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ABSTRACT OF THE DISSERTATION

Nuclear Membrane Ruptures in the Setting of Nuclear Lamin Deficiencies

Natalie Yun-Wen Chen
Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2021
Professor Stephen G. Young, Chair

The nuclear lamina is an intermediate filament meshwork lining the inner nuclear membrane and
is a key component of the nuclear envelope. The nuclear envelope separates the contents of the
cell nucleus from the cytoplasm and consists of the inner and outer nuclear membranes, nuclear
membrane proteins, nuclear pore complexes, and the nuclear lamina. The principal protein
components of the nuclear lamina are lamins A and C (A-type lamins) and lamins B1 and B2 (B-
type lamins). B-type lamins are expressed throughout development, whereas the A-type lamins are
not expressed until late in development. Mutations in LMNA have been linked to a spectrum of
human diseases, but only a single disease had been linked to mutations in LMNBI or LMNB2.
Several years ago, our group showed that both lamin B1 and lamin B2 are required for neuronal
migration in the developing central nervous system (CNS), and for the survival of neurons. In the

developing brain, the processes of neurogenesis and neuronal migration impart considerable
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mechanical stress on the cell nucleus. Neurogenesis in the ventricular zone of the developing
cortex depends on interkinetic nuclear migration (INM), an oscillatory movement of nuclei
between the apical and basal sides of the cell. Once neuronal fate is specified, the migration of
neurons from the ventricular zone to the cortical plate depends on nuclear translocation
(nucleokinesis) and passage through confined spaces. In cell culture studies, cell nuclei subjected
to mechanical stresses (i.e., by physically deforming nuclei or forcing cells to traverse tight
constrictions) had been shown to cause nuclear membrane (NM) ruptures. The frequency of NM
ruptures was known to be increased in the setting of nuclear lamin deficiencies but the relevance

of NM ruptures in cultured cells to pathology in tissues was unknown.

In this dissertation, my goal was to investigate whether deficiencies in nuclear lamins
predispose to nuclear membrane ruptures (particularly when the nucleus is subjected to mechanical
stress during normal physiological processes, such as cell migration) and whether these ruptures
may result in disease phenotypes. In Chapter 2, we showed that fibroblasts lacking all nuclear
lamins exhibit spontaneous NM ruptures in vitro that are exacerbated by mechanical stress. In
Chapter 3, we generated a mouse model with forebrain-specific loss of lamin B1 and expressing a
nuclear fluorescent reporter, and showed that forebrain-specific loss of lamin B1 results in NM
rupture and cell death in vivo. We also showed that both lamin B1- and lamin B2—deficient
neuronal progenitor cells exhibit spontaneous NM ruptures, although the frequency and duration
of NM ruptures was markedly different. In Chapter 4, we investigated whether overexpression of
LAP2p (lamina-associated polypeptide 2, B isoform), a LEM-domain protein of the inner nuclear
membrane, could prevent nuclear lamin—deficient fibroblasts and lamin Bl—deficient neurons
from exhibiting NM ruptures. In tandem, we discovered that reduced expression of LAP2f also

rendered nuclear lamin—deficient cells more susceptible to NM ruptures.
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Chapter 1:

Introduction



The Nuclear Lamina in Health and Disease

The nuclear lamina is an intermediate filament meshwork of nuclear lamin proteins underlying
the inner nuclear membrane of the nuclear envelope. Nuclear lamins, the proteins that make up the
nuclear lamina supporting the cell nucleus, were discovered more than 35 years ago (1, 2). Since
then, the structural and genetic properties of these proteins have been thoroughly examined.
Mutations in LMNA (the gene for lamins A and C) cause more than a dozen human disorders (3,
4), including muscular dystrophy, lipodystrophy, and premature aging syndromes, such as
Hutchinson-Gilford progeria syndrome. In contrast, only a single LMNBI mutation has been
confirmed to cause human disease (duplication of LMNBI causing autosomal dominant
leukodystrophy)(5). While B-type lamins (lamin B1 and lamin B2) were once believed to play
essential roles, such as mitosis and DNA replication (6-9), in all cells, Drs. Stephen Young and
Loren Fong generated tissue-specific models of B-type lamin deficiencies that proved to be
completely viable (10, 11). More importantly, they made a critical discovery that both B-type
lamins held crucial and independent roles in central nervous system (CNS) development: loss of
either B-type lamin impaired neuronal migration in the cerebral cortex and the retina—and loss of

either B-type lamin lead to varying degrees of neuronal death (12-15).
Forces on the Cell Nucleus During Neuronal Migration

Investigating the developing brain as a model to study the role of nuclear lamins in neuronal
migration was intriguing. First, neurons in the developing mouse brain (before E18.5) express
Lmnbl and Lmnb?2 (the genes for lamin B1 and lamin B2) at high levels, but the expression of
Lmna (the gene for lamin A and lamin C) is absent (16—19). There is no reason to believe that the
“natural deficiency” of lamin A and lamin C in cortical neurons would impair neuronal migration,

but we suspected that a deficiency of one additional nuclear lamin protein (either lamin B1 or
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lamin B2) might render neurons susceptible to nuclear membrane ruptures (20). Second, the glial-
directed migration of neurons from the ventricular zone (where neurons are born) to their final
position within the cortical plate, subjects neurons to mechanical stress. The migration of neurons
is utterly dependent on nucleokinesis—a process by which cytoplasmic motors pull the nucleus
forward (along microtubules) into the leading edge of the cell. Nucleokinesis is central for two
developmental processes in the CNS. The first is interkinetic nuclear migration (INM), which is
required for the birth of new neurons (21). During INM, the nuclei of neuronal progenitors move
in an oscillatory, cell-cycle—dependent pattern between the apical and basal sides of the ventricular
zone. Dynein motors tug on the nucleus via nucleoporins within the nuclear envelope. Without
nucleoporins, apical movement of nuclei is abolished. When nuclear movement is incomplete,
cell-cycle progression does not occur and neurons are not born. The second form of nuclear
movement takes place as newborn neurons migrate to their final laminar position in the CNS. In
this process, the centrosome moves into the leading edge of the cells and cytoplasmic motors pull
the nucleus towards the centrosome. After the nucleus is pulled forward, the trailing edge of the
cell remodels, resulting in net forward movement of the neuron (21-25). Multiple cycles of
nucleokinesis, followed by remodeling of the trailing edge of the cell, results in saltatory
movement of the neuron to its final position within the cortical plate. The forces required for
nuclear translocation are exerted on the “linker of nucleoskeleton and cytoskeleton” (LINC)

complex which is anchored to the nuclear lamina (15, 26-29).

Coffinier and coworkers discovered, using immunohistochemistry and BrdU birthdating
experiments, that the glial-directed migration of neurons from the ventricular zone to the cortical
plate is defective in both Lmnb1- and Lmnb2-deficient embryos (12, 18). The defective migration

of neurons results in markedly abnormal layering of neurons in the cerebral cortex. Defective



neuronal migration is likely caused by ineffective nucleokinesis. Because a deficiency of lamin B1
or lamin B2 reduces the integrity of the nuclear lamina, the cytoplasmic motors that normally pull
the nucleus into the leading edge of the cell are ineffective. Rather than moving the nucleus, they
simply “stretch out” and deform the nucleus (18). Misshapen nuclei are common in the cortical
plate of Lmnbl~~ and Lmnb2~~ embryos (18). In addition to defective layering of cortical plate

neurons, there was another noteworthy finding in Lmnb 17~ and Lmnb27~

embryos—fewer neurons
and evidence of neuronal cell death (18). Decreased cellularity of the cortical plate was striking in
E18.5 Lmnbl~~ embryos but subtle in E18.5 Lmnb2”~ embryos (12, 18). While LmnbI~~ and
Lmnb27~ embryos die at birth, forebrain-specific knockout models survive normally. Inactivation
of Lmnb1 or Lmnb?2 in these forebrain-specific knockout models still resulted in a progressive loss
of neurons. By two months of age, forebrains in forebrain-specific knockout mice were very small
and the numbers of viable neurons were markedly reduced. In two-month-old forebrain-specific
Lmnb1/Lmnb2 double-knockout mice, neurons were undetectable (18). Thus, lamin B1 and lamin
B2 are crucial for the postnatal survival of cortical neurons (12, 18). In neurons, we hypothesized
that mechanical stresses associated with nucleokinesis result in nuclear membrane ruptures in the

setting of nuclear lamin deficiencies, and that the interspersion of nuclear and cytoplasmic contents

ultimately causes DNA damage and neuronal death (Figure 1.1).
Early Descriptions of Nuclear Membrane Ruptures

Nuclear membrane ruptures were observed in 2001 by de Noronha et al. (30) while working
to elucidate how Vpr, a multifunctional HIV-1 protein, affects nuclear—cytoplasmic trafficking.
They found that overexpression of Vpr in HeLa cells resulted in herniations of nuclear chromatin
(nuclear blebs) and noted that blebs appeared in segments of the nuclear envelope that were

deficient in lamin C and nuclear pore complexes. Vpr overexpression was accompanied by
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ruptures of nuclear membranes, resulting in the escape of nuclear contents into the cytoplasm.
They assumed that nuclear membrane ruptures originated from the nuclear blebs. In 2006, Cohen
et al. (31) examined parvovirus-infected fibroblasts and observed evidence of nuclear membrane
ruptures. Immunofluorescence microscopy studies with antibodies against lamins A/C revealed
gaps in the nuclear lamina, and electron microscopy studies identified discontinuities in the nuclear

envelope (31).

Subsequently, nuclear membrane ruptures were identified in human fibroblasts harboring
missense or nonsense mutations in LMNA and in cancer cell lines (osteosarcoma cells, HeLa cells)
(32-34). In 2011, De Vos et al. (32) observed spontaneous nuclear membrane ruptures in
fibroblasts from patients with LMNA missense mutations (including mutations causing familial
partial lipodystrophy, cardiomyopathy, and a progeroid disorder). In 2013, Tamiello et al. (33)
observed nuclear membrane ruptures in fibroblasts from a two-year-old child with a progeroid
disorder resulting from compound heterozygosity for p.T528M and p.M540T mutations in LMNA.
The fibroblasts in the latter study contained a nuclear-localized yellow fluorescent protein (EYFP-
NLS), and nuclear membrane ruptures were visualized by the escape of the EYFP-NLS into the
cytoplasm. Vargas et al. (34) observed spontaneous nuclear membrane ruptures in cultured
osteosarcoma and HeLa cells, which have baseline abnormalities in nuclear shape and where
nuclear lamin proteins can be distributed unevenly along the nuclear rim. Using osteosarcoma cells
that had been transfected with GFP containing a nuclear localization signal (GFP3-NLS), they
observed, by videomicroscopy, nuclear membrane ruptures in ~8% of the cells, with most ruptures
undergoing repair within 30 min (allowing for return of GFP3-NLS into the nucleus). The
frequency of nuclear membrane ruptures increased to ~25% when the cells were transiently

transfected with an siRNA cocktail against lamin A/C, lamin B1, and lamin B2—or when the cells



were stably transfected with a short hairpin RNA (shRNA) against lamin B1(34). These studies
provided the first clues that nuclear lamin deficiencies could be linked to nuclear membrane

ruptures or loss of nuclear membrane integrity.
Nuclear Membrane Rupture Frequency in Cells Subjected to Mechanical Stress

Several studies have examined the impact of mechanical stress on nuclear membrane ruptures
(35-37). Harada et al. (38) found that serum-driven migration of lung carcinoma—derived A549
cells through 3-pum pores resulted in a large increase in caspase 3—positive cell death in the setting
of lamin-A knockdown. In 2016, Raab et al. (35) found, by videomicroscopy, that bone marrow—
derived mouse dendritic cells expressing a nuclear-localized GFP (NLS-GFP) exhibited nuclear
membrane ruptures as they migrated through collagen-filled channels containing 5-pum
constrictions and when the cells migrated within a mouse ear explant. During cell migration, the
nuclei became deformed, followed by nuclear membrane ruptures, evident from reduced NLS-
GFP in the nucleoplasm and escape of NLS-GFP into the cytoplasm. To define the site of nuclear
membrane rupture, Raab ef al. (35) examined the localization of a GFP-tagged cytoplasmic DNA-
binding probe (cyclic guanosine monophosphate-adenosine monophosphate synthase; cGAS) in
RPEI cells as the cells migrated across narrow constrictions. They identified GFP-cGAS foci at
the leading edge of the cell—the same site where nuclear protrusions were observed. When RPE1
cells with a lamin A/C knockdown were forced to traverse narrow constrictions, nuclear membrane

ruptures were accompanied by reduced cell survival.

At the same time, Denais ef al. (36) observed nuclear membrane ruptures in human fibroblasts,
breast cancer cells, and fibrosarcoma cells migrating in a microfluidic device with 2-um
constrictions. They documented nuclear membrane ruptures by the escape of NLS-GFP into the

cytoplasm and by visualizing the distribution of a GFP containing a nuclear export signal (NES-
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GFP), which is normally confined to the cytoplasm. In the setting of nuclear membrane ruptures,
NES-GFP appeared in the nucleus. They also observed cGAS at sites of nuclear membrane
ruptures. Both Raab ef al. (35) and Denais et al. (36) found that nuclear membrane ruptures in
migrating cells were accompanied by an accumulation of fluorescently-labelled 53BP, a protein
that is recruited to double-stranded DNA breaks and to regions of low chromatin density (37). In
migrating osteosarcoma cells with nuclear membrane ruptures, Irianto et al. (37) observed
increased numbers of YH2AX foci in the nucleus and DNA breaks, as well as escape of DNA repair

factors into the cytoplasm.

Cytoskeletal-Nuclear Force Transmission Triggers Nuclear Membrane Ruptures

The transmission of cytoskeletal forces to the nucleus increases the frequency of nuclear
membrane ruptures. For example, Raab ef al. (35) observed that increased force transmission to
the cell nucleus as mouse dendritic cells migrate through dense extracellular matrices resulted in
more nuclear membrane ruptures (35). Also, an uncontrolled accumulation of contractile actin
stress fibers over the cell nucleus (39) resulted in nuclear deformation and increased numbers of
nuclear membrane ruptures. Conversely, Hatch ef al. (40) showed that depolymerizing actin
filaments with cytochalasin D or latrunculin—or inhibiting the actomyosin network with
blebbistatin—reduced nuclear membrane ruptures in osteosarcoma cells with a knockdown of
lamin B1. Additionally, Xia et al. (41) showed that blebbistatin suppressed nuclear membrane
ruptures when A549 cells (with a lamin A knockdown) migrated through small pores (42).
Disrupting the (LINC) complex, either by reducing SUN protein expression or by disrupting
nesprin—SUN protein interactions with a KASH domain, also reduced the frequency of nuclear
membrane ruptures (40). The LINC complex, located in the perinuclear space, is crucial for

transmitting forces from the cytoskeleton to the nuclear lamina (29).
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While multiple studies have documented nuclear membrane ruptures when the nuclear lamina
is weakened or compromised by reduced expression of nuclear lamins or by the expression of
mutant nuclear lamin proteins (3236, 40), my thesis work has helped advanced our knowledge
on the role of nuclear lamins in nuclear membrane ruptures. At this point we know that fibroblasts
lacking nuclear lamins exhibit frequent spontaneous nuclear membrane ruptures and DNA
damage. (43), The impressive vitality of TKO MEFs raised a provocative question: Are nuclear
membrane ruptures innocuous in living animals or do they adversely affect cell vitality in the
setting of physiologic or developmental processes in living animals? To define the importance of
nuclear membrane ruptures in vivo, we investigated migrating neurons in the developing brain. In
the setting of lamin Bl or lamin B2 deficiency, we hypothesized that the mechanical stress
associated with nucleokinesis and cell migration could trigger nuclear membrane ruptures and lead
inexorably to cell death. We investigated this hypothesis in cell culture models and in the
developing cerebral cortex of mouse embryos. Our studies uncovered, for the first time, a link

between nuclear membrane ruptures, neuronal survival, and tissue pathology (20).
Physiologic Relevance of Nuclear Membrane Ruptures

We doubt that the relevance of ruptures is restricted to the developing brain. Sooner or later,
we suspect that nuclear membrane ruptures will be shown to be important in the pathophysiology
of multiple laminopathies, particularly those associated with cell death and overt tissue pathology.
In recent years, there has been considerable interest in the arterial pathology of Hutchinson-Gilford
progeria syndrome (HGPS) (44), a progeroid disorder caused by a mutant form of prelamin A
(progerin) (45—47) that cannot be processed to mature lamin A (45—47). In a 2018 paper, we (48)
made a seminal observation about nuclear lamin gene expression in the aorta. In medial SMCs, we

found that the expression of Lmna is quite high, whereas Lmnb1 expression is very low. In HGPS



mice, we observed very high levels of progerin protein in the medial SMCs of the aorta but very
low levels of lamin B1 protein (48). In contrast, both proteins were expressed at high levels in the
endothelial cells of the arterial intima. We hypothesized that this combination—high levels of
progerin but low levels of lamin Bl—rendered SMCs susceptible to injury in the setting of
mechanical stress—and that it might be possible to prevent SMC death by blocking transmission
of cytoskeleton forces to the nucleus. To explore that hypothesis, we examined the effects of
disrupting the LINC complex in both progerin-expressing SMCs in cell culture and in the aortas
of HGPS mice. To disrupt the LINC complex, we expressed the KASH (Klarischt/Anc-1, Syne
Homology) domain of Nesprin2 (KASH2) (48) in SMCs, which interferes with Nesprin—Sun
protein interactions in the perinuclear space and limits transmission of cytoskeletal forces to the
nucleus. The hypothesis that interrupting force transmission to the nucleus would ameliorate
disease phenotypes was confirmed—both in progerin-expressing SMCs in culture and in
histopathologic studies of HGPS mice (48). In cultured progerin-expressing SMCs, KASH2
expression eliminated nuclear blebs and markedly reduced DNA damage and, in HGPS mice
harboring a transgene encoding a Cre-activatable KASH2 domain, activation of KASH2
expression in aortic SMCs significantly reduced death of SMCs in the medial layer of the aorta
and reduced the compensatory thickening of the adventitial layer (48). It seems possible that
nuclear membrane ruptures occur in SMCs and underlie the progressive loss of SMCs in the medial
layer of the aorta in HGPS mice. This scenario is plausible, particularly since our electron
microscopy studies (48) uncovered profound morphological defects in the nuclear membranes of

medial SMCs in aortas of HGPS mice.

More recently, Earle et al. (49) investigated the relevance of nuclear membrane ruptures to

myopathy in Lmna”~ mice and gene-targeted mice harboring lamin A/C missense mutations



known to cause myopathy in humans. In cultured myotubes (generated from myoblasts isolated
from the mutant mice), they observed misshapen nuclei, DNA damage, and frequent nuclear
membrane ruptures. In myofibers harvested from mutant mice, they found that expression of a
KASH2 domain reduced DNA damage, consistent with our earlier studies (48). They also found
indirect evidence for nuclear membrane ruptures in myofibers harvested from mice (cGAS foci
and the presence of heat shock protein 90 in the nucleus). We suggest that future studies of mouse
models of LMNA-related muscular dystrophies should take advantage of the ROSA!-Tomato
transgene (20) and examine, in a more direct fashion, the frequency of nuclear membrane ruptures
in specific skeletal muscle beds under different experimental conditions. Directly assessing the
frequency of nuclear membrane ruptures in skeletal muscle beds, combined with quantification of
dystrophic changes in skeletal muscles, could add considerably to our understanding of the LMNA-

related myopathies.
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No Nuclear Lamin Deficiencies Nuclear Lamin Deficiencies

Key

— Nuclear lamins . Forces on the nucleus from the
cyt or extr: force

@ Nucleoplasmic contents 4 DNA damage

Figure 1.1. Schematic diagram of nuclear membrane rupture. The nuclear lamina (red) is a
meshwork underlying the nuclear membranes surrounding the nucleus (nucleoplasmic contents
are denoted by green). With an intact nuclear lamina, even when the nucleus is subject to forces
from the cytoskeleton or extracellular forces (blue), the nucleoplasmic contents stay localized to
the nucleus because nuclear membrane integrity is not disrupted. Without a nuclear lamina (or in
the absence of some nuclear lamins resulting in a functionally compromised nuclear lamina), we
hypothesized that forces on the nucleus would result in a loss of nuclear membrane integrity as
judged by the leakage of nucleoplasmic contents (green) into the cytoplasm. This is what we call
a nuclear membrane rupture. When nuclear membrane integrity is lost, we suspect that the mixing
of nucleoplasmic and cytoplasmic contents would result in DNA damage within the nucleus (black
crosses). This is perhaps an underlying mechanism for disease in the setting of nuclear lamin

deficiencies or defects.
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The nuclear lamina, an intermediate filament meshwork lining the
inner nudear membrane, is formed by the nudear lamins (lamins A, C,
B1, and B2). Defects or deficiendes in individual nudear lamin proteins
have been reported to elidt nudear blebs (protrusions or outpoudhings
of the nuclear envelope) and increase susceptibility for nuclear
membrane ruptures. It is undear, however, how a complete absence of
nudear lamins would affect nudear envelope morphology and nuclear
membrane integrity (i.e., whether nudear membrane blebs or protru-
sions would occur and, if not, whether cells would be susceptible to
nudear membrane ruptures). To address these issues, we generated
mouse embryonic fibroblasts (VIEFs} ladking all nuclear lamins. The
nudear lamin-defident MEFs had irregular nuclear shapes but no
nudear blebs or protrusions. Despite a virtual absence of nudear blebs,
MEFs lacking nuclear lamins had frequent, prolonged, and occasionally
nonhealing nuclear membrane ruptures. By transmission electron
microscopy, the inner nuclear membrane in nudear lamin-defident
MEFs have a “wavy" appearance, and there were discrete discontinu-
ities in the inner and outer nuclear membranes. Nudear membrane
ruptures were accompanied by a large increase in DNA damage, as
judged by y-H2AX foci. Medhanical stress increased both nudear
membrane ruptures and DNA damage, whereas minimizing transmis-
sion of cytoskeletal forces to the nucleus had the opposite effects.

nuclear lamina | nuclear envelope | nuclear membrane rupture

he nuclear lamina is an intermediate filament meshwork

lining the Inner nuclear membrane and is composed of A-
type and B-type nuclear lamins (1, 2). The nuclear lamina pro-
vides structural support for the cell nuclens and interacts with the
muclear chromatin, transcription factors, and proteins of the in-
ner nuclear membrane (1, 2).

For years, the nuclear lamins were thought to play essential roles in
the cell muclens. In particular, B-type lamins were thought to play
roles in DNA synthesis (3-5) and in the assembly of the mitotic
spindle (6, 7). Recent studies by Jung et al. (8) showed that this is not
the case; keratinocytes and fibroblasts proliferate normally and sur-
vive In the absence of nuclear lamins. Studies with embeyonic stem
cells support the idea that muclear lamin-deficient cells can proliferate
and differentiate (9, 10). These newer insights demand a better un-
derstanding of the physiologic importance of the muclear lamina.

One clue into the function of the nuclear lamina is that defi-
ciencies in nuclear lamins or structural defects in nuclear lamins
result in nuclear blebs (protrusions or outpouchings of the mu-
clear envelope) (11-14). Nuclear blebs occur in fibroblasts from
patients with Hutchinson-Gilford progeria syndrome (a proge-
roid syndrome caunsed by a mutant form of prelamin A) (15), and
blebs are common in lamin Bl-deficient fibroblasts (16). The
mechanisms for nuclear bleb formation are not fully understood,
but Funkhouser et al. (11) proposed that separations of nuclear
lamin filamentous networks canse nuclear blebs.

