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Abstract: LMNA linked-Emery-Dreifuss muscular dystrophy (EDMD2) is a rare disease characterized
by muscle weakness, muscle wasting, and cardiomyopathy with conduction defects. The mutated
protein lamin A/C binds several nuclear envelope components including the Linker of Nucleoskeleton
and Cytoskeleton (LINC) complex and the inner nuclear membrane protein Samp1 (Spindle Associated
Membrane Protein 1). Considering that Samp1 is upregulated during muscle cell differentiation and it
is involved in nuclear movement, we hypothesized that it could be part of the protein platform formed
by LINC proteins and prelamin A at the myotube nuclear envelope and, as previously demonstrated
for those proteins, could be affected in EDMD2. Our results show that Samp1 is uniformly distributed
at the nuclear periphery of normal human myotubes and committed myoblasts, but its anchorage at
the nuclear poles is related to the presence of farnesylated prelamin A and it is disrupted by the loss of
prelamin A farnesylation. Moreover, Samp1 is absent from the nuclear poles in EDMD2 myotubes,
which shows that LMNA mutations associated with muscular dystrophy, due to reduced prelamin A
levels in muscle cell nuclei, impair Samp1 anchorage. Conversely, SUN1 pathogenetic mutations do
not alter Samp1 localization in myotubes, which suggests that Samp1 lies upstream of SUN1 in nuclear
envelope protein complexes. The hypothesis that Samp1 is part of the protein platform that regulates
microtubule nucleation from the myotube nuclear envelope in concert with pericentrin and LINC
components warrants future investigation. As a whole, our data identify Samp1 as a new contributor
to EDMD2 pathogenesis and our data are relevant to the understanding of nuclear clustering occurring
in laminopathic muscle.
Keywords: Emery-Dreifuss Muscular Dystrophy type 2 (EDMD2); Samp1 (NET5); prelamin A; LINC
complex; myonuclear positioning

