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Abstract

The nuclear lamina is a protein meshwork that lines the nuclear envelope in metazoan cells. It is
composed largely of a polymeric assembly of lamins, which comprise a distinct sequence
homology class of the intermediate filament protein family. On the basis of its structural
properties, the lamina originally was proposed to provide scaffolding for the nuclear envelope and
to promote anchoring of chromatin and nuclear pore complexes at the nuclear surface. This
viewpoint has expanded greatly during the past 25 years, with a host of surprising new insights on
lamina structure, molecular composition and functional attributes. It has been established that the
self-assembly properties of lamins are very similar to those of cytoplasmic intermediate filament
proteins, and that the lamin polymer is physically associated with components of the cytoplasmic
cytoskeleton and with a multitude of chromatin and inner nuclear membrane proteins. Cumulative
evidence points to an important role for the lamina in regulating signaling and gene activity, and in
mechanically coupling the cytoplasmic cytoskeleton to the nucleus. The significance of the lamina
has been vaulted to the forefront by the discovery that mutations in lamins and lamina-associated
polypeptides lead to an array of human diseases. A key future challenge is to understand how the
lamina integrates pathways for mechanics and signaling at the molecular level. Understanding the
structure of the lamina from the atomic to supramolecular levels will be essential for achieving
this goal.
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Introduction

A nuclear lamina-like structure was made first described in the protozoan Amoeba proteus
by thin section EM, where it appeared as an ~300 nm thick “honeycomb” layer apposed to
the inner surface of the nuclear envelope (NE) (Harris and James, 1952). An analogous
“fibrous lamina” subsequently was reported in some vertebrate and other higher eukaryotic
cells, where it was seen as a zone of intermediate electron density up to 40-60 nm thick
sandwiched between the inner nuclear membrane (INM) and the shell of peripheral nuclear
heterochromatin (Fawcett, 1966). However, since a discrete lamina subjacent to the NE was
not evident in the large majority of vertebrate cells by thin section EM, it seemed possible
that a fibrous lamina might be an uncommon specialization of a few cell types. This
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question was addressed by landmark studies from the Blobel laboratory involving rat liver
nuclei, which show no conspicuous lamina in thin section EM. Initially they observed that
when nuclei were treated with nonionic detergent to solubilize the nuclear membrane lipids,
the proteinaceous nuclear pore complexes (NPCs) remained intact and associated at their
nucleoplasmic side with the membrane-denuded nuclear surface (Aaronson and Blobel,
1974). More remarkably, when NE “ghosts” isolated by nuclease digestion were treated with
nonionic detergent, a shell-like structure derived from the NE persisted (Aaronson and
Blobel, 1975). By EM, this material contained the detergent insoluble NPCs attached at their
nucleoplasmic base to a thin fibrous lamina-like structure derived from the entire
circumference of the nucleus (Aaronson and Blobel, 1975; Dwyer and Blobel, 1976).
Moreover, if isolated NEs were depleted of chromatin by high salt treatment, the lamina was
clearly visible as a ~15 nm fibrillar layer juxtaposed to the INM (Dwyer and Blobel, 1976).
This suggested that a lamina could indeed be a widespread NE component. One of us (Larry
Gerace) was a graduate student in the Blobel laboratory soon after this discovery, and
undertook a characterization of the three major polypeptides present in the “pore complex-
lamina” fraction (Aaronson and Blobel, 1975; Dwyer and Blobel, 1976). Using antibodies
prepared to individual polypeptides, it was found by immunofluorescence microscopy that
these proteins are concentrated at the nuclear periphery (Gerace et al., 1978; Krohne et al.,
1978). Moreover, in immuno-EM of liver nuclei, the proteins were localized specifically to
the lamina and not to NPCs (Gerace et al., 1978), and thereby came to be known as lamins
A, B and C. Subsequently, the rat liver “lamin B” was designated lamin B1 when the
vertebrate lamin B2 isotype was described (VVorburger et al., 1989). Immunofluorescence
labeling indicated that lamins are widespread among different vertebrate cells (Gerace et al.,
1978; Krohne et al., 1978). Since these proteins undergo reversible disassembly during
mitosis in concert with NE disassembly/reformation (Gerace and Blobel, 1980), it was
proposed that lamins form a polymeric core component of the lamina (Fig. 1).