Another clue to the function of the nuclear lamina is the obser-
vation that defects or deficiencies in nuclear lamins result in nuclear
membrane ruptures, leading to intermixing of nucleoplasmic and
cytoplasmic contents (17-21) and DNA damage (21, 22). The

10100-10105 | PNAS | Qctober 2, 2018 | vol 115 | no. 40
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assumption has been that nuclear membrane ruptures originate
from nuclear blebs (19, 22-26).

In the current study, we generated mouse embryonic fibro-
blasts (MEFs) lacking all nuclear lamins. We wanted to de-
termine whether those cells would manifest nuclear blebs (or
protrusions of the chromatin beyond the bounds of the muclear
membranes). We also wanted to determine whether cells lacking
nuclear lamins would be susceptible to nuclear membrane rup-
tures—or whether the absence of nuclear lamin filaments might
actually protect from nuclear membrane ruptures.

Results

Nudear Lamin-Defident Mouse Embryonic Fibroblasts. We generated
Lnna™ ™" Lnnbl / Lmnb2*'* MPEFs [lamin B1 knockout (BIKO)],
Lonna™ Lmnbl ' Lmnb2 ! MEFs [expressing lamin A/C from one
allele but no B-type lamins (AIBO)], and Lmna ' Lmnbl /

Lmnb2 ! MEFs [triple knockout (TKO)]. TKG MEFs were
created by treating Lmna ! Lmnb 1YL mnb2M MEFs (8, 27) with
Cre adenovirns. TKG MEFs did not e transcripts for prelamin
A, lamin C, lamin BI, or lamin B2, as judged by gRT-PCR (Fig. 14).
As expected, nuclear lamin proteins were absent from TKG MEFs,
as judged by Western blots (Fig. 1B) and immunoflnorescence mi-
croscopy (Fig. 1 C and D). BIKO MEFs lacked lamin BI but had
normal levels of lamins A, C, and B2. ATB0 MEFs lacked lamins BT
and B2 but had half-normal amoumnts of lamins A and C (Fig. 1 B-D).

Significance

Genetic defects in nuclear lamins or reduced expression of nu-
clear lamins is accompanied by nuclear blebs and an increased
susceptibility for nuclear membrane ruptures. Nudear mem-
brane ruptures are exacerbated by subjecting cells to mechanical
forces. Here, we demonstrate that cells lacking nuclear lamins
have oblong nuclei, but no nuclear blebs and no protrusions of
the chromatin beyond the bounds of the nuclear membranes.
Nevertheless, the cells displayed frequent and prolonged nu-
clear membrane ruptures, associated with DNA damage and
occasionally by cell death. Thus, the nuclear lamina is crudal for
the integrity of the nuclear membranes and for limiting damage
to DNA. We suspect that our observations could be relevant to
disease caused by defects or deficiencies in the nuclear lamins.
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Fig. 1. Mouse embryonic fibroblasts (MEFs) lacking nuclear lamins. {4)
Transcript levels for prelamin A, lamin C, lamin B1, and lamin B2 in
Lmna™ tmnb T tmnb2t't [wildtype (WT)], Lmna™*Lmnbl™"Lmnb2*'*
[lamin B1 knockout (B1KO)], Lmna™"Lmnb1~"Lmnb2™"" [expressing lamin A/C
from one allele but no B-type lamins (A1B0)], and Lmna~"tmnb1™"Lmnb2™'~
[triple-knockout {TKO)] MEFs. Expression was normalized to Ppia; mean of two
independent experiments. (8) Western blots showing nuclear lamin expression
in MEFs. Actin was used as a loading control. {C) Immunofluorescence micros-
copy of MEFs with antibodies against lamin A/C {red), lamin B2 (blue), and
LAP2p (green). (Scale bars, 20 pm.) (D) Immunofluorescence microscopy of MEFs
with antibodies against lamin B1 {red) and LAP23 {green). (Scale bars, 20 pm.)

An Absence of Nuclear Blebs in TKO MEFs. Nuclei of WT MEFs were
round or oval, and nuclear blebs were very rare (Fig. 2.4 and B).
Nuclei from B1IKO and A1B0 MEFs were round or oval, but
10.7 + 3.3% of BLKO MEFs and 16.2 + 5.3% of A1B} MEFs had
nuclear blebs (Fig. 2.4 and B). Nuclear blebs in TKO MEF nuclei
were rare (2.0 + 1.2%; n = 527 cells), but 84.0 + 4.1% of nuclei
were oblong or irregularly shaped (Fig. 2 A, C, and D). In TKO
MEFs, we never observed herniation or protrusion of chromatin
beyond the bounds of the nuclear membranes [visualized with the
inner nuclear membrane marker LAP2p (lamina-associated poly-
peptide 2, p isoform)]. Nuclear pore complexes (NPCs) were
asymmetrically distributed in TKO MEFs (SI Appendix, Fig. S1 A
and B), in keeping with results in an earlier study (9).

By transmission electron microscopy (TEM), both inner and
outer nuclear membranes of TKO MEFs were “wavy,” whereas
only the outer nuclear membrane was wavy in WT MEFs (Fig. 2
E and F and SI Appendix, Fig. S24).

Frequent Nuclear Ruptures in TKO MEFs. To assess susceptibility of
TKO MEFs to nuclear membrane ruptures, we expressed an
NLS-GFP reporter (green fluorescent protein with a nuclear locali-
zation signal) (22) in MEFs and visualized cells by fluorescence
microscopy (SI Appendix, Fig. S34). In WT MEFs, NLS-GFP was

Chen et al.

nearly always confined to the nucleus, but the NLS-GFP in TKO
MEFs was often present in the cytoplasm, indicating the presence of
a nuclear membrane rupture (19, 20, 22). Nuclear membrane rup-
tures were also rare in wild-type MEFs as they moved across the
substrate (Fig. 34, Top, and Movie S1). In contrast, nuclear mem-
brane ruptures were frequent in migrating TKO MEFs (Fig. 34,
Bottom, and Movie S2). In most cases, the ruptures were repaired,
and the NLS-GFP returned to the nucleus. Nuclear membrane
ruptures often occurred repetitively in the same fibroblast.

To determine the frequency of nuclear membrane ruptures in
TKO MEFs, we imaged NLS-GFP-expressing TKO MEFs for
20 h. Numbers of nuclear membrane ruptures and the percentage
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Fig. 2. Morphological abnormalities in WT, B1IKO, A1B0, and TKO MEFs. (4)
Immunofluorescence microscopy of MEFs stained with an antibody against
LAP2p {(green). The arrows point to nuclear blebs; the arrowheads point to
irregularly shaped nuclei. (Scale bars, 20 um.) (B) Percentages of cells with
nuclear blebs. The black circles show the averages for three independent
experiments; fractions show numbers of cells with blebs divided by the total
number of cells examined. ***P < 0.0001 by y? test; ns, nonsignificant, >
0.05. (C) Percentages of cells with irregularly shaped nuclei. The black circles
indicate the averages for three independent experiments; fractions show the
numbers of cells with irregularly shaped nuclei divided by the total number
of cells examined. ***P < 0.0001 by x° test. (D) Box plots showing reduced
circularity of the nucleus in TKO MEFs. The red line denotes the population
median; boxes show 25th and 75th percentiles; and vertical lines show the
10th and 90th percentiles. ***P < 0.0001 by unpaired Student's t test. (£)
Electron micrographs showing that the inner nuclear membrane in TKO MEFs
is wavy {red arrow), whereas it is straighter in WT MEFs {blue arrow). N, nuclei.
(Scale bar, 500 nm.) (F) Scatter plot showing the average “wavy membrane
score” for 38 electron micrographs (19 WT and 19 TKO MEFs) by 10 observers
blinded to genotype. Each square represents the average score for an image
{0 representing the “least wavy” and 4 representing the “most wavy"). WT
MEFs {black squares); TKO MEF electron micrographs {white squares).
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Fig. 3. Nuclear membrane ruptures in TKO MEFs. (4) Sequential images of WT and TKO MEFs expressing a green fluorescent protein fused to a nuclear
localization signal {NLS-GFP) {(green) and imaged by live-cell fluorescence microscopy for 240 min. Images at 30-min intervals are shown. The orange arrows
indicate the direction of nuclear movement, and the red arrows point to a nuclear membrane rupture event in a TKO MEF. (B) Bar graph showing the number
of nuclear membrane ruptures as a percentage of the total number of cells evaluated. The black circles show the averages for three independent experiments.
Ratios above each genotype show the total number of nuclear membrane rupture events divided by the total number of cells evaluated. Nuclear membrane
ruptures were more frequent in TKO and B1KO MEFs than in WT MEFs. **P < 0.001; ***P < 0.0001 by ¥? test. (C) Sequential images showing a nonhealing
nuclear membrane rupture in a TKO MEF (NLS-GFP remains in the cytoplasm) and cell death after 14 h. (Scale bars: A and C, 20 um)

of fibroblasts with nuclear membrane ruptures were higher in
TKO MEFs than in WT or BIKO MEFs (P < 0.0001) (Fig. 3B
and ST Appendix, Fig. S3B). We observed 72 nuclear membrane
ruptures in 151 TKO MEEFs. Also, nuclear membrane ruptures
were more prolonged in TKO MEFs (241 + 66 min in TKO MEFs
vs. 94.4 + 39 min in BIKO MEFs) (SI Appendix, Fig. S3C). When
TKO MEFs were seeded at high density, nuclear membrane
ruptures were observed in migrating cells squeezing between
closely packed cells (ST Appendix, Fig. S3D and Movie S3).

Earlier studies suggested that nuclear membrane ruptures oc-
curred at sites of nuclear blebs (12, 19, 22, 25), but ruptures were
common in TKO MEFs despite a virtual absence of blebs. To
determine whether nuclear membrane blebs formed before nu-
clear membrane ruptures, TKO MEFs were imaged at 15-s in-
tervals (ST Appendix, Fig. S44 and Movies $4-56). We never
observed nuclear blebs or protrusions before nuclear membrane
ruptures, suggesting that nuclear blebs are not a prerequisite for
nuclear membrane ruptures. Also, we observed no apparent cor-
relation between nuclear membrane ruptures and nuclear blebs in
B1KO MEFs (SI Appendix, Fig. $4B). We identified 16 nuclear
membrane ruptures in 137 BIKO MEFs (6.5 + 1.4%) (Fig. 3B),
but only 3 of the 16 ruptures occurred in cells harboring a nuclear
bleb (SI Appendix, Fig. S4 B and C and Movies S7-89).

We observed examples of nonhealing nuclear membrane ruptures
in TKO MEFs, and those cells invariably died (Fig. 3C and Movies
$10 and S11), implying that persistent interspersion of cytoplasmic
and nucleoplasmic contents is incompatible with cell survival. We
suspected that nuclear membrane ruptures in TKO MEFs might
lead to DNA damage. Indeed, y-H2AX foci were far more frequent
in TKO MEFs than in WT MEFs (ST Appendix, Fig. S5).

TKO and B1KO MEFs harboring nuclear membrane ruptures
had gaps and irregularities in the distribution of LAP2f (Fig. 4 4
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and B and SI Appendix, Fig. S64). In WT MEFs (Fig. 24) and
mutant MEFs without ruptures (SI Appendix, Fig. S68), LAP2p
was homogenously distributed at the nuclear rim. In MEFs with
nuclear membrane ruptures, we occasionally observed significant
colocalization of NLS-GFP with the ER-resident protein calre-
ticulin, presumably reflecting a ruptured inner nuclear mem-
brane and entry of NLS-GFP into the ER (Fig. 4C). More
frequently, there was minimal colocalization with calreticulin
and NLS-GFP was located throughout the cytoplasm, reflecting
ruptures of both inner and outer nuclear membranes (SI Ap-
pendix, Fig. S6C). By TEM, we identified short discontinuities in
either the inner or the outer nuclear membranes in TKO MEFs
(Fig. 4D and ST Appendix, Fig. S7), but we never found a gaping
hole involving both the inner and outer nuclear membranes.

Disrupting the Cytoskeleton Reduces Nuclear Membrane Ruptures in
TKO MEFs. Cytochalasin D reduced the percentage of TKO MEFs
with irregularly shaped nuclei (11.3 + 0.9% vs. 73.2 + 1.2% in
untreated cells) (Fig. 5 4, B, and G), likely by reducing trans-
mission of cytoskeletal forces to the nucleus. Similarly, disrupting
the LINC complex with the KASH domain of nesprin 2 (KASH2)
(28) reduced the percentage of cells with irregularly shaped nuclei
(Fig. 5 C and G). Neither cytochalasin D nor KASH?2 corrected the
distribution of NPCs in TKO MEFs (SI Appendix, Fig. S1 C and D),
nor did those interventions normalize the wavy inner nuclear
membrane phenotype (SI Appendix, Fig. S2 B and C).

We examined the frequency of nuclear membrane ruptures in
WT and TKO MEFs under static conditions and with biaxial
stretching. Under static conditions, nuclear membrane rptures
were detected in 1.9 + 0.2% of WT MEFs and 10.7 + 1.7% of TKO
MEFs. When stretched, the frequency of nuclear membrane rup-
tures was 3.2 + 1.7% in WT cells vs. 37.3 + 64% in TKO MEFs
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Fig. 4. Increased nuclear membrane ruptures in MEFs lacking nuclear
lamins. {4 and 8) Immunofluorescence microscopy showing abnormal LAP2p
distribution {red) in TKO {(4) and B1KO (8) cells harboring nuclear membrane
ruptures {arrows). (Scale bars, 10 pm.) {C) Fluorescence microscopy of MEFs
with nuclear membrane ruptures {i.e., NLS-GFP in the cytoplasm) and stained
with an antibody against calreticulin (ER marker; red). Cytoplasmic NLS-GFP
was detected within the ER {(yellow) and outside the ER {(green). (Scale bars,
10 pm.) (D) Electron micrographs showing breaks {red arrows) in the inner
{Top) and the outer nuclear membrane (Bottom) of TKO MEFs. N, nuclei.
{Scale bars, 200 nm.) (£) Fluorescence microscopy showing larger numbers of
nuclear membrane ruptures in TKO MEFs subjected to biaxial stretching. WT
and TKO MEFs were subjected to biaxial stretching for 24 h. Nuclear mem-
brane ruptures were frequent, as judged by NLS-GFP {green) in the cytoplasm
{arrowheads). (Scale bars, 50 pm.) {(F) Bar graph showing effects of stretching
on nuclear membrane ruptures in WT and TKO MEFs. The black circles indicate
frequencies in three independent experiments. Ratios above each genotype
show the number of cells with NLS-GFP in the cytoplasm divided by the
number of cells scored. ***P < 0.0005; ns, nonsignificant, # > 0.05 by y?2 test.

(Fig. 4 E and F). Cytochalasin D reduced the frequency of nuclear
membrane ruptures in TKO MEFs (Fig. 5 H and ). Under static
conditions, 13 + 7.2% of untreated TKO MEFs had nuclear
membrane ruptures vs. 2.8 + 1.7% in cells treated with cytochalasin
D (Movie S12). When TKO MEFs were subjected to biaxial
stretching, 43 + 11.1% of untreated cells had nuclear membrane
ruptures vs. 6.8 + 4.2% in cells treated with cytochalasin D (Fig.
5I). Cytochalasin D also reduced the frequency of DNA damage
(as judged by y-H2AX foci), both under static conditions and with
stretching (P < 0.0005) (Fig. 5 J-L and ST Appendix, Fig. S8).

Partial Rescue of Nuclear Abnormalities in TKO MEFs by Individual
Nuclear Lamins. We expressed individual nuclear lamins in TKO
MEFs at levels comparable to those in wild-type MEFs (ST Ap-
pendix, Fig. 89 A-C). The expression of each nuclear lamin im-
proved the distribution of NPCs, with the NPC distribution
mirroring the distribution of the nuclear lamin (S7 Appendix, Fig.
S1 E-G). Lamin A expression, but not lamin B1 or B2 expres-
sion, reversed the wavy inner nuclear membrane phenotype (S
Appendix, Fig. 82 D-F). Expression of either lamin A or lamin
Bl reduced the percentage of cells with irregularly shaped nuclei
(P < 0.0001) but simultaneously elicited nuclear blebs (Fig. 5 D,
E, and G and ST Appendix, Fig. S9G). Lamin A in transfected
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TKO MEFs was distributed in a “honeycomb” pattern, in con-
trast to the even distribution pattern of lamin A in WT MEFs (87
Appendix, Fig. S9D) and the even distribution of lamin Bl in
transfected TKO MEFs (SI Appendix, Fig. SOE). Lamin B2 was
unevenly distributed in lamin B2-expressing TKO MEFs, and
lamin B2 did not correct the irregular nuclear shape phenotype
(Fig. 5 F and G and SI Appendix, Fig. S9F). Lamin B1 expression
reduced the frequency of nuclear membrane ruptures, whereas
lamin B2 expression did not (Fig. 5H and Movies S13 and S14).
Unexpectedly, lamin A expression in TKO MEFs increased the
frequency of nuclear membrane ruptures (Fig. SH and Movie
S15). The duration of ruptures in lamin A-expressing TKO
MEFs was shorter than in nontransfected TKO MEFs (ST Ap-
pendix, Fig. SOH), but the shorter duration of ruptures was not
accompanied by reduced DNA damage (ST Appendix, Fig. S9I).

Discussion
We examined nuclear membrane morphology and nuclear mem-
brane ruptures in fibroblasts lacking all nuclear lamins (TKO
MEFs) and gleaned five insights. First, nuclei in TKO MEFs are
oblong and irregularly shaped but nuclear blebs are virtually ab-
sent. Cytochalasin D normalized nuclear shape, implying that cy-
toskeletal forces cause the abnormal nuclear shape. Second, the
absence of nuclear lamins in TKO MEFs was accompanied by
discrete discontinuities in either the inner or outer nuclear mem-
branes but no gaping holes, as judged by TEM. A hallmark of TKO
MEFs is a wavy inner nuclear membrane. The expression of lamin
A largely normalized that phenotype, while the effects of the B-
type lamins were far less impressive. Third, despite a virtual ab-
sence of nuclear blebs in TKO MEFs, nuclear membrane ruptures
were frequent. These ruptures were prolonged and accompanied
by DNA damage. In most cases, the nuclear membrane ruptures
eventually healed, but in some cells the ruptures persisted,
resulting in cell death. Fourth, nuclear membrane ruptures and the
accompanying DNA damage were exaggerated by mechanical
stretching and minimized by interventions that reduce force
transmission to the nucleus (e.g., actin depolymerization, disrupt-
ing the LINC complex). These observations support eatlier reports
that external forces on the nucleus promote nuclear membrane
ruptures (19, 22-26, 29). Fifth, transfection of TKO MEFs with
individual nuclear lamin proteins did not abolish nuclear mem-
brane ruptures, implying that a combination of several nuclear
lamins is required for maintaining nuclear membrane integrity.
Earlier studies showed that mutations or deficiencies in nuclear
lamin proteins can elicit nuclear blebs and nuclear membrane
ruptures (11-14), leading to the assumption that nuclear membrane
ruptures originate from weak segments of the nuclear envelope
(i.e., blebs). However, we found that nuclear membrane ruptures in
TKO MEFs are frequent despite an absence of blebs. Our data
from live-cell imaging at 15-s intervals provided no indication that
blebs or protrusions precede nuclear membrane ruptures, although
we cannot exclude the possibility that the blebs are so evanescent
that they simply cannot be visualized with this approach. Also, in
B1KO MEFs, only a few of the nuclear membrane ruptures oc-
curred in cells harboring nuclear blebs. Also, the expression of
lamin B1 in TKO MEFs increased the frequency of nuclear blebs
while reducing the frequency of nuclear membrane ruptures.
Expressing lamin A in TKO MEFs increased the frequency of
nuclear membrane ruptures, whereas lamin Bl reduced the fre-
quency of ruptures. In the case of lamin B1, we suspect that the
association of its famnesyl lipid anchor with the inner nuclear
membrane serves to immobilize lamin Bl filaments and thereby
preserve the integrity of the inner nuclear membrane. Mature lamin
A lacks a lipid anchor; consequently, lamin A filaments have
greater mobility and might even pierce the nuclear membranes
(particularly when the membranes are not buffered by a layer of
lamin B1 filaments). We believe that this scenario is plausible. In
keratinocytes lacking nuclear lamins, keratin filaments can be vi-
sualized in the cell nucleus, raising the possibility that those fila-
ments may have pierced the nuclear membranes (8).
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Fig. 5. Impact of actin depolymerization, disrupting the LINC complex, and nuclear lamin expression on nuclear morphology, nuclear membrane ruptures,

and DNA damage in TKO MEFs. {A-F) Fluorescence microscopy images of TKO MEFs treated with 0.5 pM cytochalasin D (to disrupt the cytoskeleton); TKO
MEFs expressing the KASH domain of nesprin 2 (KASH2-EGFP; to disrupt the LINC complex); and expressing human prelamin A (pTRIPZ-hu-prelamin A), human
lamin B1 (pTRIPZ-LMNBT), or human lamin B2 (pTRIPZ-LMNB2). Cells were stained to visualize LAP2p, actin {with phalloidin), KASH2, lamin A, lamin B1, or
lamin B2. Expression of lamin A and lamin B1 elicited nuclear blebs {arrows). In most cells, lamin B2 was not expressed uniformly in the nucleus {arrowhead).
{Scale bars, 20 um.) (G) Percentage of TKO MEFs with irregularly shaped nuclei. The ratios show the number of cells with irregularly shaped nuclei divided by
the total number of cells examined. Treatment groups vs. control: ***P < 0.0001 by %7 test. (H) Number of nuclear membrane ruptures in TKO MEFs. The
results were analyzed as described in G. Treatment groups vs. control: *P < 0.01, ***P < 0.0001 by x° test. (/) Bar graph showing that cytochalasin D reduces
the frequency of nuclear membrane ruptures in static and stretched TKO MEFs. The results were analyzed as described in G. ***P < 0.0001 by %° test. (/) Bar
graph showing that cytochalasin D reduces y-H2AX foci in static and stretched TKO MEFs. The results were analyzed as described in G. ***P < 0.0005 by
Student’s ¢ test. (K and £) Fluorescence microscopy images showing that cytochalasin D reduces y-H2AX foci in static (K) and stretched (£) TKO MEFs. Panels

below images show y-H2AX foci (black) inside nuclei {outlined in red). (Scale bars: K and £, 10 um.)

By TEM, we observed short discontinuities in the inner nuclear
membrane and the outer nuclear membrane, but despite ex-
haustive efforts found no gaping holes involving both inner and
outer nuclear membranes. However, it is conceivable that we
simply overlooked large breaches, given that only ~15% of the
cells have nuclear membrane ruptures at any given time. Also, we
imaged only a small portion of the cell nucleus; our TEM sections
were 65 nm thick, while the nucleus is several micrometers thick.

Our studies underscored functional differences between lamin
B1 and lamin B2. Both lamin B1 and lamin B2 are uniformly dis-
tributed along the nuclear rim in wild-type cells (13, 14, 30). When
those proteins are expressed in TKO MEFs, lamin B1 is uniformly
distributed along the nuclear rim, whereas in many cells lamin B2 is
distributed in an inhomogeneous fashion. Also, in contrast to lamin
B1, lamin B2 had no capacity to elicit nuclear blebs in TKO MEFs
or to correct the wavy inner nuclear membrane phenotype. The
distinct properties of the two B-type lamins are consistent with our
eailier findings. In lamin Bl-deficient neurons, the distribution of
lamin B2 is inhomogeneous, whereas lamin B1 is distributed nor-
mally in lamin B2-deficient neurons (13). Also, the farnesyl lipid
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anchor is crucial for lamin B1 stability and function, whereas lamin
B2’s farnesyl lipid tail is dispensable (30).