1. Introduction
The nuclear envelope is linked to chromatin on the nucleoplasmic side and cytoskeleton on the
outer side [1]. The connection between compartments is provided by the nuclear lamina and the LINC
complexes formed by interactions between KASH domains of proteins traversing the outer nuclear
membrane (nesprins) and the SUN domains of SUN proteins, which are located in the perinuclear
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space [2,3]. The LINC complex is conserved from yeast to mammals and has been found to have
essential roles in many cell functions including cell polarization, nuclear migration and positioning [4].
The latter process plays a key role in differentiating neuronal [5] and muscle cells [6] and requires
centrosome anchorage to the nuclear envelope and microtubules [7–9]. Consistently, loss of centrosome
function and altered nuclear movement have been linked both in experimental models [10] and in
human muscular diseases [11–13]. It has been demonstrated that nesprin-2G, SUN2, and lamin A/C
are indispensable for centrosome orientation and nuclear movement in muscle cells [14] and LINC
complex proteins defects cause altered myonuclear positioning in muscular dystrophies [13,15–17].
These data have been confirmed in experimental models [15,17] and the involvement of other KASH
domain proteins has been demonstrated [11,18–20]. Moreover, we have identified pericentrin as the
first centrosomal protein affected in muscular dystrophy and, in particular, in cells bearing SUN1
mutations [17].
Anchoring centrosomes close to the nucleus was also shown to depend on the inner nuclear
membrane protein Samp1 [21]. In fact, Samp1 directs localization of gamma-tubulin, which is a major
component of centrosomal complexes [22]. Furthermore, Samp1 interacts with LINC proteins SUN2,
SUN1, emerin, and A-type lamins [23–25] and interferes with nuclear movement [26]. Samp1 is
required for muscle cell differentiation, which was demonstrated in mouse myoblasts and human
induced pluripotent stem cells [27,28]. In this context, we consider particularly important the nuclear
poles and the nuclear envelope interplay with centrosomal proteins. We previously observed that
the opposite poles of myonuclei in most cases located along the major longitudinal axis of myoblasts
and myotubes are characterized by a specific composition of the nuclear envelope with enrichment of
SUN2 and farnesylated prelamin A [15]. Nuclear movement is oriented and the position of the nuclear
poles is in relation with that of the centrosome. The nuclear poles’ position is usually behind it during
nuclear movement. Microtubule nucleation occurs from the nuclear envelope in myotubes. Thus,
the loss of the nuclear envelope integrity affects microtubule organization and nuclear positioning [17].
We had previously demonstrated that farnesylated prelamin A is necessary to recruit SUN1 to
the nuclear envelope of differentiating muscle cells and it is required for the accumulation of SUN2
at the nuclear poles [15]. In that study, we compared normal human myoblasts with cells from type
2 Emery-Dreifuss muscular dystrophy (EDMD2), which is a disorder caused by LMNA mutations
and characterized by muscle weakness, muscle wasting, and cardiomyopathy [15,29]. We found
that reduced prelamin A levels in EDMD2 muscle impair SUN1 recruitment to the nuclear envelope
and accumulation of SUN2 at the nuclear poles and cause myonuclear clustering [15]. Clustering
of myonuclei was also observed in muscle cells bearing SUN1 mutations, which supports the view
that lamins and LINC complex proteins are required for proper myonuclear positioning [17]. In fact,
movement and anchorage of myonuclei during myogenesis or muscle injury repair are regulated
through complex mechanisms, but are not fully elucidated [6,15,17,19].
In this study, we hypothesized that Samp1 could be part of the protein platform formed by
LINC proteins and prelamin A at the myotube nuclear envelope and, as previously demonstrated
for those proteins, could be affected in EDMD2. Our results show that Samp1 is recruited to the
nuclear envelope of human myotubes and myoblasts committed to differentiation and persists in
mature human muscle, which supports previous data obtained in murine cells [27]. Although we
observe a uniform distribution of Samp1 in the nuclear envelope, loss of prelamin A farnesylation [15]
causes Samp1 mislocalization from the nuclear poles. Moreover, in EDMD2 myotubes, Samp1 is
overall preserved at the nuclear envelope, which is reported in Reference [30], but it is missing from