Approaching the lamina at a molecular level

Key breakthroughs for understanding the organization of the nuclear lamina occurred in
1986 through a convergence of molecular biological and structural approaches. First, the
Blobel (Fisher et al., 1986) and Kirschner (McKeon et al., 1986) laboratories accomplished
cDNA cloning of lamins A/C. They reported that the two lamins arise from alternative
splicing of the same gene, and that they share an internal ~350 amino acid region with
strong sequence homology to the “rod domain” that is the hallmark feature of cytoplasmic
IF proteins. The rod domain generates the IF backbone, and contains mostly heptad repeats
assembled in a parallel, unstaggered a-helical coiled-coil (Herrmann et al., 2007). The rod is
flanked at its N- and C-termini by non-heptad containing “end” domains that vary in
sequence between different IF classes. Whereas the cDNA sequencing placed lamins
squarely in the IF protein family, lamins were demonstrated to be IF proteins structurally
from a collaboration between the laboratories of Ueli Aebi and Larry Gerace (Aebi et al.,
1986), who at the time were faculty members at the Johns Hopkins Medical School. The
Aebi group had been developing techniques to study various supramolecular assemblies by
surface reconstruction, and was using the NPC of Xenopus laevis oocytes as one of their
models (Buhle et al., 1985). Straightforward methods were available to isolate the huge (400
pum diameter) nucleus from this cell by micromanipulation. Moreover, NEs could be cleanly
separated from the nuclear contents because the chromosomes in this meiotic prophase cell
are detached from the NE, in contrast to somatic cells. Although well-preserved NPCs had
been seen in oocyte NE preparations and a lamina had been suggested to exist (Scheer et al.,
1976), its structure had not been fully appreciated. A key realization by the Johns Hopkins
groups was that the lamina was extremely fragile after solubilization of nuclear membranes.
Accordingly, isolated oocyte NEs were first whole mounted on grids and then treated in situ
with a nonionic detergent to solubilize the membranes prior to examination by freeze-
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drying/ rotary metal shadowing. This strategy “unveiled” breathtaking en face structural
views of the nuclear lamina, particularly in areas where the NPCs appeared to be removed
by mechanical forces. Rather than simply having a “fibrous” character, the oocyte lamina
was found to comprise a quasi-orthogonal meshwork of ~10 nm filaments (Fig. 2).
Subsequent work showed that the lamina of this meiotic cell contains mainly one lamin
isotype, as distinguished from the multiple isotypes expressed in somatic cells (Nigg, 1992).

The Gerace group had developed methods to isolate lamins from rat liver nuclei for
biochemical and structural studies, and worked with the Aebi laboratory to study these
molecules in detail. Examination of purified lamins A/C and lamin B by glycerol spraying/
metal shadowing revealed that the basic protomeric subunit of both lamin subtypes,
consisting largely of a dimer by analytical ultracentrifugation, was a long rod with two
globular masses attached at one end (Fig. 3) (Aebi et al., 1986). This made complete sense
in light of the sequences of lamins A/C: the rod would correspond to the predicted a-helical
coiled-coil of the dimer, and the two globular masses would represent the C-terminal
alternatively spliced tail domains of lamins A/C (Fisher et al., 1986; McKeon et al., 1986),
where most of the remaining protein mass (~190-250 amino acids) occurred. Subsequent
work involving examination of recombinant deletion mutants of lamins confirmed this
interpretation (Gieffers and Krohne, 1991; Heitlinger et al., 1992). Bolstered by these results
and informed by his fortuitous interest in assembly of the cytoplasmic IF protein keratin,
Ueli Aebi tested the ability of the isolated rat lamins A/C dimers to assemble into filaments.
Shortly thereafter, he provided compelling EM images documenting reconstitution of ~10
nm wide filaments from isolated lamins A/C, by dialysis from a solubilizing condition into a
solution of more physiological pH and ionic strength (Fig. 4) (Aebi et al., 1986). However,
the 10 nm lamin filaments were only transient intermediates during in vitro assembly, and
continued to laterally associate over time to form filament bundles and paracrystals with a
periodic axial repeat of ~25 nm, similar to the repeat seen with oocyte lamina filaments
examined in situ (Aebi et al., 1986). Thus, the cDNA sequencing results were beautifully
complemented by the structural analysis of oocyte NEs and the in vitro reconstitution of
purified lamins, which established that lamins form bona fide IFs.

