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phenotypes in Caenorhabditis elegans
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ABSTRACT Mutations in the human LMNA gene underlie many laminopathic diseases, in-
cluding Emery-Dreifuss muscular dystrophy (EDMD); however, a mechanistic link between the
effect of mutations on lamin filament assembly and disease phenotypes has not been estab-
lished. We studied the AK46 Caenorhabditis elegans lamin mutant, corresponding to EDMD-
linked AK32 in human lamins A and C. Cryo-electron tomography of lamin AK46 filaments in
vitro revealed alterations in the lateral assembly of dimeric head-to-tail polymers, which
causes abnormal organization of tetrameric protofilaments. Green fluorescent protein
(GFP):AK46 lamin expressed in C. elegans was found in nuclear aggregates in postembryonic
stages along with LEM-2. GFP:AK46 also caused mislocalization of emerin away from the
nuclear periphery, consistent with a decreased ability of purified emerin to associate with
lamin AK46 filaments in vitro. GFP:AK46 animals had motility defects and muscle structure
abnormalities. These results show that changes in lamin filament structure can translate into
disease-like phenotypes via altering the localization of nuclear lamina proteins, and suggest
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a model for how the AK32 lamin mutation may cause EDMD in humans.

INTRODUCTION

The nuclear lamina is a meshwork of proteins adjacent to the nucle-
oplasmic face of the inner nuclear membrane and serves as both a
main nuclear structural element as well as an interface between the
nucleoplasm and the nuclear membrane (Fawcett, 1966; Aebi et al.,
1986). The evolutionarily conserved protein lamin is the major com-
ponent of the nuclear lamina and is found as two types (A-type and
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B-type) in humans (Gruenbaum et al., 2003). Mutations in the hu-
man A-type lamin gene (LMNA) cause at least 14 diseases, collec-
tively termed laminopathies (Broers et al., 2006; Mattout et al.,
2006; Worman and Bonne, 2007). Among the autosomal-dominant
laminopathies are the muscle diseases Emery-Dreifuss muscular
dystrophy (EDMD), LMNA-related congenital muscular dystrophy
(L-CMD), limb-girdle muscular dystrophy, and dilated cardiomyopa-
thy; the aging and skin disorder restrictive dermopathy; the neuro-
pathic Charcot-Marie-Tooth disorder; the lipodystrophies mandibu-
loacral dysplasia and Dunnigan-type familial partial lipodystrophy;
and the systemic premature aging syndromes Hutchison-Gilford
progeria syndrome and atypical Werner syndrome (Vlcek and
Foisner, 2007; Quijano-Roy et al., 2008). Intriguingly, the wide range
of tissue types affected and severity of the disease phenotypes can-
not be directly correlated with the position of the mutation in the
LMNA gene (Worman and Bonne, 2007).

There are three major models to explain how lamin mutations
may lead to tissue-specific phenotypes. The first model gives lamin
a role as the main structural element of the nucleus; disrupting this
foundation may cause tissues under higher stress (such as the
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mechanical load on muscle cells) to be more prone to lesions lead-
ing to specific tissue degeneration (Ostlund et al., 2001). The sec-
ond model suggests that lamin is a key regulator of signaling path-
ways affecting DNA replication, transcription, and chromatin
organization, mediated through interactions between lamin, lamin-
binding proteins, and chromatin (Cohen et al., 2001; Gruenbaum
et al., 2005; Vlcek and Foisner, 2007; Dechat et al., 2008). The third
model suggests that lamins A and C are involved in regulating cell
type-specific gene expression during adult stem cell differentiation
(Gotzmann and Foisner, 2006). These three models are not mutually
exclusive; therefore, studying mutant lamin structure in isolation
from the physiological effects of the mutation may not fully explain
how a mutation can cause a specific laminopathy.

Based on its sequence and predicted structure, lamin is classified
as a type-V intermediate filament (IF) protein (Steinert and Roop,
1988). It has a short, unstructured amino-terminal head domain, an
o-helical coiled-coil rod domain made of four segments of heptad
repeats, and a carboxyl-terminal tail domain containing a nuclear
localization signal and an immunoglobulin (Ig)-fold (Strelkov et al.,
2004; Ben-Harush et al., 2009). Lamins assemble into a network of
10-nm filaments beneath the inner nuclear membrane, as first de-
scribed in the Xenopus germinal vesicle (Aebi et al., 1986), but their
structure in somatic cells is still unknown. Although the general
morphology of the lamin network has been studied in vivo, further
elucidation of the higher order assembly pattern and dynamics of
filament formation has required analysis of lamin structure in vitro
(Moir et al., 1991; Geisler et al.,, 1998; Stuurman et al., 1998;
Karabinos et al., 2003). Intriguingly, under the tested experimental
conditions, lamins from most species, including human lamins, form
paracrystalline arrays instead of 10-nm filaments in vitro (Moir et al.,
1991; Stuurman et al., 1998; Melcer et al., 2007; Taimen et al., 2009).
Although these structures have been recapitulated by a vast overex-
pression of Drosophila and Xenopus lamins in insect cells, their
physiological relevance is not clear (Klapper et al., 1997). Impor-
tantly, depending on the specific assembly conditions, lamin from
Caenorhabditis elegans can form either paracrystalline arrays or 10-
nm |F-like filaments (Karabinos et al., 2003; Foeger et al., 2006);
both structures have a similar arrangement of tetrameric protofila-
ments (i.e., consisting of four lamin polypeptides), which are in turn
composed of two antiparallel head-to-tail polymers of lamin dimers
(Ben-Harush et al., 2009). Therefore, C. elegans is currently the only
system in which lamin functions can be studied from the level of in
vitro filament assembly to the physiology of the organism.