the nuclear poles. Thus, a protein platform including farnesylated prelamin A, SUN proteins, and
Samp1 is located at the nuclear poles of myonuclei and it is disrupted in EDMD2. Samp1 loss from the
nuclear poles might contribute to an altered interplay of the nucleus with cytoskeleton or centrosomal
constituents in EDMD2.
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2. Materials and Methods
2.1. Cell Cultures and Treatments
Control and EDMD2 myoblast cultures were established, as previously described [15], from
muscle biopsies of consenting patients according to local and EU ethical rules. Cells were cultured in
D-MEM plus 20% fetal calf serum and antibiotics. To obtain myotubes, confluent myoblast cultures
at 100% confluence were kept in culture medium for 7 to 10 days. In the EDMD2 myoblasts used in
this study, the R190Q/R249Q LMNA mutations had been determined in a single allele [31]. Moreover,
we used myoblasts from an EDMD2 patient harboring the H506P LMNA mutation [32] and a muscular
dystrophy linked to the compound heterozygous P68D/G338S SUN1 mutation [17]. Accumulation of
non-farnesylated prelamin A was obtained after 18 h of treatment of differentiating myoblasts with
20 µM Mevinolin (Sigma).
2.2. Muscle Biopsies
Skeletal muscle biopsies from healthy subjects and an EDMD2 patient bearing the H506P LMNA
mutation were frozen in melting isopentane and stored in liquid nitrogen. Cryo-sections were
fixed in 2% paraformaldehyde, permeabilized with 0.05% Triton X-100 in PBS, and subjected to
immunofluorescence staining.
2.3. Immunofluorescence Analysis
Cells fixed in 4% paraformaldehyde were treated with 0.15% Triton X-100 and stained according
to previously published protocols [15]. The following primary antibodies were used: anti-Samp1 (from
Hallberg laboratory); anti-lamin B and anti-pericentrin from Abcam (Cambridge, UK); anti-desmin
and anti-emerin from Monosan (Uden, The Netherlands); anti-SUN1 and anti-SUN2 from Sigma
(St. Louis, MO, USA); anti-farnesylated prelamin A (1188-2) from Diatheva (Pesaro, Italy), anti-caveolin
3 from BD Transduction (San Francisco, CA, USA); anti-prelamin A (Sc-6214) form Santa Cruz
Biotechnology (Dallas, TX, USA), and anti-laminin alpha2 from Chemicon (Massachusetts, MA, USA).
Image acquisition was performed by using a Nikon Eclipse Ni epifluorescence microscope equipped
with a digital CCD camera and NIS-Elements 4.3 AR software. Photoshop CS was used for image
processing. Mean fluorescence intensity was measured by using NIS-Elements 4.3 AR.
2.4. Proximity Ligation Assay (PLA)
In-situ PLA was performed by using the Duolink Fluorescence kit (Duolink® In Situ Red Starter
Kit Goat/Rabbit) from Sigma (St. Louis, MO, USA), according to previously described protocols [33].
For PLA, anti-Samp1 and anti-prelamin A antibodies were applied to human myotube cultures. Image
acquisition was performed by using the Nikon Eclipse Ni fluorescence microscope equipped with
a digital CCD camera and NIS Elements AR 4.3 software. PLA signals were counted by using the
Duolink ImageTool software from Sigma (St. Louis, MO, USA). Duolink ImageTool is a dedicated and
user-friendly software, specifically designed for objective quantification/counting of PLA signals in
images generated from fluorescence microscopy. The nuclei are automatically detected and cytoplasm
size estimated, enabling single cell statistical analysis of expression levels in tissue or cell populations.
2.5. Statistical Analysis
All data except PLA were obtained in three diverse control myoblast cultures and in both EDMD2
myoblast cultures bearing the LMNA mutations described above. At least 100 nuclei were counted
or measured for fluorescence intensity unless differently stated in figure legends. Data obtained
from three different experiments were analyzed by using the Mann-Whitney non-parametric test and
reported in graphs as a mean of three independent experiments ± standard error. A p value < 0.05 was
considered as statistically significant.
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Samp1 has been recently shown to interact with gamma-tubulin, which is a major part of
centrosomes [22]. In this case, we wanted to check the fate of pericentrin, which is a major binding
partner of gamma-tubulin that is associated with the centrosome in proliferating myoblasts and moves
to the nuclear periphery in myotubes [17,33]. Figure 2d shows localization of pericentrin at the nuclear
periphery and accumulation at the nuclear poles of myonuclei [17]. Pericentrin localization is preserved
