered to be the principal modus operandi of
actomyosin-driven NER, since mechanical con-

treated with actin-depolymerizing drugs proved
to be sufficient for inducing NER (41). This is
further supported by the observation that LINC-
complex components are absent from lamin-de-
pleted regions of the NE (41), the preferential
initiation sites of NER (22). However, the in-
volvement of other forms of mechanical stress
should not be ruled out. For instance, pulling
forces might mediate NERs that occur during the

finement of the nucleus in cells that have been  anaphase of cells with long chromatin bridges
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FIGURE 2. Features of nuclear envelope rupture

A: left: 3D (XYT) kymograph of an LMNA-deficient mouse embryonic fibroblast nucleus, expressing a GFP-NLS reporter, showing three consecutive
nuclear envelope ruptures (NERs). Right: the transient loss of nuclear compartmentalization can be quantified as a drop in nuclear signal intensity
and concurrent increase in cytoplasmic intensity. B: montage (top) and 2D (XT) kymograph (bottom) compound progeroid patient cell, expressing a
GFP-NLS reporter, undergoing mitosis after experiencing repetitive NER events. C: robust detection of NER in LMNA knockout fibrosarcoma cells
using the ratio of two markers, one that leaks out of the nucleus during NER (NLS-mCherry) and one that does not (H2B-GFP). Part C is adapted
from Ref. 79 with permission.
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formed by dicentric chromosomes (62). And, next to
actin filaments, microtubules might also contribute
to NER propensity. Indeed, much like actin bundles,
microtubule-associated motor proteins dynein and
kinesin-1 can generate tension on the NE via LINC
complexes, while pulling the nucleus in opposite di-
rections (90). Moreover, abnormal microtubule bun-
dling has been linked to apoptotic NER events (101),
and Remodelin, a compound affecting microtubule
organization (55), has been found to reduce NER
frequency under conditions of A-type lamin defi-
ciency (79).

In most healthy cells grown in tissue culture,
NER frequency is low. However, defects of the nu-
clear lamina render cells much more prone to NER
(6, 45). Indeed, NER occurs more frequently in
laminopathy patient fibroblasts than it does in
cells from healthy individuals (22), and experimen-
tal depletion of A-type or B-type lamins signifi-
cantly increases NER frequency in a variety of
settings (24, 41, 45, 79, 98). It is known that A-type
lamin-depleted cells grown on glass display much
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o N
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higher nuclear plasticity (21, 52) and at the same
time exhibit more pronounced stress fibers and
higher traction forces (16), suggesting that these
cells are subjected to higher levels of mechanical
stress. Moreover, growing laminopathy patient
cells on soft substrates abolishes the occurrence of
NERs, supporting their increased sensitivity to-
ward cytoskeletal tension (93). The impact on NER
susceptibility seems to be independent of the type
of lamin since depletion of lamin B1 raises NER
probability to a similar level as depletion of A- and
B-type lamins combined, and lamin B2 overex-
pression rescues the NER phenotype triggered by
lamin B1 depletion (97). However, the exact con-
tribution of different lamin types is still unclear.
Specific mutant (pre-) lamins may contribute as
well, since laminopathy patient fibroblasts with
different mutations in the LMNA gene demonstrate
variable NER frequencies (22). This may point to
the contribution of more subtle, localized defects
in the nuclear lamina meshwork. Indeed, in several
laminopathy patient cells, NERs are often pre-
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FIGURE 3. Molecular mechanisms of NER

Rupture

Repair

Residual damage

A: NERs may be triggered by a variety of factors, including compressive extranuclear force, intranuclear force, (local) lamin depletion, or viral activ-
ity (causing local NE breakdown). B: remodeling of the NE triggers the formation of fragile sites (often seen as blebs), which rupture. This causes
the uncoordinated exchange of soluble molecules (such as transcription factors) and larger complexes such as PML bodies and mitochondria. Rap-
idly after rupture, the NE is resealed by the ESCRT-Ill machinery, and molecular fluxes are restored. However, NER also leaves more permanent
tracks: bigger structures may remain relocated, DNA may become damaged, and the site of rupture is often characterized by a lamin scar. Figure is

adapted from Ref. 78, with permission.
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ceded by the formation of herniations or blebs in
the NE, indicative of local perturbations of the
nuclear lamina (22, 24, 97) (FIGURE 2B). Fluores-
cence microscopy has revealed that such fragile
sites are devoid of other NE components, such as
B-type lamins and NPCs (22, 75). In cells with
normal lamin levels, similar blebs arise during con-
fined migration. These blebs originate at the lead-
ing edge where the curvature of the NE is highest.
Based on a viscoelastic model of the nuclear lam-
ina and chromatin, it has been proposed that holes
in the nuclear lamina can lead to outflow of nu-
clear content, thereby inflating the bleb (25). Thus
local fragility in combination with external forces is
sufficient for rupture. Yet, lamin depletion greatly
enhances sensitivity to NER events.