C. elegans lamin (Ce-lamin) is encoded by a single gene (Imn-1)
and shows many functional similarities to both human lamin A and
lamin B proteins (Riemer et al., 1993; Liu et al., 2000; Melcer et al.,
2007). Because of this conservation, we are able to mutate residues
in Ce-lamin homologous to LMNA residues mutated in laminopa-
thies; these mutations have varying effects on in vitro assembly of
paracrystalline fibers and filaments (Wiesel et al., 2008; Ben-Harush
et al., 2009). Furthermore, many of these mutations were expressed
in C. elegans and showed distinct degrees of mislocalization within
the nucleus and alterations in protein dynamics (Wiesel et al., 2008).
These observations begin to mirror the fact that different lamin mu-
tations cause different diseases in humans. In the current study, we
study a new EDMD-linked Ce-lamin mutation in a conserved region
of lamins (Figure 1A) to link filament assembly defects with disease-
related phenotypes. An in-frame deletion of three base pairs in exon
1 of LMNA (c.94_96delAAG), resulting in the deletion of Lys-32 in
the head region of human lamin A (p.Lys32del), leads to EDMD and
L-CMD (Vytopil et al., 2002; D'Amico et al., 2005; Quijano-Roy et al.,
2008). Here we created the identical deletion of the conserved
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lysine in C. elegans (K46). We show that AK46 filaments undergo
abnormal lateral assembly into tetrameric protofilaments, which
probably causes the nuclear aggregates seen in C. elegans nuclei
expressing green fluorescent protein (GFP):AK46. These aggregates
also contain LEM-2. We also show that the expression of GFP:AK46
caused mislocalization of Ce-emerin away from the nuclear periph-
ery in vivo and a decreased association of purified emerin with AK46
filaments in vitro. GFP:AK46 animals show motility defects and mus-
cle structure abnormalities, suggesting that changes in lamin fila-
ment structure translate into disease-like phenotypes via altering
the organization of the nuclear lamina.

RESULTS

An EDMD-linked mutation affects the in vitro assembly

of Ce-lamin filaments

The deletion of Lys-32 in human lamins A and C (AK32) causes EDMD
and L-CMD (Vytopil et al., 2002; D’Amico et al., 2005; Quijano-Roy
et al., 2008). This lysine residue is in the highly conserved coil 1A
region at the N terminus of the first lamin rod domain and corre-
sponds to K46 in Ce-lamin (Figure 1A). To study the effect of this
mutation on lamin filament assembly, wild-type (wt) and AK46
Ce-lamin proteins were bacterially expressed, purified to near
homogeneity, and assembled into IF-like filaments. They were first
visualized by negative staining electron microscopy (Figure 1B),
as previously described (Wiesel et al., 2008). Whereas wild-type Ce-
lamin assembled into homogeneous 10-nm-thick, IF-like filaments,
the AK46 mutant lamin assembled into filaments with a mean width
of 14 nm. More than 40% of AK46 filaments were larger than wt (n =
350; arrows in Figure 1B). To view these filaments without staining
and at a resolution that would allow more detailed structural analy-
sis, we moved to three-dimensional (3D) analysis using cryo-electron
tomography (cryo-ET), a technique we previously used to analyze
supramolecular organization of Ce-lamin filaments (Ben-Harush
etal., 2009). Figure 1C shows a 30-nm-thick section through a recon-
structed volume of AK46 IF-like lamin filaments. Repeating patterns
of globular tail domains (arrowheads) imply relatively normal asso-
ciation of AK46 lamin dimers into polymers (see model, Figure 1E).
The average spacing between tail domains in the AK46 mutant
lamin, however, alternated between 14 and 34 nm, in contrast to
21-27 nm in wt lamin (Figure 1D). The 7-nm shift in the position of
the paired globular tail domains along the tetrameric protofilaments
suggests that the AK46 mutation alters the lateral assembly of head-
to-tail polymers of lamin dimers into protofilaments. By imposing
these distances onto a two-dimensional (2D) model (Figure 1E), it
becomes apparent how the normal AK46 polymers can misassemble
into abnormally spaced protofilaments, likely affecting both the
structural integrity of the nuclear lamina and the ability of lamin
binding partners to associate with the nuclear lamina.

