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Abstract Lamin proteins are the major constituents of
the nuclear lamina, a proteinaceous network that lines the
inner nuclear membrane. Primarily, the nuclear lamina
provides structural support for the nucleus and the nuclear
envelope; however, lamins and their associated proteins are
also involved in most of the nuclear processes, including
DNA replication and repair, regulation of gene expression,
and signaling. Mutations in human lamin A and associated
proteins were found to cause a large number of diseases,
termed ‘laminopathies.” These diseases include muscular
dystrophies, lipodystrophies, neuropathies, and premature
aging syndromes. Despite the growing number of studies
on lamins and their associated proteins, the molecular
organization of lamins in health and disease is still elusive.
Likewise, there is no comprehensive view how mutations
in lamins result in a plethora of diseases, selectively
affecting different tissues. Here, we discuss some of the
structural aspects of lamins and the nuclear lamina orga-
nization, in light of recent results.
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Introduction

Lamins are type V intermediate filament (IF) proteins that
assemble into a filamentous meshwork underneath the
inner nuclear membrane (INM) (Goldman et al. 1986;
McKeon et al. 1986). As all IF proteins, lamins share the
conserved tripartite structure, consisting of a central o-
helical coiled-coil domain, flanked by a non-helical
N-terminal head and a C-terminal tail domain (Herrmann
et al. 2007; Parry 2005). Unlike cytoplasmic IFs, nuclear
lamins possess a nuclear localization signal as well as an
immunoglobulin (Ig)-fold within their tail domain (Dhe-
Paganon et al. 2002; Loewinger and McKeon 1988; Shu-
maker et al. 2005).

Lamins are classified as A- or B-type lamins. The major
isoforms of A-type lamins are lamin A and a shorter iso-
form lamin C, which both arise from a single gene LMNA,
by alternative splicing. The B-type lamins comprise three
isoforms of which the most abundant are lamin B1 and
lamin B2, encoded by separate genes, LMNBI and LMNB2,
respectively (Lin and Worman 1993; Peter et al. 1989;
Vorburger et al. 1989). A and B-type lamins differ in their
biochemical properties and expression patterns (Worman
et al. 1988). While B-type lamins are expressed in all cells
during all stages of development, A-type lamins were not
found in embryonic stem cells and are expressed only in
later stages of development. Nevertheless, recent studies
demonstrated the presence of low levels of lamin A/C in
mouse embryonic stem cells (Eckersley-Maslin et al.
2013).

Lamin proteins are posttranslationally modified in dis-
tinct modification steps. Both A- and B-type lamins contain
a carboxy-terminal CaaX box which undergoes farnesyla-
tion of the cysteine, cleavage of the last 3 amino acids
(aaX) and methylation of the cysteine. For lamin A but not

@ Springer



Histochem Cell Biol (2013) 140:3-12

for B-type lamins, an additional proteolytic cleavage step
removes the last 15 amino acids, including the farnesyl
residue. Therefore, B-type lamins remain permanently
farnesylated and associated with the INM (Beck et al.
1990; Kitten and Nigg 1991; Sinensky et al. 1994). Lamin
proteins localize mainly at the nuclear periphery, where
they are thought to assemble into a protein meshwork
underneath the INM. Lamins interact with INM integral
proteins as well as with peripheral heterochromatin that is
generally gene poor and transcriptionally silent (Guelen
et al. 2008; Mendez-Lopez and Worman 2012). A small
pool of lamins is also present within the nuclear interior in
a more soluble form and seems to serve different functions
in a lamina-independent fashion (Dechat et al. 2010b;
Shimi et al. 2008).

Mutations in the human LMNA gene cause at least 12
different inherited diseases, collectively termed laminopa-
thies. Laminopathies affect several tissues, for example,
muscle, adipose, bone, nerve and skin cells, and fall into
one of the four following major disease types: myopathies,
including muscular dystrophies and cardiomyopathies,
lipodystrophies, neuropathies and premature aging syn-
dromes, such as Hutchison—Gilford progeria syndrome
(HGPS) (Rankin and Ellard 2006; Worman 2012). Inter-
estingly, the E145K mutation in LMNA that causes HGPS
in humans leads to severely lobulated nuclei, a separation
of the A- and B-type lamins, alterations in pericentric
heterochromatin, abnormally clustered centromeres and
mislocalized telomeres (Taimen et al. 2009). It is still
enigmatic how mutations in a single gene can have such
variable, tissue-specific effects. Despite the extensive
research on lamins, the mechanisms underlying laminop-
athies are still far from being understood.