in mevinolin-treated cells even though, in drug-treated myotubes, a percentage of pericentrin negative
nuclear poles is observed (Figure 2d). The evaluation of these results (Figure 2d) suggests that prelamin
A affects Samp1 as well as LINC protein localization in a significant percentage of myotube nuclei.
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observed in EDMD2 myoblasts committed to differentiation and in myotubes (Figure 4a). Overall
reduction of prelamin A fluorescence intensity was observed in 40% to 50% of EDMD2 myoblasts, as
reported in Reference [15], and prelamin A was undetectable in the nuclear poles devoid of Samp1
staining (Figure 4b).
We also observed significant reduction of pericentrin fluorescence intensity at the nuclear
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recruitment during myotube formation as previously observed in SUN1 and nesprin 1 mutant
cells [13,17]. This finding is relevant in view of the reported interplay of Samp1 with centrosomal
constituents. In EDMD2 mature muscle, we observed mis-localization of Samp1 from the nuclear
envelope of myonuclei. In fact, double immunolabeling of Samp1 and laminin alpha 2, which lines the
basal lamina of myofibers, demonstrated that nuclei inside control muscle fibers were Samp1 positive
and the protein was located at the nuclear periphery, which was previously reported in Reference [30],
while interstitial nuclei presented a faint staining (Figure 4d). In EDMD2 myonuclei bearing the H506P
LMNA mutation [32], Samp1 was mis-localized in the vast majority (80%) of examined myofibers
(Figure 4d) possibly due to a loss of interaction with farnesylated prelamin A, which is dramatically
reduced in EDMD2 muscle fibers [15].
4. Discussion
Muscular dystrophies are caused by mutations in a number of apparently unrelated genes [34].
However, they cause, in most cases, muscle weakness and wasting and a typical disproportion of
myofibers with fibrosis and fat substitution. These considerations suggest that common pathogenetic
mechanisms might be involved in muscular dystrophies. Altered anchorage of myonuclei and
myonuclear clustering have been linked to the pathogenesis of muscle disorders associated or not with
mutations in nuclear envelope proteins [13,15,17,35]. Nuclear positioning is particularly important in
muscle cells during differentiation since uneven nuclear spacing causes the formation of myonuclear
domains of different sizes, which affects muscle function [6,36]. The list of nuclear envelope and LINC
proteins involved in nuclear positioning in muscle includes prelamin A [15], emerin [37,38], SUN1,
SUN2 [15,18], and nesprins [39], which are major players on the cytoplasmic side [13,39]. Our results
add Samp1 as a new component of a complex required at the nuclear poles of differentiating myoblasts
and is most likely aimed at centrosome interplay during nuclear movement [21].
During myogenic differentiation, prelamin A is increased at the nuclear envelope [40] in its
farnesylated form [15] and it is accumulated at the nuclear poles. Accumulated prelamin A recruits
SUN1 and directs accumulation of SUN2 at nuclear poles [15]. This is an area where key centrosomal
proteins are found during myogenesis [13,17,33]. Since loss of Samp1 from the nuclear poles is
elicited by the impairment of prelamin A farnesylation in normal human myotubes, we suggest that
farnesylated prelamin A is also required to anchor Samp1 in the nuclear poles of differentiated muscle
cells. In support of this hypothesis, enrichment of prelamin A-Samp1 PLA signals is measured at
the nuclear poles of myonuclei. SUN1, SUN2, and prelamin A polarization are required for proper
positioning of myonuclei. Thus, loss of polarized proteins has been linked to the presence of clustered
nuclei [15,17]. These nuclei may often appear as a single elongated nucleus in the skeletal and cardiac
muscle of patients affected by EDMD2 or dilated cardiomyopathy (DCM-CD) [16].
Importantly, although in the majority of myonuclei Samp1 is evenly distributed in the nuclear
envelope, mutations in LMNA disrupt Samp1 localization specifically at the nuclear poles. Our results
are in agreement with published data showing reduced Samp1 levels at the nuclear envelope of cells
depleted of lamin A/C [26] and reinforce the concept that Samp1 interplay with A type lamins is
functionally relevant for myogenesis. However, in agreement with the observation that Samp1 binds
mature lamin A [26], the nuclear envelope protein is retained in the nuclear rim out of the nuclear poles