The inscrutable lamina of somatic cells

Genome and cDNA sequencing has revealed that lamin genes are ubiquitously present in
metazoan organisms. Whereas C. elegans has a single lamin gene (Riemer et al., 1993),
there are two lamin gene classes in more complex higher eukaryotes, A-type and B-type
lamins (Dechat et al., 2010; Gruenbaum et al., 2005). Of the three lamin genes in mammals,
one encodes the alternatively spliced products lamins A/C (LMNA), which are expressed
mostly in differentiated cells. The other two code for lamin B1 (LMNB1) and lamin B2
(LMNB2), which are expressed at varying levels throughout development (Dechat et al.,
2010; Gruenbaum et al., 2005). Correspondingly, the relative levels of the three lamin
isotypes often differ in various cultured cell lines [e.g (Olins et al., 2001; Zwerger et al.,
2010)]. In addition to lamins, there are many dozens of lamina-associated transmembrane
proteins concentrated at the inner nuclear membrane (Fig. 1), whose expression profile is
regulated in a developmental and cell type-specific manner (Korfali et al., 2010; Schirmer et
al., 2005). Most of the well-characterized NE transmembrane proteins reside at the INM and
bind to lamins, including emerin, lamin B receptor (LBR), lamina associated polypeptide
(LAP)1, LAP2 and MAN1 (Gruenbaum et al., 2005; Schirmer and Foisner, 2007). Some of
these inner membrane proteins show preferential binding to different lamin isotypes, and
appear to promote the membrane association of lamins (Anderson et al., 2009; Gruenbaum
et al., 2005; Schirmer and Foisner, 2007). Furthermore, lamins and some lamina associated
proteins bind to DNA and/or chromatin proteins (Fig. 1) (Gruenbaum et al., 2005; Mattout et
al., 2007; Taniura et al., 1995), which appears to foster the close apposition of chromatin to
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the NE in somatic cells. An additional group of lamina-associated proteins comprise the
LINC complex, consisting of SUN domain proteins spanning the INM that are associated
with nesprins spanning the outer membrane, which in turn are attached to actin filaments,
microtubules and cytoplasmic IFs (Fig. 1) (Burke and Roux, 2009; Starr and Fridolfsson,
2010). Thus, the lamin polymer forms the core of a supramolecular assembly that
interconnects the cytoplasmic cytoskeleton to the membranes of the NE and to chromatin.

Although 25 years have lapsed since the visualization of the Xenopus oocyte nuclear lamina,
determining the supramolecular structure of the somatic cell lamina has proven elusive.
Analysis has been particularly confounded by the shell of chromatin that is tenaciously
associated with the NE/lamina in somatic cells. Hints that the somatic lamina may have at
least a quasi-regular organization came from thin section EM of detergent-treated rat liver
NEs, where the lamina appears as a chicken wire-like mesh in tangential views (Dwyer and
Blobel, 1976). However, whether lamins of somatic cells form long 10 nm filaments, a
network of short interconnected filaments, or some other polymeric entity remains
unresolved. An equally important question is whether the A and B lamin subtypes that are
expressed in higher metazoans are assembled in homotypic or heterotypic polymers.
Biochemical studies have reported that isolated lamin subtypes have the capacity for both
homotypic and heterotypic association in vitro (Kapinos et al., 2010; Schirmer and Gerace,
2004). Moreover, immunofluorescence microscopy has suggested that different lamin
isotypes (Shimi et al., 2008) as well as lamin A vs lamin C (Kolb et al., 2011) are partially
segregated from each other in cultured cells, although whether such segregation occurs in
the cells of animal tissues is unresolved. These results support the notion that the lamina
may contain both homotypic and heterotypic polymers of lamins, with regional structural
variations at the sub-micrometer level. Fluorescence recovery after photobleaching (FRAP)
analysis of cultured cells expressing GFP-tagged lamins indicates that lamins A, B1, and C
all have very low diffusional mobilities at the NE of cultured cells (Broers et al., 1999; Moir
et al., 2000), with little recovery of fluorescence in bleached areas after hours. Thus, lamin
protomers seem to remain stably integrated in polymers after their initial assembly.
Nonetheless, the NE roughly doubles in surface area during the cell cycle (Maul et al.,
1972), and the lamina must rearrange to accommodate incorporation of newly synthesized
lamins during this period. Whether de novo lamin insertion occurs throughout the lamina or
at regional “hotspots” is not known. It may be that highly ordered arrays of lamin filaments
as seen in the Xenopus oocyte lamina occur only in the nucleus of certain cell types, such as
in postmitotic differentiated tissues.