The NE is Rapidly Resealed by a Dedicated
Repair Machinery

Despite the severe impact on nuclear compart-
mentalization, cells are able to cope with NER
events. Live cell imaging of rupture-prone cells
labeled with NLS-tagged fluorescent proteins
(FIGURE 2C) shows that the nuclear signal recovers
to its original level after NER (22, 79, 97). Moreover,
a single cell can undergo repetitive rounds of
NER while still maintaining division potential
(FIGURE 2B). A fortiori, it was elegantly demon-
strated that C. elegans embryos can survive a tran-
sient loss of compartmentalization during early
embryogenesis (75). This indicates the presence of
an efficient molecular repair machinery. Accumu-
lating evidence supports a role herein for the en-
dosomal sorting complex required for transport
(ESCRT-III). This filament-forming complex pro-
motes membrane remodeling (65) and has known
functions in plasma membrane resealing and NE
restoration (46, 83) after mitosis (72, 98). Knock-
down of the ESCRT-III component CHMP4B re-
sults in a significant increase in repair half-time
(24, 77, 79). Moreover, NE breaks induced by con-
fined migration, compression, or laser ablation
(FIGURE 4), are followed by the rapid (<2 min)
recruitment of core ESCRT-IIT components and the
AAA+ ATPase VPS4 to the sites of NE damage (24,
77). Based on its canonical role, it can be hypoth-
esized that ESCRT-III subunits assemble into het-
eropolymeric filaments to form concentric spirals
at the inner neck of membrane invaginations,
which, fueled by VPS4, eventually bud off to repair
the wounded area (1). ESCRT-III components are
recruited to NE lesions by the site-specific INM
adaptor protein LEM2, an inner nuclear mem-
brane protein (10). Recruitment most likely occurs
through a direct interaction between the COOH-
terminal nucleoplasmic domain of LEM2 and
CHMP7, an ESCRT-II/ESCRT-III hybrid protein
that functions as an early response factor for
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recruitment of other ESCRT-III proteins. However,
the factors and cellular events that cause the
recruitment of CHMP7 by LEM2 have yet to be elu-
cidated. Despite the rapid mobilization of the ES-
CRT-III machinery, there is a large variation in
recovery half-times after NER (varying from 5 to 110
min) (79). This might be due to the varying severity of
NER, with larger ruptures, multiple rupture sites, or
rapidly following rupture events contributing to in-
creased repair times (79). The exact cause, however,
remains to be determined. It is also not known
whether alternative repair mechanisms exist.

Cellular Consequences of NER

NERs are accompanied by a temporary loss of nu-
clear compartmentalization. This has direct reper-
cussions for cellular homeostasis (FIGURE 3B). For
instance, it instantly provokes an uncoordinated
exchange of nuclear and cytoplasmic components,
as has been demonstrated for the transcription
factors Oct-1 and p65 (22), regulatory factor cyclin
B (22), and mRNA processing proteins e[F4AIIl and
UPF1 (97). Although these fluxes are transient and
proteins are transported back to their respective
locations after the NE is resealed, temporary delo-
calization may influence gene regulatory programs
(22). Furthermore, NERs also cause more persis-
tent translocations of macromolecular complexes,
such as PML bodies (22, 43), and intact organelles,
such as mitochondria (22, 97). PML bodies are
normally confined to the nuclear volume where
they regulate key processes, such as DNA replica-
tion, transcription, recombination, and damage
response (51). Thus mislocalization of these organ-
elles to the cytoplasm may compromise proper
DNA maintenance. Moreover, since PML bodies
also function as oxidative stress sensors, their
translocation and subsequent fragmentation could
affect cellular redox balance (80). Of note, since
lamin A/C depletion reduces general reactive oxy-
gen species (ROS) buffering capacity (74, 88),
lamin-deficient cells are already hypersensitive
to changes in redox state. Similarly, the reloca-
tion of mitochondria to the nuclear interior rep-
resents a putative source of ROS that could inflict
DNA damage (8).