In vivo localization of GFP:AK46 lamin

To assess the effect of the AK46 mutation on phenotypes in a whole
organism, we created a mutant C. elegans strain expressing a GFP-
tagged copy of wt lamin (GFP:wt) or a GFP-tagged copy of lamin
lacking residue K46 (GFP:AK46) under the control of the baf-1 pro-
moter, which has a spatiotemporal expression pattern identical to
that of Imn-1 (Margalit et al., 2007; Wiesel et al., 2008). Western blot
analysis shows that the strain has a low level of GFP:AK46 overex-
pression of 10-15% of the endogenous lamin (arrow, Figure 2A). The
localization of GFP:AK46 protein within the mutant strains was visual-
ized by fluorescence microscopy of live animals (Figure 2). GFP:AK46
expression could be detected in all cell types in embryonic, larval,
and adult-stage worms (Figure 2, B-D), similar to the endogenous
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FIGURE 1: AK46 lamin forms abnormal filaments. (A) ClustalW (Larkin et al., 2007) alignment of coil 1A of the first rod
domain of Ce-lamin (Ce_Lmn-1) with human lamins A and C (Hs_LMNA/C), human lamin B (Hs_LMNB), Xenopus lamin A
(XI_lam-A), and Drosophila lamin (Dm_lam). Conserved residues in all lamins are in bold; lysine 46 of Ce-lamin and
homologous residues are shaded. (B) Electron micrographs of negative-stained wt and AK46 lamin filaments reveal
thicker filaments of AK46 lamin (arrows). Scale bar = 100 nm. (C) Thick (30 nm) sections of tomograms of AK46 filaments
show the altered structure of the IF-like filaments. The periodic arrangement of globular tail domains along
protofilaments can be clearly seen as pairs (arrowheads) separated by an average distance of 14 nm. Scale bar = 50 nm.
(D) Sections (10 nm) through tomograms of Ce-lamin filaments reveal a 7-nm shift of the globular tail domains in the
AK46 filaments (left panel) compared with wt filaments (right panel). The magnification is similar in both sections. (E) 1-wt
(left) and AK46 (right) lamin dimers assemble into a polar head-to-tail polymer of dimers. 2-Two antiparallel head-to tail
polymers form a protofilament. The distances measured by the tomographic analysis in (D) are superimposed on a
schematic 2D view of the head-to-tail polymer comprising the protofilaments. Both wt and AK46 Ce-lamin dimers
associate into two head-to-tail polymers with 55 nm between the N-terminal head (yellow) and C-terminal tail (pink)
domains. 3-The lateral assembly of these polymers into tetrameric protofilaments is disrupted in AK46 filaments.
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FIGURE 2: GFP:AK46 lamin shows altered localization. (A) Representative Western blot analysis of GFP:lamin (arrow),
lamin, and emerin protein levels in worm extracts from GFP:wt and GFP:AK46 animals. (B-D) Deconvoluted images of
GFP-expressing worms. (B) GFP:AK46 can be seen in all cells in embryos with relatively normal nuclear localization,

similar to GFP:wt. (C) GFP:AK46 is expressed in all cell types in L1 larval stage animals, with obvious nuclear
aggregations in many nuclei (white arrows and inset). (D) Both GFP:wt and GFP:AK46 expression is strongest in the

head (left panels) and tail (right panels) of early adult animals and does not appear in 100% of cells. Examples of

GFP:AK46 aggregates are indicated with white arrows. Representative nuclei are enlarged in the inset (red outline) and
show uniform shape even in the presence of GFP:AK46 aggregates. All scale bars are 10 pm in main images and 1 pm in

insets. (E) Quantification of GFP aggregation confirms the visual data in (C) and (D).
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lamin (unpublished data). In embryonic nuclei, GFP:AK46 expression
was similar to that of GFP:wt, with essentially uniform peripheral
staining (Figure 2B). In L1 larval stage animals, GFP:AK46 was seen
in large aggregates in 59% of scored nuclei as compared with 16%
mostly smaller aggregates for GFP:wt (Figure 2, C and E). In indi-
vidual adult worms, GFP:AK46 expression was low or missing in
some nuclei and had an overall higher expression in the head and
tail regions, which was also the case in GFP:wt worms (Figure 2D).
Additionally, GFP:AK46 was found in large aggregates at the nuclear
periphery in 62% of scored nuclei (Figure 2, C-E). In contrast, GFP:wt
localization was found in a relatively smooth pattern around the nu-
clear periphery and not in aggregates (17% of nuclei contained
smaller aggregates; Figure 2E). Immunostaining with anti-Ce-lamin
antibodies, which recognize both endogenous and GFP:AK46 lamin,
revealed that the presence of GFP:AK46 did not affect the proper
localization of endogenous lamin at the nuclear periphery (unpub-
lished data). Because the GFP:AK46 lamin is expressed at only 10%
of endogenous levels, the mutant aggregations stained with anti-
lamin antibodies are less apparent than when the GFP is visualized
natively (Figure 2) or with anti-GFP antibodies (Figures 3 and 4). Fi-
nally, the mobility of GFP:AK46 lamin was monitored by fluorescence
recovery after photobleaching (FRAP). As we have previously pub-
lished, wt lamin is stable and immobile within the nucleus, and sev-
eral disease-linked mutations drastically perturb this stability (Wiesel
et al., 2008). GFP:AK46 lamin, however, remained immobile in nuclei
with or without GFP aggregations, similar to GFP:wt (unpublished
data).

LEM-2 colocalizes with GFP aggregates in GFP:AK46 nuclei
Mammalian lamin A is required for the peripheral localization of
LEM-domain proteins, including emerin and LEM-2 (Wilson and
Foisner, 2010). Likewise, Ce-lamin is required for the peripheral lo-
calization of emerin and LEM-2 (Liu et al., 2003). We therefore tested
how expression of AK46 affects emerin and LEM-2 localization by
coimmunostaining L4 larval-stage animals for each of these pro-
teins. Staining of GFP:wt animals revealed uniform nuclear envelope
localization of both GFP:wt lamin and LEM-2 (Figure 3, left panels).
LEM-2 appeared to remain associated with GFP:AK46 lamin, includ-
ing in the GFP aggregates characteristic of these nuclei (Figure 3A,
right panels). Quantification confirmed that 62.5% of GFP:AK46 nu-
clei had LEM-2 aggregates, as opposed to only 18.5% in GFP:wt
nuclei (Figure 3B).