The formation of lamin polymers at the NE without doubt is driven by the intrinsic self-
association behavior of lamins. In addition, this process may be modulated locally by lamin-
binding proteins of the INM and/or by chromatin (Schirmer and Foisner, 2007). Conversely
or in addition, the organization of the lamin polymer could help to specify the lateral
distribution of transmembrane proteins of the NE and chromatin packaging. FRAP analysis
indicates that lamina-associated transmembrane proteins, although more mobile than lamins,
still have low diffusional mobility at the NE (Ellenberg et al., 1997; Ostlund et al., 2006).
This is consistent with the notion that they are physically tethered to lamins and/or other
immobile nuclear components at the INM. It is conceivable that many membrane proteins of
the INM are organized into discrete multi-protein complexes that cannot be resolved by
conventional light microscopy, as suggested by in vitro binding studies involving emerin
(Mansharamani and Wilson, 2005).

Confocal sections through the nucleus of cultured cells frequently reveal puncta with a high
concentration of lamins and INM proteins that appear to occur in the interior of the nucleus,
far from the NE (Ellenberg et al., 1997). These usually represent cross-sections of
“nucleoplasmic reticulum,” tubular invaginations of the INM or of the entire NE that can
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extend microns into the nucleus (Malhas et al., 2011). Although the functions of these
invaginations are unclear, they may provide a mechanism for directing NE functions to more
internal nuclear regions. In addition to the nucleoplasmic reticulum, which can be viewed as
an extension of the NE, a fraction of lamins occurs in a more diffuse internal nucleoplasmic
localization (Moir et al., 2000; Shimi et al., 2008). Differential chemical extraction may
provide a means for separating the internal vs peripheral lamins (Kolb et al., 2011). Whether
either of the two pools has a unique postsynthetic modification or other biochemical
signature is unknown. (FRAP) analysis indicates that the internal lamins have very low
diffusional mobility, similar to those at the NE (Moir et al., 2000). Their low mobility may
be due to assembly in a polymer and/or association with other immaobile nuclear
components. Functional insight related to internal nucleoplasmic lamins A/C has come from
the analysis of mice with a null allele of the gene encoding LAP2a (Naetar et al., 2008), a
non-membrane associated isoform of LAP2 that directly binds to lamins A/C. LAP2a is
localized in internal regions of the nucleoplasm, and acts to regulate pRb (Dorner et al.,
2006). In mouse cells/tissues with a LAP2a knockout, the internal nucleoplasmic lamins A/
C, but not those at the NE, were lost (Naetar et al., 2008). The pathologies seen for the
LAP2a knockout mice, which include hyperproliferation of epithelia and erythroid
progenitor cells, raise the possibility that important functions of lamins may occur in internal
nuclear regions as well as at the NE. Recent work has reported the association of nuclear
actin with lamins (Simon et al., 2010) and these interactions could further extend the
functional properties of lamins.

Advances and roadblocks to understanding the nuclear lamin polymer

Whereas the higher order structural organization of lamins in somatic cells is not clear,
substantial progress has been made in understanding the molecular basis for lamin self-
association into polymers. This has been accomplished by in vitro reconstitution and
structural analysis of recombinant lamins, most of which has been spurred by the hand of
Ueli Aebi. Examination of bacterially expressed, recombinant lamins from a wide diversity
of organisms including human (Kapinos et al., 2010), chicken (Heitlinger et al., 1991;
Heitlinger et al., 1992), frog (Gieffers and Krohne, 1991), fly (Sasse et al., 1997), and worm
(Karabinos et al., 2003) has revealed that the basic protomer of all lamin subtypes is a dimer,
which is able to self-associate into higher order structures including filament bundles and
paracrystals.