NERs have also been shown to trigger DNA dam-
age directly. Especially in cells that migrate
through confining spaces, NERs were found to re-
sult in DNA double-strand breaks (24, 77), as evi-
denced by the presence of y-H2AX or 53BP1 foci
(24, 45, 77). It should be noted that the severe
nuclear deformation that cells experience during
confined migration can trigger the formation of
53BP1 foci as such (24), a feature that may be
promoted by local depletion of DNA repair factors
(45). Yet, it is clear that NERs entail a higher risk as
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the exposure of unprotected DNA to the cytoplas-
mic environment renders it susceptible to nucleo-
lytic attack. In line with this, the cytoplasmic
nuclease TREX1 has been shown to accumulate at
cytoplasmically exposed chromatin bridges and
contribute to the generation of DNA damage after
NER (62). Irrespective of the causative mechanism,
the induction of DNA damage may increase the
mutation rate and therefore prime cells for ge-
nome instability. After severe ruptures, local con-
tractions of the nucleus are observed, which are
accompanied by chromatin condensation (79). It is
uncertain whether this reflects an NER-induced
DNA damage response (38), or rather whether it
aids with the protection of chromatin from further
damage accrual (92). Similarly, shortly after severe

A Pressure-induced rupture

AFM Compression device

¥
P S S = = =

B Stretch-induced rupture

Expandable substrate

P N N

— W ——>

C e Confinement-induced rupture

Micropipette aspiration Constricted migration
(@o— =
D Optically induced rupture
Photoablation Photoporation

FIGURE 4. Paradigms for inducing NER

A: pressure can be exerted onto the nucleus via an atomic force microscopy
probe or using dedicated compression devices. B: cells can be stretched using
expandable substrates. C: the nucleus can be locally confined using micropi-
pette aspiration or by allowing cells to migrate through narrow microchannels.
D: the nucleus can be locally perturbed using direct high-energy illumination
(photo-ablation) or possibly by induction of vapor nanobubbles around NE-tar-
geted gold nanoparticles.
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NER, lamin A accumulates at rupture sites. These
patches of lamin, also referred to as “lamin scars,”
have been suggested to protect the NE from sub-
sequent rupture, since successive ruptures of the
NE take place at different sites (24).

A third potential consequence of NER is the ac-
tivation of cytosolic DNA sensors (23) due to the
sudden exposure of unprotected DNA. This may
trigger cell-type-specific inflammatory auto-im-
mune responses (12). Supporting this notion are
the recent observations of AIM2 inflammasome
activation in macrophages treated with the HIV
protease inhibitor Nelfinavir (which blocks lamin A
maturation) (26) and activation of the cytosolic
DNA-sensing cGAS-STING (cyclic GMP-AMP syn-
thase linked to stimulator of interferon genes)
pathway in senescent cells that display cytoplas-
mic chromatin fragments (28).

Outstanding Questions and Future
Directions

Pinpointing Alternative Modulators of NER

Although many cancer cells are typified by altered
lamin production (81), a variety of cancer cells
without known lamin defects or mutations [ac-
cording to the COSMIC database (32)] experience
spontaneous NERs in the absence of external
forces (97). This points to the presence of alterna-
tive pathways. Mounting evidence suggests that
mechanical forces within the nucleus may have an
equally profound effect on NE structure and thus
promote NER (FIGURE 3A). One major putative
source is chromatin. Chromatin is intimately con-
nected with the nuclear lamina, and it has been
shown that condensin II-mediated chromatin
compaction can deform the NE during interphase
(5). Moreover, trypsin-induced global decondensa-
tion of chromatin results in expansion and even
rupture of isolated nuclei (64). However, it remains
to be determined whether more subtle, local chro-
matin decondensation might exhibit forces large
enough to induce NER as well. It has been found
that chromatin forces co-modulate minute shape
fluctuations (undulations) of the NE (13). In vivo,
such forces are counteracted by the cytoskeleton
and lamina (13), but it is conceivable that they
become more dominant in the presence of a weak-
ened lamina or upon changes in chromatin con-
densation status. The latter is a characteristic
feature of laminopathy patient cells (63).