Structural analysis of the nuclear lamina is a key ele-
ment in understanding how mutations may alter the struc-
tural organization of the nuclear envelope. Aebi and
coworkers visualized the Xenopus laevis oocyte nuclear
lamina, by imaging detergent-treated nuclear envelopes
using scanning electron microscopy (SEM) (Aebi et al.
1986) (Fig. 1). Although technical limitations prohibit
deducing any three-dimensional (3D) structural informa-
tion, these images represent the overall organization of an
amphibian lamin in a very specialized, non-somatic cell.
However, the organization of lamin A, lamin C, lamin B1
and lamin B2 in mammalian cells as well as their inte-
gration into one meshwork and their connection with INM
proteins and peripheral heterochromatin is not known.

Two main factors make it challenging to gain a detailed
and realistic map of the mammalian lamina: In vitro
investigations of lamin proteins are hindered by their
insolubility and their tendency to aggregate into paracrys-
talline fibers; as all IFs, lamins are strongly resistant to
extraction with salt and non-ionic detergent. Therefore,
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Fig. 1 A view on the nuclear lamina. The nuclear lamina of a freeze-
dried X. laevis oocyte was imaged after membrane extraction. A
meshwork of single lamin filaments can be detected, partially covered
with arrays of nuclear pore complexes. Inset in an area of the
meshwork where nuclear pore complexes have been removed by
mechanical forces, the lamina presents as network formed from two
sets of parallel filaments organized orthogonally to each other. Scale
bar 1 pm. Reprinted with permission from Macmillan Publishers Ltd:
Nature (Aebi et al. 1986), ©1986

lamins must be generally isolated under denaturing condi-
tions. During refolding in physiological buffers, they rap-
idly assemble into large molecular structures. In
mammalian cells, the lamina is embedded in the dense
environment of the nuclear envelope: B-type lamins
directly associate with the INM, while all lamins interact
with numerous integral INM proteins. Moreover, peripheral
heterochromatin closely attaches to the lamina and hinders
the visualization of the lamina with high-resolution
approaches. Imaging of the lamina hence generally requires
isolation either from nuclear membranes or from hetero-
chromatin in order to reveal the lamina structure, and both
procedures necessitate harsh treatment of the sample that
might cause artifacts. Alternatively, the lamina can be
imaged within its native environment, which, however,
requires certain markers in order to specifically identify the
individual proteins within the crowded nuclear envelope
environment. To resolve and interpret the 3D architecture of
the nuclear lamina, preexisting information on the supra-
molecular organization of single lamin proteins is needed.
Here, we focus on several experimental setups currently
employed to gain a deeper understanding on lamin
assembly and lamina organization. We will discuss the
advantages and disadvantages of different approaches and
conclude our view on distinct lamin protein assemblies.

Structural determination of lamin proteins

Structural determination of IF proteins is a challenging task
due to the elongated structure of the proteins and their
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tendency to rapidly polymerize. Full length lamins as well
as large pieces of the coiled-coil part of the lamin dimer do
not arrange into crystals, a prerequisite for determining the
atomic structure of proteins by X-ray crystallography, but
rather assemble into filamentous or paracrystalline fibers
(Herrmann and Aebi 2004). Therefore, a detailed atomic
model of lamin proteins is still missing, and a large part of
our current knowledge stems from bioinformatic analyses
and information on coiled-coils from other proteins (Qin
et al. 2011; Strelkov and Burkhard 2002).