By immunofluorescence microscopy, we observed two intriguing
findings. The first is that occasional TKO MEFs with nuclear
membrane ruptures displayed substantial colocalization of NLS-
GFP and calreticulin. In those cells, we suspect that an inner nu-
clear membrane rupture allowed NLS-GFP to enter the peri-
nuclear space and then enter the ER lumen (where calreticulin
resides). The second observation is that TKO MEFs with nuclear
membrane ruptures invariably had gaps and irregularities in the
distribution of LAP2f, whereas LAP2§ was evenly distributed in
cells without nuclear membrane ruptures. We do not know whether
the profoundly abnormal distribution of LAP2p preceded the nu-
clear membrane ruptures or was a consequence of the ruptures. We
cannot completely exclude the possibility that the gaps in LAP2f
distribution reflected gaping holes in the nuclear membranes, but
our TEM studies provided no support for that possibility.

In summary, our studies demonstrate that an absence of nu-
clear lamins leads to frequent and prolonged nuclear membrane
ruptures and DNA damage. Ultimately, we suspect that our
findings will prove relevant to disease phenotypes, for example

Chen et al.
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the progressive loss of cortical neurons accompanying defi-
clencies of lamin B or lamin B2 (13, 14, 30, 31).

Materials and Methods

Cell Culture. To generate TKO MEFs {tmna~~tmnb 1™~ tmnb2~"), we treated
tmna~~tmnb1™tmnb 2™ MEFs as described previously (8, 27) with Cre
adenovirus. To generate fluorescently labeled cell lines with the nuclear
rupture reporter NLS-GFP (22), we transduced cells with lentivirus by UCLA's
Vector Core Facility.

RNA Studies. gRT-PCR (gPCR) studies were performed with the primers listed
in St Appendix, Table S1.

Woestern Blots. Urea-soluble protein extracts from cells were prepared (32),
and Western blots were performed with the antibodies listed in Sf Appendix,
Table 52.

Immunofluorescence Microscopy. Cells on coverslips were fixed with 4%
paraformaldehyde in PBS or ice-cold methanol followed by one dip in ace-
tone and permeabilized with 0.2% Triton. The cells were then processed for
confocal immunofluorescence microscopy (27) using antibodies listed in Sf
Appendix, Table 52.

Nuclear Shape Analysis. To quantify percentages of cells with nuclear blebs
and cells with irregularly shaped nuclei, we stained MEFs with an antibody
against LAP2f (St Appendix, Table 52). Fluorescence images of randomly
selected nuclei were acquired at 20x on a Zeiss LSM700 laser-scanning mi-
croscope. Nuclei of WT, B1KO, A1B0, and TKO MEFs were scored as normal,
having one or more nuclear blebs, or irregularly shaped (deviating from a
spherical shape, oblong) by an independent observer blinded to genotype.
At least 300 cells were scored per group.

Electron Microscopy. Cells were prepared by fixing and scraping monolayers of
cells or by en face embedding of adherent cells grown on Thermanox (Ted
Pella) coverslips. Details are included in St Appendix, S Materials and Methods.

Live-Cell Imaging. Live-cell imaging was performed with 35-mm glass-bottom
microwell Petri dishes (MatTek) or six-well plates containing 2-mm glass wells
{MatTek) on a Zeiss LSM 800 confocal microscope with a Plan Apochromat
10x/045 or a Plan Apochromat 20x/0.80 objective at 37 °C with 5% CO,
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maintained by TempModule S1 (Zeiss) and CO, Module $1 (Zeiss). Z stacks
were acquired from fluorescence and transmission channels in sequential
order at indicated time steps.

Cell Stretching. Stretching MEFs on polydimethylsiloxane (PDMS) membranes
was performed as described (33). Cells were seeded on flexible PDMS
membranes {1 mm thick). The membranes were stretched 5 mm at 0.5 Hz for
24 h. To test the effects of cytochalasin D on nuclear membrane ruptures,
the membranes were stretched 2 mm at 0.5 Hz for 2 h.

Treatment of Cells with Cytochalasin D. MEFs were treated with 0.5 pM grto-
chalasin D (Tocris) for 1 h hefore live-cell imaging or fixation for immunoflu-
orescence microscopy. For cell-stretching experiments, MEFs were treated with
0.5 pM cytodhalasin D for 3 h before being stretched 2 mm at 0.5 Hz for 3 h.

Expression Vectors for Nuclear Lamins and KASH2. pTRIPZ-Prelamin A was
generated with a human prelamin A cDNA {(#5C101048; Origene)(33). pTRIPZ-
tAMNBT and pTRIPZ-LAMNB2 were generated by introducing a human lamin B1
cDNA (#5C116661; Origene) or a human lamin B2 cDNA (#SC106163; Origene)
into the pTRIPZ vector with Infusion Cloning (Clontech). The EGFP-KASH2 se-
quence was amplified from pEGFP-C1-KASH2 (34) subcloned into the plenti6iva-
DEST plasmid (Thermo Fisher).

Statistical Analyses. Statistical analyses were performed with GraphPad
QuickCalcs {https:fwwav.graphpad.com/). Differences in nuclear morphol-
ogies (blebs, irregularly shaped nuclei) and nuclear membrane rupture fre-
quency were analyzed with a 3 test. Differences in nuclear circularity and
numbers of y-H2AX foci were assessed by two-tailed Student’s t test.

See Sf Appendix, Sf Materials and Methods for more details on the
methods we used.
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SI Materials and Methods

Cell Culture To generate triple- knockout (TKO) MEFs (Lmna™ Lmnbl Lmnb2’/’) and A1B0 MEFs
Lmnad " Lmnb 1" Lmnb2™"), Lmna LmnbI™ Lmnb2"™ and  Lmna" LmnbI™  Lmnb2"™ MEFs,
respectively, were treated with Cre adenov1rus gGene Tr. ansfer Vector Core) three tlmes at 1,000 MOI
each. To generate BIKO MEFs (Lmna" " Lmnb 1" Lmnb2" "), E13.5 mouse embryos were harvested from
Lmnb1" breeder pairs. Cultures of MEFs were grown in monolayer cultures at 37°C with 5-7% CO2 and
maintained in DMEM (Gibco) containing 10% fetal bovine serum (FBS; Hyclone) and 100 units/ml of
penicillin and 100 pg/ml of streptomyecin.

Quantitative RT-PCR Studies. Total RNA was isolated and treated with DNase I (Ambion). RNA was
reverse-transcribed with random primers, oligo(dT), and SuperSecript III (Invitrogen). qPCR reactions
were performed on a 7900 Fast Real-Time PCR system (Applied Biosystems) with SYBR Green PCR
Master Mix (Bioline). Transcript levels were determined by the comparative cycle threshold method and
normalized to levels of cyclophilin A. All primers used are listed in Table S1.

Western Blots. Proteins were size-fractionated on 4-12% gradient polyacrylamide Bis-Tris gels
(Invitrogen) and transferred to a nitrocellulose membrane. Membranes were blocked with Odyssey
Blocking solution (LI-COR Biosciences) for 1 h at RT and then incubated with primary antibodies at 4°C
overnight. After washing the membranes with PBS containing 0.1% Tween-20, they were incubated with
infrared dye (IR)-labeled secondary antibodies for 1 h at RT. The IR signals were quantified with an
Odyssey infrared scanner (LI-COR Biosciences).

Immunofluorescence Microscopy and Image Analysis. For confocal immunofluorescence microscopy,
images were obtained with a Zeiss LSM700 laser-scanning microscope with a Plan Apochromat 20%/0.80
objective (air) or a Plan Apochromat 100x/1.40 oil-immersion objective. Images along the z-axis were
processed by Zen 2010 software (Zeiss). For live-cell imaging, image sequences were analyzed with ZEN
(Zeiss) using only linear adjustments uniformly applied to the entire image region. For confocal image
stacks, images were three-dimensionally reconstructed and displayed as maximum intensity projections.
A nuclear rupture event was defined as NLS-GFP entry into the cytoplasm (in interphase cells only).

Nuclear Circularity. To quantify the variation in nuclear morphology, we computed nuclear circularity
(4w x area/perimeter?) by measuring nuclear areas and perimeters of 100 cells for each genotype. The
circularity measurement reaches a maximum value of 1.0 for a circle and decreases with shape
irregularities (1).

Electron Microscopy. Cells were prepared for transmission electron microscopy (TEM) in two ways: 1)
Embedding of non-adherent cells. Cell monolayers were fixed for 1 h in fixative solution containing 4%
paraformaldehyde (EMS) and 2.5% glutaraldehyde (EMS) buffered with 0.1 M sodium cacodylate
(Sigma) and then gently scraped from the dishes with a cell scraper (Corning). The suspension was
centrifuged at 350 g for 15 min to generate a pellet. The pellets were allowed to fix for another 45 min
before rinsing three times with 0.1 M sodium cacodylate and post-fixing with 1% osmium tetroxide (EMS)
buffered with 0.1 M sodium cacodylate for 1 h at room temperature. Next, samples were rinsed three times
with distilled water and stained overnight with 2% uranyl acetate (SPIChem) at 4°C. Samples were rinsed
three times with distilled water and dehydrated through a series of increasing acetone concentrations (30%,
50%, 70%, 85%, 95%, 100%; 3 x 10 min each) before infiltration with increasing concentrations of
EMBed812 epoxy resin (EMS) in acetone (33% for 2 h; 66% overnight; 100% for 4 h). Next, samples
were embedded in fresh resin and polymerized in a vacuum oven for 24 h at 65°C. 2) En face embedding
of adherent cells. Cells were grown on Thermanox (Ted Pella) coverslips. Cells on coverslips were rinsed
once with fixative solution (2.5% glutaraldehyde in 0.1 M sodium cacodylate), and then fresh fixative was
added for 1 h on ice. Next, cells were rinsed 5 x 2 min each with cold 0.1 M sodium cacodylate and then
post-fixed with 2% osmium tetroxide in 0.1 M sodium cacodylate for 30 min on ice. Next, cells were
rinsed 5 x 2 min with distilled water and stained overnight with 2% uranyl acetate at 4°C. Cells were
rinsed 5 x 2 min with distilled water and dehydrated through a series of increasing ethanol concentrations
(30%, 50%, 70%, 85%, 95%, 100%; 3 x 2 min each) before being infiltrated with increasing
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concentrations of EMBed812 epoxy resin in acetone (33% for 1 h; 66% overnight; 100% for 2 h). Next,
coverslips were inverted onto a BEEM capsule filled to the top with fresh EMBed812 and polymerized in
an oven at 65°C for 48 h. Once polymerized, coverslips were peeled off of the block, leaving the monolayer
of cells behind. For both methods, the polymerized blocks were removed from the tubes, were trimmed
and 65-nm sections were generated with a Leica UC6 ultramicrotome and picked up on freshly glow-
discharged copper grids (Ted Pella) that were coated with formvar and carbon. Sections were then stained
with Reynold’s lead citrate solution for 10 min. Images were acquired with an FEI T12 transmission
electron microscope set to 120kV accelerating voltage using a Gatan 2kX2k digital camera.

Cell Stretching. Flexible polydimethylsiloxane (PDMS) membranes were prepared in 150-mm culture
dishes with the Sylgard 184 silicone elastomer kit (Dow-Corning #3097358-1004). Membranes strips (7
x 0.8 cm) were activated with a plasma cleaning machine, treated with 2% 3-aminopropy-triethoxysilane
at RT for 45 min, and then dried at 55° C for 30 min. The membranes were incubated with 0.5 mg/ml
sulfo-SANPAH in HEPES buffer and crosslinked with UV exposure (300-460 nm) for 30 sec. The washed
membranes were stored at 4° C in a 100 pg/ml collagen solution (PureCol 5005; Advanced Biomatrix).
Cells (1 x 10%) were added to individual membrane strips in molds and incubated in media for 24 h and
then clamped into a custom-built stretching device. The brackets holding the membranes were attached to
an L12 linear actuator (Actuonix) controlled by a multifunction DAQ device (National Instruments) and
LabVIEW 2015 software (National Instruments).

pTRIPZ—Prelamin A, pTRIPZ-LMNBI, pTRIPZ-LMNB2, and pLenti6-EGFP-KASH?2 Lentiviral
Vectors. The doxycycline-inducible vector pTRIPZ-hDDX5/17 (Addgene) was digested with restriction
enzymes Agel and FcoRI and gel-purified. For the pTRIPZ—Prelamin A vector, a human prelamin A
cDNA in pCMV-XL35 vector (#SC101048; Origene) was subcloned into pTRIPZ with Infusion Cloning
(Clontech). For the pTRIPZ-LMNBI, a human lamin B1 ¢cDNA in pCMB6-X1.4 vector (#SC116661;
Origene) was amplified with the Titanium Taq PCR kit (Clontech) and sequence-specific primers (forward
primer, 5'-GTCAGATCGCACCGGATGGCGACTG-3" reverse primer, 5
GTAGCCCCTTGAATTTTACATAATTGCACAGC-3"). For the pTRIPZ-LMNB2, a human lamin B2
cDNA in pPCMV6-X14 vector (#SC106163; Origene) was amplified with the Titanium Taq PCR kit
(Clontech) and sequence-specific primers (forward primer, 5~ATGCGTGTGGACCTGGAGAAA-3;
reverse primer, 5'~GTAGCCCCTTGAATTTCACATCACGTAGCAGCCTCTTGA-3"). Each fragment
(LMNBI and LMNB?2) was purified with UltraClean15 (Qiagen; Germantown, MD) and subcloned into
pTRIPZ vector with Infusion Cloning (Clontech). The products were amplified in XL10-Gold
Ultracompetent cells (Agilent; Santa Clara, CA), and plasmids with the correct sequence were isolated
with plasmid kits (Qiagen). Packaging of lentivirus and transduction of cells were performed by UCLA’s
Vector Core. Transduced cells were selected for one week with 1.5 pug/ml puromycin (Gibco) and serially
diluted to isolate clones. Doxycycline (Fisher Scientific) was added at the indicated doses to induce
expression. The EGFP-KASH2 sequence was amplified from pEGFP-C1-KASH2 (2) as described (3).
Briefly, gel-purified fragments were subcloned into the pLenti6/v3-DEST plasmid (ThermoFisher).
Packaging of lentivirus and transduction of cells were performed by UCLA’s Vector Core. Transduced
cells were selected for one week with 2 pg/ml blasticidin (Gibco). Packaging of lentivirus and transduction
of cells were performed by UCLA’s Vector Core. Transduced cells were subjected to selection for one
week with 1.5 pg/ml puromycin or 2 pg/ml blasticidin (Gibco). Doxycycline (Fisher Scientific) was added
to induce protein expression.
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Supplementary Figures
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Fig. S1. Abnormal nuclear pore complex (NPC) distribution in TKO MEFs and rescue with individual
nuclear lamins. (4) Confocal immunofluorescence micrographs showing asymmetric distribution of NPCs
(close to the centrosome;, yellow arrows) in MEFs lacking all nuclear lamins but an even distribution in
WT, Lmna™*Lmnbl--Lmnb2t* (B1KO), and Lmnat-Lmnbl--Lmnb2-- (A1B0) MEFs. MEFs were
stained with antibodies against the nuclear pore protein Nupl153 (green) and the centrosome marker
pericentrin (mmagenta). (Scale bars, 10 um.) (B) Electron micrographs showing a high density of NPCs
(red arrows) in segments of the nuclear envelope in TKO MEFs (Scale bars, 200 nm.) (C) Treating TKO
MEFs with cytochalasin D made the nuclei rounder but did not rescue nucleoporin distribution. MEFs
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were stained with antibodies against the NPC protein Nup153 and pericentrin. (D) KASH2-EGFP
expression did not rescue nucleoporin distribution in TKO MEFs. MEFs were stained with antibodies
against the nuclear pore protein Nup153 and pericentrin. (E) Prelamin A expression normalized NPC
distribution in TKO MEFs. MEFs were stained with antibodies against lamin A/C (red), Nup 153, and
pericentrin. (F) Lamin Bl expression normalized NPC distribution in TKO MEFs. MEFs were stained
with antibodies against lamin Bl (red), Nup 153, and pericentrin. (G) Lamin B2 expression in TKO MEFs
resulted in a change in NPC distribution that matched lamin B2’s expression pattern. MEFs were stained
with antibodies against lamin B2 (red), Nup 153, and pericentrin. In panels C—E, Nup153 is in green,
pericentrin is in magenta, and DNA was stained with DAPI (blue). (Scale bars in panels C-G, 10 pm.)
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Fig. S2. (4) Electron micrographs showing “wavy” inner nuclear membranes in Lmna~"-Lmnbl--Lmnb2-
= (TKO) mouse embryonic fibroblasts (MEFs) (red arrows), and relatively straight inner nuclear
membranes in wild-type (WT) MEFs (blue arrows). (Scale bars, 500 nm.) (B—F) Cytochalasin D treatment
(B) or KASH2-EGFP expression (C) did not normalize the wavy inner nuclear membrane phenotype in
TKO MEFs. Prelamin A expression (D) normalized the wavy inner nuclear membrane phenotype but
lamin B1 () or lamin B2 (F)) had little or no effect. (Scale bars, 500 nm.)
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Fig. S3. Nuclear membrane ruptures in Lmna* " Lmnb 1™ Lmnb2"* (wild-type, WT), Lmna* " Lmnbl--
Lmnb2* (lamin Bl knockout, B1KO), and Lmna~-Lmnbl--Lmnb2-~ (TKO) mouse embryonic
fibroblasts (MEFs). (4) Confocal micrographs showing TKO MEFs expressing NLS-GFP (green) and
DNA stained with DAPI (red). Nuclear membrane ruptures (fop) are easily distinguished from mitotic
nuclear envelope breakdown (bottom) by the DNA staining pattern (i.e., condensed chromatin in mitotic
cells), the cytoplasmic shape, and the presence of two nuclei at the end of cell division. (Scale bars, 5 pm.)
(B) Bar graph showing percentages of MEFs with nuclear membrane ruptures during 20 h of imaging.
Nuclear membrane ruptures were more frequent in BIKO and TKO MEFs than in WT MEFs. *P < 0.05,
%P <0.0005 by x2test. (C) Bar graph showing the average duration of nuclear membrane ruptures in
TKO and B1KO MEFs (average of 10 nuclear membrane ruptures per group). ***P < (0.0001 by Student’s
t test. (D) Image sequence showing multiple nuclear membrane ruptures (red arrows) in a migrating TKO
MEF. NLS-GFP is in green and DIC is in gray. (Scale bar, 20 um.)
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Fig. S4. Nuclear blebs are not a prerequisite for nuclear membrane ruptures. (4) Image sequences of three
separate nuclear membrane rupture events in TKO MEFs (top, middle, bottom), where nuclear membrane
ruptures occur in cells lacking a nuclear bleb. Red arrows show where nuclear membrane ruptures first
appear in each cell. (B) Bar graph showing percentages of nuclear membrane ruptures in BIKO MEFs in
cells with nuclear blebs vs. cells without nuclear blebs during 20 h of imaging. Only three of 33 nuclear
membrane rupture events occurred in nuclei with a nuclear bleb. (C) Three image sequences of BIKO
MEFs: (top) a BIKO nucleus with a nuclear bleb but no nuclear membrane ruptures; (middle) a BIKO
nucleus with a nuclear bleb and one rupture event (red arrow), (bottom) a BIKO nucleus without a nuclear
bleb but with a nuclear membrane rupture (red arrow). Orange arrows indicate direction of nuclear
translocation. (Scale bars, 20 um.)
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YH2AX

Fig. S5. Confocal immunofluorescence micrographs of wild-type (WT) and Lmna~-Lmnbl--Limnb2-~
(TKO) MEFs, revealing larger numbers of y-H2AX foci in TKO MEFs than in WT MEFs. In the
fluorescence microscopy images, y-H2AX foci are colored red, and the nuclei are stained with DAPI
(blue). To better visualize the y-H2AX foci, drawings of the microscopy images were generated. In the
drawings, the perimeter of each nucleus is outlined in red and y-H2AX foci are shown in black. (Scale

bars, 50 um.)
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Fig. S6. Abnormal nuclear morphology in Lmna~"-Lmnbl--Lmnb2-- (TKO) mouse embryonic fibroblasts
(MEFs). (4) Confocal immunofluorescence micrographs showing an abnormal distribution of LAP2p (an
inner nuclear membrane marker; red) in TKO MEFs with nuclear membrane ruptures, where NLS-GFP
escapes into the cytoplasm. (B) Confocal immunofluorescence micrographs showing LAP2p is uniformly
distributed in TKO MEFs without nuclear membrane ruptures. Note the abnormal nuclear shape. (C)
Confocal immunofluorescence micrographs of WT and TKO MEFs that have been stained with an
antibody against calreticulin (red), a resident protein of the endoplasmic reticulum. NLS-GFP is located
exclusively in the nucleus of WT MEFs (zop), with negligible colocalization with calreticulin. In TKO
MEFs, the degree of colocalization between NLS-GFP and calreticulin was variable. (Scale bars in 4-C,
10 pm.)