Importantly, the in vitro assembly pathway of lamins was found to involve an early
intermediate involving head-to-tail longitudinal polymers of lamin dimers (Fig. 3). First
reported for recombinant chicken lamin B2 and lamin A (Heitlinger et al., 1991; Heitlinger
et al., 1992), this behavior subsequently was found for lamins from frog (Gieffers and
Krohne, 1991), fly (Sasse et al., 1997) and worm (Karabinos et al., 2003). The ~48 nm
spacing of the globular domains along the longitudinal axis of the nascent lamin filaments
was less than the ~52 nm length of the dimer rod, implying overlap between the highly
conserved N- and C-terminal ends of the rod domain of adjacent dimers. With further
assembly, the head-to-tail lamin polymers were suggested to assemble in a staggered
antiparallel fashion, on the way to forming filaments and paracrystals with the characteristic
~25 nm axial repeat (Foeger et al., 2006; Heitlinger et al., 1991; Heitlinger et al., 1992;
Sasse et al., 1997). The staggered, antiparallel protomer packing of lamins in higher order
assemblies roughly resembles that of cytoplasmic IF proteins (Herrmann et al., 2007). By
contrast, the early in vitro assembly intermediate of lamins differs from that of cytoplasmic
IF proteins, which involves “unit length” 10 nm-wide structures that are based on the strong
lateral interactions of tetramers (Herrmann et al., 2007). Tomographic reconstructions of 10
nm filaments assembled from the C. elegans lamin (Karabinos et al., 2003) have been
generated from cryo-EM preparations (Ben-Harush et al., 2009). This work revealed that the

J Struct Biol. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gerace and Huber

Page 6

filaments contain 3—4 tetrameric protofilaments, each of which contains 2 antiparallel,
partially staggered arrays of head-to-tail dimers.

While the strong self-assembly properties of lamins have precluded atomic resolution
structural determination of the full-length proteins, high resolution structures have been
obtained for several lamin segments. X-ray crystallography (Dhe-Paganon et al., 2002) and
solution NMR (Krimm et al., 2002) revealed that the tail domain of lamins A/C contains a
105 residue Ig-fold domain with B sheet secondary structure. The architecture of the
remainder of the tail is not known, and its folding in cells may depend in significant part on
interacting proteins. It has not been possible to crystallize the full length rod domain of
lamins, but Aebi and collaborators have determined X-ray structures of fragments of the rod
domain containing the C-terminal ~90 residues (Kapinos et al., 2011; Strelkov et al., 2004).
The work suggested that this region not only can engage in parallel coiled-coil interactions,
but also may partially unzip for parallel or antiparallel interactions with the rod domain of
longitudinally adjacent dimers (Kapinos et al., 2010). These intriguing results could provide
a molecular explanation for the overlap between the N- and C-terminal portions of the rod
domain seen with the early assembly intermediate involving the head-to-tail polymer of
lamin dimers. It is evident that understanding the structure of lamin polymers at the atomic
level is a problem of enormous magnitude, which may require new technologies.

A functional window provided by human disease mutations

The functional relevance of the nuclear lamina has been underscored by discoveries made
over the past 15 years that have linked human diseases to mutations in the genes for lamina
proteins, most commonly in the LMNA gene (Cohen et al., 2008; Worman et al., 2009).
These findings have provided a valuable framework to obtain molecular insight into lamina
protein functions. Mutations in LMNA have been linked to at least 12 different clinical
disorders (Worman and Bonne, 2007). The most prevalent of these are striated muscle
diseases, the prototype of which is Emery-Dreifuss muscular dystrophy (EDMD) (Wheeler
and Ellis, 2008; Worman and Bonne, 2007). EDMD and the other myopathies associated
with LMNA mutations all include dilated cardiomyopathy to a variable extent, and are
suggested to reflect the same basic disorder with variations in severity and specific organ
involvement (Worman et al., 2009). Diseases arising from mutations in LMNA also include
partial lipodystrophy syndromes, peripheral neuropathy and rare premature aging disorders,
including Hutchison-Guilford Progeria Syndrome (HGPS) (Worman et al., 2009). Mice with
a knockout of the Lmna gene, while indistinguishable from wild type animals at birth, die by
8 weeks of age with severe muscular dystrophy and dilated cardiomyopathy (Nikolova et al.,
2004; Sullivan et al., 1999). Since this phenotype is strongly reminiscent of the striated
muscule diseases caused by LMNA mutations, the Lmna null mouse has have been
extensively studied as a model for EDMD, together with models containing knock-in human
LMNA disease alleles (Stewart et al., 2007). Although over 300 disease alleles have been
described for LMNA (Worman and Bonne, 2007), very few disease mutations have been
found in either LMNB1 or LMNB?2. This is understandable in light of the findings that mice
with a deletion of either Lmnb1 (Vergnes et al., 2004) or Lmnb2 (Coffinier et al., 2010)
show perinatal lethality.