Emerin is lost from the nuclear lamina in GFP:AK46 nuclei

We next investigated the effect of GFP:AK46 on emerin localiza-
tion by costaining L4 larval-stage animals with anti-Ce-emerin and
anti-GFP antibodies (Figure 4, A and B). Distinct patterns of emerin
staining (red) were observed in GFP:wt and GFP:AK46 L4 animals:
either normal, peripheral emerin staining colocalizing with
GFP:lamin (arrowheads in Figure 4A) or “emerin defective,” with
either diffuse emerin staining and/or incomplete colocalization
with GFP:lamin or a complete lack of emerin staining above back-
ground levels (arrows in Figure 4A). Whereas emerin staining was
almost ubiquitous in GFP:wt nuclei, many GFP:AK46 nuclei had an
absence of emerin signal. GFP-positive nuclei were scored for
emerin localization in deconvoluted zslices, revealing a significant
delocalization of emerin in GFP:AK4é-expressing nuclei: Nearly
78% of GFP-positive nuclei (n = 136) had defective Ce-emerin lo-
calization in GFP:AK46 animals, compared with 27.5% in GFP:wt
(n = 86) (Figure 4B). Interestingly, the abnormal emerin localization
was not accompanied by a drastic overall decline in emerin pro-
tein levels, as measured by Western blot analysis (Figure 2A).
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Therefore, GFP:AK46 does not affect the expression of emerin, but
rather it causes a reduced ability of emerin to properly associate
with the nuclear lamina.

Ce-emerin has reduced association with AK46 filaments

in vitro

Due to the mislocalization of emerin in GFP:AK46-expressing adult
nuclei, we sought to study the potential mechanism by which this
could occur. We performed an in vitro cosedimentation experiment
to determine the ability of emerin to associate with assembled lamin
filaments. Heterologously expressed Ce-emerin was incubated
alone or in the presence of wt or AK46 mutant lamin filaments. After
sedimentation, the majority of emerin was found in the supernatant
fraction (Figure 5). In the presence of wt lamin, a fraction of emerin
is found in the pellet, along with lamin. The fraction of emerin found
in the pellet was significantly reduced when incubated with AK46
lamin filaments (p = 0.04) (Figure 5), suggesting that the AK46 muta-
tion directly affects the ability of lamin to bind emerin.

GFP:AK46 expression causes motility and muscle
phenotypes in C. elegans

There was a slight decrease in the brood size of GFP:AK46 animals:
152.2 £ 16 compared with the wt value of 198.2 + 12.8 (p = 0.029)
(Supplemental Figure S1A) and no difference in the viability of laid
embryos (unpublished data). GFP localization (Figure 2B) and emerin
staining of C. elegans embryos did not reveal any drastic defects in
nuclear size and shape or in lamina structure. DAPI staining of DNA
did not reveal gross chromosomal aberrations such as chromatin
bridges or aggregations (Supplemental Figure S1B and unpublished
data), which have previously been visualized in various C. elegans
mutant strains (Margalit et al., 2005). The normal staining pattern of
emerin in embryos was surprising given the mislocalization seen in
L4 larval stage animals (Figure 4). The Ce-emerin antibody was de-
tected with a Cy3-conjugated secondary antibody, and there was no
detectable signal in the Cy2/FITC channel to produce bleedthrough
signal into the Cy3 channel. Therefore, both GFP:AK46 lamin and
emerin localization is normal in embryos and is disrupted only after
early embryonic development.

We next sought to determine whether motility and muscle phe-
notypes, which are associated with the EDMD disease in humans,
could be observed in the GFP:AK46 strain. Most cases of EDMD in
humans are caused by either loss of emerin or by dominant muta-
tions in lamin A, including AK32. The most drastic EDMD pheno-
types in humans are those related to muscle function; indeed, the
AK32 mutation is associated with a variety of clinical symptoms af-
fecting muscles, including contractures, progressive limb and mus-
cle weakness, and cardiomyopathy associated with cardiac conduc-
tion defects (Vytopil et al., 2002; D'Amico et al., 2005; Quijano-Roy
et al., 2008). To determine whether the C. elegans GFP:AK46 ani-
mals have muscle abnormalities, motility assays were performed on
L4 larval stage worms. To control for the effect of the GFP tag on
lamin function, the strain overexpressing wt lamin tagged with GFP
(GFP:wt) was also included in the experiments. Animals were placed
on clean agar plates, and the number of times they moved their
head to propagate forward movement was scored. This crawling
motility was not altered in GFP:wt or GFP:AK46 animals (Figure 6A).
The ability of worms to move in liquid has been proposed as a more
sensitive measure of C. elegans motility (Pierce-Shimomura et al.,
2008). Therefore we performed a swimming motility assay in which
wt (N2), GFP:wt, and GFP:AK46 animals were placed in a drop of
water and allowed to swim for 15 min, after which the number
of thrashes was scored by the number of times a worm moved its

Molecular Biology of the Cell



GFP:wt GFP:AK46
) - -
) - -
I_EMZ- -
v ’ g £ 1
~
\ AT 4 & \
Merge 4
Y
~
A
B
wt lam:GFP AK46:GFP
GFP n=77 n=52
14% aggregates | 73% aggregates
LEM-2 n=108 n=184
18.5% aggregates| 62.5% aggregates

FIGURE 3: LEM-2 localizes to GFP aggregates in nuclei expressing GFP:AK46. (A) L4 larval stage wt (GFP:wt, left
panels) and mutant (GFP:AK46, right panels) animals were costained with DAPI (blue), anti-GFP (green), and anti-LEM-2
(red) antibodies. A representative slice from 3D deconvoluted images reveals that LEM-2 associates with the GFP-
tagged lamin (yellow) in both GFP:wt and GFP:AK46 animals (arrowheads) and is found in the GFP aggregates in
GFP:AK46 nuclei (arrows). Scale bars = 10 pm for all panels. (B) Quantification of GFP and LEM-2 aggregation confirms

the visual data in A.