32



Fig. S7. Electron micrographs of adherent TKO MEFs showing examples of discrete inner and outer
nuclear membrane discontinuities (red arrows). (Scale bars, 200 nm.) N, nucleus; C, cytoplasm.
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Fig. S8. Confocal immunofluorescence micrographs of TKO MEFs under static conditions (fop) and with
mechanical stretching (bottom). Actin depolymerization in TKO MEFs with cytochalasin D results in
rounder nuclei, fewer nuclear membrane ruptures [as judged by the escape of NLS-GFP into the
cytoplasm], and reduced numbers of y-H2AX foci in TKO MEFs, both under static and stretched
conditions. In the far right panel, the nuclei of TKO MEFs stained with an antibody against y-H2AX are
outlined in red and y-H2AX foci are colored in black. The drawings reveal fewer y-H2AX foci in cells
treated with cytochalasin D, both under static and stretched conditions. (Scale bars, 50 um.)
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Fig. S9. (A-C) Western blot studies of TKO MEFs after introducing expression vectors for prelamin A
(pTRIPZ—hu-prelamin A), lamin B1 (pTRIPZ-LMNBI), or lamin B2 (pTRIPZ-LMNB?2) and then inducing
expression with doxycycline (Dox.). Lamin expression was compared to wild-type (WT) MEFs. Actin
was used as a loading control. (D) Immunofluorescence micrographs showing a homogeneous distribution
of lamin A in WT MEFs and an uneven (“honeycomb™) distribution of lamin A in TKO MEFs that express
lamin A (i.e., after being transduced with pTRIPZ—hu-prelamin A). LAP2f is in green and lamin A is in
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red. (£) Immunofluorescence micrographs showing lamin B1 distribution in WT MEFs, and in TKO
MEFs that express lamin Bl (i.e., after being transduced with pTRIPZ-LA/NBI). LAP2p is in green and
lamin Bl is in red. (F) Immunofluorescence micrographs showing an even distribution of lamin B2 in
WT MEFs and an asymmetric distribution of lamin B2 in TKO MEFs expressing lamin B2. LAP2f is in
green and lamin B2 is in red. (Scale bars in D—F’, 20 um.). () Bar graph showing the percentage of cells
with nuclear blebs in TKO MEFs with lamin A expression, lamin Bl expression, lamin B2 expression,
cytochalasin D treatment, and KASH2 expression. BIKO MEFs are include as a control. (/) Bar graph
shows the average duration of nuclear membrane ruptures in TKO MEFs, TKO MEFs treated with 0.5
uM cytochalasin D, and TKO MEFs expressing lamin A. Nuclear membrane rupture duration was shorter
in TKO MEFs expressing lamin A. ***P < 0.0001 by Student’s ¢ test. (/) Bar graph showing that
expression of lamin A does not reduce y-H2AX foci in TKO MEFs. The results were analyzed as described
in G. ¥**P < 0.0005; nonsignificant (ns, P > 0.05 by Student’s f test).
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Supplementary Tables S1-S2

Table S1
Gene Species Sequences (5'-3")
Lamin A Mouse gettgageacaatgaggatga
tgagcgceaggttotactcag
Lamin B1 Mouse caactgacctcatctggaagaac
tgaagactgtgcttctctgage
Lamin B2 Mouse aggtgcaggctgagcetagag
tgattccagatecttcactcg
Lamin C Mouse cctatcgaaagctgctggag
cctgagactgggatgagtge
Cyclophilin A | Mouse tgagcactggagagaaagga
ccattatggcgtgtaaagtca
Table S2
Antigen Antibody Species Company WB 1CC
Lap2p [27] Monoclonal | Mouse BD Transduction Lab 1:500
Lamin B1 [M-20] [ Polyclonal Goat Santa Cruz Biotech. 1:2000 | 1:500
Pericentrin Polyclonal Rabbit Abcam 1:1000
Lamin A/C Polyclonal Goat Santa Cruz Biotech. 1:500
Lamin A Monoclonal | Mouse Santa Cruz. Biotech 1:2000
Lamin B2 Monoclonal | Rabbit Abcam 1:1000
Lamin B2 Monoclonal | Mouse Invitrogen 1:50
Lamin B2 Polyclonal Rabbit Proteintech 1:300
Actin Polyclonal Goat Santa Cruz Biotech. 1:5000
Nup 153 Monoclonal | Mouse Abcam 1:250
TurboGFP Polyclonal Rabbit Thermo Fisher Scientific 1:1000
eGFP Polyclonal Rabbit Invitrogen 1:1000
Phalloidin-546 Invitrogen 1:2000
v-H2AX Monoclonal | Rabbit EMD Millipore 1:1000
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Captions for Movies S1-S15

Movies S1 and S2. TKO MEFs exhibit transient nuclear membrane ruptures. TKO MEFs (Movie
S2) expressing NLS-GFP (green) were imaged over 240 min and exhibit transient nuclear membrane
ruptures (flooding of NLS-GFP into the cytoplasm). WT MEFs (Movie S1) imaged over 240 min do not
exhibit nuclear membrane ruptures. DIC is in gray.

Movie S3. A TKO MEF exhibits nuclear membrane rupture and nuclear fragmentation. TKO MEFs
expressing NLS-GFP (green) were plated at high density and imaged over 500 min. A TKO MEF exhibits
a nuclear membrane rupture and subsequent nuclear fragmentation. DIC is in gray.

Movies S4-6. Nuclear membrane ruptures do not occur through nuclear blebs/herniations in TKO
MEFs. TKO MEFs expressing NLS-GFP (green) were imaged over 150 sec at 15-sec intervals. Each
movie (S6, S7, S8) documents a distinct example of a nuclear membrane rupture in the absence of a
nuclear bleb. DIC is in gray.

Movies S7-S9. BIKO MEFs occasionally exhibit nuclear membrane ruptures but they do not always
coincide with the presence of a nuclear bleb. BIKO MEFs expressing NLS-GFP (green) were imaged
over 180 min. A BIKO MEF with a nuclear bleb does not have a nuclear membrane rupture (Movie S3).
An occasional BIKO MEF with a nuclear bleb does exhibit a nuclear membrane rupture (Movie S4).
More often, BIKO MEFs without a nuclear bleb have nuclear membrane ruptures (Movie S5). DIC is in
gray.

Movies S10 and S11. TKO MEFs with nuclear membrane ruptures leading to cell death. TKO MEFs
expressing NLS-GFP (green) were imaged over time. (Movie S10) NLS-GFP persists in the cytoplasm.
Time interval, 890 min. (Movie S11) In Movie S11, NLS-GFP in the cytoplasm was as intense as in the
nucleoplasm. Time interval: 1120 min.

Movie S12. Cytochalasin D prevents nuclear membrane ruptures in TKO MEFs. TKO MEFs
expressing NLS-GFP (green) were treated with 0.5 mM of cytochalasin D for 1 h and then imaged for
240 min. In the presence of cytochalasin D, the nucleus is rounder and does not exhibit nuclear membrane
ruptures. DIC is in gray. Time interval: 240 min.

Movies S13-15. Expression of lamin A, lamin B1, or lamin B2 in TKO MEFs does not prevent
nuclear membrane ruptures. TKO MEFs expressing NLS-GFP (green) were transduced with an
inducible expression vector for lamin B1 (Movie S13), lamin B2 (Movie S14), or lamin A (Movie S15).
Each movie captures a nuclear membrane rupture. DIC is in gray. Time interval: 240 min.
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Chapter 3:
An Absence of Lamin B1 in Migrating Neurons Causes Nuclear Membrane Ruptures and

Cell Death
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Deficiencies in either lamin B1 or lamin B2 cause both defective
migration of cortical neurons in the developing brain and reduced
neuronal survival. The neuronal migration abnormality is explained
by a weakened nuclear lamina that interferes with nucleokinesis,
a nuclear translocation process required for neuronal migration. In
contrast, the explanation for impaired neuronal survival is poorly
understood. We hypothesized that the forces imparted on the nucleus
during neuronal migration result in nuclear membrane (NM) ruptures,
causing interspersion of nuclear and cytoplasmic contents—and ulti-
mately cell death. To test this hypothesis, we bred LmnbT-deficient
mice that express a nuclear-localized fluorescent Cre reporter. Migrat-
ing neurons within the cortical plate of E18.5 Lmnb7-deficient embryos
exhibited NM ruptures, evident by the escape of the nuclear-localized
reporter into the cytoplasm and NM discontinuities by electron micros-
copy. The NM ruptures were accompanied by DNA damage and cell
death. The NM ruptures were not observed in nonmigrating cells
within the ventricular zone. NM ruptures, DNA damage, and cell death
were also observed in cuttured Lmnb7~~ and Lmnb2~'~ neurons as
they migrated away from neurospheres. To test whether mechanical
forces on the cell nucleus are relevant to NM ruptures in migrating
neurons, we examined cultured Lmnb7~'~ neurons when exposed to
external constrictive forces (migration into a field of tightly spaced
silicon pillars). As the cells entered the field of pillars, there were
frequent NM ruptures, accompanied by DNA damage and cell death.

nuclear lamins | nuclear envelope | nuclear membrane rupture |
B-type lamins

For several decades, the prevailing view among cell biologists
was that B-type lamins (lamin B1 and lamin B2) play multiple
essential roles in the cell nucleus, including in DNA replication
and mitosis (1-7). Over the past decade, studies of genetically
modified mouse models have cast considerable doubt on this view
(8-12). For example, the fact that a deficiency of both lamin B1
and lamin B2 in keratinocytes (a rapidly dividing cell type) has no
perceptible effect on the skin or hair of mice is inconsistent with
B-type lamins having essential roles in DNA replication or mitosis
(8). Perhaps more importantly, the analysis of mouse models
yielded fresh insights into the functional relevance of B-type
lamins in mammals. For example, a combination of immunohis-
tochemical studies and BrdU birthdating experiments revealed
defective migration of cortical neurons in lamin B1- and lamin B2-
deficient embryos, resulting in a neuronal layering abnormality in
the cerebral cortex along with neonatal mortality (10-13).
Finding that B-type lamins have a role in neuronal migration
was unexpected, particularly in light of prevailing views about the
role of B-type lamins in cell biology (3, 5, 14-16), but in hindsight
the neurodevelopmental abnormalities made sense. The migra-
tion of neurons from the ventricular zone to the cortical plate
during embryogenesis depends on nucleokinesis—a process in
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which the cell nucleus is moved forward by cytoplasmic motors
toward the leading edge of migrating neurons (17-21). In the
setting of lamin B1 or lamin B2 deficiency, the nuclear envelope
is weakened and nucleokinesis is impaired. Elongated nuclei or
nuclei with large blebs were present in cortical neurons, both in
mutant mouse embryos and mutant neurospheres (12, 22), sug-
gesting that cytoplasmic motors were effective in pulling on the
nucleus (as judged by the distorted nuclear shape) but less ef-
fective in moving the nucleus toward the leading edge of the cell

In addition to the neuronal migration defect in LmnbI- and
Lmnb2-deficient mice, there was a more perplexing phenotype—
reduced neuronal density in the cerebral cortex. This loss of
cortical neurons was mild in Lmnb2-deficient embryos but
severe in Lmnbl-deficient embryos (11, 12). The explanation
for the reduced cellularity in the cerebral cortex was not clear,
but the fact that the phenotype progressed after birth in
forebrain-specific Lmnbl and Lmnb2 knockout (KO) mice (12)
implied that it was likely a consequence of reduced neuronal
survival.

‘We hypothesized that reduced neuronal survival in Lmnbl
and Lmnb2 knockout mice might be caused by reduced integrity
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of the nuclear membranes, resulting in nuclear membrane (NM)
ruptures, intermixing of nuclear and cytoplasmic contents, DNA
damage, and ultimately cell death. This scenario seemed possi-
ble, for 2 reasons. First, reducing nuclear lamin expression in
tumor cell lines or fibroblasts renders the cells more susceptible
to NM ruptures in response to external mechanical forces (23—
27), and it seemed plausible that the forces imparted on the
nucleus during nucleokinesis (or the constrictive forces imparted
on cells as they migrate to the cortical plate) could have similar
consequences, particularly when the nuclear envelope is weak-
ened by the absence of a B-type lamin. Second, unlike peripheral
cell types, migrating neurons in the developing brain do not
express lamin A or lamin C (13, 28-30), and the absence of those
protein likely renders neurons more susceptible to NM ruptures.

In the current study, we took advantage of both genetically
modified mice and cultured cell models to examine the hy-
pothesis that deficiencies in B-type lamins render neurons sus-
ceptible to NM ruptures and ultimately to cell death.

Results

NM Ruptures in Neurons of Lmnb1-Deficient Mice. To investigate the
reduced density of cortical neurons in LmnbI-deficient embryos,
we stained the cerebral cortex of embryonic day 185 (E18.5)
Lmnbl-deficient embryos for active caspase 3, a marker of ap-
optotic cell death. Substantial amounts of caspase 3 staining
were observed within the cortical plate of LmnbI-deficient em-
bryos (Fig. 14). Also, staining with the LIVE/DEAD fluorescent
vital dye revealed widespread cell death in the forebrain (but not
cerebellum) of forebrain-specific LmnbI knockout embryos (Fig.
1B). We suspected that the cell death might be a consequence
of NM ruptures and intermixing of nuclear and cytoplasmic
contents. To explore that idea, we bred LmunbI-deficient mice
harboring a nuclear-localized fluorescent reporter (S Appendix,
Fig. S1). In neurons of wild-type (WT) mice, the reporter was
confined to the cell nucleus (Fig. 1 C and D and ST Appendix, Fig.
S2, Upper). However, in LmnblI-deficient embryos, we observed
escape of the reporter into the cytoplasm of many neurons (Fig.
1 C and E and ST Appendix, Fig. S2, Lower). Interestingly, no NM
ruptures were observed in cells of the ventricular zone (Fig. 1 C
and E and SI Appendix, Fig. S3). By transmission electron mi-
croscopy (EM), we had no difficulty identifying discontinuities in
the nuclear membranes of cortical plate neurons in Lmnbl-
deficient embryos (Fig. 1 F and G and ST Appendix, Fig. S1).

NM ruptures in cortical plate neurons of LmnbI-deficient
embryos were accompanied by an inhomogeneous distribution
of lamin B2. In cortical plate neurons, lamin B2 was mislocalized
to 1 pole of the nuclear rim (SI Appendix, Fig. S4), leaving a large
fraction of the nuclear rim devoid of nuclear lamins. In contrast,
lamin B2 distribution was uniformly distributed along the nu-
clear rim in cells of the ventricular zone (where NM ruptures
were not observed) (SI Appendix, Fig. S44). The asymmetric
distribution of lamin B2 is likely due to the forces of nucleoki-
nesis, given that lamin B2 was largely confined to the leading
edge of neurons as they migrated away from cultured neuro-
spheres (ST Appendix, Fig. S4B) (22). In the forebrain of adult
forebrain-specific Lmnbl knockout mice, where lamin C is
expressed and lamin B2 is distributed homogeneously along the
nuclear rim, NM ruptures could be detected but were infrequent
(ST Appendix, Fig. S5).

NM Ruptures in Cultured Neurons Deficient in B-Type Lamins. To
further explore the susceptibility of lamin B1- or lamin B2-
deficient cells to NM ruptures, we prepared cultures of Lmnbl-
deficient (B1KO) and Lmnb2-deficient (B2KO) neuronal
progenitor cells (NPCs). As expected, undifferentiated and dif-
ferentiated BIKO and B2KO neurons lacked lamin Bl and
lamin B2, respectively (Fig. 2 A-F). Lamin C expression levels in
neurons were very low relative to levels in fibroblasts (Fig. 24).
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Prelamin A expression was even lower (Fig. 24). Prelamin A
mRNA expression in neurons is virtually abolished by a neuron-
specific microRNA (miR-9) (28, 29). Nuclei in BIKO neurons
were slightly smaller and more circular than wild-type or B2ZKO
neurons (Fig. 2F).

To examine the susceptibility of cultured neurons to NM
ruptures, we transduced NPCs with a nuclear-localized green
fluorescent cell reporter (NLS-GFP). We then quantified NM
ruptures (escape of the NLS-GFP into the cytoplasm) in wild-type,
B1KO, and B2KO neurons during 50 h of live-cell imaging. NM
ruptures were frequent in BIKO neurons (Movie S1), occurring
in >60% of neurons examined (Fig. 3B). In many neurons, NM
ruptures occurred repetitively, with multiple cycles of NM rupture
(escape of NLS-GFP into the cytoplasm) and NM repair (return
of NLS-GFP into the nucleus) (Movies S2 and S3). Thus, the total
number of NM ruptures was ~2.7-fold greater than the number of
neurons examined (Fig. 3C and ST Appendix, Fig. S6). The average
duration of NM ruptures was 2.9 h (Fig. 3D). The increased sus-
ceptibility of BIKO neurons to NM ruptures was documented in 5
independent experiments (ST Appendix, Fig. $6). No ruptures were
detected in wild-type neurons (Fig. 3 B and C). One-third of the
B1KO neurons that exhibited a NM rupture (50 of 150 neurons)
died during the 50-h period of observation (SI Appendix, Fig. S7).

NM ruptures were also observed in B2KO neurons (Fig. 34),
but the pattern was distinct. First, NM ruptures were infrequent
in B2KO neurons, occurring in only 7.8% of neurons during 50 h
of imaging (25 NM ruptures in 321 neurons examined) (Fig. 3B).
Second, NM repair never occurred in B2KO neurons (Fig. 3C
and Movies 84 and S5); thus, the mean duration of NM ruptures
in B2KO neurons was much longer than in BIKO neurons (38.9 h)
(Fig. 3D). Third, NM ruptures in B2KO cells led to cell death
(with fragmentation of the nucleus and detachment of the neu-
ron from the plate) (ST Appendix, Fig. S7). The majority of B2KO
neurons that exhibited a NM rupture died during the 50-h period
of observation (17 of 25 neurons) (Fig. 3E). The other 8 neurons
with a NM rupture remained alive, without evidence of NM re-
pair, when the experiment was terminated after 50 h of imaging.

Cell death in cultured BIKO and B2KO neurons was evident
by caspase 3 staining and staining with the LIVE/DEAD vital dye
(Fig. 4 A and B and ST Appendix, Fig. S8). As expected, the cell
death phenotype was more severe in BIKO neurons. We also
observed DNA damage in BIKO and B2KO neurons, as judged
by staining for yH2AX, a marker for double-stranded DNA
breaks (Fig. 4C).

Overexpression of Lamin B2 in BIKO Neurons Does Not Eliminate NM
Ruptures. Lee et al. (31) showed previously that overexpression of
lamin B2 in LmunbIi-deficient mouse embryos did not prevent
neurodevelopmental abnormalities or the perinatal death.
However, the overexpression of lamin B2 significantly increased
the size of LmnbI-deficient mouse embryos (31), implying that
the surplus lamin B2 improved the viability of LmnbI-deficient
cells. To test the ability of lamin B2 to compensate for the loss of
lamin B1, we used a doxycycline (Dox)-inducible lentiviral vector
to overexpress lamin B2 in BIKO and B2KO neurons. In the
presence of doxycycline, lamin B2 expression in BIKO neurons
was robust (Fig. 54), such that the lamin B2 covered the entire
nuclear rim rather than only 1 pole of the nucleus (Fig. 5B).
Overexpression of lamin B2 reduced the frequency of NM rup-
tures in BIKO cells, but many of the neurons continued to
have NM ruptures (Fig. 5 C and D). Indeed, some B1KO neu-
rons had repetitive NM ruptures (Fig. 5 C and D). In contrast,
overexpression of lamin B2 in B2KO cells eliminated NM rup-
tures (Fig. 5 C and D). Lamin B2 overexpression also abolished
cell death in B2KO cells (reduced the frequency of cell death to
that observed in wild-type neurons) (Fig. 5 E and F and SI Ap-
pendix, Fig. 89). Overexpression of lamin B2 in BIKO neurons
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Fig. 1. Forebrain-specific inactivation of Lmnb7 causes neuronal cell death in the cerebral cortex of mouse embryos and leads to NM ruptures. (4) Immu-
nofluorescence microscopy of the cerebral cortex of E18.5 control {LmnbT"*) and Lmnb1 KO (Emxi-Cre Lmnb1™ embryos after staining for a marker of
programmed cell death (caspase 3, green). DNA was stained with DAPI {blue). (Scale bars, 50 pm.) (B) Immunofluorescence microscopy of the cerebral cortex
and cerebellum of control (Lmnb 1™ Lmnb2™" and Lmnb1 KO (Emx1-Cre Lmnb1™™) E18.5 embryos after staining tissues with the LIVE/DEAD fluorescent vital
dye. The LIVE/DEAD dye vields a green signal in live cells and a red signal in dead cells. As a positive control for dead cells, a wild-type mouse embryo brain was
treated with 70% ethanol. (Scale bars, 100 um.) (C-£) Fluorescence microscopy images of cortical neurons in control {Lmnb7** ROSA"™) and Lmnb1 KO
ROSA (Emx1-Cre Lmnb 1™ ROSA"™"%) E18.5 embryos. The ROSA™ ™S transgene produces a nuclear-targeted tdTomato reporter in the absence of Cre and a
nuclear-targeted GFP in the presence of Cre. In these images, both tdTomato and GFP are colored white and the DNA (stained with DAPI) is colored cyan. C
shows high-magnification images of cortical plate neurons in a control embryo and a Lmnb? KO ROSA embryo; the yellow arrowhead points to a neuron with
a NM rupture {escape of the ROSA"T"€ reporter into the cytoplasm). (Scale bars, 5 um.) (D and £) Images of the cortical plate (CP) and ventricular zone (VZ) of
forebrains from a control embryo (D) and a Lmnb? KO ROSA embryo (£). In the control embryo, the ROSA™ "€ reporter is confined to the nucleus in CP and VZ
neurons. Many CP neurons in the Lmnb? KO ROSA embryo had NM ruptures, with escape of the reporter protein into the cytoplasm {yellow arrowheads), but
the reporter remained confined to the nucleus in VZ neurons. {Scale bars, 50 pm, except in the Insets where the scale bar is 10 pm.) {(F and G) Electron mi-
crographs showing NM discontinuities in cortical plate neurons of E18.5 Lmnb1 KO (Emx1-Cre Lmnb 1" embryos (red arrows). (Scale bar for low magnifi-
cation images on the Left, 1 um; scale bar for images on the Right, 200 nm.) N, nuclei; C, cytoplasm.

reduced but did not eliminate cell death (Fig. 5 E and F and ST  forces associated with nucleokinesis and the constrictive forces as
Appendix, Fig. §9). cells migrated between other cells within the cortical plate (32).

To explore this idea, we plated wild-type and BIKO neurons onto
NM Ruptures and Cell Death in B1KO Cells as They Migrate into and  the flat portion of a silicon wafer and observed the cells as they
across Tight Constrictions. We suspected that the NM ruptures and  migrated into an adjacent field of tightly spaced pillars (exposing
cell death in the cortical neurons of LmnbI-deficient embryos  both the cells and cell nuclei to external constrictive forces) (Fig.
resulted from mechanical forces on the cell nucleus—both internal 64 and ST Appendix, Fig. $104). As BIKO neurons entered the
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field of pillars, we observed NM ruptures (Fig. 68). No NM  observed frequent NM ruptures in migrating neurons in the

ruptures were observed when wild-type neurons entered the field
of pillars. Also, we observed widespread caspase 3 staining of
B1KO neurons after they had migrated into the field of pillars
(Fig. 6C and ST Appendix, Fig. S10B). Cell death was also observed
with the LIVE/DEAD vital dye (Fig. 6D).

Discussion

In earlier studies, we documented defective migration of cortical
neurons in Lmnbl and Lmnb2 knockout embryos, along with a
second abnormality—reduced density of neurons within the ce-
rebral cortex (12). The mechanism for the neuronal migration
defect was reasonably well understood, but a mechanism for the
reduced cellularity of neurons was not. In the current study, we
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cortical plate of E18.5 LmnbI-deficient embryos, evident by the
escape of a nuclear-localized fluorescent reporter protein into
the cytoplasm and by electron micrographs revealing disconti-
nuities in the nuclear membranes, but did not observe NM
ruptures in the more stationary cells of the ventricular zone. The
regions of the brain with NM ruptures also had many dead and
dying neurons, as judged by staining for caspase 3 or by staining
with the LIVE/DEAD fluorescent vital dye. Consistent with the
findings in LmnbI-deficient embryos, we observed NM ruptures,
accompanied by DNA damage and cell death, in BIKO neurons
as they migrated away from cultured neurospheres. Thus, both
mouse embryo and cultured neuron observations strongly imply
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that the reduced density of cortical neurons in LmnbI-deficient
mice is due to NM ruptures and the accompanying cell death.

The susceptibility of LmnbI-deficient neurons to NM ruptures
is likely due to several factors. First, neither the cortical neurons
in E18.5 embryos nor cultured neurons express Lmna, the gene
for lamin A and lamin C. The minimal amounts of lamin A and
lamin C expression in cortical neurons probably increase the
likelihood of NM ruptures. On the other hand, the high levels of
lamins A and C expression in skin and liver likely explains why
keratinocyte- or hepatocyte-specific Lmnbl/Lmnb2 knockout
mice are free of pathology (8, 9). Second, while lamin B2 is
expressed in neurons, it has little ability to compensate for the
loss of lamin B1 (30, 31). In migrating neurons of Lmnbl-
deficient embryos, lamin B2 is asymmetrically distributed along
1 pole of the nucleus, leaving most of the nuclear rim devoid of
any nuclear lamin (S7 Appendix, Fig. S4B).