In addition to being caused by mutations in LMNA, EDMD can be caused by mutations in
the genes for several lamina-associated transmembrane proteins of the NE (Worman and
Bonne, 2007). The prototype for this is the EMD gene that encodes emerin, a lamin A-
binding transmembrane protein of the INM. Indeed, EMD was the first NE protein gene that
was linked to human disease (Bione et al., 1994; Manilal et al., 1996). EDMD also can be
caused by mutations in the genes encoding nesprin-1 and nesprin-2 (Zhang et al., 2007),
components of the LINC complex that connect the lamina to cytoplasmic actin filaments via
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the Sun proteins (Fig. 1) (Crisp et al., 2006; Starr and Fridolfsson, 2010). The revelation that
clinically identical forms of EDMD can be caused by mutations in the genes for multiple
nuclear lamina proteins strongly supports the view that the lamina is a structurally and
functionally integrated network of proteins.

Based on the phenotypes associated with mutations in the genes for lamin A and other
lamina associated proteins, two explanations have been discussed for the primary molecular
basis of the diseases. One model postulates that the diseases initially arise from aberrations
in nuclear mechanics/structure, whereas a second proposes that the pathologies at first derive
from abnormalities in signaling/gene expression (Cohen et al., 2008; Worman et al., 2009).
The two models are not mutually exclusive, and alterations in one of these cellular features
could influence the other. Indeed, perturbations in both nuclear mechanics and in signaling/
gene expression have been observed in many cultured cell models for lamina-related
diseases. Fibroblasts from human patients or from mouse models with mutations in the gene
for lamin A frequently have dysmorphic nuclei, including NE herniations and other shape
irregularities (Cohen et al., 2008; Worman et al., 2009). Moreover, biophysical studies have
documented that the nucleus of fibroblasts from Lmna null mice is more deformable and
fragile than that of wild type fibroblasts, and also manifests a deficiency in stress-induced
signaling (Lammerding et al., 2004). Whatever the most proximal cause(s) of the lamina-
associated diseases, aberrant signaling is a common denominator that likely contributes to
disease phenotypes in most cases. The best illustration of this concept comes from work
involving a mouse knockin model for EDMD (H222P/H222P), which showed increased
ERK and JNK signaling in the heart prior to development of dilated cardiomyopathy
(Muchir et al., 2007). The finding that disease onset could be retarded with MEK inhibitors
supports a causal role of increased MAPK signaling in disease pathogenesis (Muchir et al.,
2009).

A considerably more complex phenotype arises from the LMNA mutations that cause
HGPS. These mutations interfere with removal of the farnesylated tail of lamin A that
normally occurs after assembly of newly synthesized lamin A at the NE (Davies et al.,
2011). Patient or mouse fibroblasts with mutant alleles that prevent removal of the
farnesylated tail of lamin A have dysmorphic nuclei, impaired DNA damage repair, aberrant
chromatin structure, diminished Wnt signaling, and a substantial decrease in nuclear
deformability accompanied by increased fragility (Pereira et al., 2008; Worman et al., 2009).
At the organismal level, mutations causing HGPS are proposed to cause a reduction in
mesenchymal stem cell pools or an alteration in their differentiation pathway (Scaffidi and
Misteli, 2008; Zhang et al., 2011). Mouse models indicate that retention of the farnesylated
tail of lamin A is a toxic gain-of-function (Davies et al., 2011), but the “target” of the
farnesylated tail at the NE, and whether it directly affects nuclear mechanics or signaling/
gene expression, is unknown.