after inhibition of prelamin A farnesylation, which is most likely through mature lamin A binding.
In EDMD2 mature muscle, Samp1 is almost completely mis-localized from the nuclear envelope with
a low percentage of negative nuclei. A previous study [30] showed that Samp1 is correctly localized
in myofibers from EDMD2 patients. As for other nuclear envelope proteins analyzed by the same
authors [30], the different outcome of our Samp1 study may be related to the different LMNA mutation.
In particular, the heterozygous compound R190Q/R249Q LMNA mutation associated in the patient
with severe cardiomyopathy that leads to heart transplantation and severe skeletal muscle wasting [31],
might disrupt Samp1 anchorage by affecting two lamin A/C domains. However, the H506P LMNA
mutation also caused Samp1 mis-localization from the nuclear poles, which suggests that reduction of
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lamin A and/or prelamin A levels plays a major role in Samp1 loss in laminopathic muscle. In this
study, we found that lamin B and emerin were not reduced at the nuclear poles of EDMD2 myotubes
even though they showed an unordered distribution at the nuclear envelope. To fully elucidate the
relevance of Samp1 in EDMD2 pathogenesis, it will be relevant to test the interplay between Samp1
and mutated lamin A/C as well as Samp1 interplay with emerin, lamin B, and LAP2 alpha in EDMD2
muscle [41–43].
The data reported in this paper and previous findings allow us to state that, in the EDMD2
myonuclear envelope, (1) prelamin A levels and SUN1 interaction are reduced, (2) SUN2 and prelamin
A are not enriched at the nuclear poles, and (3) Samp1 is absent from most of the nuclear poles.
These data and the reported clustering of myonuclei caused by pathogenetic LMNA mutations
strengthen the hypothesis that the nuclear poles of differentiating muscle cells hold a protein complex
(including the LINC complex proteins) aimed at an interaction with centrosomal proteins for proper
nuclear movement and positioning. Several papers show altered myonuclear positioning in cells
devoid of LMNA [11], SUN1/SUN2 [18], or nesprin [13,39]. We have observed a striking clustering of
myonuclei in myotubes bearing heterozygote compound mutations in SUN1 [17]. Those cells have
been obtained from a patient affected by an EDMD-like muscular dystrophy with cardiac involvement.
Importantly, in SUN1-mutated myotubes showing myonuclear clustering, the centrosomal protein
pericentrin fails to localize at the nuclear periphery. In this paper, we report that pericentrin levels
are also reduced in EDMD2 myotubes. Given its involvement in centrosome complexes and nuclear
movement, Samp1 is an obvious candidate for pericentrin functional interaction.
A number of published papers show that mutations in lamins disrupt localization of lamin binding
partners at limited areas of the nuclear envelope. For instance, lamin B loss from the nuclear blebs
formed in laminopathic cells has been reported in familial partial lipodystrophy [44], EDMD2 [45],
and cells from atypical-progeria [46]. This phenomenon has been interpreted as due to the existence of
separate, but interacting, lamin microdomains with diverse functions in chromatin organization and
transcription [47]. In this paper, we propose the existence of a new lamin microdomain, the myo-nuclear
pole complex, as a specialized protein platform in muscle nuclei and affected in muscle diseases of
the nuclear envelope. Defects in Samp1 and its binding partners could impair nuclear movement
occurring during myoblast differentiation [15] or reduce the myoblast ability to adapt to the forming
extracellular matrix [3]. This is a topic that deserves further studies.
Author Contributions: Conceptualization, G.L.; Methodology, E.M.; Software, E.M.; Validation, E.M. and M.H.J.;
Formal Analysis, E.M.; Investigation, E.M., E.S. and M.C.; Resources, G.L.; Data Curation, E.M.; Writing-Original
Draft Preparation, G.L.; Writing-Review & Editing, E.M., G.L., and E.H.; Supervision, G.L.; Project Administration,
G.L. for CNR-IGM; Funding Acquisition, G.L.
Funding: This research was funded by a grant from AIDMED and Associazione Alessandra Proietti to GL, Italian
MIUR PRIN 2016 (prot. 2015FBNB5Y to GL), IOR 5 per mille project 2013 and 2014 to G.L., M.C. and E.M.
Acknowledgments: The authors thank patients and clinicians for donating samples, the Italian Network for
Laminopathies for support and discussion and Aurelio Valmori for the technical assistance.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.