NM ruptures and cell death were never observed in cells of the
ventricular zone but were frequent in neurons within the cortical
plate. We suspect that the higher susceptibility of cortical plate
neurons to NM ruptures relates to deformational forces on the
cell nucleus during neuronal migration. Neuronal migration is a
saltatory process that depends on nucleokinesis—the motor-
driven translocation of the nucleus into the leading edge of the
cell. Following translocation of the nucleus, the trailing edge of
the neuron is remodeled, resulting in net forward movement of
the cell in the direction of the cortical plate. The mechanical
forces involved in pulling the cell nucleus forward, together with
the virtual absence of nuclear lamins over a large portion of the
nucleus, likely triggers NM ruptures. Two observations favor a
role for mechanical forces in eliciting NM ruptures. First, NM
ruptures were not observed in more stationary cells of the ven-
tricular zone, where the long-distance migration of neurons
along glial-directed guides is not in play. Second, NM ruptures,
along with cell death, were elicited when cultured BIKO neurons
migrated into a field of tightly spaced silicon pillars. The nuclear
membrane ruptures in the “silicon pillar experiments” could be a
result of nucleokinesis forces and/or a direct consequence of the
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compressive forces that accompany cellular migration through
the field of narrowly spaced pillars.

Lamin B1 and lamin B2 are ~60% identical at the amino acid
level (33), and their temporal and spatial patterns of expression
in the brain are very similar (12). Those considerations, along
with the fact that deficiencies in either protein cause neuronal
layering abnormalities in the cerebral cortex, might lead one to
suspect that the 2 nuclear lamins have identical functions. Any
such view, however, would be inconsistent with other observa-
tions. First, the properties of the 2 proteins are different. For
example, lamin B1 is essential for a uniform distribution of lamin
B2 along the nuclear rim, whereas the distribution of lamin B1 is
quite normal in the absence of lamin B2 (12). Second, lamin B1’s
farnesyl lipid anchor is required for development of the brain
and for survival, whereas lamin B2’s farnesyl lipid anchor ap-
pears to be utterly dispensable (22). Lmnbl knockin embryos
that express a nonfarnesylated lamin B1 manifest severe neuro-
nal layering abnormalities in the cerebral cortex as well as
perinatal death—like conventional Lmnbl knockout mice (22).
In contrast, Lmnb2 knockin mice that express a nonfarnesylated
lamin B2 are entirely healthy, free of both neurodevelopmental
abnormalities and perinatal mortality (22). Third, the charac-
terization of “reciprocal Lmnbl/Lmnb2 knockin mice” revealed
that lamin Bl and lamin B2, despite high levels of amino acid
identity, have minimal capacities to substitute for each other during
development. For example, Lmnb2" " Lmnb***? embryos, where
the gene-regulatory elements of Lmnb1 drive the expression of lamin
B2 (resulting in substantially increased levels of lamin B2 expression
but no lamin B1), manifest severe neuronal migration defects, re-
duced neuronal density in the cerebral cortex, and perinatal death.
However, brain weights in Lmnb2" LmnbI®?P? embiyos were
~60% higher than in conventional Lmnb] knockout embryos (31),
implying that greater-than normal amounts of lamin B2 expression
have at least some capacity to improve the survival of Lmmbl-
deficient neurons.

Our cultured neuron studies underscored the limited capacity
of lamin B2 to substitute for lamin B1. Overexpression of lamin
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B2 in BIKO neurons reduced but did not prevent NM ruptures
and cell death, despite the fact that the lamin B2 covered the
entire nuclear rim. In contrast, lamin B2 overexpression in
B2KO neurons abolished NM ruptures.

Our analysis of NM ruptures in BIKO and B2KO neurons by
live-cell microscopy suggested distinct functions for lamin B1 and
lamin B2. NM ruptures occurred in most BIKO neurons and
repetitively in a subset of neurons, with repeated cycles of NM
rupture and repair (escape of the fluorescent reporter into the
cytoplasm followed by return of the reporter into the nucleus).
The mean duration of NM ruptures in BIKO neurons was 2.9 h.
Some B1KO neurons with NM ruptures died, but the majority
survived. The behavior of B2KO neurons was different. NM
ruptures were much less frequent but when they occurred they
were never repaired and resulted in cell death. We do not un-
derstand the phenotypic differences, but our studies suggest that
lamin B1 is more important for the structural integrity of the
nuclear envelope, whereas lamin B2 is crucial for NM repair.
Perhaps lamin B2 is the “mortar” that binds together the key
building blocks in the nuclear lamina (i.e., lamin B1), and per-
haps lamin B2 (or a lamin B2-interacting protein) plays a key
role in sealing holes in the nuclear membranes.

The phenotype observed in B2ZKO neurons—infrequent NM
ruptures but an absence of NM repair—may help to explain
phenotypes observed in Lmnb2 mouse models. In conventional
Lmnb2 knockout embryos, the reduction in the size of the ce-
rebral cortex is modest (only ~5 to 10% smaller than in wild-type
embryos) (11). In contrast, the reduction in the size of the
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forebrain in 4-mo-old forebrain-specific Lmnb2 knockout mice is
more substantial (20% smaller than in wild-type mice) (12). The
subtle decrease in cortical size in E18.5 Lmnb2 knockout em-
bryos may reflect infrequent NM ruptures (and the resulting cell
death), whereas the more substantial decrease in cortical size in
the adult forebrain-specific Lmnb2 knockout mice could reflect
loss of neurons due to an absence of NM repair. Even if NM
ruptures are infrequent, the failure to repair the ruptures would
be expected to result in a progressive loss of neurons and brain
size.

Finally, we would point out that the 2 principal phenotypes
associated with deficiencies of B-type lamins, neuronal layering
defects in the cortex and decreased neuronal survival, are
mechanistically related. Fundamental to both are a weakened
nuclear lamina and mechanical forces on migrating neurons
during development. Interestingly, B-type lamin deficiencies
have only minor effects on stationary, postmitotic, Lmna-
expressing neurons (13, 28). Inactivating Lmnbl in photore-
ceptor neurons of the retina early in development leads to
neuronal layering abnormalities and a dramatic loss of neurons,
whereas inactivating both Lmnbl and Lmnb2 in postmitotic
photoreceptor cells after birth has minimal consequences (mi-
nor effects on the positioning of the nucleus within the cell)
(34, 35). The B-type lamins are long-lived proteins with a half-
life of over 5 mo in postmitotic cells (36), making it challenging
to define the functional relevance of the proteins in adult
mice (37).
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Fig. 5. Overexpression of lamin B2 reduces cell death and NM ruptures in BIKO and B2KO neurons. {4) Western blots of extracts from WT, B1KO, and B2KO
neurons; the neurons had been transduced with a doxycycline-inducible lamin B2 lentiviral vector (pTRIPZ-LMNB2) and then incubated in the presence or
absence of Dox. Actin was used as a loading control. The bar graph shows lamin B2 protein levels normalized to actin. (8) Immunofluorescence microscopy of
WT, B1KO, and B2KO neurons that had been transduced with pTRIPZ-LMNB2. In the presence of Dox, the cells expressed lamin B2. Immunofluorescence
microscopy was performed after staining neurons with antibodies against lamin B2 {red) and LAP2p (green). {(Scale bars, 20 pm.) (C) Percentages of B1KO and
B2KO neurons exhibiting NM ruptures during 20 h of live-cell imaging. Ratios show numbers of neurons with NM ruptures over the total number of neurons
examined. (D) Total numbers of NM rupture events relative to the total number of neurons examined. In these studies, the neurons had been transduced with
NLS-GFP and pTRIPZ-LMNB2 and incubated in the presence or absence of Dox. NM ruptures {escape of NLS-GFP in the cytoplasm) were observed by fluo-
rescence microscopy. Data show totals from 2 independent experiments. (£) Overexpression of lamin B2 in BIKO and B2KO neurons reduces cell death, as
judged by staining with the LIVE/DEAD fluorescent vital dye. WT, B1KO, and B2KO neurons that had been transduced with pTRIPZ-LMNB2 were incubated in
the presence or absence of Dox for 24 h and then incubated with the LIVE/DEAD dye, which fluoresces green in live cells and red in dead cells. DNA was
stained with DAPI {blue). (Scale bars, 50 pm.) (F) Overexpression of lamin B2 in B1KO and B2KO neurons reduces programmed cell death, as judged by staining
for caspase 3. WT, B1KO, and B2KO neurons that had been transduced with pTRIPZ-LMNB2 were incubated in the presence or absence of Dox for 24 h and
then stained with a caspase 3-specific antibody (green). No caspase 3 staining was observed in WT cells. DNA was stained with DAPI {(blue). (Scale bars, 50 pm.)
The Lower shows caspase 3 staining in black against a white background.

Materials and Methods

Cell Culture Models. NPCs were isolated from E13.5 embryos derived from
intercrossing Lmnb 1™~ mice and used to generate Lmnb 7 Lmnb2*'t (WT)
and Lmnb1~"Lmnb2** (B1KO) neurospheres. Explants from the cerebral
cortex were placed in DMEM/F-12 medium {Corning) and dissociated with

infection). Neurospheres were generated by culturing NPCs in DMEM/F-12
medium containing 2% B-27 supplement (Thermo Fisher Scientific), 100 U/mL
of penicillin, and 100 pg/mL of streptomycin at 37 °C in 5 to 7% CO,.
Neurospheres were supplemented with 3 pL of a heparin-embryonic growth
factor (EGF)-fibroblast growth factor (FGF) mix (described below) for every
milliter of medium. NPCs were transduced (in University of California, Los

TrypLE Select (Gibco); the NPCs were resuspended in DMEM/F-12 {Corning).
To generate Lmnb7™*Lmnb2~~ (B2KO) neurospheres, we intercrossed
Emx1-Cre Lmnb2™ mice and isolated forebrain NPCs from Emx7-Cre
Lmnb2™ embryos. To be certain that Lmnb2 was completely inactivated,
the NPCs were treated twice with Cre adenovirus (1,000 multiplicity of

25876 | www.pnas.org/cgi/doi/10.1073/pnas. 1917225116

Angeles [UCLA]'s Vector Core Facility) with a lentiviral vector for NLS-GFP (26).

Preparing the Heparin-EGF-FGF Supplement. One milligram of FGF was
resuspended in 1 mL of FGF buffer (0.1% BSA [Sigma] in PBS) and diluted in
39 mL of DMEM/F-12 {Corning); 1 mg EGF (Thermo Fisher Scientific) was
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ig. 6. NMruptures and cell death during the migration of B1KO neurons into a field of silicon pillars (8 pm in diameter; 22 um in height; spaced 4 pm apart).
(A, Left) Scanning electron micrograph of a silicon wafer (with one side flat and the other side patterned with uniformly spaced silicon pillars). (Scale bar,
30 um.) (4, Middle and Right) Scanning electron micrographs of the uniformly spaced silicon pillars. {Scale bars, 2 pm.) {(B) Live-cell fluorescence microscopy
images (20-min intervals) of NLS-GFP-expressing WT and B1KO neurons after the cells had migrated into the field of pillars. NM ruptures {escape of the NLS-
GFP into the cytoplasm) were observed in B1KO neurons {red arrows; Bottom) but not in WT neurons {(Top). (Scale bars, 20 pm.) (C) Immunofluorescence
microscopy of WT and B1KO neurons with a caspase 3-specific antibody (a marker of apoptotic cell death). Neurospheres were pipetted onto the smooth
portion of the silicon wafer, and individual neurons were allowed to migrate into the field of pillars. The migration of neurons into the field of pillars subjects
the cells as well as the cell nucleus to constrictive forces. Cell death, as judged by caspase 3 staining, was observed in B1KO neurons {but not WT neurons) after
the cells had migrated into the field of pillars. DNA was stained with DAPI {blue). (Scale bars, 50 um.) The panels below show caspase 3 staining in black
against a white background. The edge of the field of pillars is marked by a yellow dashed line. {D) Fluorescence microscopy with the LIVE/DEAD fluorescent
vital dye, revealing cell death in B1KO neurons {but not WT neurons) after the migration of cells into the field of pillars. The LIVE/DEAD fluorescent vital dye
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fluoresces green in live cells and red in dead cells. (Scale bar, 50 pm.)

resuspended in EGF buffer {10% BSA in PBS) and diluted in 9 mL of fresh
DMEM/F-12; 500 mg of heparin sodium salt (Sigma-Aldrich) was dissolved in
100 mL DMEM/F-12. To prepare 25 mL of the heparin-EGF-FGF supplement,
8 mL of the FGF solution, 5 mL of the EGF solution, and 10 mL of the heparin
solution were mixed with 2 mL of DMEM/F-12.

Neuronal Differentiation. Cultured neurospheres were carefully removed with
polyethylene pipets (Fisher) and pipetted into a single drop of laminin {Sigma-
Aldrich) on poly-L-ornithine—coated plates Neurospheres were allowed to settle
for 30 min at 37 °C and then incubated with the DMEM/F-12 containing 2%
B-27 supplement, 100 U/mL of penicillin, and 100 pg/mL of streptomycin.
Neurospheres were differentiated for up to 30 d.

Quantitative RT-PCR Studies. RNA was isolated from undifferentiated and
differentiated neurospheres, treated with DNase | {Ambion), and reverse
transcribed with random primers, oligo{(dT), and SuperScript Ill {Invitrogen).
qPCRreactions were performed on a 7900 Fast Real-Time PCR system {(Applied
Biosystems) with SYBR Green PCR Master Mix (Bioline). Transcript levels were
determined by the comparative cycle threshold method and normalized to
levels of cyclophilin A. All primers used are listed in the S/ Appendix, Table S1.

Chen et al.

Immunocytochemistry. Neurons that had been differentiated on coverslips
were fixed with 4% paraformaldehyde in PBS or ice-cold methanol, dipped
once in acetone, and permeabilized with 0.2% Triton. The fixed cells were
then processed for confocal immunofluorescence microscopy (8) with the
antibodies listed in S/ Appendix, Table S2. For confocal immunofluorescence
microscopy, images were recorded with a Zeiss LSM 700 laser-scanning mi-
croscope with a Plan Apochromat 20x/0.80 objective {(air) or a Plan Apo-
chromat 100x/1.40 oil-immersion objective. Images along the z axis were
processed with Zen 2010 software (Zeiss).

Western Blots. Urea-soluble protein extracts from cells were size fractionated
on 4 to 12% gradient polyacrylamide Bis-Tris gels {Invitrogen) and then
transferred to a nitrocellulose membrane for Western blots. Membranes
were blocked with Odyssey Blocking solution {LI-COR Biosciences) for 1 h at
room temperature {(RT) and then incubated with primary antibodies at 4 °C
overnight {antibodies are listed in S/ Appendix, Table S2). After washing the
membranes with PBS containing 0.1% Tween-20, the membranes were in-
cubated with infrared dye (IR)-labeled secondary antibodies {LI-COR Biosci-
ences) for 1 h at RT. The IR signals were quantified with an Odyssey infrared
scanner {LI-COR Biosciences).
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Nuclear Shape Analyses. To assess the area and circularity of cell nuclei, WT,
B1KO, and B2KO neurospheres were stained with an antibody against the
inner nuclear membrane protein LAP2p, and images of cells were recorded
with a Zeiss LSM700 laser-scanning microscope (20x objective), focusing on
individual neurons that had migrated away from the main body of the
neurosphere. Nuclear area was assessed using Image) software; nuclear
circularity {4z x area/perimeter?) was assessed by measuring nuclear areas
and perimeters for 100 cells/genotype {(n = 3 independent experiments).
Nuclear circularity reaches a maximum value of 1.0 for a perfect circle (38).

Live-Cell Imaging. Neurospheres were plated on a poly-L-ornithine-coated
6-well plate containing 2-mm glass wells (MatTek), and live-cell imaging
was performed with a Zeiss LSM 800 confocal microscope equipped with a
Plan Apochromat 10x/0.45 or a Plan Apochromat 20x/0.80 objective at
37 °Cwith 5% CO, {maintained with TempModule $1 CO, Module S1 from
Zeiss). Z stacks were acquired from both fluorescence and transmission
channels. Image sequences were analyzed with ZEN (Zeiss) using linear
adjustments applied uniformly to the entire image. For confocal image
stacks, images were 3-dimensionally reconstructed and displayed as
maximum intensity projections. A nuclear rupture event was defined as
NLS-GFP entry into the cytoplasm in interphase cells.

Fluorescent Vital Dye. Neurons were allowed to differentiate on poly-L-
ornithine-coated 6-well plates containing 2-mm glass wells (MatTek) for
7 d. After washing cells with PBS (Gibco), cell viability was assessed with
the LIVE/DEAD Cell Imaging Kit (Thermo Fisher). Neurons were in-
cubated with the LIVE/DEAD dye for 15 min at 20 to 25 °C and then fixed
with 4% paraformaldehyde in PBS and stained with DAPI. Cells were
imaged immediately with a Zeiss LSM700 laser-scanning microscope with
a Plan Apochromat 20x/0.80 objective {air). As a positive control for cell
death, cells or tissue sections were treated with 70% ethanol for 15 min
before staining.

Plating of Neurospheres on Matrigel. A vial of Matrigel {Corning) was thawed
overnight by submerging it in ice in a 4 °C refrigerator. Using prechilled pipet
tips, Matrigel was pipetted into glass-bottom 6-well culture plates (MatTek)
and then incubated at 37 °C for 30 min to allow a gel to form. Neurospheres
were resuspended in Matrigel and plated on top of the gel layer, allowing
30 min at 37 °C for the gel to solidify. Each well was then flooded with DMEM/
F-12 medium containing 2% B-27 supplement (Thermo Fisher), 100 U/mL
of penicillin, and 100 pg/mL of streptomycin. Neurons were allowed to dif-
ferentiate and migrate into the Matrigel for 7 d. The neurospheres were
then prepared for immunocytochemistry as described earlier.

Silicon Pillar Fabrication. Prime quality 4-inch Si {100) wafers (P/B, 1 to 10 Q-cm)
were purchased from UniversityWafer (Boston, MA). A quartz photomask
{PhotomaskPortal) was designed with LayoutEditor software to fabricate a
custom array of circles with 4-um spacings and used for conventional pho-
tolithography. Positive photoresist SPR700-1.2 was spin-coated on the Si
surface, followed by a 90-s soft bake at 90 °C on a hotplate. A Karl Suss
contact aligner was used to expose the photoresist on the wafer selectively
with the pattern on the photomask with an optimal exposure time of 2 s (UV
wavelength 365 nm, intensity 12 mW/cm?). The exposed wafer was post-
exposure baked at 110 °C for 90 s, immersed in MF-26A developer for 1 min
{development), rinsed with deionized water, and blown dry with N,. After
photolithography, the patterned silicon wafer was reactive-ion etched
{Plasma-Thermo FDRIE DSE Il) for 6 min and 30 s to remove silicon in the
exposed regions, forming 22-um-deep silicon pillars. The pillar depth, di-
ameter, and pitch were characterized with a Zeiss Supra 40VP scanning
electron microscope (SEM) and Dektak 6 Surface Profilometer.

Fluorescent Labeling of APTES-Functionalized Pillar Substrates. The silicon
micropillar substrates were functionalized with (3-aminopropyl)
triethoxysilane (APTES, Sigma-Aldrich) using chemical vapor deposition. Silanol
groups were formed on the silicon surface by ozone treatment for 15 min. The
substrate and a Teflon cap filled with 100 uL of APTES was then placed in a vacuum
flask and suspended in a 40 °C water bath with a vacuum line attached. House
vacuum was engaged for 1 min, reducing the pressure in the flask to vaporize
APTES, promoting covalent binding between the APTES silane termination and
surface silanol functionalities during a 1-h incubation. Substrates were removed
from the flask and rinsed with 100% ethanol. The silicon was then labeled with a
fluorescent dye (Texas Red). To generate a stock solution, 1 mg of Texas Red
sufonyl chloride was mixed with 100 pL of 99% NN-dimethylformamide (Sigma-
Aldrich). A total of 50 pL of the stock was added dropwise to 10 mL of a 0.1-to 0.2-M
sodium bicarbonate (Sigma-Aldrich) buffer (pH ~ 9). The APTESfunctionalized
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substrate was then incubated in the buffered dye solution for 2 h at 4 °Con a
shaking stage. The silicon substrates were then rinsed with Milli-Q ultrapure 18
MQ water to remove physiosorbed dye and stored at —20 °C until use. To plate
neurospheres for differentiation, laminin (Sigma-Aldrich) was first pipetted onto
the silicon wafer substrates; the neurospheres were removed with a polyethylene
pipets (Fisher) and pipetted into a drop of laminin. Neurospheres were allowed to
settle for 30 min at 37 °C and then incubated with DMEM/F-12 medium con-
taining 2% B-27 supplement, 100 U/mL of penicillin, and 100 pg/mL of
streptomycin.

Mouse Studies. Forebrain-specific Lmnb? and Lmnb2 knockout mice {(Emx17-
Cre Lmnb 1™ Emx1-Cre Lmnb2™™ were generated as described (12) and bred
with ROSA™ "¢ mice (B6;12954-Gt(ROSA)26Sor ™" (CAGtdTomato™ £GEP*)Eelsy))
from The Jackson Laboratory {Bar Harbor, ME). All mouse studies were
carried out in accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. All
mice were fed a chow diet and housed in a virus-free barrier facility with a
12-h light/dark cycle. Animal protocols were reviewed and approved by the
Animal Research Committee of UCLA.

Immunohistochemistry. Mouse tissues were prepared for immunohisto-
chemical studies as described (12). Embryonic brains were fixed in 4%
paraformaldehyde in PBS for 2 h at room temperature, incubated in 30%
sucrose in PBS at 4 °C overnight, and then frozen in O.CT. (Tissue-Tek,
Sakura Finetek). Sections (10 pm thick) were fixed for 5 min in 4% para-
formaldehyde or ice-cold methanol, followed by 5 dips in acetone and
permeabilization with 0.1% Tween-20. Background staining with mouse
antibodies was minimized with the Mouse-on-Mouse Kit (Vector Laborato-
ries, Burlingame, CA). Tissue sections were blocked with 2.5% horse serum
for 1 h at room temperature and incubated overnight at 4 °C with primary
antibodies at the dilutions indicated in Sf Appendix, Table S2. Alexa Fluor
488- and Alexa Fluor 568-conjugated secondary antibodies (Molecular
Probes, Invitrogen, Carlsbad, CA) were used at a 1:2,000 dilution; DyLight
649-conjugated streptavidin (Vector Laboratories) was used at 5 pg/mL.
After counterstaining with DAPI, sections were mounted with Prolong Gold
antifade (Invitrogen) and images were obtained with a Zeiss LSM700 laser-
scanning microscope with a Plan Apochromat 20x/0.80 objective (air) or a
Plan Apochromat 100x/1.40 oil-immersion objective. Images along the z axis
were processed by Zen 2010 software (Zeiss).

Fluorescent Vital Dye Staining of Embryonic Tissues. Cerebral cortex explants
were harvested from E18.5 mouse embryos and placed in PBS containing 1%
BSA. Cell viability was assessed by incubating 2-mm-thick pieces of explants
with the LIVE/DEAD fluorescent dye (Thermo Fisher) for 15 min at 20 to 25 °C.
After fixation with 4% paraformaldehyde in PBS and staining with DAPI, the
tissues were immediately imaged with a Zeiss LSM 700 laser-scanning mi-
croscope with a Plan Apochromat 20x/0.80 objective (air).