An alternative source of intranuclear force may
stem from nuclear actin polymers (3). Unlike cyto-
skeletal actin, nuclear actin does not generally po-
lymerize into persistent filaments. However, upon
cell spreading (76), in response to extracellular cues
(e.g., heat shock, serum stimulation) (3), and under
certain pathological conditions (81), unconventional
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cofilin/actin rods and phalloidin-stainable actin
filaments have been found to assemble in the
nuclear interior of a variety of mammalian cells.
Although chromosome and gene repositioning
have been shown to be actin polymerization-
and myosin-dependent (14, 29), and lamins may
directly bind polymerizable actin (89), whether
actin truly exerts a mechanical force on the NE
remains contested.

Conceptually, deregulation of proteins directly
involved in NE remodeling (96), and by extension
any membrane (de-)forming factor, could also
have an influence on NER induction by raising NE
curvature or by altering its composition (66). For
example, targeting torsin to the NE has been found
to induce the formation of stacks and swirls of
membrane inside the nucleus (36). Likewise, de-
regulated activity of phosphocholine cytidylyl-
transferase (CCT) contributes to the expansion of
the nucleoplasmic reticulum by altering lipid inte-
gration kinetics (35).

A very recent study revealed that the tumor sup-
pressor genes p53 and Rb inhibit NER in retinal
pigmented epithelial (RPE-1) cells (107). Since
downregulation of either gene did not increase cell
migration or alter the levels of NE components,
these observations may point to yet another, but as
of yet unknown, regulatory mechanism for NER
(107). Finally, it is also possible that local disassem-
bly of the lamina, e.g., by activation of dedicated
kinases, can contribute to NE fragility. This notion
is supported by the fact that nuclear entry of par-
voviruses and nuclear egress of herpesviruses rely
on local breakdown of the nuclear lamina through
viral protein-induced relocation and activation of
protein kinase C (PKC) to the NE (FIGURE 3A) (70,
76a, 102).

Defining the Exact NER Repair Mechanisms

The exact sequence of molecular events that me-
diate ESCRT-III assembly at the ruptured site is not
yet fully understood. Since ESCRT-III also operates
at the level of the plasma membrane, there may be
commonalities between lesion detection and re-
cruitment mechanisms (83). Plasma membrane in-
jury triggers a Ca®" influx into the cell, which
activates the calcium-binding protein apoptosis-
linked gene ALG-2, which in turn facilitates the
accumulation of the ESCRT-III recruitment factor
ALIX to the site of injury (83). Since the perinuclear
space (which is contiguous with the ER lumen)
and nuclear interior both harbor significant cal-
cium stores (30) that may become released upon
NER, local Ca** sparks could represent a similar
trigger for ESCRT-III assembly at the NE. In ex-
tenso, other calcium-binding molecules with
known functions in plasma membrane resealing
may become mobilized to the rupture site as
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well. One such candidate protein is Annexin 11, a
calcium- and phospholipid-binding protein that
normally resides in the nucleoplasm but relo-
cates to the NE in response to increased intra-
cellular [Ca®"] and during late mitotic NE
reformation (94). Moreover, ALG-2, the initiator
for plasma membrane repair, has binding sites
located in the NH,-terminus of Annexin 11 (82).

Assessing the Long-Term Consequences
of NER

Downstream of the NER event, there are still many
unknowns. For instance, it is not yet certain
whether changes in transcription factor localiza-
tion elicit measurable changes in gene expression
and, by extension, cell fate decisions. This requires
targeted reporter studies, e.g., using fluorescent
proteins under control of transcription factor re-
sponsive elements. Similarly, the causal connec-
tion of NER with redox imbalance has yet to be
explored, and it has not yet been irrefutably proven
that NER-induced DNA damage contributes to ge-
nome instability. Indeed, although a variety of fac-
tors could promote DNA damage during NER
(mechanical damage, exposure to cytoplasmic nu-
cleases and ROS, and depletion of repair factors, as
recently compiled in Refs. 58, 85), targeted exper-
iments are required to determine the contribution
of these individual factors to the long-term genetic
markup of individual cells in vitro and in vivo.