4.

Burke, B.; Stewart, C.L. The nuclear lamins: Flexibility in function. Nat. Rev. Mol. Cell Biol. 2013, 14, 13–24.
[CrossRef] [PubMed]
Chang, W.; Worman, H.J.; Gundersen, G.G. Accessorizing and anchoring the linc complex for multifunctionality.
J. Cell Biol. 2015, 208, 11–22. [CrossRef] [PubMed]
Schwartz, C.; Fischer, M.; Mamchaoui, K.; Bigot, A.; Lok, T.; Verdier, C.; Duperray, A.; Michel, R.; Holt, I.;
Voit, T.; et al. Lamins and nesprin-1 mediate inside-out mechanical coupling in muscle cell precursors
through fhod1. Sci. Rep. 2017, 7, 1253. [CrossRef] [PubMed]
Lee, Y.L.; Burke, B. Linc complexes and nuclear positioning. Semin. Cell Dev. Biol. 2018, 82, 67–76. [CrossRef]
[PubMed]

Cells 2018, 7, 170

5.

6.
7.
8.
9.
10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

10 of 12

Zhang, X.; Lei, K.; Yuan, X.; Wu, X.; Zhuang, Y.; Xu, T.; Xu, R.; Han, M. Sun1/2 and syne/nesprin-1/2
complexes connect centrosome to the nucleus during neurogenesis and neuronal migration in mice. Neuron
2009, 64, 173–187. [CrossRef] [PubMed]
Roman, W.; Gomes, E.R. Nuclear positioning in skeletal muscle. Semin. Cell Dev. Biol. 2018, 82, 51–56. [CrossRef]
[PubMed]
Wilson, K.L.; Berk, J.M. The nuclear envelope at a glance. J. Cell Sci. 2010, 123, 1973–1978. [CrossRef]
[PubMed]
Gomes, E.R.; Jani, S.; Gundersen, G.G. Nuclear movement regulated by cdc42, mrck, myosin, and actin flow
establishes mtoc polarization in migrating cells. Cell 2005, 121, 451–463. [CrossRef] [PubMed]
Espigat-Georger, A.; Dyachuk, V.; Chemin, C.; Emorine, L.; Merdes, A. Nuclear alignment in myotubes
requires centrosome proteins recruited by nesprin-1. J. Cell Sci. 2016, 129, 4227–4237. [CrossRef] [PubMed]
Chang, W.; Folker, E.S.; Worman, H.J.; Gundersen, G.G. Emerin organizes actin flow for nuclear movement
and centrosome orientation in migrating fibroblasts. Mol. Biol. Cell 2013, 24, 3869–3880. [CrossRef] [PubMed]
Gnocchi, V.F.; Scharner, J.; Huang, Z.; Brady, K.; Lee, J.S.; White, R.B.; Morgan, J.E.; Sun, Y.B.; Ellis, J.A.;
Zammit, P.S. Uncoordinated transcription and compromised muscle function in the Lmna-null mouse model
of Emery- Dreifuss muscular dystrophy. PLoS ONE 2011, 6, e16651. [CrossRef] [PubMed]
Folker, E.S.; Ostlund, C.; Luxton, G.W.; Worman, H.J.; Gundersen, G.G. Lamin A variants that cause
striated muscle disease are defective in anchoring transmembrane actin-associated nuclear lines for nuclear
movement. Proc. Natl. Acad. Sci. USA 2011, 108, 131–136. [CrossRef] [PubMed]
Gimpel, P.; Lee, Y.L.; Sobota, R.M.; Calvi, A.; Koullourou, V.; Patel, R.; Mamchaoui, K.; Nedelec, F.;
Shackleton, S.; Schmoranzer, J.; et al. Nesprin-1alpha-dependent microtubule nucleation from the nuclear
envelope via akap450 is necessary for nuclear positioning in muscle cells. Curr. Biol. 2017, 27, 2999–3009.
[CrossRef] [PubMed]
Chang, W.; Antoku, S.; Ostlund, C.; Worman, H.J.; Gundersen, G.G. Linker of nucleoskeleton and cytoskeleton
(LINC) complex-mediated actin-dependent nuclear positioning orients centrosomes in migrating myoblasts.
Nucleus 2015, 6, 77–88. [CrossRef] [PubMed]
Mattioli, E.; Columbaro, M.; Capanni, C.; Maraldi, N.M.; Cenni, V.; Scotlandi, K.; Marino, M.T.; Merlini, L.;
Squarzoni, S.; Lattanzi, G. Prelamin A-mediated recruitment of sun1 to the nuclear envelope directs nuclear
positioning in human muscle. Cell Death Differ. 2011, 18, 1305–1315. [CrossRef] [PubMed]
Roncarati, R.; Viviani Anselmi, C.; Krawitz, P.; Lattanzi, G.; von Kodolitsch, Y.; Perrot, A.; di Pasquale, E.;
Papa, L.; Portararo, P.; Columbaro, M.; et al. Doubly heterozygous LMNA and TTN mutations revealed
by exome sequencing in a severe form of dilated cardiomyopathy. Eur. J. Hum. Genet. 2013, 21, 1105–1111.
[CrossRef] [PubMed]
Meinke, P.; Mattioli, E.; Haque, F.; Antoku, S.; Columbaro, M.; Straatman, K.R.; Worman, H.J.;
Gundersen, G.G.; Lattanzi, G.; Wehnert, M.; et al. Muscular dystrophy-associated SUN1 and SUN2 variants
disrupt nuclear-cytoskeletal connections and myonuclear organization. PLoS Genet. 2014, 10, e1004605.
[CrossRef] [PubMed]
Lei, K.; Zhang, X.; Ding, X.; Guo, X.; Chen, M.; Zhu, B.; Xu, T.; Zhuang, Y.; Xu, R.; Han, M. SUN1 and SUN2
play critical but partially redundant roles in anchoring nuclei in skeletal muscle cells in mice. Proc. Natl.
Acad. Sci. USA. 2009, 106, 10207–10212. [CrossRef] [PubMed]
Mejat, A.; Decostre, V.; Li, J.; Renou, L.; Kesari, A.; Hantai, D.; Stewart, C.L.; Xiao, X.; Hoffman, E.; Bonne, G.;
et al. Lamin A/C-mediated neuromuscular junction defects in emery-dreifuss muscular dystrophy. J. Cell
Biol. 2009, 184, 31–44. [CrossRef] [PubMed]
Puckelwartz, M.J.; Kessler, E.; Zhang, Y.; Hodzic, D.; Randles, K.N.; Morris, G.; Earley, J.U.; Hadhazy, M.;
Holaska, J.M.; Mewborn, S.K.; et al. Disruption of nesprin-1 produces an emery dreifuss muscular
dystrophy-like phenotype in mice. Hum. Mol. Genet. 2009, 18, 607–620. [CrossRef] [PubMed]
Buch, C.; Lindberg, R.; Figueroa, R.; Gudise, S.; Onischenko, E.; Hallberg, E. An integral protein of the inner
nuclear membrane localizes to the mitotic spindle in mammalian cells. J. Cell Sci. 2009, 122, 2100–2107.
[CrossRef] [PubMed]
Larsson, V.J.; Jafferali, M.H.; Vijayaraghavan, B.; Figueroa, R.A.; Hallberg, E. Mitotic spindle assembly and
gamma-tubulin localisation depend on the integral nuclear membrane protein samp1. J. Cell Sci. 2018, 131,
jcs211664. [CrossRef] [PubMed]

Cells 2018, 7, 170

23.
24.

25.

26.

27.
28.

29.

30.

31.

32.

33.
34.
35.

36.
37.

38.

39.

40.