In addition to the mechanisms involving aberrant nuclear mechanics and perturbed
signaling, a third type of mechanism potentially could contribute to disease phenotypes
related to lamina proteins. This involves the connection of the nuclear lamina/nucleus to the
cytoplasmic cytoskeleton that is mediated by the LINC complex (Fig. 1). It has been
demonstrated in numerous studies of worms and flies that the LINC complex is important
for nuclear positioning and migration during development (Burke and Roux, 2009; Starr and
Fridolfsson, 2010). Moreover mice containing various combinations of null alleles of the
genes encoding Sun1/Sun2 and nesprin-1/nesprin-2 have defective brain development due to
defects in neuronal migration (Zhang et al., 2009), a process that requires nuclear movement
over long distances. A similar phenotype occurs in mice with null alleles of Lmnb2
(Coffinier et al., 2010), emphasizing the importance of the lamin polymer for LINC complex
functions. A role for the LINC complex in nuclear polarization of cultured mammalian cells

J Struct Biol. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gerace and Huber

Page 8

also has been described (Luxton et al., 2011; Roux et al., 2009). Other than regulating
nuclear positioning and movement, it is possible that the connection of the nucleus to the
cytoplasmic cytoskeleton by the LINC complex controls intracellular stretch related
signaling (Lammerding et al., 2004) that is altered when nuclear/cytoskeletal connection is
perturbed. Thus, aberrations in LINC complex could be highly intertwined with other
perturbations seen in lamina related diseases.

The molecular and structural details of how mutations in the lamin A protein lead to altered
nuclear mechanics and signaling are not understood. With EDMD, LMNA disease mutations
are commonly dominant and are distributed throughout the entire lamin protein, in the head
and tail domains as well as in the rod (Worman and Bonne, 2007). Some of these mutations
can alter in vitro and in vivo assembly properties of the lamin (Wiesel et al., 2008). If the
mutant lamin A copolymerizes with wild type lamins, it could change the mechanical
properties of lamin polymers, and alter the binding interfaces that are provided for other
regulatory proteins (see below). Alternatively, non-uniform assembly of mutant lamin could
promote the nuclear herniations and shape aberrations that are commonly observed (Cohen
et al., 2008; Worman et al., 2009). Clearly, understanding the structure of the lamin
polymeric meshwork at high resolution, and determining how this is influenced by mutant
lamins, is a central question. The discovery that DNA replication (Shumaker et al., 2008)
and transcription (Spann et al., 2002) can be influenced by lamins is consistent with the
importance of these proteins in nuclear mechanics, signaling and gene expression.

Silence of the lamina

Numerous cytological and molecular approaches have revealed that heterochromatin and
inactive genes preferentially accumulate at the NE/lamina during the course of
differentiation (Guelen et al., 2008; Kalverda et al., 2008; Pickersgill et al., 2006; Towbin et
al., 2009). Moreover, a common theme that has emerged over the past decade is that many
signaling pathways are negatively regulated by lamina components (Heessen and Fornerod,
2007). Although NPCs are attached to the lamina and are active participants in gene
expression due to their role in nucleocytoplamic trafficking, adjacent regions of the lamina
between NPCs appear to serve as a nuclear subcompartment for “silence”.

The basis for heterochromatin association with the nuclear lamina very likely is due to
multiple molecular interactions. One of these may involve the INM protein LBR, which
binds the heterochromatin protein HP1 (Ye et al., 1997). In addition, since lamins bind
chromatin via histones (Mattout et al., 2007; Taniura et al., 1995), a structural feature of the
lamin polymer may provide a preferential binding site for a corresponding feature of
condensed chromatin, such as found in the 30 nm chromatin fiber. Studies involving
inducible tethering of a reporter gene to the nuclear lamina in mammalian cells have
revealed that lamina association can lead to transcriptional inactivation (Finlan et al., 2008;
Reddy et al., 2008).

