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Abstract

Mutations in genes encoding widely expressed nuclear envelope proteins often lead to diseases
that manifest in specific tissues. Lamina-associated polypeptide 1 (LAP1) is an integral protein of
the inner nuclear membrane that is expressed in most cells and tissues. Within the nuclear
envelope, LAP1 interacts physically with lamins, torsinA and emerin, suggesting it may serve as a
key node for transducing signals across the inner nuclear membrane. Indeed, recent in vivo studies
in genetically modified mice strongly support functional links between LAP1 and both torsinA (in
neurons) and emerin (in muscle). These studies suggest that tissue-selective diseases caused by
mutations in genes encoding nuclear envelope proteins may result, at least in part, from the
selective disruption of discrete nuclear envelope protein complexes.
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1. Introduction

1.1. Nuclear envelope membranes

The nuclear envelope is composed of the nuclear membranes, the nuclear pore complexes
and the nuclear lamina (Figure 1). The nuclear membranes are composed of three
continuous but morphologically distinct domains in interphase cells: inner, outer and pore.
The outer nuclear membrane is directly continuous with the endoplasmic reticulum
membrane, with which it shares ribosomes. It is separated from the inner nuclear membrane
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by the perinuclear space, which is continuous with the lumen of the rough endoplasmic
reticulum. The pore membranes connect the inner and outer nuclear membranes at the
nuclear pore complexes. The lamina is a meshwork of intermediate filament proteins called
lamins, and is localized primarily at the inner aspect of the inner nuclear membrane.

As the nuclear membranes are actually a single interconnected membrane system, one could
imagine that integral proteins synthesized on the rough endoplasmic reticulum would be
randomly distributed among them. However, certain integral proteins are concentrated in
each of these membranes in interphase cells, either as a result of binding to resident
structures in specific domains or by active transport mechanisms [1-4]. Approximately 80
transmembrane proteins are concentrated in the inner nuclear membrane [5]. Many of the
integral proteins of the inner nuclear membrane bind to nuclear lamins, which likely
contributes to their retention within the nuclear envelope. While the nuclear envelope
proteome may vary to some extend among different cell types, integral proteins of the inner
nuclear membrane typically exhibit a near-ubiquitous pattern of expression throughout
different tissues [5-6]. This pattern implies that such proteins have fundamental roles in
maintaining nuclear structure or supporting critical nuclear functions, indicating that
alterations in the genes encoding these proteins is likely to be lethal or to cause widespread
pathology. Surprisingly, however, the opposite is the case; a range of discoveries link
mutations in these genes to human diseases that exhibit striking tissue specificity, typically
of muscle, adipose or neural tissue.

1.2. Laminopathies/nuclear envelopathies

In 1994, Toniolo and colleagues reported that mutations in the gene encoding a widely
expressed, previously uncharacterized integral membrane protein they hamed emerin were
responsible for X-linked Emery-Dreifuss muscular dystrophy [7]. Subsequent research
showed that emerin was localized to the inner nuclear membrane [8,9]. This was the first
demonstration that mutations in a gene encoding an integral protein of the inner nuclear
membrane widely expressed in many cells and tissues could cause tissue-selective disease.
This tissue specificity is even more surprising considering that most pathogenic mutations
cause loss of emerin expression, not subtle structural alterations [7-9,10].

Subsequent discoveries further strengthened the theme of tissue selective disease arising
from mutations in genes encoding widely expressed nuclear envelope proteins [11,12]; these
diseases are now referred to as “laminopathies” or “nuclear envelopathies” [11,12]. Perhaps
the most dramatic example involves mutations in the gene encoding lamins A and C, which
encodes extrinsic proteins of the inner nuclear membrane that are building blocks of the
nuclear lamina. Distinct mutations in this gene cause over a dozen different diseases, which
predominantly affect striated muscle, adipose tissue or peripheral nerve, whereas some
mutations disrupt multiple tissues and produce a phenotype of accelerated aging (“progeria”)
[11,12]. Among these diseases is autosomal dominant Emery-Dreifuss muscular dystrophy,
which phenocopies X-linked Emery-Dreifuss muscular dystrophy caused by mutation in the
gene encoding emerin [13]. In addition to emerin and lamins A and C, mutations in genes
encoding other widely expressed proteins of the inner nuclear membrane cause tissue-
selective diseases. Heterozygous mutations in the gene encoding LBR, an integral protein of
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the inner nuclear membrane [14], cause Pelger-Huét anomaly, which affects only blood
neutrophils [15]. Mutations in the gene encoding MANL, another integral protein of the
inner nuclear membrane [16], cause sclerosing bone dysplasias with or without skin
involvement, but without any other major organ pathology [17].