Despite the fundamental difficulties to perform X-ray
crystallography on lamins, several laboratories applied a
‘divide-and-conquer’ strategy to reveal their atomic struc-
ture, and short fragments of lamins that could be expressed
and isolated in a soluble form were analyzed by X-ray
crystallography. The first atomic structure of a lamin
fragment was obtained from the globular tail domain
(amino acids 436-552) of human lamin A/C, showing that
this fragment formed a sandwich of two B-sheets, a struc-
ture which is referred to as an Ig domain (Dhe-Paganon
et al. 2002). Later, the crystal structure of the lamin B1 Ig
domain was determined, and as expected, given the high
sequence similarity between the two proteins, the overall
structure of the lamin A and B1 globular tail domain is very
similar (Ruan et al. 2012). X-ray crystallography was
successfully applied to determine the atomic structure of
lamin A coil 2B (amino acids 305-387), which represents
the last part of the central coiled-coil domain. The analysis
of this fragment indicated a left handed, parallel coiled-coil
structure (Strelkov et al. 2004). Combined data from this
lamin A coil 2B crystal structure and the lamin A coil 1A
structure modeled after the crystal structure of another IF
family member, vimentin, led to a hypothesis for longitu-
dinal assembly of lamins. According to this hypothesis, the
N-terminal part of the coiled-coil rod could overlap and
interact with the C-terminal part of a neighboring rod by
electrostatic attraction between highly conserved consensus
motifs in these regions, thus forming longitudinal head-to-
tail connections of lamin dimers. The crystal structure of a
slightly different fragment (amino acids 328-398) that
additionally contained a small part of the C-terminal tail
domain led to a refinement of this model: Instead of a left-
handed parallel coiled-coil, crystals revealed the presence
of two interfaces, a right-handed anti-parallel coiled-coil
interface and a left-handed anti-parallel coiled-coil inter-
face (Kapinos et al. 2011). The authors proposed that in
addition to the 2—4 nm overlap between the rods’ N- and
C-termini of two dimers (for longitudinal assembly), the
C-termini of laterally aligned dimers could partially unzip
and engage in additional right-handed coiled-coil interac-
tions between each other, likely in an antiparallel fashion
(for lateral assembly) (Heitlinger et al. 1992; Kapinos et al.
2011) (Fig. 2).

Fig. 2 Possible arrangement of coiled-coil domains of lamins to form
longitudinal and lateral interactions. a The rod domain of a lamin
dimer with ‘unzipped’ ends; the N-terminal part of the rod colored in
green and the C-terminal part in red. b X-ray crystallography of the
C-terminal part of the lamin A coiled-coil rod led to the hypothesis
that the ends of the lamin rod can partially ‘unzip’ and undergo
different interactions: (/) a left-handed parallel coiled-coil forms
between the rods’ N- and C-termini of two dimers, resulting in an
overlap of 24 nm of longitudinally assembled dimers. (2) In
addition, the C-termini of laterally aligned dimers could engage in
additional right-handed coiled-coil interactions between each other,
possibly in an antiparallel manner (summarized from Kapinos et al.
2011; Strelkov et al. 2004)

These studies demonstrated that the structural analysis
of lamin fragments provides fundamental information on
the protein. Finding means to increase the lamin solubility
in order to crystallize larger fragments of lamins would be
instrumental to yield a better understanding of the lamin
structure. Recent studies demonstrate that small molecules
can non-covalently bind to proteins or protein fragments
that are difficult to crystallize alone, and assist their crys-
tallization (Grubisha et al. 2010; Sennhauser and Grutter
2008). Developing a crystallization ‘chaperone’ for lamins
might thus be a tool toward the structural determination of
larger parts of the protein or even full length lamins.

In vitro assembly of lamins

Mammalian cells can be extracted with buffers containing
non-ionic detergents and high concentrations of monovalent
ions. By this procedure, most cellular materials are solubi-
lized except for an extraction-resistant fraction of proteins
which contains most of the IF proteins. Lamins and all
members of the IF family of proteins are therefore regarded
as highly insoluble in buffers of physiological ionic strength
and pH (Steinert et al. 1982; Starger et al. 1978).
Purification of lamin proteins, from tissue or from bac-
teria, generally requires isolation under denaturing condi-
tions. Recombinant lamins expressed in Escherichia coli
are deposited in ‘inclusion bodies’ and are usually isolated
by high molar concentrations of chaotropic substances, for
example, urea or guanidinium hydrochloride (Herrmann
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et al. 2004). Depending on the reconstitution buffer, lamin
proteins will either form soluble dimers, or they further
associate to form filaments or paracrystalline fibers, which
were suggested to arise from lateral association of filaments
(Moir et al. 1990; Karabinos et al. 2003; Aebi et al. 1986).

These physical properties of lamins to assemble into
higher-ordered structures were extensively studied. Glyc-
erol-sprayed/rotary metal-shadowed electron microscopy
images of lamin dimers revealed the formation of polar
dimeric coiled-coil interactions between the two monomers
(Aebi et al. 1986; Heitlinger et al. 1991, 1992; Karabinos
et al. 2003; Moir et al. 1990) (Fig. 3a). Lamin dimers
interact longitudinally by head-to-tail association to form a
long polar polymer of dimers that may further assemble
laterally into apolar polymers (Ben-Harush et al. 2009)
(Fig. 3). This mode of assembly differs from that of
cytoplasmic IFs, which initiates by the lateral association
of dimers (Herrmann and Aebi 2004; Herrmann et al.
2003).

