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Abstract

The nuclear face of the nuclear membrane is enriched with the intermediate filament protein lamin A. Mutations in LMNA, the
gene encodinglamin A, lead to a diverse set of inherited conditions including myopathies that affect both the heart and skeletal
muscle. To gain insight about lamin A protein interactions, binding proteins associated with the tail of lamin A were
characterized. Of 130 nuclear proteins found associated with the lamin A tail, 17 (13%) were previously described lamin A
binding partners. One protein not previously linked to lamin A, matrin-3, was selected for further study, because like LMNA
mutations, matrin-3 has also been implicated in inherited myopathy. Matrin-3 binds RNA and DNA and is a nucleoplasmic
protein originally identified from the insoluble nuclear fraction, referred to as the nuclear matrix. Anti-matrin-3 antibodies were
found to co-immunoprecipitate lamin A, and the lamin-A binding domain was mapped to the carboxy-terminal half of matrin-
3. Three-dimensional mapping of the lamin A-matrin-3 interface showed that the LMNA truncating mutation A303, which lacks
the matrin-3 binding domain, was associated with an increased distance between lamin A and matrin-3. LMNA mutant cells are
known to have altered biophysical properties and the matrin-3-lamin A interface is positioned to contribute to these defects.

Introduction

The nuclear membrane is composed of an inner and outer mem-
brane separated by the perinuclear space. The inner nuclear
membrane is supported by a dense intermediate filament net-
work known as the nuclear lamina (1). In dividing cells, the nu-
clear lamina contains B type lamins and to a lesser extent A
type lamins. The A type lamins include lamins A and C and are
encoded by the single LMNA gene. Mutations in LMNA lead to a
wide array of inherited disease including skeletal and cardiac
myopathies, lipodystrophy, premature aging and others (2). The
mechanisms by which mutations in this single gene lead to

these diverse phenotypes is likely multifold as multiple nuclear
functions are affected by LMNA mutations including gene expres-
sion, nuclear shape and position, chromosomal positioning and
other cellular processes (3). More than 300 LMNA mutations have
been implicated in human disease (4), and autosomal dominance
is the major mode of inheritance for LMNA mutations thatlead to
cardiac and skeletal muscle myopathy. Lamins A and C are iden-
tical over their first 556 amino acids differing only in their car-
boxy-terminus. Prelamin A, the precursor of mature lamin A
has an additional carboxy-terminal extension, and this region
contains a sequence that is farnesylated and cleaved, resulting
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in a 645 amino acid mature lamin A protein. These post-transla-
tional modifications allow lamin A to associate with the nuclear
membrane. Lamin C is shorter and primarily adheres to the nu-
clear membrane through its interactions with other lamins,
namely lamin A. The first 33 amino acids of Lamin A/C encode
a short head like domain. The central rod domain of lamin A/C
is defined by amino acids 33-383 followed by the nuclear localiza-
tion signal. Residues 430-545 of lamin A/C form a globular im-
munoglobulin (Ig)-like fold (5).

Lamin A/C like other intermediate filament proteins, di-
merizes as parallel structures mediated by the central rod do-
main. The antiparallel organization of the oligomerized dimers
leads to the formation of intermediate filament proteins with
25 nm periodicity. Lamin A/C assembly requires the rod domain
and part of the short head region (6,7). The Ig domain adopts a
sandwich configuration with nine B strands (5). The LMNA muta-
tion R453W is associated with Emery Dreifuss Muscular Dys-
trophy (EDMD), a disorder with progressive skeletal muscle
loss, muscle weakness and associated cardiomyopathy, and
this position, was mapped to an externally facing portion of the
Igfold. In contrast, a mutation linked to Familial Dunnigan Partial
Lipodystrophy was found to localize to the internal aspects of the
Ig fold suggesting that greater disruption of the Ig fold may in part
explain aspects of LMNA’s tissue-specific effects.

In order to identify potential binding partners of lamin A, the
Ig fold of lamin A was expressed and purified. To address the role
of LMNA mutations in muscle-related phenotypes, potential
binding proteins were identified using a nuclear protein extract
from C2C12 cells, a myogenic cell line that was induced to form
myotubes. One hundred and thirty proteins were found reprodu-
cibly with lamin A tails (LATSs), including 17 proteins which were
previously identified as known lamin A binding partners. Of
these, proteins involved in nucleic acid binding were highly re-
presented including those implicated in RNA processing and
splicing. Matrin-3, a major protein component of the nucleo-
plasm, was identified as a potential lamin A binding partner,
and the gene encoding matrin-3 was previously found to have a
missense mutation in two large unrelated families with inherited
myopathy (8,9). Immunoprecipitation from myogenic C2C12
cells demonstrated association between lamin A and matrin-3.
The LAT bound directly to matrin-3, and one LMNA mutation,
R453W, demonstrated increased binding to matrin-3. Another
mutation associated with inherited myopathy, LMNAA303,
which lacks the LAT was found to have reduced contact surfaces
between matrin-3 and lamin A/C. Together these data provide a
model to explain how the nuclear lamina interacts with nuclear
contents.