Preparation of Tissues for Electron Microscopy. The cerebral cortex from E18.5
embryos was excised and fixed overnight at 4 °C in a solution containing 4%
paraformaldehyde, 2.5% glutaraldehyde, 2.1% sucrose, and 0.1 M sodium
cacodylate. On the next day, the samples were rinsed 5 times for 3 min
each with 0.1 M sodium cacodylate and then incubated in a solution con-
taining 2% osmium tetroxide, 1.5% potassium ferricyanide, and 0.1 M so-
dium cacodylate for 1 h at 4 °C. Next, the samples were rinsed 5 times
for 3 min each with H,O and then incubated with 1% thiocarbohydrazide
for 20 min at room temperature. Next, samples were rinsed again 5 times for
3 min each with H,O and then incubated with 2% osmium tetroxide
for 30 min at room temperature. The samples were then rinsed 5 times for
3 min with H,0 and incubated with 2% uranyl acetate at 4 °C overnight. On
the following day, tissue samples were rinsed with H,0 and dehydrated with
a series of increasing ethanol concentrations (30, 50, 70, 85, 95, and 100%)
for 10 min each, followed by 2 10-min incubations with 100% ethanol. Next,
the samples were infiltrated with Embed812 resin (Electron Microscopy
Sciences) by incubating samples in 33% resin (diluted in anhydrous acetone)
for 2 h, 66% resin overnight, and 100% resin for 4 h. Samples were then
embedded in fresh resin using polypropylene molds (Electron Microscopy
Sciences) and polymerized in a vacuum oven at 65 °C for 48 h. After poly-
merization, samples were removed from the molds; block faces were trim-
med, faced, and 65-nm sections were cut using a Leica UC6 pLtramicrotome
equipped with a Diatome diamond knife. Sections were collected onto glow-
discharged copper grids coated with formvar and carbon (Electron Micros-
copy Sciences) and stained with Reynold’s lead citrate solution for 10 min.
Finally, samples were imaged with a FEI Tecnai T12 transmission electron
microscope set at 120 kV and equipped with a Gatan CCD camera.
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Statistical Analyses. Statistical analyses were performed with GraphPad
QuickCales {https:/Ammmw.graphpad.com/). Differences in nuclear morphol-
ogies {blebs, irregularly shaped nuclei) and the frequency of NM ruptures
were analyzed with a x2 test. Differences in nuclear circularity and numbers
of yH2AX foci were assessed with a 2-tailed Student’s ¢ test.

See SI Appendix, SI Materials and Methods for more details on the
methods we used.

Data Availability. All data are available in the manuscript and S Appendix.
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Supplemental Figure 1. Forebrain-specific inactivation of Lmnb1 in cortical neurons results in nuclear
membrane (NM) ruptures and cell death. (4) Electron micrograph showing a discontinuity in the nuclear
membranes (red arrow) in a cortical plate neuron from an E18.5 Lmnb1 KO (EmxI-Cre Lmnb 171 embryo.
N, nuclei; C, cytoplasm. Scale bar on the left, 1 um; scale bar on the right, 200 nm. (B) Electron micrograph
showing dead cortical plate neurons (condensed chromatin; no obvious nuclear membranes) in the
forebrain of an E18.5 forebrain-specific Lmnbl KO embryo. Scale bars, 500 nm. (C) Immunofluorescence
microscopy of the forebrain of E18.5 control (Lmnb 17+ ROSA"TG) (top) and Lmnbl KO ROSA (Emx1-
Cre Lmnb "1 ROSArT-nG) (bottom) embryos with an antibody against GFP (green). Images were recorded
from the cortical plate (CP) and ventricular zone (VZ) of the forebrain and the adjacent midbrain. DNA
was stained with DAPI (blue). In control mice, the tdTomato reporter from the ROSATG transgene
fluoresces red and is confined to the nucleus. In forebrain-specific Lmnb1 KO mice, Cre expression in the
forebrain activates a GFP reporter and inactivates the tdTomato reporter. Thus, forebrain neurons
fluoresce green, whereas neurons in the adjacent midbrain (where Cre is absent) fluoresce red. Scale bars,
50 um.
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Supplemental Figure 2. Fluorescence micrographs, recorded with a 100x objective, of the cortical plate
(CP) from an E18.5 control (Lmnb1** ROSA"T-2G) embryo (top) and an E18.5 Lmnb1 KO ROSA (Emx1-
Cre LmnbI" ROSA"T1G) embryo (bottom). The tdTomato and GFP signals from the ROSAnTG
transgene were colored white. DNA was stained with DAPI (cyan). Yellow arrowheads point to Lmnb1
KO ROSA neurons in which the GFP reporter had escaped into the cytoplasm (a result of nuclear
membrane ruptures). Scale bars, 10 pm.
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Supplemental Figure 3. Fluorescence micrographs, recorded with a 63x objective, of the cortical plate
(CP) and ventricular zone (VZ) neurons from an E18.5 control (LmnbI*+ ROSA"T-2G) embryo (top) and
an E18.5 Lmnb1 KO ROSA (EmxI-Cre Lmnb1V" ROSA"T-nG) embryo (bottom). The tdTomato and GFP
signals from the ROSA"T-"G transgene were colored white. DNA was stained with DAPI (cyan). Yellow
arrows point to Lmnbl KO ROSA neurons in which the GFP reporter had escaped into the cytoplasm (a
result of nuclear membrane ruptures). Scale bars, 10 um.
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Supplemental Figure 4. Asymmetric distribution of lamin B2 in the cerebral cortex of lamin B1—deficient
embryos and lamin Bl—deficient neurospheres. (4) Fluorescence micrographs revealing an asymmetric
distribution of lamin B2 and nuclear membrane (NM) ruptures in the cortical plate (CP) neurons of
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forebrain-specific Lmnbl knockout embryos. The CP of an E18.5 control embryo (LmnbI** ROSAnTnG)
and both the CP and ventricular zone (VZ) neurons of a Lmnbl KO ROSA embryo (Emx1-Cre Lmnb 111
ROSAnTnG) were stained with an antibody against lamin B2 (magenta). The tdTomato and GFP signals
from the ROS AnTnG transgene were colored white. In CP neurons from the control embryo, lamin B2 was
distributed evenly along the nuclear rim, and no NM ruptures were observed. In CP neurons from the
Lmnbl KO ROSA embryo, lamin B2 was distributed asymmetrically, and there were many NM ruptures
(escape of GFP into the cytoplasm) (yellow arrowheads). In VZ neurons of the Lmnb 1 KO ROSA embryo,
lamin B2 was distributed evenly, and no NM ruptures were observed. Scale bars, 10 pm. (B)
Immunofluorescence microscopy of WT and B1KO neurons after staining with an antibody against lamin
B2 (red). Scale bars, 10 uym. (C) Immunofluorescence microscopy of B1KO neurons after staining with
antibodies against pericentrin (white) and lamin B2 (red). Scale bars, 10 um.
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Supplemental Figure 5. Nuclear membrane (NM) ruptures in forebrain-specific Lmnbl KO mice. (4)
Immunofluorescence microscopy images from the forebrain of a 3.5-month-old Lmnb1 KO ROSA (EmxI-
Cre Lmnb 1Y ROSAnT1G) Tn the Lmnbl KO ROSA mice, Cre expression in the forebrain activates a GFP
reporter (white). DNA was stained with DAPI (cyan). (Top) NM ruptures (escape of GFP into the
cytoplasm) were observed in the forebrain of Lmnbl KO ROSA mice (red box). (Bottom) Higher
magnification view of the boxed region. Scale bar top, 50 um. Scale bar bottom, 10 um. (B)
Immunofluorescence microscopy images from the midbrain and cerebellum of a 3.5-month-old Lmnbl
KO ROSA (EmxI1-Cre LmnbI? ROSAnT1G) showing that the product of the ROSAT2G transgene is
completely localized to the nucleus. Scale bar, 10 um.
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Supplemental Figure 6. Nuclear membrane (NM) ruptures in BIKO and B2KO neurons. (4) Numbers
of nuclear membrane (NM) rupture events over 50 h of imaging in four of five independent experiments
(excluding an outlier experiment in which the number of NM rupture events was 2—-3 times more than in
the other four experiments). ***P < 0.0001. Data from all five experiments, including the outlier
experiment, are shown in Fig. 3. (B) Bar graph showing numbers of NM rupture events normalized to the
total numbers of cells imaged over 50 h of imaging in all five independent experiments. NM rupture events
were never observed in WT neurons. The arrow points to the outlier experiment in which higher numbers
of NM ruptures were observed in BIKO neurons.
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Supplemental Figure 7. Live-cell fluorescence microscopy images at (15-min intervals) of BIKO and
B2KO neurons expressing a nuclear-localized green fluorescent protein (NLS-GFP). Red arrows point to
a nuclear membrane (NM) rupture (escape of the nuclear-localized GFP into the cytoplasm). Scale bars,
10 um. In both image sequences, the NM rupture event resulted in cell death.
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Supplemental Figure 8. Confocal fluorescence microscopy of WT, B1KO, and B2KO differentiated
neurons after staining with the LIVE/DEAD vital dye. The LIVE/DEAD dye fluoresces green in live cells
and red in dead cells. As a control for dead cells, one batch of neurons was killed with 70% ethanol. Scale
bars, 20 um.
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Supplemental Figure 9. Overexpression of lamin
B2 in BIKO and B2KO neurons reduces DNA
damage and neuronal cell death. (4-B)
Immunofluorescence microscopy of WT, B1KO,
and B2KO neurons that had been transduced with
pTRIPZ-LMNB2 and then incubated in the
absence (4) or presence (B) of Dox for 24 h. The
cells were then stained with an antibody against
YH2AX (red). DNA was stained with DAPI (blue).
Scale bars, 50 um. Panels on the right show
YH2AX staining in black against a white
background. (C-D) Immunofluorescence
microscopy of WT, B1KO, and B2KO neurons
that had been transduced with pTRIPZ-LMNB2
and then incubated in the absence (C) or presence
(D) of Dox for 24 h. The neurons were then stained
with the LIVE/DEAD fluorescent vital dye, which
fluoresces green in live cells and red in dead cells.
DNA was stained with DAPI (blue). The data
shown in this figure represents another experiment
besides what is shown in Figure 5. Scale bars, 50
pm.
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Supplemental Figure 10. Death of BIKO neurons after migrating into a field of silicon pillars (8 pum in
diameter; 22 um in height; spaced 4 um apart). (4) (Top) Scanning electron micrograph of a silicon wafer
(with a flat area and a field uniformly spaced silicon pillars). Scale bar, 100 um. (Middle) Scanning
electron micrograph of the silicon wafer at the edge of a field of pillars. Scale bar, 10 um. (Bottom) A
higher magnification image of the uniformly spaced silicon pillars. Scale bar, 2 um. (B) Death in BIKO
neurons after migrating into the field of silicon pillars. Cells were plated onto the smooth portion of the
silicon wafer and allowed to migrate into the field of pillars. After 24 h, WT and B1KO neurons (two
silicon wafers each) were stained with a caspase 3—specific antibody (a marker of apoptotic cell death)
and imaged by confocal microscopy. Cell death was observed in BIKO neurons but not in WT neurons
after the cells had migrated into the field of pillars. DNA was stained with DAPI (blue). Scale bars, 50
um. The panels below show caspase 3 staining in black against a white background. The edge of the field
of pillars is marked by a yellow dashed line.
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Supplementary Tables
Table S1

Gene Species Sequences (5'-3")
Lamin A Mouse gettgaggacaatgaggatga
tgagcgcaggttgtactcag
Lamin B1 Mouse caactgacctcatctggaagaac
tgaagactgtgcttctctgage
Lamin B2 Mouse aggtgcaggetgagetagag
tgattccagatccticactcg
Lamin C Mouse cctatcgaaagcetgetggag
cctgagactgggatgagtes
Cyclophilin A | Mouse tgagcactggagagaaagga
ccattatggcgtgtaaagtca
LAP2 Mouse geagteaatcctggtecattg
gactgitggaagaggagtagagg
Table S2
Antigen Antibody Species Company WB 1CC THC
Lap2p [27] Monoclonal | Mouse BD Transduction 1:500
Laboratories
Lamin B1 [M-20] Polyclonal | Goat Santa Cruz Biotech. 1:2000 | 1:500
Cleaved Caspase-3 | Polyclonal | Rabbit Cell Signaling 1:1000 | 1:1000
Technology
Lamin A/C Polyclonal | Goat Santa Cruz Biotech. 1:500
Lamin A Monoclonal | Mouse Santa Cruz Biotech. 1:2000
Lamin B2 Monoclonal | Rabbit Abcam 1:1000
Lamin B2 Monoclonal | Mouse Invitrogen 1:50
Lamin B2 Polyclonal | Rabbit Proteintech 1:300
Actin Polyclonal | Goat Santa Cruz Biotech. 1:5000
GFP Polyclonal | Rabbit Invitrogen 1:1000
y-H2AX Monoclonal | Rabbit EMD Millipore 1:1000
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Supplementary Movie Legends

Movie S1. BIKO neurons exhibit transient nuclear membrane ruptures. BIKO neurons expressing
NLS-GFP (green) were imaged over 18 h. Repeated transient nuclear membrane ruptures were observed
(arrow), as judged by the flooding of NLS-GFP into the cytoplasm.

Movie S2. BIKO neurons exhibit frequent nuclear membrane ruptures. BIKO neurons expressing
NLS-GFP (green) were imaged over 44 h. Repeated transient nuclear membrane ruptures were observed,
as judged by the flooding of NLS-GFP into the cytoplasm. Nuclear membrane ruptures were observed in
majority of BIKO neurons.

Movie S3. Migrating B1KO neurons exhibit nuclear membrane ruptures. BIKO neurons expressing
NLS-GFP (green) were imaged over 36 h. Some nuclear membrane ruptures occurred in migrating cells
(arrows).

Movie S4. B2KO neurons exhibit prolonged, nonhealing nuclear membrane ruptures. B2ZKO
neurons expressing NLS-GFP (green) were imaged over 19 h. A B2KO neuron exhibited nuclear
membrane rupture (white arrow). That rupture persisted, without evidence of healing for the entire
duration of the movie.

Movie S5. A migrating B2KO neuron with a nuclear membrane rupture. B2KO neurons expressing
NLS-GFP (green) were imaged over 18 h. A B2KO neuron (arrow) exhibited a nuclear membrane rupture
as it moved across the field of view. The nuclear membrane rupture persisted, without evidence of repair,
and the neuron died.
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Chapter 4:
Increased Expression of LAP2f, an Inner Nuclear Membrane Protein, Eliminates Nuclear

Membrane Ruptures in Nuclear Lamin—Deficient Neurons and Fibroblasts
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ABSTRACT

Defects or deficiencies in nuclear lamins cause pathology in many cell types, and recent studies
have implicated nuclear membrane (NM) ruptures as a cause of cell toxicity. We previously
observed NM ruptures and progressive cell death in the developing brain of lamin B1—deficient
mouse embryos. We also observed frequent NM ruptures and DNA damage in nuclear lamin—
deficient fibroblasts. Factors modulating susceptibility to NM ruptures remain unclear, but we
noted low levels of LAP2f, a chromatin-binding inner NM protein, in fibroblasts with NM
ruptures. Here, we explored the apparent link between LAP2[3 and NM ruptures in nuclear lamin—
deficient neurons and fibroblasts, and we tested whether manipulating LAP2[3 expression levels
would alter NM rupture frequency. In cortical plate neurons of lamin Bl—deficient embryos, we
observed a strong correlation between low LAP2f levels and NM ruptures. We also found low
LAP2p levels and frequent NM ruptures in neurons of cultured Lmnb I~ neurospheres. Reducing
LAP2B expression in Lmnbl~~ neurons with an siRNA markedly increased the NM rupture
frequency (without affecting NM rupture duration), whereas increased LAP2[B expression
eliminated NM ruptures and reduced DNA damage. Consistent findings were observed in nuclear
lamin—deficient fibroblasts. Reduced LAP2B expression increased NM ruptures, whereas
increased LAP2f expression virtually abolished NM ruptures. Increased LAP2f expression nearly
abolished NM ruptures in cells subjected to mechanical stress (an intervention that increases NM
ruptures). Our studies showed that increasing LAP2[3 expression bolsters NM integrity in nuclear

lamin—deficient cells and markedly reduces NM rupture frequency.
INTRODUCTION
We recently examined mouse embryonic fibroblasts (MEFs) that were homozygous for knockout
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mutations in the three nuclear lamin genes (Lmnbl, Lmnb2, Lmna) (1). These “triple-knockout
fibroblasts” (TKO MEFs) lacked nuclear blebs but nevertheless had frequent nuclear membrane
(NM) ruptures (1). The NM ruptures were associated with increased DNA damage (1). The
frequency of NM ruptures in TKO MEFs increased when cells were subjected to mechanical stress
(uniaxial stretching) and decreased when cells were subjected to interventions that interfere with
the transmission of cytoskeletal forces to the nucleus (1). In follow-up studies, we observed
frequent NM ruptures, along with DNA damage and cell death, in migrating neurons within the
cortical plate of lamin Bl—deficient mouse embryos (2). Cortical plate neurons are particularly
susceptible to NM ruptures because neuronal migration subjects the cell nucleus to mechanical
stress (2) and because embryonic neurons do not express lamin A or lamin C (3-6). In the studies
of TKO MEFs and Lmnbl~~ neurons (1, 2), NM ruptures were identified by the escape of a

nuclear-localized fluorescent reporter into the cytoplasm.

In our studies of NM ruptures in TKO MEFs (1), the outline of the cell nucleus was visualized
with an antibody against the inner nuclear membrane protein LAP2f (lamina-associated
polypeptide 2, B isoform). LAP2[ contains a transmembrane helix that anchors it to the inner
nuclear membrane (7-9), and it interacts, via nucleoplasmic LEM (LAP2, emerin, Man1) domains
(10, 11), with the DNA-bridging protein BAF (barrier-to-autointegration factor). This LEM-BAF
complex is thought to tether chromatin to the nuclear periphery (12). In TKO MEFs, we found, by
confocal microscopy, reduced amounts of LAP23 in TKO MEFs with NM ruptures. In those cells,
there were also gaps in the distribution of LAP2f along the nuclear rim (1). In TKO MEFs without
NM ruptures, LAP2[3 was distributed evenly along the nuclear periphery (1). In our initial study
of TKO MEFs (1), we focused on the impact of mechanical stress on NM ruptures and did not

pursue the possibility that LAP2[3 expression might modulate susceptibility of cells to NM
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ruptures.

In the current studies, we investigated the possibility of a link between LAP2[3 expression and
NM ruptures in nuclear lamin—deficient cells. We had two goals. The first was to investigate the
potential association between abnormalities in LAP2f expression and distribution and NM
ruptures—both in tissues of a nuclear lamin—deficient mouse and in a second nuclear lamin—

deficient cell line. We began by studying the developing brain of Lmnb17/~

embryos. We reasoned
that we would be able to assess LAP2[3 expression, LAP2f distribution, and NM ruptures in
migrating neurons of the cortical plate (where cells are subjected to mechanical stress during
neuronal migration) and in the germinal cells of the ventricular zone (where cells have not

migrated) (2). We further reasoned that Lmnb17~ embryos would be a useful source of primary

neurons for cell culture studies of NM ruptures (2).

Our second goal was to examine whether LAP2f3 expression levels in nuclear lamin—deficient
cells are directly relevant to the susceptibility to NM ruptures. Specifically, we wanted to test the
hypothesis that manipulating LAP2[ expression levels would change NM rupture frequency.
Initially, we were skeptical that we would find any effect of LAP2[3 expression levels. Earlier
studies identified indirect effects of other LEM domain proteins on the repair of NM ruptures (12—
16), but no one had considered the idea that altering LAP2[3 expression levels would influence the
frequency of NM ruptures. Despite our initial skepticism, we tested whether manipulating LAP2f3
expression would affect the frequency of NM ruptures in TKO fibroblasts and LmnbI~~ neurons.
To our surprise, we found that reducing LAP2f expression levels markedly increased the
frequency—but not the duration—of NM ruptures. Increasing LAP2B expression virtually

abolished NM ruptures.
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RESULTS

NM ruptures and LAP2B distribution in cortical neurons of LmnbI-deficient mouse
embryos. We bred LmnbI"" mouse embryos (17) harboring the forebrain-specific EmxI-Cre
transgene (18) and a nuclear-targeted ROSA™™C transgene (2). The ROSA"™C transgene
produces a tdTomato fluorescent reporter in the absence of Cre and GFP in the presence of Cre
(Fig. 14-B). In E18.5 Lmnb 1" ROSA"T"C embryos (where lamin B1 expression is normal), the
ROSA™™G reporter was located in the nucleus and LAP2B was distributed evenly along the
nuclear rim (Fig. 1C). In migrating neurons in the cortical plate of Emx/-Cre LmnbIVT ROSA"T-
"G embryos (where lamin B1 is absent), numerous NM ruptures were present, evident by escape
of the fluorescent reporter into the cytoplasm (Fig. 1D). Also, the levels of LAP23 were reduced
and/or unevenly distributed along the nuclear rim (Fig. 1B and D). In the germinal cells within the
ventricular zone (which are not subjected to stresses of cell migration), we did not observe clear
examples of NM rupture (the reporter was largely confined to the nucleus) (Fig. 1D). Also, LAP2f3
expression was robust and distributed evenly along the nuclear rim in ventricular zone cells (Fig.
1D). In cortical plate neurons of Emx1-Cre LmnbI"" ROSA"T "G embryos, we observed increased
amounts of caspase 3, a marker of apoptotic cell death (Fig. 1E). Caspase 3 staining was absent in

cells of the ventricular zone (Fig. 1E).

In 3.5-month-old Emx1-Cre Lmnb1"V" ROSA"™"S mice, LAP2P levels in the cerebral cortex
were much lower than in wild-type mice, and the LAP2f3 was often distributed unevenly along the

nuclear rim (SI Appendix, Fig. S14-B).

Neurons harvested from the cerebral cortex of LmnbI”~ embryos have frequent NM

ruptures and reduced amounts of LAP2B. Neuronal progenitor cells from LmnbI1*"* (wild-type;
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WT) and Lmnbl~~ (lamin B1 knockout; BIKO) were cultured as neurospheres and allowed to
differentiate. In WT neurons, there was some variation in LAP2[ levels but the protein was always
distributed evenly along the nuclear rim. In some B1KO neurons, LAP2[3 was present in reduced
amounts or was distributed unevenly (Fig. 24). The reduced amounts of LAP23 in BIKO neurons
may have been due, at least in part, to reduced levels of LAP2f transcripts (Fig. 2B). In BIKO
neurons with a NM rupture, LAP2f staining was less intense and/or was distributed unevenly
along the nuclear rim (Fig. 2C). Confocal microscopy revealed that LAP2f distribution in BIKO
nuclei was polarized, with disproportionate amounts of LAP2f3 located on the side of the nucleus

closest to the centrosome (SI Appendix, Fig. S2).

In cortical plate neurons of E18.5 EmxI-Cre LmnbI1™¥™ embryos, both LAP2f and lamin B2
were distributed disproportionately to one side of the nucleus (SI Appendix, Fig. S34). LAP2[3 and
lamin B2 were also distributed to one side of the nucleus in cultured B1KO neurons (SI Appendix,
Fig. S3B). To assess the distributions of LAP2p and lamin B2 across the nuclear area, individual
nuclei were analyzed uniaxially and the fluorescence intensities of LAP2p and lamin B2 were
quantified along the diameter of the cell nucleus in the direction of polarization (S Appendix, Fig.
S44). In wild-type neurons, all nuclei had even distributions of LAP2f3 and lamin B2 (S7 Appendix,
Fig. S4B). In the majority of BIKO neurons, LAP2f and lamin B2 were polarized towards the

same half of the cell nucleus (S7 Appendix, Fig. S4C).