11 of 12

Gudise, S.; Figueroa, R.A.; Lindberg, R.; Larsson, V.; Hallberg, E. Samp1 is functionally associated with the
linc complex and a-type lamina networks. J. Cell Sci. 2011, 124, 2077–2085. [CrossRef] [PubMed]
Jafferali, M.H.; Vijayaraghavan, B.; Figueroa, R.A.; Crafoord, E.; Gudise, S.; Larsson, V.J.; Hallberg, E. Mclip,
an effective method to detect interactions of transmembrane proteins of the nuclear envelope in live cells.
Biochim. Biophys. Acta 2014, 1838, 2399–2403. [CrossRef] [PubMed]
Vijayaraghavan, B.; Figueroa, R.A.; Bergqvist, C.; Gupta, A.J.; Sousa, P.; Hallberg, E. RanGTPase regulates
the interaction between the inner nuclear membrane proteins, samp1 and emerin. Biochim. Biophys. Acta
2018, 1860, 1326–1334. [CrossRef] [PubMed]
Borrego-Pinto, J.; Jegou, T.; Osorio, D.S.; Aurade, F.; Gorjanacz, M.; Koch, B.; Mattaj, I.W.; Gomes, E.R. Samp1
is a component of tan lines and is required for nuclear movement. J. Cell Sci. 2012, 125, 1099–1105. [CrossRef]
[PubMed]
Jafferali, M.H.; Figueroa, R.A.; Hasan, M.; Hallberg, E. Spindle associated membrane protein 1 (Samp1) is
required for the differentiation of muscle cells. Sci. Rep. 2017, 7, 16655. [CrossRef] [PubMed]
Bergqvist, C.; Jafferali, M.H.; Gudise, S.; Markus, R.; Hallberg, E. An inner nuclear membrane protein induces
rapid differentiation of human induced pluripotent stem cells. Stem Cell Res. 2017, 23, 33–38. [CrossRef]
[PubMed]
Bernasconi, P.; Carboni, N.; Ricci, G.; Siciliano, G.; Politano, L.; Maggi, L.; Mongini, T.; Vercelli, L.; Rodolico, C.;
Biagini, E.; et al. Elevated TGF beta2 serum levels in emery-dreifuss muscular dystrophy: Implications
for myocyte and tenocyte differentiation and fibrogenic processes. Nucleus 2018, 9, 292–304. [CrossRef]
[PubMed]
Le Thanh, P.; Meinke, P.; Korfali, N.; Srsen, V.; Robson, M.I.; Wehnert, M.; Schoser, B.; Sewry, C.A.;
Schirmer, E.C. Immunohistochemistry on a panel of Emery-Dreifuss muscular dystrophy samples reveals
nuclear envelope proteins as inconsistent markers for pathology. Neuromuscul. Disord. 2017, 27, 338–351.
[CrossRef] [PubMed]
Cenni, V.; Sabatelli, P.; Mattioli, E.; Marmiroli, S.; Capanni, C.; Ognibene, A.; Squarzoni, S.; Maraldi, N.M.;
Bonne, G.; Columbaro, M.; et al. Lamin a n-terminal phosphorylation is associated with myoblast activation:
Impairment in Emery-Dreifuss muscular dystrophy. J. Med. Genet. 2005, 42, 214–220. [CrossRef] [PubMed]
Angori, S.; Capanni, C.; Faulkner, G.; Bean, C.; Boriani, G.; Lattanzi, G.; Cenni, V. Emery-Dreifuss muscular
dystrophy-associated mutant forms of lamin a recruit the stress responsive protein Ankrd2 into the nucleus,
affecting the cellular response to oxidative stress. Cell. Physiol. Biochem. 2017, 42, 169–184. [CrossRef]
[PubMed]
Srsen, V.; Fant, X.; Heald, R.; Rabouille, C.; Merdes, A. Centrosome proteins form an insoluble perinuclear
matrix during muscle cell differentiation. BMC Cell Biol. 2009, 10, 28. [CrossRef] [PubMed]
Janin, A.; Bauer, D.; Ratti, F.; Millat, G.; Mejat, A. Nuclear envelopathies: a complex linc between nuclear
envelope and pathology. Orphanet J. Rare Dis. 2017, 12, 147. [CrossRef] [PubMed]
Chapman, M.A.; Zhang, J.; Banerjee, I.; Guo, L.T.; Zhang, Z.; Shelton, G.D.; Ouyang, K.; Lieber, R.L.; Chen, J.
Disruption of both nesprin 1 and desmin results in nuclear anchorage defects and fibrosis in skeletal muscle.
Hum. Mol. Genet. 2014, 22, 5879–5892. [CrossRef] [PubMed]
Cadot, B.; Gache, V.; Gomes, E.R. Moving and positioning the nucleus in skeletal muscle-one step at a time.
Nucleus 2015, 6, 373–381. [CrossRef] [PubMed]
Salpingidou, G.; Smertenko, A.; Hausmanowa-Petrucewicz, I.; Hussey, P.J.; Hutchison, C.J. A novel role for
the nuclear membrane protein emerin in association of the centrosome to the outer nuclear membrane. J. Cell
Biol. 2007, 178, 897–904. [CrossRef] [PubMed]
Wheeler, M.A.; Davies, J.D.; Zhang, Q.; Emerson, L.J.; Hunt, J.; Shanahan, C.M.; Ellis, J.A. Distinct functional
domains in nesprin-1alpha and nesprin-2beta bind directly to emerin and both interactions are disrupted in
x-linked Emery-Dreifuss muscular dystrophy. Exp. Cell Res. 2007, 313, 2845–2857. [CrossRef] [PubMed]
Stroud, M.J.; Feng, W.; Zhang, J.; Veevers, J.; Fang, X.; Gerace, L.; Chen, J. Nesprin 1alpha2 is essential
for mouse postnatal viability and nuclear positioning in skeletal muscle. J. Cell Biol. 2017, 216, 1915–1924.
[CrossRef] [PubMed]
Capanni, C.; Del Coco, R.; Squarzoni, S.; Columbaro, M.; Mattioli, E.; Camozzi, D.; Rocchi, A.; Scotlandi, K.;
Maraldi, N.; Foisner, R.; et al. Prelamin A is involved in early steps of muscle differentiation. Exp. Cell Res.
2008, 314, 3628–3637. [CrossRef] [PubMed]