Results

Identifying candidate lamin A binding proteins from
myotubes

The LAT domain was expressed, purified and crosslinked to a
sepharose column. In addition to wild-type LAT, the tail domains
from two different myopathy-associated LMNA mutations,
R453W and R527P, were studied (n =4 of each). These mutations
were selected because they each map to different external faces
of the Ig fold (5). The nuclear lamina protein extract was isolated
from differentiated C2C12 myotubes, a mouse muscle cell line,
and this extract was incubated with the immobilized LAT affinity
columns. We confirmed the enrichment of nuclear lamina com-
ponents in the extract by immunoblotting for lamin A/C and
emerin (Fig. 1). Bound proteins were eluted with high salt and

Human Molecular Genetics, 2015, Vol. 24, No. 15 | 4285

subjected to LC-MS/MS analysis. Analysis of the spectra with
Mascot and X! Tandem database searching and Scaffold protein
identification software yielded a list of candidate LAT-interacting
proteins identified by at least one high-confidence peptide
in multiple experiments. This was refined by including only
those proteins with a ratio >2 between unbound beads and LAT
beads, resulting in a list of 130 nuclear protein candidates from
the Mouse Genome Informatics (MGI) database (Supplementary
Material, Table S1 and Fig. S1).

Asummary of the proteinsidentified is shownin Fig. 2A. Known
components of the nucleoplasm, nucleolus, Cajal Body, nuclear
speckles, paraspeckles, nuclear bodies, ribonucleoprotein and
spliceosomal complexes were detected using this approach.
Seventeen of 130 (13%) of the identified nuclear proteins were
known lamin A/C binding proteins including Barrier-to-autointe-
gration factor (BANF1), replication-dependent and independent
histones, LBR, lamin A, lamin B1, emerin, titin and tripartite
motif containing 28 (Trim28) (Table 1). Twenty-six proteins were
known to be associated with the nuclear lamina, nuclear pore or
chromatin. Gene ontology (GO) analysis was conducted on the
list of candidate lamin A binding proteins, and nucleic acid bind-
ing activity was the dominant functional classification (Supple-
mentary Material, Fig. S2). Interestingly, proteins associated with
the GO category ‘RNA processing’ (GO:0006396) were also signifi-
cantly enriched, including ‘mRNA splicing process via spliceo-
some’ (GO:0000398). Proteins associated with ‘RNA transport’
(GO:0050658) and ‘translation’ (GO:0006412) were also found
enriched in the laminome. Nearly all GO categories were shared
between normal and mutant LATs. The only GO category that dif-
fered between wild-type and mutant lamin A proteins was for
‘mRNA splicing process via spliceosome’ (Fig. 2B). This difference
derived from the presence of the splicing factors Transformer-2
protein homolog B (TRA2B), Serine/arginine-rich splicing factor
10 (SFRS13A) and protein Srrm1 (SRRM1) associated with LMNA
R453W and R527P and not wild-type LMNA.

Matrin-3 binds directly to lamin A

The list of potential lamin A binding candidates was surveyed for
proteins implicated in inherited muscle disease and not previ-
ously considered as a lamin A binding protein. Matrin-3 was se-
lected for further analysis because the gene encoding this
protein, MATR3, was previously linked to inherited autosomal
dominant distal myopathy (8,9). A single missense MATR3 muta-
tion, S85C, has been identified in multiple large families with in-
herited myopathy. The Matrin-3 protein was originally identified
from the insoluble nuclear fraction, and because of its nucleo-
plasmic distribution has been considered a nuclear matrix and
scaffolding protein (19,20). Consistent with its nuclear intracellu-
lar localization, matrin-3 binds to both DNA and RNA (21,22).
From the list of LAT binding proteins, 19 were previously reported
as matrin-3 binding partners (Supplementary Material, Table S2).