Knocking down LAP2f expression in BIKO neurons increases NM ruptures. To explore the
association between NM ruptures and LAP2f3 expression, we knocked down LAP2[3 expression in
WT and B1KO neurons with siLAP2P (a Tmpo-specific small-interfering RNA). In parallel,

neurons were also treated with a control siRNA (siControl). LAP2f transcript levels in siLAP2[3-
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transfected neurons were reduced by ~50% (Fig. 34), and reduced amounts of LAP2f} in the cell
nucleus were apparent by immunofluorescence microscopy, consistent with transcript levels (Fig.
3B). Reduced LAP2J expression increased numbers of B1KO neurons that exhibited at least one
NM rupture during video microscopy (91.8% of 150 siLAP2B-transfected neurons imaged total in
3 independent experiments had at least one NM rupture vs. 64.6% of 125 control siRNA-—
transfected neurons imaged in 3 independent experiments) (P < 0.0005; »* test) (Fig. 3C). Reduced
LAP2p also increased the total number of NM ruptures (502 ruptures in 150 siLAP2[-transfected
neurons vs. 167 ruptures in 125 control siRNA—transfected neurons) (P < 0.05; unpaired Student’s
t-test) (Fig. 3D). Of note, knocking down LAP2[3 expression reduced the time between NM
ruptures (P < 0.0005; unpaired Student’s #-test) (Fig. 3E) but had little or no effect on NM rupture
duration (Fig. 3F). Increased numbers of NM ruptures were apparent by confocal microscopy (Fig.
3G). The vast majority of neurons with NM ruptures ruptured and repaired during continuous video
microscopy (obviating any concerns that apoptotic cells were counted as NM ruptures). The larger
numbers of NM ruptures in siLAP2B-transfected B1KO neurons were accompanied by increased
apoptotic cell death (as judged by caspase 3 staining) (Fig. 3H). Reduced LAP2[3 expression
affected NM rupture frequency only in BIKO neurons. Transfection of WT neurons with siLAP2f3
resulted in reduced amounts of LAP2f in the cell nucleus by immunofluorescence microscopy (S7
Appendix, Fig. S54), but we found no NM ruptures in >100 siLAP2B-transfected WT neurons

during 20 h of imaging ( SI Appendix, Fig. S5B).

Overexpressing LAP2B abolishes NM ruptures in BIKO neurons. To examine the effect of
increased LAP2B expression on NM ruptures, we transduced NLS-GFP—expressing B1KO

neurons with a lentivirus encoding a LAP2B-tdTomato fusion protein. The transduced B1KO
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neurons were not subjected to drug selection; hence, some cells expressed the fusion protein while
others did not. After 48 h, the cells were stained with a LAP2(-specific antibody (to assess total
levels of LAP2f3) and imaged by confocal microscopy. The binding of the LAP2f antibody (as
judged by the ratio of LAP2f3 pixel intensities to nuclear area) was significantly greater in the
LAP2B-tdTomato—transduced cells (z = 85) than in nontransduced cells (P < 0.0001; unpaired
Student’s ¢-test) (Fig. 44). In the LAP2B-tdTomato—transduced cells, LAP2p staining was
detectable along the entire circumference of the nucleus (Fig. 4B). In nontransduced cells, LAP2f3
staining was less intense and was distributed unevenly along the nuclear rim (Fig. 4B8). LAP23-

tdTomato expression did not alter nuclear shape.

To assess the effect of LAP2B-tdTomato expression on NM integrity, we counted NM ruptures
in nontransduced and LAP2B-tdTomato—transduced B1KO neurons (Fig. 4C; SI Appendix, Movies
S1 and S2). By live-cell microscopy, 60.6% of 148 nontransduced B1KO neurons analyzed over
3 independent experiments had at least one NM rupture (P < 0.0005; »? test) (Fig. 4D). Some of
the nontransduced B1KO neurons had more than one rupture (142 NM ruptures were observed in
the 148 neurons) (P < 0.0005; unpaired Student’s t-test) (Fig. 4E). In contrast, no NM ruptures
were detected in 101 LAP2B-tdTomato—transduced B1KO cells (Fig. 4D—FE). LAP2B-tdTomato
expression protected BI1KO neurons from DNA damage (Fig. 4F—G). Only 2.4% of 240 LAP2p3-
tdTomato—transduced BIKO neurons had YH2AX foci in the nucleus, whereas >80% of 156
nontransduced B1KO neurons analyzed had nuclear yYH2AX foci (P < 0.0005; y* test) (Fig. 4F).
We assessed YH2AX foci in a mixed population of nontransduced and LAP2B-tdTomato—
transduced B1KO neurons; YH2AX foci were rare in 240 LAP2B-tdTomato—expressing B1KO

neurons but frequent in 156 nontransduced cells (Fig. 4G).
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Reducing LAP2 expression in TKO MEFs results in more NM ruptures and cell death.
Transfection of WT and TKO MEFs with siLAP23 decreased LAP2 transcript levels by 50-60%
(Fig. 54), and microscopy revealed reduced amounts of LAP2f3 in the nucleus, consistent with the
transcript levels (Fig. 5B). Reducing LAP2[3 expression in TKO MEFs increased the percentage
of cells with NM ruptures: 27.7% of siLAP2B-transfected TKO MEFs (210 total cells counted in
three independent experiments) had NM ruptures, whereas only 16.7% (140 total cells counted in
three independent experiments) of control siRNA—transfected cells had a NM rupture (P = 0.009;
x* test). Some TKO MEFs had more than one NM rupture; we detected 213 NM ruptures in 210
siLAP2B-transfected cells but only 58 ruptures in the 140 control siRNA—transfected cells (P <
0.05; unpaired Student’s ¢-test) (Fig. SC-D). The duration of NM ruptures in control siRNA—
transfected and siLAP2B-transfected TKO MEFs was similar (Fig. 5E). In 60 siLAP2B-transfected
TKO MEFs with at least one NM rupture, 16 of the cells died during 20 h of imaging whereas the
remainder survived, only 1 of 23 control siRNA—transfected TKO MEFs with a NM rupture died
(P = 0.009; »* test) (Fig. 5F). The increased frequency of NM ruptures in siLAP2B-transfected
TKO MEFs (Fig. 5G) was accompanied by increased DNA damage (25.4% of siLAP2p-
transfected TKO MEFs had nuclear YH2AX foci vs. only 12.8% of TKO MEFs transfected with

the control siRNA) (Fig. 5H).

Increased LAP2B expression in TKO MEFs abolishes NM ruptures and reduces DNA
damage. We transduced NLS-GFP—expressing TKO MEFs with the LAP2p-tdTomato lentivirus,
resulting in a 32.3% increase in LAP2J transcript levels (P = 0.0079; unpaired Student’s #-test)
(Fig. 64). We analyzed transduced NLS-GFP—expressing TKO MEFs with high levels of LAP2f3-

tdTomato expression (cells in the top 10 percentile for both GFP and tdTomato fluorescence).
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LAP2pB-tdTomato had no effect on nuclear shape. In three independent experiments (>100 cells
counted/group), ~24.5% of nontransduced TKO MEFs exhibited one or more NM ruptures vs. only
0.85% of LAP2B-tdTomato—transduced cells (P < 0.0001; y* test) (Fig. 6B). We observed a total
of 69 NM ruptures in 141 nontransduced TKO MEFs but only 1 rupture in 103 LAP2p-tdTomato—
transduced cells (P = 0.0055; unpaired Student’s z-test) (Fig. 6C). The lower number of NM
ruptures in LAP2B-tdTomato—transduced TKO MEFs was accompanied by reduced DNA damage.
In 50 nontransduced cells, we observed 14 cells with YH2AX foci. In 101 LAP2B-tdTomato—

transduced TKO MEFs, we observed only 5 cells with YH2AX foci (P < 0.0001; »* test) (Fig. 6D).

The fact that increased LAP2f3 expression prevented NM ruptures in TKO MEFs suggested that
increased LAP2[3 expression bolsters the integrity of nuclear membranes. If this were the case, we
reasoned that LAP2[3 overexpression in TKO MEFs would protect against NM ruptures in the
setting of mechanical stress. To test this possibility, we counted NM ruptures in nontransduced
and LAP2B-tdTomato—transduced TKO MEFs under static conditions (Fig. 6£) and under uniaxial
stretching (Fig. 6F). As expected (1), stretching nontransduced TKO MEFs increased the
frequency of NM ruptures (52.2% of stretched cells vs. 17% of cells tested under static conditions)
(Fig. 6E—G). No NM ruptures were detected in LAP23-tdTomato—expressing TKO MEFs under
static conditions (195 cells scored) (P < 0.0001; y? test) (Fig. 6E and G). When the TKO MEFs
were subjected to uniaxial stretching, we observed three cells (from a total of 198 cells) with a NM
rupture (P < 0.0001; y* test) (Fig. 6F—G). Remarkably, NM rupture frequency in LAP2p-
tdTomato—expressing TKO MEFs under stretching conditions (3 NM ruptures in 198 cells) was
much lower than the NM rupture frequency in nontransduced TKO MEFs under static conditions

(29 NM ruptures in 172 cells).
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DISCUSSION

In earlier studies of TKO MEFs (1), we observed that LAP23 was present in reduced amounts or
was abnormally distributed in cells with NM ruptures (1, 19). Initially, we thought that the finding
might be inconsequential and simply represented another example of a nuclear envelope protein
whose expression pattern was altered by a deficiency of a nuclear lamin (17, 20-25). In the end,
however, we investigated this finding further, motivated by the fact that the abnormality in LAP2[3
distribution was not observed in every TKO fibroblast but was restricted to cells with NM ruptures
(1). We hypothesized that LAP2[3 expression might actually influence the structural integrity of
nuclear membranes. Our first goal was to determine if the association of NM ruptures with reduced
LAP2p was a peculiarity of TKO MEFs. We began by studying the forebrain of lamin B1—deficient
mouse embryos. We had shown previously that lamin Bl deficiency disrupts the migration of
neurons to the cortical plate and reduces neuronal survival (2, 17). Neuronal migration depends on
nucleokinesis, a process in which the nucleus is pulled by cytoplasmic motors into the leading
edge of the cell (26, 27). In the setting of lamin B1 deficiency, we suspected that the forces of
nucleokinesis might induce NM ruptures. Indeed, NM ruptures were widespread in lamin B1—
deficient cortical plate neurons. Moreover, virtually all cortical plate neurons had low levels of
LAP2pB and/or gaps or irregularities in LAP2[ distribution. In contrast, LAP2f levels and
distribution were normal—and NM ruptures were absent—in the germinal cells of the ventricular
zone. We also observed frequent NM ruptures, accompanied by low levels of LAP2[3 and/or gaps
in LAP2B distribution, in cultured Lmnb I~ neurons. Thus, the association between NM ruptures

and LAP2f abnormalities was not a peculiarity of TKO MEFs.

Our second objective was to determine whether manipulating LAP2 expression would
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modulate the frequency of NM ruptures. In both LmnbI~~ neurons and TKO MEFs, knocking
down LAP2[ expression resulted in more frequent NM ruptures and more DNA damage.
Conversely, transducing LmnbI~~ neurons and TKO MEFs with a LAP2B-tdTomato lentivirus
virtually abolished NM ruptures. We suspected that higher levels of LAP2[ expression bolstered
the integrity of nuclear membranes. This suspicion was strongly supported by studies in which
TKO MEFs were subjected to mechanical stretching. We found frequent NM ruptures in
nontransduced TKO MEFs under static conditions, but the rupture frequency increased markedly
when the cells were stretched. In LAP2B-tdTomato—transduced TKO MEFs, NM ruptures were

abolished under static conditions and were extremely rare when the cells were stretched.

LEM domain proteins (9) have been implicated in the repair of NM ruptures (12—-14, 16).
Cytosolic barrier-to-autointegration factor (BAF) binds to chromatin at sites of NM ruptures and
leads to rapid binding of several LEM domain proteins but not LAP2f (13, 16). LEMD?2 binding
to sites of NM ruptures was prolonged and led to recruitment of ESCRT-III nuclear membrane
repair proteins (16). Recently, Young et al. (12) examined the duration of NM ruptures in a human
osteosarcoma cell line in which lamin B1 expression had been knocked down with a shRNA.
Depleting BAF—or depleting emerin or LEMD2—in those cells prolonged the duration of NM
ruptures. In our studies, knocking down LAP2 expression in Lmnb1”~ neurons and TKO MEFs
increased NM rupture frequency without affecting NM rupture duration. The observation that
LAP2p expression levels did not alter NM rupture duration could relate to the fact that
LAP2, unlike other LEM domain proteins, did not associate with BAF at sites of NM ruptures in

NIH3T3 cells (13, 16).

The fact that LAP2B expression prevented NM ruptures in TKO MEFs in response to
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mechanical stretching suggested that LAP2f, either by itself or by associating with BAF and
nuclear chromatin, bolsters the integrity of nuclear membranes in nuclear lamin—deficient cells.
Our findings provide fresh insights into factors that modulate NM rupture frequency in nuclear
lamin—deficient cells, but they also pose new questions. For example, does the protection against
NM ruptures by LAP2f require its LEM domains? Would overexpression of other LEM domain
proteins (e.g., MANI, emerin, LEMD2) also reduce NM rupture frequency? Would
overexpression of other NM proteins—even those without LEM domains or chromatin-binding
properties—influence NM rupture frequency? All of these questions need to be addressed in future

studies.

The most important and most surprising discovery in the current studies is that a LAP2f3-
tdTomato fusion protein prevents NM ruptures in Lmnb 17~ neurons and TKO MEFs. The Lmnb 1~
'~ neurons express lamin B2 and extremely low levels of lamins A/C (3—5). Whether the ability of
the LAP2B-tdTomato to prevent NM ruptures in Lmnbl~~ neurons depends on the expression of
the remaining nuclear lamins in those cells is unknown. Also, we would point out again here [as
we have in the past (28)] that the TKO MEFs that we created contained the original Lmna knockout
allele from Sullivan et al. (24). That knockout allele yields low amounts of an internally truncated
lamin A that lacks amino acid sequences encoded by exons 8—11 (29). Those sequences have been
reported to mediate interactions with LEM domain proteins (29). Thus far, we have not tested
whether the capacity of the LAP2p-tdTomato fusion protein to abolish NM ruptures in TKO MEFs

requires the expression of the internally truncated lamin A. These issues also need to be

investigated in future studies.
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MATERIALS AND METHODS

Mouse studies. Forebrain-specific Lmnbl knockout mice harboring a ROSA™ S fluorescent
reporter (Emx1-Cre LmnbIVTROSA""6) were generated as described (2). Mice were fed a chow
diet and housed in a virus-free barrier facility with a 12-h light-dark cycle. All mouse studies were
carried out according to the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. Animal protocols were reviewed and approved by the Animal Research

Committee of the University of California, Los Angeles.

Immunohistochemistry. Mouse tissues were prepared for immunohistochemical studies as
described (30). Adult and embryonic brains were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 2 h at room temperature; incubated in 30% sucrose in PBS at 4°C
overnight; and then frozen in O.C.T. (Tissue-Tek, Sakura Finetek). Sections (10-um-thick) were
fixed for 5 min in 4% paraformaldehyde or ice-cold methanol, followed by five dips in acetone
and permeabilization with 0.1% Tween-20. Background staining with mouse antibodies was
reduced with the Mouse-on-Mouse Kit (Vector Laboratories, Burlingame, CA). Tissue sections
were blocked with 2.5% horse serum for 1 h at room temperature and incubated overnight at 4°C
with primary antibodies at the dilutions indicated in Table S2. Alexa Fluor 488— and Alexa Fluor
568—conjugated secondary antibodies (Molecular Probes, Invitrogen, Carlsbad, CA) were used at
a 1:2000 dilution; DyLight 649—conjugated streptavidin (Vector Laboratories) was used at 5
pg/ml. Following DAPI staining, sections were mounted with Prolong Gold antifade (Invitrogen),
and images were recorded with a Zeiss LSM700 laser-scanning microscope with Plan Apochromat
20x/0.80 objective (air) or Plan Apochromat 100x/1.40 oil-immersion objectives. Images along

the z-axis were processed by Zen 2010 software (Zeiss).
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Cell Culture Models. Neuronal progenitor cells (NPCs) from E13.5 mouse embryos (derived
from intercrosses of Lmnb 1"~ mice) were used to generate Lmnb1** (wild-type; WT) and Lmnb 1~
/= (lamin B1 knockout; B1KO) neurospheres. Explants from the cerebral cortex were placed in
DMEM/F-12 medium (Corning) and dissociated with TrypLE Select (Gibco); the NPCs were
resuspended in DMEM/F-12 (Corning). Neurospheres were generated by culturing NPCs in
DMEM/F-12 medium containing 2% B-27 Supplement (ThermoFisher), 100 U/ml penicillin, and
100 pg/ml streptomycin at 37°C in 5-7% CO,. Neurospheres were supplemented with 3 pl of a
heparin-EGF-FGF mixture for every ml of medium. Briefly, fibroblast growth factor (FGF)
resuspended in PBS with 0.1% bovine serum albumin (BSA; Sigma) was mixed with embryonic
growth factor (EGF) (ThermoFisher) that had been resuspended in PBS containing 10% BSA. The
EGF and FGF solution was diluted in DMEM/F-12 (Corning) and mixed with heparin sodium salt

(Sigma-Aldrich) that had been resuspended in DMEM/F-12.

We also transduced LmnbI™" and Lmnbl”~ neurons with a lentivirus encoding a mouse
LAP2B-tdTomato fusion protein. To create the LAP2B-tdTomato fusion protein, the FUtdTW
plasmid (#22478; Addgene) was digested with BamHI and Xbal and gel-purified. A Tmpo cDNA
was amplified from mouse cDNA with the CloneAMP HiFi PCR Kit (Takara Bio), forward primer
5'-ACGAGATGCCGGAGTTCCTAGAG-3', and reverse primer 5'-
CAATGCAGCACTAACTTTACTGAGGTG-3'. The Tmpo insert was purified with UltraClean15
(Qiagen; Germantown, MD) and introduced into the FUtdTW vector with the InFusion Cloning
Kit (Takara Bio). The integrity of the plasmid encoding the LAP2B-tdTomato fusion was
documented by DNA sequencing. Packaging of the lentivirus and cell transductions were

performed by UCLA’s Vector Core.

Triple-knockout (TKO) MEFs (Lmna™~ Lmnb1™~ Lmnb27") were created by Jung et al. (28)
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by incubating Lmna™"Lmnb 1V Lmnb™"" MEFs with a Cre adenovirus. They also generated TKO
keratinocytes. Jung et al. (28) emphasized that their TKO cells were generated with the first Lmna
knockout allele created by Sullivan et al. (24). Jahn et al. (29) discovered that the Lmna knockout
allele yielded Lmna transcripts with an in-frame deletion of sequences derived from exons 8—11.
This mutant Lmna transcript resulted in the production of an internally truncated lamin A protein
lacking several domains important for protein interactions, including interactions of lamin A with
LEM domain proteins (29). Consistent with the report by Jahn and coworkers (29), Jung et al. (28)
documented, by western blotting and immunohistochemistry, low levels of the internally truncated
lamin A in their TKO cells. Subsequently, the properties of the TKO MEFs produced by Jung et
al. (28) were studied by Chen et al. (1). As part of the latter studies, TKO MEFs were transduced
with a lentiviral vector encoding a nuclear-localized GFP (NLS-GFP) (31). NLS-GFP—expressing
TKO MEFs did not have nuclear blebs but displayed a high frequency of NM ruptures (1). In the
current studies, we transduced the NLS-GFP—expressing TKO MEFs with the LAP23-tdTomato

lentivirus described earlier.

Neuronal Differentiation. Cultured neurospheres were removed with polyethylene pipets (Fisher)
and pipetted into a single drop of laminin (Sigma-Aldrich) on poly-L-ornithine—coated plates.
Neurospheres were allowed to settle for 30 min at 37°C and then incubated in DMEM/F-12
containing 2% B-27 Supplement, 100 U/ml penicillin, and 100 pg/ml streptomycin. Neurospheres

were allowed to differentiate for up to 30 days.

Immunocytochemistry. Neurons that had been differentiated on coverslips were fixed with 4%
paraformaldehyde in PBS or ice-cold methanol, dipped once in acetone, and permeabilized with
0.2% Triton. The fixed cells were then stained with antibodies listed in Table S2 and processed for
confocal immunofluorescence microscopy (32). Confocal images were recorded with either a
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Zeiss LSM700 laser-scanning microscope as described earlier or with a Zeiss LSM800 laser-
scanning microscope with a 20x/0.80 objective (air). Images along the z-axis were processed with
Zen 2010 or Zen Blue 2.3 software (all from Zeiss). All images shown in this paper are maximum

intensity projections of z-stacks.

Quantitative RT-PCR. RNA was isolated from undifferentiated and differentiated neurospheres,
treated with DNase I (Ambion), and reverse-transcribed with random primers, oligo(dT), and
SuperScript III (Invitrogen). qPCR reactions were performed on a 7900 Fast Real-Time PCR
system (Applied Biosystems) with SYBR Green PCR Master Mix (Bioline). Transcript levels were
determined using the comparative cycle threshold method and normalized to levels of cyclophilin

A transcripts. Primers are listed in Table S1.

siRNA transfections. In some studies, neurospheres that had been differentiated for 5 days were
transfected with a MISSION esiRNA (endoribonuclease prepared siRNA) against mouse 7mpo
(MilliporeSigma) (sequence in Table S3) with MISSION siRNA Transfection Reagent
(MilliporeSigma). MEFs were allowed to adhere before being transfected with the esiRNA and

transfection reagent.

-~ neurons that had been

Image Analysis. To quantify LAP2f fluorescence intensity in Lmnbl
transduced with the LAP2B—-tdTomato lentivirus, cells were allowed to differentiate for 48 h and
then fixed and processed for immunocytochemistry as described earlier. The fixed cells were
stained with an antibody against LAP2 (S Appendix, Table S2). Images were recorded with a
Zeiss LSM800 laser-scanning microscope with a 20x/0.80 objective (air) and processed with Zen

2010 or Zen Blue 2.3 software (all from Zeiss). All images were maximum intensity projections

of z-stacks. Images were exported into Imagel] (https://imagej.nih.gov/ij), and fluorescence
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intensity was normalized to nuclear area (mm?)

To quantify polarization of LAP2B and lamin B2, image stacks of wild-type and LmnbI1~~

neurons were analyzed using Zen software (Zeiss). Cells were stained with antibodies against
lamin B2 and LAP2f (SI Appendix, Table S2), and DNA was stained with DAPI. Individual nuclei
(defined by DAPI) were boxed with the Zen Profile Function (SI Appendix, Fig. S44). The
distribution of LAP2f3 and lamin B2 fluorescent signals were measured and plotted along the
diameter of the cell nucleus in the direction of polarization. If the signal intensity of LAP2f3 or
lamin B2 was higher on one side of the nucleus (relative to the midpoint of the diameter of the

nucleus), they were considered polarized.

To quantify numbers of YH2AX foci in cell nuclei, cells were stained with an antibody
against YH2AX (SI Appendix, Table S2) and DNA was stained with DAPI. Individual nuclei,

defined by DAPI staining, were categorized as either having or lacking YH2AX foci.