Transmission electron microscopy (TEM) is instru-
mental in revealing the fundamental properties and

Fig. 3 In vitro studies of lamins
and lamin assemblies. Initial
steps of assembly of
recombinantly expressed
chicken lamin B2 show
‘myosin-like’ dimers

(a arrowheads), short head-to-
tail polymers (a arrows) and
longitudinally assembled polar
head-to-tail polymers (b). Scale
bar 100 nm. © Heitlinger et al.
(1991). Originally published in
J. Cell Biol. 113(3):485-495.
Under distinct buffer conditions,
the C. elegans lamin further
assembles to form filamentous
structures. ¢ C. elegans lamin
filaments negatively stained
with uranyl acetate and imaged
by TEM. Scale bar 200 nm.

¢ Reprinted from (Karabinos

et al. 2003), ©2003, with
permission from Elsevier.

d C. elegans lamin filaments as
observed in a 60-nm-thick
section of a cryo-electron
tomogram. Filaments show a
characteristic, beaded pattern
and regular 55 nm repeats of
dimeric subunits (brackets).
Scale bar 100 nm. Reprinted
from (Ben-Harush et al. 2009),
©2009, with permission from
Elsevier

@ Springer

assembly steps of lamins in vitro. Application of classical
TEM techniques produces a two-dimensional view on the
lamin structure. Recently, 3D views were obtained by
applying cryo-electron tomography (cryo-ET) to study fil-
amentous lamin assemblies. Cryo-ET allows revealing the
3D structure of the cells, organelles and macromolecular
assemblies in a native state (Fridman et al. 2012; Yahav
et al. 2011). Sample vitrification by rapid freezing ensures
close-to-life conditions of biological material, by physical
fixation (Dubochet et al. 1988; Yahav et al. 2011). Since
neither chemical fixation nor staining is needed, the deli-
cate molecular landscape during sample preparation is
preserved under such conditions, allowing for an accurate
depiction of macromolecules and lamin structures. Cryo-
ET was recently applied to resolve the structure of the
Caenorhabditis elegans (Ce-) lamin. These studies

revealed that Ce-lamin forms IF-like 10-nm filaments,
assembled from three or four tetrameric protofilaments
(Fig. 3d) (Ben-Harush et al. 2009).

Although important information can be obtained from
in vitro studies, direct conclusions on the in vivo lamin
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assembly have to be taken with caution. Multiple factors
present in a native cellular environment are absent in the
test tube. As an example, B-type lamins are attached to
nuclear membranes by their farnesyl residue within the
cells, and therefore, in vivo, certain interactions might be
spatially restricted by the surface of the INM. Soluble and
membrane-bound lamin-binding partners, additional scaf-
folding networks or chaperones might be crucial for an
ordered in vivo lamin assembly. As such, it is plausible that
lamin-bound chaperones shield-specific domains thus pre-
vent some molecular interactions of unassembled lamins
with other factors. Finally, all studies conducted so far used
denaturing agents to isolate lamins, and it is not known
whether the reconstituted lamin subunits refold to their
natively occurring secondary and tertiary structures, espe-
cially for recombinant lamins that do not undergo post-
translational modifications. In summary, in vitro
investigation of lamin subunits and their assembly is a
valuable tool to understand basic mechanisms of filament
formation, and it needs to be determined whether these
mechanisms also occur in the living cell.

Xenopus laevis oocyte nuclei as platform for lamin
assemblies

Oocytes from the African clawed frog X. laevis provide a
very powerful model system for studying the structure and
function of lamins (Stick and Goldberg 2010), given their
cellular and nuclear size as well as the fact that their
chromatin is not attached to the nuclear membranes (Gall
et al. 2004).

Xenopus oocyte nuclei express a single lamin, LIII,
which is closely attached to the INM and only becomes
visible after lipid extraction with detergents. The structure
of this endogenous lamin network was characterized in a
landmark study, demonstrating that lamin LIII appears to
form two sets of parallel filaments organized orthogonally
to each other (Aebi et al. 1986) (Fig. 1). Later work sug-
gested the formation of a single set of parallel filaments,
interconnected by thinner, regularly spaced lateral inter-
connections (Goldberg et al. 2008).