head to one side (Pierce-Shimomura et al., 2008). The GFP:AK46
animals were significantly impaired in their ability to move: Whereas
GFP:wt worms had an average thrash-rate of 94.8 + 3.5 head turns/
min (not significantly different from N2), GFP:AK46 worms moved
at a rate of 70.1 £ 4.9 turns/min (p = 0.00011) (Figure 6B). To en-
sure that this motility defect was caused specifically by the AK46
mutation and was not a result of the position of gene integration
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or another acquired mutation(s), the GFP:AK46 gene was specifi-
cally targeted for RNAi-mediated knockdown by feeding worms
with bacteria carrying a dsRNA vector complementary to the GFP
coding region. As a negative control, worms were fed with bacte-
ria carrying an empty vector (L4440). Figure 6C shows that RNAi
down-regulation of GFP:AK46 significantly rescued the swimming
motility (p = 0.001).
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Emerin is mislocalized in nuclei expressing GFP:AK46. (A) L4 larval stage wt (GFP:wt, left panels) and mutant
(GFP:AK46, right panels) animals were costained with anti-GFP (green) and anti-Ce-emerin (red) antibodies. A
representative slice from 3D deconvoluted images showing the region posterior to the pharynx reveals that the
localization of GFP:wt and emerin do not always overlap. Emerin staining is seen in most GFP-positive cells in wt animals
(arrowheads); however, emerin staining is defective or absent (arrows) in many GFP-positive cells in mutant animals.
Scale bars = 10 um for all panels. (B) Quantification of Ce-emerin localization in GFP-positive cells reveals a significant
difference in the colocalization of GFP and emerin in GFP:AK46 (n = 136) and GFP:wt (n = 86) nuclei (****p < 0.0001;
Student’s two-tailed t test).
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FIGURE 6: Reduced swimming motility of GFP:AK46 animals. (A) Crawling motility of L4 larval stage worms was
measured as the number of head turns per minute after placement on an agar plate. GFP:AK46 and wt (N2) animals
showed similar motility. (B) Swimming motility of L4 larval stage worms was measured as the number of head turns to
one side per minute after 15 min in a drop of water. GFP:AK46 animals were significantly impaired in their ability to
move (****p =0.0001). (C) Swimming motility was measured after feeding with an RNAi construct targeting GFP:AK46
(GFP) or an empty vector (L4440). Depletion of GFP:AK46 significantly rescued the swimming defect of GFP:AK46 L4
larval stage animals (**p = 0.005; ***p = 0.001; Student’s two-tailed t test). Error bars represent SEM.
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FIGURE 7: DIC analysis of early adult animals reveals structural abnormalities in
GFP:AK46 animals. wt (GFP:wt) and GFP:AK46 animals were immobilized and
photographed 1 d after reaching the L4 larval stage. Arrowheads indicate points of
lesions, where muscles are detached from the cuticle, seen exclusively in mutant strains,
in all worms examined. Scale bar = 10 pm for all panels.

animals. Visualizing worms with differential interfer-
ence contrast (DIC) microscopy revealed striking le-
sions along the cuticle of early adult animals, in
100% of worms examined (Figure 7). These lesions
were apparent in L1 larvae and did not coincide with
molting, and were never seen in GFP:wt worms or
in GFP:AK46 worms fed with RNAi against GFP
(unpublished data). We did not observe cell corpses
or any other indicators that programmed cell death
was occurring in these regions (Conradt and Xue,
2005). Instead, these lesions resemble the muscle
attachment (Mua) phenotype, which is an abnormal
muscle attachment to the hypodermis and cuticle
seen in worm strains lacking genes important in
maintaining muscle integrity (Zaidel-Bar et al.,
2010).

To assess the ultrastructure of muscle fibers, sar-
comeres, and attachment sites, we prepared worms
for transmission electron microscopy (TEM). In both
lateral- and cross-thin sections of GFP:wt L4 worms,
muscle cells were uniformly arranged, with sarcom-
eres containing even, parallel filaments (black ar-
rows) clearly defined between dense bodies (white
arrows) and cell-cell attachments, similar to wt ani-
mals (Moerman and Williams, 2006) (Figure 8, A and
D). In GFP:AK46 animals, this organized pattern was
severely disrupted (Figure 8, B, C, E, and F). The as-
sembly of filaments, dense bodies, and attachment
sites was impaired so that sarcomeres were grossly
misshapen. In many instances, dense bodies were
absent; in other cases, they were misplaced (white
arrows). There were many aberrant membrane-
bound structures — some contiguous with cell mem-
branes and others as vesicular structures within the
sarcomeres (black arrowheads). Filament organiza-
tion was also disrupted (black arrows). Lesions at the
edges of muscle cells were evident, perhaps respon-
sible for the disrupted cuticle attachment seen in the
DIC images in Figure 7 (black arrowheads). Finally,
major disorganization is evident in the subcuticle re-
gion between the cuticle and the muscle fiber (white
arrowheads, especially in Figure 8, B and C), again
consistent with the cuticle attachment phenotype.
Taken together, our data show that the AK46 muta-
tion in Ce-lamin causes motility phenotypes that are
coupled with muscle disorganization, which resem-
ble the effects of the disease-causing AK32 mutation
in human lamins A and C.