Live-cell Imaging. Neurospheres were plated on a poly-L-ornithine—coated 6-well plate
containing 2-mm glass wells (MatTek), and MEFs were plated on an uncoated 6-well plate
containing 2-mm glass wells. Live-cell imaging was performed with a Zeiss LSM 800 confocal
microscope equipped with a Plan Apochromat 20x/0.80 objective at 37°C with 5% CO:
(maintained with TempModule S1 CO; Module S1 from Zeiss). Z-stacks were acquired from
fluorescence and transmission channels. Image sequences were analyzed with Zen Blue 2.3
software (Zeiss) with linear adjustments applied uniformly to the entire image. Images were
reconstructed and displayed as maximum intensity projections. Nuclear membrane ruptures in
interphase cells were identified by escape of NLS-GFP into the cytoplasm. Even in cells with high

levels of NLS-GFP expression, NLS-GFP was confined to the nucleus. Video microscopy images
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were recored every 5 min or every 10 min, making it unlikely that we avoid detection of NM

ruptures.

Flow Cytometry. Cells were sorted in the UCLA Jonsson Comprehensive Cancer Center (JCCC)
and the Center for AIDS Research Flow Cytometry Core Facility on a FACSAria I(II) High-Speed
Cell Sorter using a 488-nm blue laser (to sort for cells with NLS-GFP) and a 633-nm red laser to

sort for cells transduced with the LAP2B-tdTomato lentivirus.

Cell Stretching. Stretching MEFs on polydimethylsiloxane (PDMS) membranes was performed
as described (33). Cells were seeded on flexible PDMS membranes (1-mm-thick). The membranes

were stretched 5 mm at 0.5 Hz for 2 h.

Statistical Analyses. Statistical analyses were performed with GraphPad QuickCalcs

(www.graphpad.com). The percentages of cells with NM ruptures or YH2AX foci were analyzed

with a y? test. Differences in ratios of NM ruptures over the total number of cells imaged were

analyzed with an unpaired Student’s #-test.
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Figures and Figure Legends

A Lmnb1"" ROSA"™G C Lmnb 1" ROSA"™G
ROSA"T-nG LAP28 ROSA"T-G _LAP2§  Merge with DAPI

B  Emxi-cre Lmnb1RosAe D Emx1-Cre Lmnb1"" ROSA"™G
GFP-Ab LAP2B GFP-Ab LAP2B Merge with DAPI

Lmnb1""ROSA"TG
Caspase 3 Caspase 3

Fig. 1. Forebrain-specific inactivation of Lmnb1 results in reduced neuronal cell density, reduced

LAP2p expression, and nuclear membrane (NM) ruptures. (4—B) Fluorescence microscopy images
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of the cerebral cortex of E18.5 LmnbIVTROSA" "G (4) and EmxI-Cre LmnbIV1T ROSA"C (B)
mouse embryos. The ROSA™™¢ transgene produces a nuclear-targeted tdTomato reporter in the
absence of Cre and a nuclear-targeted GFP in the presence of Cre. tdTomato is colored red; GFP
is colored green. Sections were stained with antibodies against the inner nuclear membrane protein
LAP2p (white) and GFP (green). Scale bars, 50 um. (C—D) Higher-magnification images of
cortical plate (CP) neurons and ventricular zone (VZ) cells in E18.5 LmnbI""ROSA""G (C) and
EmxI-Cre Lmnb1VTROSA"™"S (D) mouse embryos. DNA was stained with DAPI (blue). Yellow
arrows point to NM ruptures in CP neurons in the Emx/-Cre LmnbI"® ROSA"T S embryo. CP
neurons with NM ruptures exhibited reduced levels of LAP23 and uneven LAP2p distribution
along the nuclear rim. LAP2 distribution was normal in VZ cells of EmxI-Cre LmnbI1"TROSA"
nG embryos, and the fluorescent reporter was largely confined to the nucleus. The VZ contains
dividing cells; consequently, low levels of GFP were detected in the cytoplasm of some cells. Scale
bars, 10 um. (E) Immunofluorescence microscopy of the cerebral cortex in E18.5 LmnbI"1
ROSAMS and EmxI-Cre Lmnb1"" ROSA" S mouse embryos after staining sections with an
antibody against caspase 3 (a marker of apoptotic cell death; green). Caspase 3 was confined to

CP neurons and was absent from cells of the VZ. DNA was stained with DAPI (blue). Scale bars,

100 pm.
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Fig. 2. LAP2B expression in Lmnbl7~ (lamin Bl knockout; B1KO) embryos. (4)
Immunofluorescence microscopy of LmnbI™" (wild-type; WT) and LmnbI”~ (B1KO) neurons
after staining cells with an antibody against LAP23 (white). Red arrows point to BIKO neurons
with low levels of LAP2[3 and/or abnormally distributed LAP2f3 along the nuclear rim. Scale bars,
10 um. (B) Transcript levels for Tmpo (the gene for LAP2f3) in WT and B1KO neurons. Neurons
had been differentiated in culture for 48 h. Transcript levels were normalized to Ppia transcripts.

Bar graph shows mean + SEM; n = 3 independent experiments. ***P < 0.0005; unpaired Student’s
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t-test. (C) Immunofluorescence microscopy of BIKO neurons that expressed a nuclear-localized
GFP (NLS-GFP, green) after staining the cells with an antibody against LAP2f. In the top row,
LAP2p is white; in the bottom row, LAP2f is red. Yellow arrows point to neurons with a nuclear
membrane (NM) rupture. LAP2[} levels were low in neurons with a NM rupture. Scale bars, 10

um.
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Fig. 3. Reducing LAP2f expression in lamin Bl—deficient (B1KO) neurons with siLAP2p (a
small-interfering RNA against 7mpo) increases nuclear membrane (NM) ruptures and results in
more cell death. (4) Transcript levels for Tmpo in Lmnb1*"* (wild-type; WT) and B1KO neurons
that had been transfected with siLAP2f or a control siRNA (siControl). Bar depicts the mean in
two experiments; dots show results in two independent experiments; transcript levels were
normalized to Ppia transcripts. Neurons were examined 24 h after transfections. (B) Confocal
micrographs of BIKO neurons transfected with siLAP2f or siControl. Neurons were stained with

an antibody against LAP2f (white in the left panels; red in the merged image). DNA was stained

87



with DAPI (blue). Scale bars, 10 pm. (C) Percentages of siLAP2[3- or siControl-transfected B1IKO
neurons with a NM rupture. ***P < 0.0005; »? test. Mean + SEM; n = 3 independent experiments;
20 h of imaging/experiment. Dots depict percentages in three independent experiments. In three
independent experiments, a total of 150 siLAP2pB-transfected neurons and 125 control siRNA—
transfected neurons were analyzed. (D) Ratio of the total number of NM ruptures to the number of
neurons counted. Dots depict ratios in three independent experiments. *P < 0.05; unpaired
Student’s #-test. In three independent experiments, a total of 150 siLAP2-transfected neurons and
125 control siRNA-transfected neurons were analyzed. (E—F) Bar graphs depict the mean time
between NM ruptures (E) and the mean duration of NM ruptures () in siLAP2- or siControl-
transfected BIKO neurons (mean £+ SD; >35 NM ruptures analyzed/group). ***P<0(.0005;
unpaired Student’s #-test. (G) Confocal micrographs of siLAP2f- or siControl-transfected BIKO
neurons that expressed NLS-GFP (white). Larger numbers of NM ruptures (evident by escape of
GFP into the cytoplasm and/or sudden loss of GFP fluorescence within the cell nucleus; yellow
arrows) were observed in siLAP2[-transfected B1KO neurons. Scale bars, 25 um. (H) Confocal
micrographs of siLAP2f3- or siControl-transfected BIKO neurons after staining with antibodies
against LAP2f (red) and caspase 3 (white); DNA was stained with DAPI (blue). Scale bars, 20

um.
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Fig. 4. Higher levels of LAP2p expression in differentiated B1IKO neurons prevents nuclear

membrane (NM) ruptures. WT and B1KO neurons were transduced with a lentivirus encoding a

LAP2B-tdTomato fusion protein (LAP2B-tdTomato). (4) Fluorescence intensity in nontransduced

and LAP2B-tdTomato—transduced B1KO neurons. Mean + SD. ***P <(.0001; unpaired Student’s

t-test. After staining neurons with an antibody against LAP2[, confocal micrographs were

recorded and ten images were analyzed by ImagelJ. Fluorescence intensity for each nucleus was

quantified and normalized to nuclear area (in mm?). (B) Immunofluorescence microscopy of
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nontransduced and LAP2B-tdTomato—transduced BIKO neurons. Cells were stained with an
antibody against LAP2f3 (white in the left panels; red in the merged image). DNA was stained with
DAPI (blue). Scale bars, 10 um. (C) Time-lapse microscopy study of NLS-GFP—expressing BIKO
neurons (green) that had been incubated with a LAP23-tdTomato lentivirus. The neurons were not
subjected to drug selection; hence, some of the neurons did not express LAP2B-tdTomato (red).
(Top) Micrographs of a field containing NLS-GFP—expressing neurons that were successfully
transduced with LAP2B-tdTomato. NM ruptures were never observed in NLS-GFP—expressing
neurons that expressed LAP2[B-tdTomato. (Bottom) Confocal micrographs of another field in
which several cells expressed NLS-GFP but no LAP2B-tdTomato. Neurons that expressed only
NLS-GFP exhibited NM ruptures (evident by escape of GFP into the cytoplasm) (magenta arrows).
Scale bars, 20 um. (D) Percentages of NLS-GFP—expressing nontransduced neurons (n = 148) and
LAP2B-tdTomato—transduced B1KO neurons (n = 101) that had at least one NM rupture (detected
by escape of GFP into the cytoplasm). Mean + SEM; n = 3 independent experiments; 20 h of
imaging/experiment. Dots depict percentages in three independent experiments. ***P < 0.0005;
x* test. No NM ruptures were detected in 101 LAP2B-tdTomato—transduced B1IKO neurons. A
total of 148 nontransduced B1KO neurons were evaluated in the three experiments. (£) Ratio of
the total number of NM ruptures in nontransduced and LAP2B-tdTomato—transduced B1KO
neurons divided by the total number of neurons analyzed. Mean + SEM; n = 3 independent
experiments; ***P < 0.0005; unpaired Student’s #-test. No NM ruptures were observed in LAP2[3-
tdTomato—transduced B1KO neurons. A total of 148 nontransduced B1KO neurons were
evaluated. (F) Percentages of nontransduced and LAP2B-tdTomato—transduced B1KO neurons
with YH2AX foci. 240 LAP2B-tdTomato—transduced B1KO neurons and 156 nontransduced

B1KO neurons were analyzed. Mean + SEM; n = 3 independent experiments. ***P < 0.0005; y*
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test. The total number of neurons scored are recorded with each bar. (G) Confocal micrographs of
nontransduced and LAP2B-tdTomato—transduced B1KO neurons after staining the cells with

antibodies against LAP2[3 (red) and the DNA damage marker YH2AX (white). Scale bars, 10 um.
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Fig. 5. Reducing LAP2B expression in Lmnbl”"Lmnb2~~Lmna~~ fibroblasts (triple knockout;
TKO) with siLAP2f (a small-interfering RNA against 7mpo) increases the frequency of nuclear
membrane (NM) ruptures and cell death. (4) Transcript levels for Tmpo (the gene for LAP2p) in
wild-type (WT) and TKO MEFs transfected with siLAP2f or a control siRNA (siControl). Means

from two independent experiments; dots show results in the two independent experiments;
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transcript levels were normalized to Ppia. Analyses were performed 24 h after the transfection.
**P < 0.005; unpaired Student’s t-test. (B) Immunofluorescence micrographs of TKO MEFs
transfected with siLAP2f or siControl. MEFs were stained with an antibody against LAP2[ (red).
DNA was stained with DAPI (blue). Scale bars, 50 pm. (C) Percentages of siLAP2[3- and control
siRNA—transfected TKO MEFs with at least one NM rupture. In 140 control siRNA—transfected
TKO MEFs analyzed in three independent experiments, NM ruptures were detected in 23 cells. In
210 siLAP2B-transfected TKO MEFs, 60 cells had a NM rupture. Mean = SEM; n = 3 independent
experiments, dots show the percentages in each experiment (20 h of imaging/experiment). **P =
0.009; »? test. (D) Ratio of total number of total NM ruptures over the total number of MEFs
evaluated. Mean + SEM; n = 3 independent experiments, dots show the ratio in each experiment
(20 h of imaging/experiment). In 140 control siRNA—transfected TKO MEFs analyzed in three
experiments, 58 NM ruptures were detected. In 210 siLAP2B-transfected TKO MEFs, 213 NM
ruptures were detected. *P < 0.05; unpaired Student’s #-test. (£) NM rupture duration in siLAP2[3-
or siControl-transfected TKO MEFs (mean + SD; >35 NM ruptures/group). (F) Percentages of
siLAP2- or control siRNA-transfected TKO MEFs that had a NM rupture and subsequently died
during 20 h of imaging. Mean + SEM; n = 3 independent experiments; dots show the percentage
in each experiment. Of the 23 control siRNA—transfected TKO MEFs that exhibited a NM rupture,
1 died. Of 60 siLAP2B-transfected TKO MEFs that exhibited a NM rupture, 16 died. *P = 0.024;
2 test. (G) Confocal micrographs of siLAP2p- or siControl-transfected TKO MEFs that expressed
NLS-GFP (white). Numerous NM ruptures (magenta arrows) were observed in the siLAP2[3-
transfected TKO MEFs, evident by escape of GFP into the cytoplasm and/or sudden loss of GFP
fluorescence within the cell nucleus. Scale bars, 25 um. (H) Percentages of siLAP2f3- or control

siRNA—transfected TKO MEFs that exhibited nuclear YH2AX foci. Bars depict the mean from two
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independent experiments (140 control siRNA-transfected TKO MEFs and 173 siLAP2p-

transfected TKO MEFs scored); dots depict percentages in the two experiments.
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Fig. 6. Transduction of wild-type and TKO MEFs with a lentivirus encoding a LAP2p-tdTomato

fusion protein prevents nuclear membrane (NM) ruptures and reduces DNA damage. (A)

Transcript levels for Tmpo (the gene for LAP2B) in nontransduced or LAP2B-tdTomato—

transduced TKO MEFs (mean + SEM; n = 3 independent experiments). Transcript levels were

normalized to Ppia transcripts. **P = 0.0079; unpaired Student’s ¢-test. (B) Percentages of

nontransduced and LAP2B-tdTomato—transduced TKO MEFs that had a NM rupture event during

20 h of live-cell imaging. In 141 nontransduced TKO MEFs, 34 MEFs had a NM rupture. In 103

LAP2B-tdTomato—expressing MEFs, only 1 cell had a NM rupture. Mean = SEM from three
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independent experiments (20 h of imaging/experiment). ***P < 0.0005; y* test. Black dots depict
percentages in each experiment. (C) Ratio of the number of NM ruptures in TKO MEFs and
LAP2B-tdTomato—transduced MEFs over the total number of cells analyzed. In 141 nontransduced
TKO MEFs, there were 69 NM ruptures. In 103 LAP2B-tdTomato—expressing MEFs, there was
only one NM rupture. Mean + SEM from 3 independent experiments; **P = 0.0055; unpaired
Student’s #-test. Black dots depict ratios in each experiment. (D) Percentages of nontransduced and
LAP2B-tdTomato—transduced TKO MEFs with YH2AX foci. Mean + SEM from three independent
experiments; ***P<0.0005; »* test. Black dots depict ratios in each experiment. In three
independent experiments, 50 nontransduced and 101 LAP2B-tdTomato—expressing MEFs were
analyzed. (E) Percentages of nontransduced and LAP23-tdTomato—transduced TKO MEFs with a
NM rupture when plated on PDMS membranes under static conditions. In 172 nontransduced TKO
MEFs, 29 MEFs had a NM rupture. In 195 LAP2B-tdTomato—expressing MEFs, there were no
NM ruptures. Shown are mean percentages = SEM from three independent experiments;
*ik%P<(0.0001; x> test. Black dots depict percentages in each experiment. (F) Percentages of
nontransduced and LAP2B-tdTomato—transduced TKO MEFs with a NM rupture when the cells
were subjected to uniaxial stretching on a PDMS membrane for 2 h. In 151 nontransduced TKO
MEFs, 79 MEFs had a NM rupture. Among 198 LAP2[3-tdTomato—expressing MEFs, three cells
had a NM rupture. Shown are mean + SEM from three independent experiments; ***P<(.0001;
»? test. Black dots depict percentages in each experiment. (G) Immunofluorescence microscopy of
nontransduced and LAP2B-tdTomato—transduced TKO MEFs under static and stretched
conditions. The TKO MEFs expressed NLS-GFP (green) alone or NLS-GFP and LAP2p-
tdTomato (red). DNA was stained with DAPI (blue). Magenta arrows point to NM ruptures. Scale

bars, 10 um.
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Supplemental Figures and Figure Legends
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Supplemental Figure 1. Inactivation of LmnbI in the forebrain results in low levels of LAP2[3
and an abnormal distribution of LAP2 along the nuclear rim. (4—B) Confocal micrographs of
sections of the cerebral cortex in a wild-type mouse (LmnbI"") (4) and a forebrain-specific lamin
Bl-deficient mouse (EmxI-Cre LmnbI™™) (B). Sections were stained with an antibody against

LAP2p (green); DNA was stained with DAPI (blue). Scale bars: 50 pm in (4); 10 um in (B).
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Supplemental Figure 2. Lmnb] deficiency in cortical neurons results in low levels of LAP2[ in
the nucleus and abnormally distributed LAP2[ along the nuclear rim. Confocal micrographs show
maximum intensity projections of z-stacks of wild-type (WT) and Lmnb -~ (B1KO) neurons after
staining with antibodies against LAP2[3 (green) and the centrosome marker pericentrin (magenta).
The boxed regions are shown at higher magnification on the right. Yellow arrows point to the

centrosome. Scale bars: 10 um (left); 10 pm (right).
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Supplemental Figure 3. LAP2f3 and lamin B2 are polarized to the same side of the nucleus in
lamin Bl—deficient neurons. (4) Immunofluorescence micrographs (maximum  intensity
projections of z-stacks) of the cortical plate of the forebrain of E18.5 wild-type (LmnbI™¥™) and
lamin B1-deficient (EmxI-Cre LmnbI"") mouse embryos. Sections were stained with antibodies
against LAP2f red) and lamin B2 (green); DNA was stained with DAPI (blue). Scale bars, 10 um.
(B) Confocal micrographs (maximum intensity projections of z-stacks) of differentiated wild-type
and Lmnb17~ (B1KO) neurons after staining with antibodies against LAP2f (red) and lamin B2
(green); DNA was stained with DAPI (blue). LAP2[3 and lamin B2 were polarized to the same side

of the nucleus, but the extent of lamin B2 polarization was greater. Scale bars, 10 pm.
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Supplemental Figure 4. The distribution of LAP2[3 and lamin B2 is polarized in lamin B1-

deficient neurons. (4) Wild-type and Lmnbl~~ (B1KO) neurons were stained with antibodies

against LAP2f (red) and lamin B2 (green) and DNA was stained with DAPI (blue). The

distributions of LAP2[3 and lamin B2 in the nucleus were analyzed with the Zen Profile tool, where

nuclei are individually boxed. The profiles of LAP23 and lamin B2 are superimposed on top of
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confocal microscope images (maximum intensity projections of z-stacks). Scale bars, 10 um. (B)
Fluorescent intensity plots for LAP2 and lamin B2 in ten representative wild-type neurons. The
midpoint of the nucleus is marked by a dotted blue line. The fluorescence intensities for LAP2f3
(red) and lamin B2 (green) are equally distributed on either side of the midline, indicating that
there is no polarization. (C) Fluorescent intensity plots for LAP2 and lamin B2 in ten
representative BIKO neurons. Note that the distribution of both LAP2f (red) and lamin B2 (green)

is higher on one side of the midline, indicating that their distribution is polarized.
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Supplemental Figure 5. LAP2[3 expression in wild-type (WT) neurons that had been transfected
with siLAP2 (a small-interfering RNA against 7mpo) or a control siRNA (siControl). (4)
Neurons were stained with an antibody against LAP2f3 (red); DNA was stained with DAPI (blue).
Scale bars, 20 pm. (B) Time-lapse microscopy images of NLS-GFP—expressing wild-type (WT)
neurons (green) that had been transfected with siLAP2B. No nuclear membrane ruptures were

observed in NLS-GFP—expressing WT neurons. Scale bar, 50 pm.
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Supplementary Tables
Table S1. Oligonucleotide primers for qRT-PCR

Gene Species Sequences (5'-3')
Cyclophilin A | Mouse tgagcactggagagaaagga
(Ppia) ccattatggcgtgtaaagtca
LAP2 Mouse ggagtgaatcctggtccattg
(Tmpo) gactgttggaagaggagtagagg
Table S2. Antibodies used for immunofluorescence microscopy
Antigen Antibody | Species Company ICC* IHC*
LAP2B [27] Monoclonal | Mouse BD Transduction | 1:500 1:500
Laboratories
Cleaved Caspase-3 | Polyclonal | Rabbit Cell Signaling | 1:1000 | 1:1000
Technology
Pericentrin Polyclonal | Rabbit Abcam 1:1000
Lamin B2 Monoclonal | Rabbit Abcam 1:1000 | 1:1000
GFP Polyclonal | Rabbit Invitrogen 1:1000
v-H2AX Monoclonal | Rabbit EMD Millipore 1:1000

*ICC, immunocytochemistry; IHC, immunohistochemistry

Table S3. Sequence of the siRNA used to knock down LAP2p expression

Gene

Species

siRNA cDNA target sequence (5'-3')

Tmpo

Mouse

GCAGGAAAGCCACAAAGAAAACTGATAAGCCCAGGCTAGAAGATAA
AGATGATCTGGATGTGACAGAGCTCTCTAATGAAGAACTTCTGGATCA
GCTTGTAAGATATGGAGTGAATCCTGGTCCCATTGTGGGAACAACCAG
GAAGCTATATGAGAAGAAGCTGTTGAAGCTGAGGGAGCAGGGAACTG
AATCGAGATCCTCTACTCCTCTTCCAACAGTCTCTTCCTCTGCAGAAA
ACACAAGGCAGAATGGAAGTAACGACTCTGACAGATACAGCGACAAT
GATGAAGGAAAGAAGAAAGAACACAAGAAAGTGAAGTCCGCTAGGG
ATTGTGTTCCTTTTTCTGAACTTGCATCTACTCCCTCTGGTGCATTTTTT
CAGGGTATTTCTTTCCCTGAAATCTCCACCCGTCCTCCTTTGGGCAGGA
CTGAACTG
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Supplementary Movie Legends

Movie S1. BIKO neurons exhibit nuclear membrane ruptures in the absence of LAP2f -
tdTomato expression. BIKO neurons expressing NLS-GFP (green) were imaged over 5 h.
Nuclear membrane ruptures were present in two B1KO neurons, evident by the presence of NLS-
GFP in the cytoplasm. Individual frames were collected every 10 min. This movie shows 3 frames

per second.

Movie S2. B1KO neurons expressing the LAP2B-tdTomato fusion protein do not have
nuclear membrane ruptures. B1KO neurons expressing LAP2(-tdTomato (red) and NLS-GFP

(green) appear yellow or orange. Cells were imaged over 5 h. Individual frames were collected

every 10 min. This movie shows 3 frames per second.
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