In addition to the analysis of the endogenous LIII lamin
network, oocytes also represent an excellent in vivo pro-
tein expression system: After microinjection of either
DNA or mRNA into the nucleus or the cytoplasm,
respectively, the cells synthesize the desired proteins
usually at high levels.

Moreover, it was shown that somatic lamin proteins of
different organisms can be exogenously expressed in
Xenopus oocyes and that they form a lamina network on
the top of the endogenous lamin LIII-lamina (Grossman
et al. 2012; Kaufmann et al. 2011).

Ectopic expression of human lamin A in oocytes showed
a dense lamina layer of >200 nm in thickness (Fig. 4a).
However, after spreading of human lamin A expressing
oocyte nuclei, we found nuclear envelopes that closely
resembled non-injected control samples (Fig. 4b, unpub-
lished observations), suggesting that the most of the lamin
A network detached. In contrast, expression of human
lamin B1 in Xenopus oocytes resulted in the formation of
filaments, interconnected to form an extensive network on
the top of the nuclear envelope (Fig. 4b).

Mature lamin A, in contrast to lamin B1, does not have a
farnesyl residue that interacts with the nuclear membrane.
It is therefore plausible that mechanical forces and washing
steps during sample preparation result in the removal of the
lamin A network from the nuclear envelope. Indeed,
coexpression of human lamin A together with emerin, a
well-established lamin A interacting transmembrane pro-
tein, showed substantial structures attached to the nuclear
envelope (Fig. 4b). These observations supported the
hypothesis that the lamina formed by human lamin A only
loosely attaches to the INM and that a lamin-binding pro-
tein can ‘anchor’ lamin A at the nuclear membrane. Sur-
prisingly, the emerin—lamin A network did not display an
obvious filamentous architecture as did lamin B1, but
rather formed a protein layer.

On the basis of our observations and studies performed
by others (Goldberg et al. 2008; Kaufmann et al. 2011), we
hypothesize that lamin A is fundamentally different from
lamin B in its general assembly mode. Higher resolved
structures are needed to reveal the organization of assem-
bled A-type lamins and the mode of interaction with the
nuclear envelope.

Above-mentioned studies were performed using SEM.
SEM analyses provide an excellent tool to characterize the
spatial arrangement of lamin filaments within the landscape
of a nuclear envelope; however, they require fixation,
dehydration and a thin metal coating in order to yield a
high enough contrast. Alternatively, spreaded nuclear
envelopes can be vitrified and directly analyzed by cryo-
ET. We have utilized this system in order to reveal the
architecture of the C. elegans lamin and demonstrated that
the nuclear lamina formed by Ce-lamin is composed of
5-6 nm filaments (Fig. 4c) that resemble the tetrameric
protofilaments that were previously described (Ben-Harush
et al. 2009; Grossman et al. 2012). The flexibility of lamin
protofilaments became apparent upon analysis of the per-
sistence length. Surprisingly, the organization of the lamin
meshwork is anisotropic, because some areas appear denser
than others. Despite the irregularity of the meshwork, many
of these protofilaments are oriented in parallel to the plane
of the NE, whereas only a small portion arranges diago-
nally or perpendicularly to the NE plane and serves as link
between horizontal protofilament layers and the INM.
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Fig. 4 Studies of lamin assemblies in Xenopus oocytes. a Ultrathin
sections of Xenopus oocyte nuclear envelope arrays imaged by TEM.
After expression of human lamin A (right image), oocytes exhibit a
thick electron-dense layer of lamin A filaments on the fop of the
endogenous lamina (left image). Scale bar 1 pm. Reprinted from
(Kaufmann et al. 2011). b The nucleoplasmic face of Xenopus nuclear
envelope spreads in non-injected oocytes and in oocytes injected with
human lamin A, with human lamin A and emerin, or human lamin B1.
Spreaded nuclear envelopes were fixed, dehydrated, critical point
dried, metal coated and imaged using SEM. Scale bar 200 nm.