DISCUSSION

Although autosomal-dominant EDMD was de-
scribed more than 40 yr ago (Emery and Dreifuss,
1966), and the disease-causing locus mapped to hu-
man LMNA more than a decade ago (Bonne et al.,
1999), the molecular mechanisms linking lamin mu-
tations to disease phenotypes remain a mystery. In
vitro and ex vivo examination of lamin filaments have
begun to reveal that lamin mutations can cause dif-
ferent diseases by having various effects on the as-
sembly of paracrystalline fibers and protofilaments

On the basis of this motility phenotype, we hypothesized that we ~ (Wiesel et al., 2008; Ben-Harush et al., 2009; Taimen et al., 2009).
should be able to detect structural lesions in muscle of GFP:AK46  Correlating abnormalities in in vitro lamin filament assembly with
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FIGURE 8: TEM reveals muscle abnormalities in GFP:AK46 animals. wt longitudinal (long) (A) and transverse (trans)

(D) sections show normal fiber (black arrows), dense body/attachment (white arrows), and subcuticle organization (white
arrowhead with bracket), with few membrane-bound vesicles (black arrowheads). GFP:AK46 expression disrupts muscle
organization, as evident in both longitudinal (B and C) and transverse (E and F) sections: Fibers are less uniformly
arranged (black arrows); dense bodies and attachments are absent or mislocalized, causing sarcomere disorganization
(white arrows); more aberrant membrane-bound structures are seen within sarcomeres and at cell edges (black
arrowheads); and gross abnormalities between the sarcomere and the cuticle edge occur (white arrowheads). Sizes of all

scale bars are indicated in the respective panels.

disease-like phenotypes in model organisms could provide a basis
for understanding how different lamin mutations cause diseases
through changes in the structural integrity of the nucleus and/or
protein-protein or protein-DNA complexes. To date, no lamin muta-
tion has been comprehensively studied from filament assembly to
organism physiology. We focused on a single lamin mutation, AK32
in human lamins A and C, corresponding to the conserved AK46
mutation in the Ce-lamin, to present a model for how this lamin
mutation causes EDMD.

The AK46 lamin mutation leads to defective lamin filament
assembly, as seen both by negative-stain TEM and cryo-ET
(Figure 1). Cryo-ET enabled us to resolve and thus measure the
distances between paired tail domains, revealing that the initial as-
sociation of lamin dimers to form polymers was normal, but the
lateral assembly of these head-to-tail polymers was shifted. This
phenotype is new, as we have previously described lamin mutants
that have different effects on overall filament organization (Wiesel
et al., 2008; Ben-Harush et al., 2009). These data also suggest that
the loss of the K46 residue shifted the interaction site between one
head-to-tail polymer and the rod domain of the other head-to-tail
polymer. Mapping the interaction sites between the two head-to-
tail polymers that make the protofilament is a major goal for future
studies. We hypothesize that the AK32 mutation in human lamin A
will also show abnormal lateral assembly of the lamin dimer poly-
mers because it is positioned in a conserved sequence. Because the
conditions for assembling human lamin A filaments in vitro have not
been identified, testing this hypothesis is currently not possible.

To associate protofilament assembly phenotypes with disease-
related phenotypes, we expressed a GFP-tagged version of AK46 in
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C. elegans. The expression of GFP:AK46 in these worms was ana-
lyzed during early life stages. GFP expression was detected in all cell
types in all stages (Figure 2), similar to wt lamin (Liu et al., 2000). In
adult animals, however, GFP:AK46 expression was missing in some
cells, which varied among individual animals. A difference was also
seen at the level of GFP:AK46 localization: Some nuclei were wt in
appearance with smooth peripheral GFP localization, whereas other
nuclei contained GFP aggregates (Figure 2). This variation in expres-
sion and localization correlates with the variability in clinical symp-
toms in striated muscle laminopathies, including EDMD (Vytopil et al.,
2002).

Immunofluorescence analysis showed that the endogenous Ce-
lamin localization was not affected by the expression of GFP:AK46,
similar to what has been described for other lamin mutations (Wiesel
et al., 2008). This finding is in contrast to what is seen in fibroblasts
cultured from patients expressing AK32 lamin, in which the localiza-
tion of endogenous lamin A and lamin B is disrupted (Muchir et al.,
2004). What is similar, however, is that the shape of the nucleus is
not affected, expression levels of endogenous lamin and emerin do
not change, and, importantly, a portion of peripheral emerin is mis-
localized in both patient fibroblasts (Capanni et al., 2003) and in
GFP:AK46 L4 larval stage worms (Figure 4). The mislocalization of
emerin is especially interesting, as mutations in human emerin are
associated with the X-linked form of EDMD (Bione et al., 1994);
furthermore, this mislocalization occurs following early embryogen-
esis because embryonic emerin showed normal localization (Sup-
plemental Figure S1B). The mislocalization of emerin seems to be a
direct consequence of an impaired ability to associate with lamin fila-
ments, which is not sufficient for emerin displacement in embryonic
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cells (Figure 5). LEM-2 appears to remain associated with the AK46
mutant lamin, but is mislocalized into GFP:AK46 lamin aggregates at
the nuclear envelope (Figure 3). Together, these data suggest that
altered AK46 lamin filaments affect the ability of lamin binding part-
ners to associate with the lamina and to maintain proper localization
at the nuclear envelope. Indeed, loss of emerin and LEM-2 in muscle
cells causes muscle differentiation and maintenance phenotypes
both in mice (Huber et al., 2009) and in C. elegans (R.B. and Y.G.,
unpublished observations). Although we have provided a basic link
between the in vitro and in vivo phenotypes, much future research
remains to be done to establish the precise mechanisms by which the
altered character of the lamina caused by the AK46 mutation affects
signaling pathways, gene expression, and/or structural integrity.