The mechanisms responsible for the apparent tissue-selective functions of nuclear envelope
proteins remain for the most part unknown. To obtain insights into this question, we
explored the biology of lamina-associated polypeptide 1 (LAP1), an integral protein of the
inner nuclear membrane. Our work suggests that the function of protein complexes in the
nuclear envelope, rather than of individual proteins per se, may underlie the tissue-selective
pathology of the laminopathies/nuclear envelopathies.

2.1. Discovery

LAP1 was first identified as three polypeptide antigens recognized by a monoclonal
antibody generated against rat liver nuclear envelope protein extracts [18]. This antibody
recognized antigens with apparent molecular masses of approximately 75 kDa, 68 kDa and
55 kDa in rat liver nuclear envelopes. Biochemical extractions showed the antigens to be
integral membrane proteins and immunofluorescence and immuno-electron microscopy
localized them to the inner nuclear membrane. Biochemical extraction experiments showed
them to be associated with the nuclear lamina and subsequent experiments demonstrated that
they bind assembled lamins in vitro [19]. The proteins with apparent molecular masses of
approximately 75kDa, 68 kDa and 55 kDa were named lamina-associated polypeptides 1A—
C (LAP1A, LAP1B and LAP1C).

Analysis of the cloned rat LAP1C cDNA demonstrated that it encoded a type Il integral
membrane protein composed of 506 amino acids [20]. Further sequence analysis showed the
human LAP1B cDNA encoded a protein of 584 amino acids with similar topology [21].
Human and mouse LAP1B are 66% identical in amino acid sequence. All of the isoforms
arise from a single gene by alternative RNA splicing, have a single transmembrane segment,
and lack amino-terminal signal sequences. This results in a topology with the amino-
terminus facing the nucleoplasm and the carboxyl-terminus within the perinuclear space
(“type I1” transmembrane proteins; Figure 2). This topology predicts that the amino-terminal
domain binds lamins within the nucleus, an interaction likely responsible for LAP1
concentration in the inner nuclear membrane. The amino-terminal domain of LAP1 is also in
a position to bind nucleoplasmic proteins such as PP1 [22], as well as the nucleoplasmic
domains of other integral inner nuclear membrane proteins. The carboxyl-terminal domain
within the perinuclear space has the potential to bind to proteins translocated into the
endoplasmic reticulum and the luminal domains of other integral proteins of the inner
nuclear membrane.

Analysis of LAP1 mRNA and protein in mouse embryo and adult tissues demonstrates

LAP1 isoforms to have an essentially ubiquitous expression pattern [18,23-25]. Similar to
the monoclonal antibody originally raised against LAP1 [18], a rabbit polyclonal antibody
generated against 16 peptides of the carboxyl-terminus recognizes three LAP1 isoforms in
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various mouse tissues but also recognizes a non-specific band of approximately 65 kDa [23,
24]. This rabbit polyclonal antibody also recognizes three isoforms of human LAP1 [26].
The expression of different isoforms is differentially regulated in different tissues and during
developmental stages. The small LAP1C isoform is abundant in cell lines and mouse
embryos but the longer LAP1A and LAP1B isoforms are abundant in differentiated adult
tissues [18,24-26].

2.2. Interacting proteins in addition to lamins

2.2.1. Torsins—After its identification as a lamina-associated protein, LAP1 was shown to
interact with torsinA [23]. A mutation in the gene TOR1A encoding torsinA that removes a
single glutamic acid causes DYT1 dystonia, a dominantly inherited central nervous system-
selective disease characterized by prolonged involuntary twisting movements [27]. TorsinA
is a member of a family of AAA+ (ATPase associated with different cellular activities)
proteins localized to the lumen of the endoplasmic reticulum. However, the pathogenic
torsinA variant preferentially concentrates in the perinuclear space [28,29], which is
continuous with the endoplasmic reticulum lumen. Using a cell-based screen, Goodchild and
Dauer [23] identified LAP1 as a torsinA-interacting protein in the nuclear envelope. This
screen also identified an endoplasmic reticulum-localized torsinA-interacting protein with a
luminal domain highly homologous to that of LAP1 and termed luminal domain like LAP1
(LULLY). Differences in the amino-terminal regions of LAP1 and LULL1 appear to
determine whether they concentrate in the inner nuclear membrane or main endoplasmic
reticulum membrane system [30]. TorsinA variants with decreased ATPase activity bind
more efficiently to LAP1 [23,30]. In addition to torsinA, the mammalian torsin family
members torsinB, torsin2 and torsin3 also bind to LAP1 [24]. Kim et al. [24] demonstrated
differences in the tissue distribution of different torsin family members that appear
responsible for the neural-selective nuclear membrane abnormalities characteristic in
torsinA null mice. TorsinA is expressed at greater levels in neural tissues compared to non-
neural tissues, whereas a strikingly opposite pattern is observed for torsinB. The expression
pattern of torsin3a is similar to torsinB, whereas torsin2a is expressed at similar levels in all
tissues examined.