The Xenopus model system has provided fundamental
insights into the structural organization of lamin networks.
Although the nuclear envelope of X. laevis oocytes does not
represent the ‘native environment,’ it still can serve as an
‘in vivo’ platform, on which laminae from individual lam-
ins as well as from different lamin proteins can be formed.
Several different proteins can be coexpressed within a sin-
gle oocyte nucleus, opening a wide field of possibilities to
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¢ Xenopus nuclear envelope spreads after injection of C. elegans
lamin analyzed by cryo-ET. The left image represents a 130 nm
tomographic slice through the nuclear side of the nuclear envelope
that contains a filamentous meshwork of Ce-lamin filaments. The

right image shows a surface-rendered tomogram of the nucleoplasmic
side of the nuclear envelope, with Ce-lamin filaments depicted in
yellow and NPCs in red. The volume displays 1,310 x 1,310 x
409 nm?>. Reprinted from (Grossman et al. 2012), ©2012, with
permission from Elsevier

use this platform for building up lamina networks composed
of different proteins: The influence and contribution of
different lamins (e.g., human lamin A, lamin B1 and lamin
B2), or the influence of INM lamin-binding proteins on the
assembled nuclear lamina can be investigated. We therefore
believe Xenopus oocytes open yet unexploited possibilities
to gain further insight into the organization and crosstalk
between lamins and different nuclear envelope components.
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The lamina network in mammalian cells

The periphery of the nucleus is a tightly packed environ-
ment: Numerous integral nuclear envelope proteins, up to
several hundreds, are estimated to reside within the INM
and many of them interact with the nuclear lamina, chro-
matin or both (Holmer and Worman 2001; Korfali et al.
2012). The lamina itself is a tight assembly of the lamin
proteins lamin A, C, B1 and B2 (Dechat et al. 2010a).
Lamins interact, directly and indirectly, with peripheral
heterochromatin as well as chromatin-binding and modi-
fying factors (Guelen et al. 2008; Luderus et al. 1992;
Mattout et al. 2007). In addition, numerous transcription
factors, signaling molecules and nuclear scaffolding com-
ponents, such as nuclear actin and components of nuclear
pore complexes, are associated with lamins (Simon et al.
2010; Lloyd et al. 2002; Kubben et al. 2010).
Visualization of the nuclear lamina from mammalian
cells has been conducted by two main methodologies. First,
ultrastructural studies can be performed after isolation of
the lamina by extracting all attached components. Early
studies in this direction included the generation of so-called
nuclear ghosts, isolated nuclei that were stripped of DNA
and membranes by stepwise treatment with DNAse and

detergent and basically represent a ‘nuclear pore complex-
lamina’ fraction (Dwyer and Blobel 1976). This technique
indeed enabled electron microscopic visualization of the
lamina; however, the harsh chemical treatment as well as
the removal of connecting or scaffolding components
likely causes substantial changes of its native structural
organization (Fig. 5a). In a different attempt, the sole
removal of membranes from isolated mouse liver nuclei to
enable a view on the lamina from the cytoplasmic side did
not reveal the filamentous nature of the lamina (Kirschner
et al. 1977) (Fig. 5b).

A second approach is the visualization of the lamina
network in its native environment in non-extracted cells.
For fluorescence microscopy, this requires labeling of
lamins with a fluorescent reporter as well as high-resolu-
tion microscopy. Conventional confocal laser scanning
microscopy (CLSM) performed on nuclei labeled with
antibodies against lamin A/C, lamin Bl and lamin B2
revealed individual, discontinuous patches of A- and
B-type lamins with occasional points of colocalization.
These studies led to the view that A- and B-type lamins
form mainly separate but interconnected networks (Shimi
et al. 2008). For a more detailed insight into the arrange-
ment of different lamin isoforms, it will be necessary to

Fig. 5 Studies of the nuclear lamina from mammalian somatic cells.
a Transmission electron micrograph of a negatively stained ‘nuclear
ghost’ prepared from rat liver cells by extraction procedures. The
remaining cellular material, the ‘pore complex-lamina fraction,’
shows an irregular arrangement of lamin filaments interspaced
between nuclear pore complexes. Scale bar 100 nm. Reprinted from
(Dwyer and Blobel 1976), © Dwyer and Blobel (1976). Originally
published in J. Cell Biol. 70(3): 581-591. b Scanning electron
micrographs of an isolated mouse liver nucleus after membrane
removal with Triton X-100. The nucleus is devoid of inner and outer
nuclear membranes, revealing a view on nuclear pore complexes and
the underlying nuclear lamina. However, no individual filaments can
be detected. The image in the lower panel shows a higher