Getting a Grip on NER

The stochastic nature and variable frequency of
spontaneously occurring NERs precludes investi-
gation of the early downstream events, such as
protein recruitment and adjoined protein/ion
fluxes, with high spatiotemporal resolution. To by-
pass this problem, methods can be used to delib-
erately induce NERs. Several paradigms have been
conceived to exert mechanical force onto cells and
thereby promote NER. The most direct way is to
subject cells grown on flat surfaces to compressive
force (FIGURE 4A). A cellular stamp device has
been conceived to apply pressure at the single-cell
level (6), but atomic force microscopy may serve
equally well to squeeze the nucleus in a controlla-
ble manner (50). More recently, PDMS-based
confinement devices have been developed to com-
press monolayers of cells (41, 56). An alternative
approach could consist of stretching cells so as to
increase the cytoskeletal tension on the nucleus
(FIGURE 4B). This can be accomplished by growing
cells on a silicone membrane, which can be
stretched with even force using a biaxial strain
device (11, 53). Although it should be noted that
application of a stretching force has not yet been
shown to induce NER, constrictive forces, on the
other hand, have (FIGURE 4C). Initially, NER was
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induced by constriction of the nucleus by micropi-
pette aspiration (45). In more recent work, it was
shown that cells experience NER when stimulated
to migrate through narrow pores smaller than the
diameter of the nucleus (24, 77) (FIGURE 4C). Al-
though all the aforementioned methods offer more
control, they still do not allow for the prediction of
exactly when and where the rupture will occur. If
one wants to investigate the dynamics that occur at
the exact site of rupture, a targeted method should
be used. Laser microbeam irradiation (or laser ab-
lation) allows the induction of sub-micron pores
into the NE in a targeted and non-contact-depen-
dent manner (24, 39, 75, 77) (FIGURE 4D). This was
recently demonstrated using a two-photon laser
(24). However, the downside of this technique is
that throughput is very low, and the energy input is
high, thus creating potential artifacts. To address
this, one could resort to nanoparticle-assisted pho-
toporation, which has already proven to be suc-
cessful at the level of the plasma membrane (104,
105).

Although artificially induced NER may not reca-
pitulate all the features of spontaneous NER, it
allows the investigation of the downstream molec-
ular mechanisms independent of the disease con-
text. Indeed, although lamin-deficient cells can be
used to determine NER kinetics (79), they do not
allow for the discrimination between NER-specific
effects and lamin-specific effects that are non-
NER-dependent, including effects on gene regula-
tion and chromatin organization (1, 37).

A Translational Perspective on NER
Research

In the past decade, (transient) loss of nuclear com-
partmentalization has evolved as a defining feature
for a variety of pathological conditions. Using
NER-prone model cells and devices to mechani-
cally induce NER, significant progress has been
and is being made to shed light onto the molecular
mechanisms and functional consequences. As of
yet, most available data originate from in vitro
cell-based experiments. However, first lines of ev-
idence now also point to their occurrence in vivo:
fibrosarcoma cells that were injected in living
mouse tumors experienced NER during migration
(24), and NER as a consequence of lamin depletion
has been shown to occur in developing C. elegans
embryos (75). Furthermore, the tissues that are
predominantly affected in laminopathies are spe-
cifically those that are under high mechanical
strain, plausibly rendering their constituent cells
more vulnerable to NER (18). In line with this,
mitochondria have been detected inside the nu-
cleus of cardiomyocytes from a laminopathy pa-
tient heart biopsy, which could represent a
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remnant of NER (31). These observations raise the
clinical relevance of NERs. Moreover, given their
pathological promiscuity, targeting NER might of-
fer an avenue for developing novel therapeutic
strategies. In the context of cancer, one option
would be to exploit NER as a synthetic lethal target.
Assuming that NER represents a means to reduce
intranuclear pressure during confined migration,
blocking this mechanism may reduce metastatic
potential of migrating cancer cells. Alternatively,
interfering with NE resealing by selectively block-
ing NE repair components could allow specific tar-
geting of NER-prone cells. Inhibition of ESCRT-III-
mediated NE repair does not reduce cell viability as
such, but simultaneous inhibition of DNA repair
does substantially increase cell death after NER
(24), thus providing a potential entry point for
combination therapies. Conversely, in laminopa-
thies, NER should be prevented and/or NE reseal-
ing should be promoted. For the latter, candidate
compounds may be sought among those enhanc-
ing plasma membrane repair, such as poloxamer
188 (68, 69) and Pluronic F-68 (86). Finally, the
notion that NER transiently increases NE permea-
bility could also be exploited for selective delivery
of large compounds and nucleotides, which would
otherwise not be transported into the nucleus, e.g.,
in the context of gene therapy (10).

In conclusion, NER is rapidly emerging as a
broad-spectrum hallmark of disease. Long-term
follow-up studies in model organisms should allow
elucidation of the true pathophysiological impact
of this phenomenon. Meanwhile, development of
advanced in vitro techniques for targeted induc-
tion and investigation of NER, combined with
high-throughput compound screening, should aid
with the discovery of novel modulators that may
have therapeutic value for a wide variety of
disorders. ®
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