In this study, we also correlate the altered assembly of AK4é6 fila-
ments and the resulting affects on lamina structure with disease-like
phenotypes in the GFP:AK46 strain. The fertility of mutant animals
was only slightly lower than that of GFP:wt worms, and we could not
detect any apparent embryonic phenotype (Supplemental Figure
S1). Given the role of the nuclear lamina in meiosis (reviewed in
Penkner et al., 2009), it is intriguing that this mutation does not dras-
tically affect fertility, even though it is expressed in many cell types
(Figure 2). We next studied phenotypes related to the hallmark mus-
cle weakening and wasting seen in EDMD patients. Worms express-
ing GFP:AK46 were impaired in their ability to move in water, but
not to crawl on agar plates (Figure 6). These two distinct movements
differ both in their kinetics and in the patterns of muscle and neuro-
muscular activation, suggesting specificity in the role of lamin in
these processes (Ghosh and Emmons, 2008; Pierce-Shimomura
et al., 2008; Mejat et al., 2009).

Because of the motility phenotype, we hypothesized that worms
expressing GFP:AK46 would have muscle lesions. We analyzed
structural elements of worm muscle at two levels: light microscopy
(Figure 7) and TEM (Figure 8). At the level of light microscopy, le-
sions could be observed resembling those seen in animals lacking
either MUA-3 (Bercher et al., 2001) or RNF-5 (Zaidel-Bar et al., 2010).
Although it is unknown whether the AK46 lamin mutation acts
through these particular proteins, comparing the AK46 phenotype
with these published descriptions of the Mua phenotype reveals
that this mutant lamin disrupts attachment of the muscle or other
underlying tissues to the cuticle, thus implicating lamin in muscle
integrity and function. If GFP:AK46 affects the attachment of the
muscle or hypodermis to the cuticle, proper contractile force to
generate movement may not be obtained, leading to motility de-
fects. Analyzing muscle cell structure with TEM revealed disorgani-
zation of sarcomeres, filaments, dense bodies, and attachment sites.
The ability of worms to crawl but not swim may indicate that these
lesions are insufficient to cause a motility phenotype unless the
worms are under higher mechanical stress, as the rate of movement
in swimming is up to four times that for crawling (Ghosh and
Emmons, 2008; Pierce-Shimomura et al., 2008).

Together, these data establish the GFP:AK46 C. elegans strain
as a potential model for studying human EDMD caused by the
AK32 lamin mutation and provide a basis for future studies of other
laminopathic mutations. C. elegans recapitulates the autosomal-
dominant human disease state by having mutant lamin expressed
in the background of endogenous wt lamin (Wang et al., 2006). Al-
though the 10-15% level of overexpression does not duplicate the
human disease state of 50% mutant/50% wt lamin, it is enough to
provide striking dominant phenotypes. In this way, we are able to
observe phenotypes based on the interaction between mutant and
endogenous lamin instead of the absence or replacement of the
wt lamin. Future research with this model strain will reveal the
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molecular mechanisms linking lamin filament organization with the
EDMD-like muscle phenotypes.

MATERIALS AND METHODS

Constructs and bacterial expression of Ce-lamin

and Ce-emerin proteins

Ce-lamin cDNA in pET24d (Foeger et al., 2006) was mutagenized
by site-directed mutagenesis using the Pfu Turbo DNA polymerase
(Stratagene, La Jolla, CA) and the following primers: Fwd 5'-ct-
tcacgtcttcaagaggatcatttgacttcacte-3'; Rev 5'-gagtgaagtcaaatgatc-
ctcttgaagacgtgaag-3'; constructs were verified by DNA sequencing.
Ce-emerin 1-325 (missing the C-terminal transmembrane domain to
create a soluble protein) in pET15b was a gift from K. Wilson, Johns
Hopkins University. Plasmids were used to transform Escherichia coli
BL21(DE3)-(codon plus-RIL) (Stratagene, La Jolla, CA), expressed
by isopropyl-B-p-thio-galactoside (IPTG) induction, and the proteins
were purified with nickel-nitrilotriacetic acid (Ni-NTA; Qiagen,
Valencia, CA) beads as described (Foeger et al., 2006).

Worm strains were generated as described (Wiesel et al., 2008).
Briefly, wt and AK46 Imn-1 were cloned into the pADO10 vector,
which includes the baf-1 promoter (Margalit et al., 2007), the unc-
119 gene, and a gfp gene with C. elegans introns. Constructs were
introduced into worms by microparticle bombardment as described
(Praitis et al., 2001); resulting strains were out-crossed to wt (N2)
worms three times.

Assembly of Ce-lamin filaments

Bacterially expressed and purified Ce-lamin (0.1-0.2 mg/ml) in urea-
containing buffer was dialyzed at room temperature against buffer
containing 2 mM Tris—-HCI, pH 9.0, 1 mM dithiothreitol for 4 h, fol-
lowed by dialysis for 16 h against a buffer containing 15 mM Tris—
HCl pH 7.4, 1 mM dithiothreitol, as described (Foeger et al., 2006).

Co-sedimentation

Heterologously expressed Ce-emerinATM was incubated over-
night alone or with equal concentrations of Ce-lamin wt or mutant
filaments in a total volume of up to 500 pl. Samples were centri-
fuged in an L8-70 Beckman ultracentrifuge in an LP42-TI rotor at
30,000 rpm, 23°C for 25 min. The supernatant and pellet fractions
were separated, the pellet was resuspended in elution buffer con-
taining 8 M urea, and equal volumes of wt and mutant pellet and
supernatant samples were run on a 12% SDS-PAGE gel and visual-
ized by staining with Coomassie blue. Average band intensities
were calculated with ImageJ software.