2.2.2. Emerin—Using an unbiased screen to identify proteins in cellular extracts that bind
to LAP1, Shin et al. [26] identified emerin. The nucleoplasmic domains of these
transmembrane proteins of the inner nuclear membrane likely mediate their interaction. In a
subset of LAP1 null fibroblasts examined by immunofluorescence microscopy, emerin
mislocalized to distinct foci along the nuclear envelope, rather than in a smooth rim-like
pattern. A-type lamins co-localized with emerin in these foci. In contrast, the sub-cellular
distribution of the integral inner nuclear membrane proteins LBR and LAP2beta, a nuclear
pore complex protein Nup98 and lamin B1 were normal in the LAP1 null cells. These
results show that LAP1 is required for normal localization of a population of emerin and A-
type lamin complexes within the inner nuclear membrane and highlight the specificity of
these effects.

2.2.3. The LAP1 complex in the nuclear envelope—The protein interaction data for
LAP1 suggest that it can exist as a complex in the nuclear envelope with A-type lamins,
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torsins and emerin (see Figure 1). The existence of such a complex suggests that LAP1 may
cooperate functionally with these proteins in tissues where they play a critical role. The
differential expression of the components of this complex in different tissues may lead to
changes in the complex’s composition and function. For example, torsinA is expressed at
relatively higher levels in neuronal tissues whereas torsinB and torsin3 are expressed at
higher levels in non-neuronal tissues [24,31].

2.3 Functional interactions of LAP1

2.3.1. TorsinA—Deletion of torsinA from mice or mice homozygous for the DYT1
dystonia-causing mutation exhibit striking morphological abnormalities of neuronal nuclear
membranes (termed nuclear envelope “blebs”), whereas nuclear envelope morphology is
normal in all non-neuronal cell types [25]. To test whether LAP1 participates in this torsinA-
related pathology and examine its potential role in the neuronal specific nuclear envelope
defects, Kim et al. [24] generated mice with a germline deletion of the gene encoding LAP1
(named Torlaipl). The nuclear envelopes of neural tissue or cultured neurons from these
mice exhibited morphological abnormalities that appear similar to those in torsinA mutant
mice. Three-dimensional electron microscopic tomographic reconstructions of the neuronal
nuclear envelopes demonstrated that the nuclear membrane alterations are identical in
torsinA and LAP1 null mice. The fact that LAP1 null mice phenocopy the perinatal lethality
and neuronal nuclear envelope abnormalities seen in torsinA knockout mutant mice suggests
strongly that they functionally interact in neurons.

In contrast to the neural specific abnormalities of torsinA mutant mice, LAP1 null mice
exhibited nuclear envelope blebs in all cell and tissue types examined. Moreover, while the
nuclear envelopes of torsinA null fibroblasts appears normal, reducing LAP1 levels by 50%
on a torsinA null background leads to nuclear envelope blebs in fibroblasts [24]. These
findings further support a close functional relationship between torsinA and LAP1.
Knockdown of torsinB from fibroblasts lacking torsinA also leads to abnormal nuclear
envelope morphology, suggesting that torsinA and torsinB share redundant functions in
conjunction with LAP1.

2.3.2. Emerin—Loss of function of emerin in humans leads to X-linked Emery-Dreifuss
muscular dystrophy and phenotypically similar myopathies [7,32,33]. These diseases are
characterized by dilated cardiomyopathy and skeletal muscular dystrophy. The interaction of
LAP1 with emerin prompted Shin et al. [26] to conditionally delete LAP1 from striated
muscle of mice. These mice developed profound muscular dystrophy and cardiomyopathy
leading to early lethality. In contrast, deletion of LAP1 from hepatocytes caused some
alterations in nuclear size, but did not affect lifespan or overtly alter liver function. These
findings suggested that LAP1 plays an essential role in striated muscle maintenance, perhaps
in conjunction with emerin.