magnification of the inset in the top image with arrows highlighting
nuclear pore complexes. Scale bars top 1 pm, bottom 100 nm.
Reprinted from (Kirschner et al. 1977), © Kirschner et al. (1977).
Originally published in J. Cell Biol. 72(1):118-132. ¢ Micrographs
obtained from lamin B using 3D structured illumination microscopy
(3D-SIM). C2C12 myoblast cells were co-immunostained with
antibodies against lamin B (green) and components of the nuclear
pore complex (red), and chromatin was stained with DAPI. A section
of the nuclear surface was imaged (top). The white square indicates a
region shown in higher magnification in the lower panel. Scale bars
5 pm and 1 pum, respectively. Reprinted from (Schermelleh et al.
2008), with permission from AAAS
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employ microscopy techniques that support a higher reso-
lution. Recently developed super-resolution microscopy
methods such as stimulated emission depletion (STED),
photoactivated localization (PALM), stochastic optical
reconstruction (STORM) microscopy or structures illumi-
nation microscopy (SIM) might offer new possibilities in
resolving finer details of the lamina network (Bates et al.
2007; Betzig et al. 2006; Donnert et al. 2006; Rust et al.
2006). The potential of super-resolution microscopy was
demonstrated by the application of 3D-SIM to image nuclei
stained with antibodies against lamin B. Micrographs of the
apical side of the nucleus revealed an irregular lamin B
network, interrupted by holes, in some of which nuclear
pore complexes were embedded (Fig. 5c¢). 3D-SIM resulted
in a twofold enhanced resolution compared to conventional
CLSM with a resolution near 100 nm, which corresponds
to approximately twice the length of a lamin central rod
domain (Schermelleh et al. 2008; Heitlinger et al. 1992).

However, to resolve individual filaments within the
lamina network, in vivo, a much higher resolution is
required, and therefore, electron microscopic approaches
will be inevitable for deeper insights into its molecular
organization. For TEM, samples must be relatively thin for
electrons to pass through the specimen. The classical
approach here is to prepare ultrathin sections of epoxy—
resin-embedded cells that were previously fixed and heavy
metal stained (Kreplak et al. 2008).

An exciting application for electron microscopy, based
on thinning of a vitrified cell using gallium ions, enables
the sectioning of cells in a nearly unperturbed state, since
neither chemical fixation nor heavy metal staining is
required. Plunge frozen cells subjected to focused ion beam
(FIB)-SEM are milled down by the beam, leaving only a
thin vitrified lamella of cellular material. The sample can
then be analyzed by cryo-electron microscopy or tomog-
raphy (Rigort et al. 2012). Lamellae containing a section
along the nuclear envelope surface would presumably
enable tomographic reconstructions with unprecedented
resolution of lamins and lamina networks. Although the
application of FIB technology to biological samples is just
emerging, it appears as a promising venue for the ultra-
structural characterization of the lamina in living cells.

Conclusions and outlook

Structural analysis of lamin assemblies is instrumental in
order to acquire a better understanding of laminopathic
diseases and the variety of functions. Various techniques
aimed on determining the 3D organization of lamin sub-
units, as well as lamin filaments and highly organized net-
works, demonstrated their potential in providing structural
information on lamin assemblies. Given the organization of
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the lamina embedded in a compartment densely packed
with lipids, proteins and chromatin, the investigation of the
lamin network in vivo still remains a challenging task. New
imaging techniques, such as super-resolution light micros-
copy or the applications of FIB to cryo-ET of vitrified
cells, in combination with established methods will likely
enable imaging of this protein structure at unprecedented
resolution.

Interpretation of high-resolution maps of the mamma-
lian nuclear lamina would only be possible if single fil-
aments could be identified within the lamina context. An
integrative approach for studying the nuclear lamina may
be instrumental, thus combining basic knowledge
obtained from in vitro studies and from the expression of
single lamin networks in Xenopus oocytes with high-
resolution 3D-maps from the nuclear lamina of mam-
malian cells. The Xenopus oocyte expression system
allows expressing a single or several lamins in a
eukaryotic system and therefore provides a unique pos-
sibility to view the effect of specific lamins and lamin-
binding protein on the lamin organization. The applica-
tion of cryo-ET for these studies is likely to produce
pseudo-atomic maps on lamin assemblies under close-
to-physiological conditions.

Extending our knowledge on the lamin organization in
living cells will ultimately help to understand how muta-
tions in these proteins alter the lamin network and network
interactions, thereby causing all the various diseases that
are mechanistically still far from being understood.
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