Electron microscopy

L4 larval stage worms were prepared using a two-step fixation in
formaldehyde/glutaraldehyde followed by osmium tetroxide as de-
scribed (Cohen et al., 2002; Haithcock et al., 2005). Filaments were
prepared for electron microscopy as described (Foeger et al., 2006).
The samples were visualized with a transmission electron micro-
scope (Technai 12; Philips, Eindhoven, The Netherlands) equipped
with a MegaView || CCD camera (SIS, Minster, Germany). Measure-
ments of filament width were taken at 50 places in each micrograph
from at least five independent experiments.

Cryo-ET

Lamin filaments were prepared and images were processed as
described (Ben-Harush et al., 2009). Briefly, lamins were applied
to a glow-discharged, 200-mesh, carbon-coated copper grid
(Quantifoil, Jena, Germany) to which colloidal gold was added,
followed immediately by vitrification (Dubochet et al., 1988).
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Data were collected using a 300 kV FEI (Eindhoven, Netherlands)
Polara transmission electron microscope equipped with a field-
emission gun, and a Gatan (Pleasanton, CA) postcolumn GIF
2002 energy filter. Tilt series images were collected over an angu-
lar range of 60° to —60°, with a 2° increment, with a defocus value
of =10 um. The resulting pixel size at the specimen level was 4.25
A. Thus, the theoretical resolution limit, as set by the contrast
transfer function, was ~44 A. The projection images (2048 x 2048)
were aligned to a common frame using fiducial gold markers, and
reconstructed by weighted back-projection, as implemented by
the TOM toolbox software package (Nickell et al., 2005).

Antibodies, Western blots, and immunofluorescence
Ce-emerin 2570, Ce-lamin 3932, and LEM-2 3597 antibodies were
previously described (Lee et al., 2000; Tzur et al., 2002); anti-GFP was
obtained from Roche (Basel, Switzerland); horseradish peroxidase-,
Cy2-, and Cy3-conjugated secondary antibodies were obtained from
The Jackson Laboratory (Bar Harbor, ME). For Western blotting, the
protein amount from mixed-stage worm extracts was determined us-
ing the Bradford assay. Equal amounts were loaded on a 10% acryl-
amide gel, followed by transfer to polyvinylidene difluoride mem-
branes. Primary antibodies were used at dilutions of 1:500 (vol/vol)
(Ce-emerin) and 1:5000 (vol/vol) (Ce-lamin); secondary horseradish
peroxidase at 1:10,000 (vol/vol). Quantification was performed by
measuring the average intensity of the bands and normalizing to Ce-
lamin with ImageJ software.

For immunostaining, worms were fixed with methanol/acetone
essentially as described (Duerr, 2006). Briefly, worms were freeze-
cracked on poly-L-lysine slides with liquid nitrogen, followed by
methanol/acetone incubation at —20°C. Slides were blocked in 1%
Tween-20 in phosphate-buffered saline (PBS-T) followed by 10% milk
in PBS. Primary antibodies were diluted 1:100 (vol/vol) (Ce-emerin),
1:200 (vol/vol) (LEM-2), 1:400 (vol/vol) (Ce-lamin), or 1:600 (vol/vol)
(GFP) in 10% milk, and 10 pl was pipetted to slides, which were cov-
ered with a plastic coverslip and incubated in a humidity chamber for
3 h at room temperature. After several PBS/PBS-T washes, Cy2- or
Cy3-conjugated secondary antibodies were diluted 1:200 (vol/vol) in
10% milk, and 10 pl was pipetted to slides. Slides were then covered
and incubated in a humidity chamber overnight at 4°C. PBS/PBS-T
washes were repeated, and 400 pl of 1 ug/ml DAPI (where applica-
ble) was added for 10 min followed by a final PBS wash. Slides were
mounted with n-propylgallate and sealed for visualization.

Microscopy

Images were taken with an Axiocam CCD camera mounted on a
Zeiss (Thornwood, NY) Axioplan Il microscope equipped for fluores-
cence and DIC. Deconvolution (3D) was performed using Auto-
Quant X2.2 (Media Cybernetics, Bethesda, MD). For live imaging,
worms were paralyzed with 1 mM levamisole before mounting on
agar pad slides for visualization.

Fertility experiments

Healthy L4 larval stage worms with GFP expression were picked in-
dividually to plates and transferred to a fresh plate each subsequent
day during their gravid life span. Progeny from each day were scored
after 24 h to ensure they had time to hatch. Four independent ex-
periments were performed, each containing 10 GFP:wt and
10 GFP:AK46 worms.

Motility experiments and RNAi feeding

For crawling motility, healthy L4 animals with GFP expression were
transferred to an NGM plate without food. After a few seconds, the
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number of head turns in 1 min was scored. Six independent experi-
ments were performed, each containing 10 GFP:wtand 10 GFP:AK46
worms.

For swimming motility, healthy L4 animals with GFP expression
were transferred to wells containing 200 pl of water. After 15 min,
the number of head turns to one side per minute was scored. Four
independent experiments were performed, each containing 20
GFP:wt and 20 GFP:AK46 worms.

For RNAI feeding experiments, the empty control vector L4440
or the L4417 GFP feeding vector (gift of A. Fire, Stanford Univer-
sity) were used to transform E. coli HT115(DE3) cells as described
(Liu et al., 2000). Transformed bacteria were plated on NGM plates
containing 50 pg/ml ampicillin and 120 pug/ml IPTG to induce ex-
pression of the RNAI constructs. Five healthy L4 larval GFP:wt or
GFP:AK46 animals were picked to a L4440 or L4417 plate and re-
moved after ~24 h when progeny appeared. Progeny were se-
lected based on GFP expression at the L4 larval stage, and the
swimming motility assay was repeated as described earlier in text,
with 20 GFP:wt or GFP:AK46 worms fed with each construct used
in six independent experiments.
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