Whereas emerin loss in humans causes myopathy and cardiomyopathy, mice lacking emerin
are for the most part normal with only very subtle muscle abnormalities [34,35]. Analysis of
LAP1 and emerin in skeletal muscle revealed discordant expression between these species
that may explain this phenomenon. Compared to mouse tissue, human skeletal muscle has
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significantly more emerin and relatively little LAP1 [26]. Strikingly, depletion of LAP1
from muscle of emerin null mice leads to myopathy that is much more severe than that
resulting from loss of LAP1 alone, with the double knockout mice demonstrating
significantly more pronounced pathology and shorter lifespans [26]. Additionally, in emerin
null mice, reducing LAP1 levels by approximately 50% (similar to levels in human tissue),
causes evidence of muscle damage. LAP1 and emerin therefore appear to function together
in skeletal muscle (a similarly analysis has yet to be done in heart). In mice, the relative
overabundance of LAP1 may compensate for emerin loss of function, and explain the lack
of phenotype in emerin null mice. The LAP1-emerin complex may therefore be analogous to
the utrophin-dystrophin complex in striated muscle [36,37]. In humans, loss of dystrophin
expression leads to Duchenne muscular dystrophy, a severe and lethal myopathy [38, 39]. In
contrast, mice lacking dystrophin develop minimal muscle pathology. However, depletion of
the dystrophin-associated protein utrophin causes a profound myopathy [36,37]. These
findings have led to efforts to ameliorate Duchenne muscular dystrophy by increasing levels
of utrophin [40] and the related strategy of increasing LAP1 levels may benefit patients with
X-linked Emery-Dreifuss muscular dystrophy.

3. LAP1 and its potential role in tissue-selective human disease

The discoveries that LAP1 functionally interacts with torsinA and emerin suggest that it may
play a role in tissue-selective human diseases caused by mutations in the gene encoding
these proteins. One possibility is that LAP1 could be a modifier protein in DYT1 dystonia or
muscular dystrophy/cardiomyopathy caused by loss of emerin. While this is currently an
untested hypothesis, the existence of modifier genes is suggested by the clinical data. DYT1
dystonia caused by a unique mutation in the gene encoding torsinA has only penetrance of
approximately 30% and the symptoms are of variable clinical severity in different patients
[41]. Genetic background also affects the phenotype of mice carrying the disease-causing
torsinA variant [42]. In the case of emerin loss of function, the disease severity is also highly
variable [43,44] and, while the usual phenotype is that of Emery-Dreifuss muscular
dystrophy, some patients present with a limb-girdle involvement or minimal skeletal muscle
disease and early-onset cardiomyopathy [32,33,45-47]. Based on the interactions of LAP1
with torsinA and emerin, it is logical to hypothesize that polymorphisms in its human gene
(TOR1AIP1) alter its level of expression or function and act as a modifier in these patients.

Mutation in the gene encoding LAP1 may also cause disease. In a presentation at the 18th
International World Muscle Society Congress in October 2013, three affected members of a
Turkish family with an autosomal recessive limb-girdle muscular dystrophy with joint
contractures were reported to have a mutation in the gene encoding LAP1 that generates a
premature stop codon [48]. Screening for mutations in the gene encoding LAPL in patients
with muscular dystrophy, cardiomyopathy and/or dystonia may therefore identify new
laminopathies/nuclear envelopathies.

4. Conclusions

LAP1 was identified in 1988 as an integral protein of the inner nuclear membrane associated
with the nuclear lamina but its function remained elusive. Subsequent protein interaction
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studies begun about 20 years after its discovery revealed that LAP1 binds to torsinA and
emerin. These findings led to experiments in model mice and cellular systems that showed
LAP1 functions with torsinA in neurons and with emerin in muscle. As such, the gene
encoding LAP1 is now a logical candidate as a modifier in dystonia and muscular dystrophy
and may be a disease-causing gene in its own right, linking additional human diseases to
nuclear envelope dysfunction.
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Schematic diagram of the nuclear envelope showing the nuclear membranes, nuclear lamina
and a nuclear pore complex (NPC). The outer nuclear membrane contains ribosomes on its
outer surface just like the directly contiguous endoplasmic reticulum (ER). The ER lumen is
directly continuous with the perinuclear space. Selected proteins concentrated in the inner
nuclear membrane and LULL1 in ER membrane are shown along with torsinA and torsin B
(TorsinA/B) in the perinuclear space. LAP1 is shown interacting with lamins, emerin and

torsin A/B.
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Figure 2.
Schematic diagrams showing the deduced structures and membrane topologies of LAP1

isoforms from human and mice. The diagrams have been constructed based on data in the
Consensus CDS (CCDS) database (http://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi)
and the CCDS ID is given for each protein shown. For human LAP1, the completed
sequence of LAP1B (hLAP1B) is in the database. The other isoforms, which are not shown
in the figure, have incomplete cDNA sequences in the database. The regions of hLAP1B
located in nucleoplasm and perinuclear space are indicated in blue and the transmembrane
segment within the inner nuclear membrane is indicated in violet with its amino acid
sequence (single letter codes) shown. For mouse LAP1, completed sequences for all three
isoforms (MLAP1A, mLAP1B and mLAPLC) are in the database. Their regions located in
the nucleoplasm and perinuclear space are shown in light blue and transmembrane segment
in violet. A number with aa following it indicates the amino acid residue in the protein
isoform and the total number of amino acids in each isoform is indicated at the far left.
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