In addition to it role in heterochromatin organization, the lamina provides a location where
transcriptional activators are sequestered from the transcription machinery (Heessen and
Fornerod, 2007) or where they are inactivated by other mechanisms. In the latter category,
there are many examples illustrating negative regulation of signaling by nuclear lamina
components, both in mouse models (Cohen et al., 2007; Muchir et al., 2007) and in cultured
cells (Datta et al., 2009; Gonzalez et al., 2008; Huber et al., 2009; Mansharamani and
Wilson, 2005; Pan et al., 2005). A number of transcriptional repressors also bind to INM
proteins (Gruenbaum et al., 2005). The binding of these factors and their chromatin targets
to the lamina could promote gene inactivation by mediating proximity to a gene silencing
compartment. For example, the chromatin protein BAF, which is concentrated at the NE by
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binding to the LEM domain that is found in several INM proteins, has complex roles related
to chromatin structure and compaction, NE reassembly at the end of mitosis, and activation
of certain genes (Margalit et al., 2007; Segura-Totten and Wilson, 2004). Binding of BAF to
LEM proteins might attenuate its functions in transcriptional activation and promote its
functions in chromatin compaction. There are dozens of NE-specific transmembrane
proteins that have tissue-selective expression patterns (Korfali et al., 2010; Schirmer et al.,
2005), and these are likely to include important modulators of chromatin organization and
transcription factors. Dissection of the physical interactions and functions of these will be an
important area of study in the future.

The importance of the nuclear lamina in cell function has been clearly established by the
discovery of disease-causing mutations in the genes for lamina proteins. The disease
phenotypes, together with insights from analysis of cultured cells where lamina proteins
have been targeted, have revealed an unexpectedly broad array of functions. Not only does
the lamina provide an attachment site for chromatin and an environment that promotes gene
inactivation, it also directly couples the cytoplasmic cytoskeleton to the nucleus. These
functions are dependent on the core polymeric assembly of lamins, but major roles also are
provided by other lamina components, including transmembrane proteins of the NE.
Notwithstanding the substantial functional insight that has been gained from analysis of
disease models for lamin A and other lamina components, the most proximal causes of the
diseases remain unclear. Although some basic principles for lamin self-association have
been established, the structures formed by higher order arrays of lamins with other
membrane proteins is mostly unknown. A key future challenge is to determine the structure
of the lamina as an integrated supramolecular assembly. This will be needed to fully
understand how the lamina coordinates mechanical and signaling pathways and contributes
to disease.
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Figure 1. Schematic diagram of the nuclear envelope

The outer nuclear membrane (ONM), which is continuous with the peripheral ER, is joined
to inner nuclear membrane (INM) at the nuclear pore complex (NPC). The nuclear lamina
comprises lamin filament polymers (green) and associated membrane-spanning proteins
(blue), and peripheral proteins (brown and pink). The lamina is connected to the cytoplasmic
cytoskeletal filaments by the LINC complex, which consists of Sun domain proteins
(orange) spanning the INM that attached to nesprins (grey) that span the ONM.
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Figure 2. View of the nuclear lamina from Xenopus oocyte en face

Electron micrograph of a replica of a freeze dried/ metal shadowed Xenopus oocyte NE after
treatment with Triton X-100. The lamina is revealed as a quasi-orthogonal filament
meshwork in areas where NPCs have been removed by mechanical forces (inset), but the
network also can be seen in NPC-attached regions (upper left). Reproduced from (Aebi et
al., 1986) with permission. Bars, 1 um.
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Figure 3. Structure of the purified lamins A/C dimers by rotary shadowing

Electron micrograph of a sample of purified lamins A/C from rat liver NEs that was
prepared by glycerol spraying/ rotary shadowing. The lamin dimer is seen as an ~52 nm rod
attached to 2 masses (arrows). Reproduced from (Aebi et al., 1986) with permission.
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Figure 4. Reconstitution of 10 nm filaments from purified lamins A/C

Electron micrograph of a negatively stained specimen of rat liver lamins A/C dialyzed into
25 mM MES, 200 mM NaCl1 pH 6.5. Inset. For comparison, a sample of 10 nm filaments
reconstituted from the purified 68 kD neurofilament protein of bovine brain is shown. Bars,
250 nm. Reproduced from (Aebi et al., 1986) with permission.
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Figure 5. In vitro assembly of head-to-tail dimers chicken lamin B2

Electron micrograph of a glycerol sprayed/ rotary shadowed sample of purified recombinant
chicken lamin B2 dimers dialyzed into a buffer containing 25 mM MES, 150 mM NaC1 pH
6.5. Longitudinal head-to-tail polymers of lamin dimers are shown. ©1991 Rockefeller
University Press. Originally published in J. Cell Biol. 113:485-495.
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