Cells 2018, 7, 170

41.
42.

43.

44.

45.

46.

47.

12 of 12

Gesson, K.; Vidak, S.; Foisner, R. Lamina-associated polypeptide (LAP)2alpha and nucleoplasmic lamins in
adult stem cell regulation and disease. Semin. Cell Dev. Biol. 2014, 29, 116–124. [CrossRef] [PubMed]
Pilat, U.; Dechat, T.; Bertrand, A.T.; Woisetschlager, N.; Gotic, I.; Spilka, R.; Biadasiewicz, K.; Bonne, G.;
Foisner, R. The muscle dystrophy-causing deltak32 lamin A/C mutant does not impair the functions of
the nucleoplasmic lamin-A/C-LAP2alpha complex in mice. J. Cell Sci. 2013, 126, 1753–1762. [CrossRef]
[PubMed]
Bertrand, A.T.; Renou, L.; Papadopoulos, A.; Beuvin, M.; Lacene, E.; Massart, C.; Ottolenghi, C.; Decostre, V.;
Maron, S.; Schlossarek, S.; et al. Delk32-lamin A/C has abnormal location and induces incomplete tissue
maturation and severe metabolic defects leading to premature death. Hum. Mol. Genet. 2012, 21, 1037–1048.
[CrossRef] [PubMed]
Capanni, C.; Cenni, V.; Mattioli, E.; Sabatelli, P.; Ognibene, A.; Columbaro, M.; Parnaik, V.K.; Wehnert, M.;
Maraldi, N.M.; Squarzoni, S.; et al. Failure of lamin A/C to functionally assemble in R482L mutated familial
partial lipodystrophy fibroblasts: Altered intermolecular interaction with emerin and implications for gene
transcription. Exp. Cell Res 2003, 291, 122–134. [CrossRef]
Muchir, A.; Medioni, J.; Laluc, M.; Massart, C.; Arimura, T.; van der Kooi, A.J.; Desguerre, I.; Mayer, M.;
Ferrer, X.; Briault, S.; et al. Nuclear envelope alterations in fibroblasts from patients with muscular dystrophy,
cardiomyopathy, and partial lipodystrophy carrying lamin A/C gene mutations. Muscle Nerve 2004, 30,
444–450. [CrossRef] [PubMed]
Taimen, P.; Pfleghaar, K.; Shimi, T.; Moller, D.; Ben-Harush, K.; Erdos, M.R.; Adam, S.A.; Herrmann, H.;
Medalia, O.; Collins, F.S.; et al. A progeria mutation reveals functions for lamin A in nuclear assembly,
architecture, and chromosome organization. Proc. Natl. Acad. Sci. USA 2009, 106, 20788–20793. [CrossRef]
[PubMed]
Shimi, T.; Pfleghaar, K.; Kojima, S.; Pack, C.G.; Solovei, I.; Goldman, A.E.; Adam, S.A.; Shumaker, D.K.;
Kinjo, M.; Cremer, T.; et al. The A- and B-type nuclear lamin networks: Microdomains involved in chromatin
organization and transcription. Genes Dev. 2008, 22, 3409–3421. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