To investigate the interaction between endogenous lamin A/C
and matrin-3, immunoprecipitation with anti-matrin-3 anti-
bodies was carried out from C2C12 cells that had been differen-
tiated into myotubes. Two different anti-matrin-3 antibodies
resulted in the co-precipitation of lamin A/C (Fig. 3A), although
it appears that only a small fraction of total lamin A/C interacts
with matrin-3. We also found that matrin-3 and lamin A/C co-
purify. Cytoplasmic and nuclear fractions from myotubes were
isolated and an amino-terminally directed matrin-3 antibody
showed co-enrichment with lamin A/C in the insoluble non-
ionic detergent and high salt resistant nuclear lamina protein ex-
tract (Fig. 3B). To determine if matrin-3 and lamin A interact
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Figure 1. Expression of LATs to identify the laminome. (A) Schematic of lamin A (664 amino acids) showing domains and the LAT domain (amino acids 393-664) including
the Ig fold (amino acids 428-550). The structure of lamin A’s Ig fold was previously described (5), Protein Data Base; PDB ID: 1IVT). Positions Arg453 and Arg527 map to
opposite sides of the Ig fold. Wild-type LAT and two mutants associated with EDMD, R453W and R527P, were expressed and incubated with extracts from
differentiated myotubes. (B) Nuclear extracts were prepared from myotubes. The insoluble non-ionic detergent and high salt resistant nuclear lamina protein extract
was separated from the cytoplasmic fraction (left panel). Immunoblotting for lamin A/C and emerin, two known nuclear lamina-associated proteins, showed
enrichment in the nuclear (Nuc) compared with cytoplasmic (Cyt) fractions (middle panels). Nuclear extracts were incubated with wild-type or mutant LATs, and the
protein elution profile from normal (WT), R453W, R527P appeared similar in silver stained SDS gels (right panel). B refers to beads only. One hundred and thirty

proteins were identified reproducibly as binding to LATs.

directly, **S-labeled matrin-3 (847 amino acids) protein was
tested for its ability to bind directly to the LAT. Full-length ma-
trin-3 specifically bound to the wild-type LAT (Fig. 3C). As a con-
trol for non-specific binding, matrin-3 did not bind to two other
control proteins overexpressed at equal abundance, glutathione
S-transferase (GST) and a GST fusion to the C2C domain of a
membrane associated protein (24). These data demonstrate that
matrin-3 binds directly to the Ig fold tail region of lamin A, amino
acids 393-664.

Matrin-3’s carboxy-terminus binds LAT

To identify the region of matrin-3 that binds lamin A, four subdo-
mains of matrin-3 were radiolabeled and tested for binding to
LAT (Fig. 4A). Matrin-3 binding to lamin A was undetectable for
matrin-3 subdomains R1 and R2 (Fig. 4B). In contrast, matrin-3
subdomains R3 and R4 both demonstrated interaction with the
LAT, with potentially higher affinity binding by matrin-3 subdo-
main R3 than R4 (Fig. 4B), consistent with a dual binding site on
matrin-3. Matrin-3 is not the only lamin A binding protein re-
ported to carry a dual binding domain. Protein kinase PKCo and
the nuclear pore protein Nup153 each harbor two distinct lamin
A binding domains (25,26). The binding of full-length matrin-3
protein was tested on two different LMNA mutants R453W and
R527P because these residues fall on different faces of the Ig

fold (5). LMNA R453W, but not R527P, bound more matrin-3, sug-
gesting that this face of lamin A may be more directly implicated
in the matrin-3-lamin A interaction (Fig. 4C). The mean binding
for LAT-R453W was significantly higher (P <0.01) than wild-type
LAT (Fig. 4D).

Matrin-3 is expressed at the nuclear membrane and
in the nucleoplasm

To determine if lamin A/C and matrin-3 co-localize, we per-
formed immunostaining on differentiated myotubes and mature
skeletal muscle using antibodies to either the amino or carboxy-
terminus of matrin-3. In myotubes lamin A is found as the
expected ring at the nuclear membrane (27). When imaging
matrin-3 in myotubes using the amino-terminally directed ma-
trin-3 antibody, the matrin-3 signal was seen in the nuclear ma-
trix as well as at the nuclear membrane (Fig. 5A, top). This nuclear
membrane pattern overlapped with lamin A immunostaining
(Fig. 5A, top). In contrast, imaging matrin-3 with a carboxy-
terminal anti-matrin-3 antibody showed mainly the nucleoplas-
mic pattern and not the enrichment at the nuclear membrane
(Fig. 5A, bottom). The binding studies between lamin A and ma-
trin-3 localized the interaction to the carboxy-terminal half of
matrin-3 (Fig. 4B), and the epitope for the carboxy-terminal anti-
body falls within this region (800-847 amino acids). Therefore itis
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Figure 2. Gene Ontology of 130 proteins identified as binding the LAT. (A) Cellular process annotation was performed using DAVID and MGI databases. The nuclear position
of 130 proteins identified as associating with LAT is shown, and the total number of different protein is indicated in parenthesis. Several proteins have multiple nuclear
locations (see also Supplementary Material, Fig. S1). (B) Biological process (BP) enrichment analysis. Using DAVID database, five processes were found significantly
enriched compared with random background mouse protein list of 13588 proteins (P value <0.001). The only biological process that differed between wild-type LAT
and mutants nuclear mRNA splicing via spliceosome and this difference was due to three proteins (Transformer-2 protein homolog p (TRA2B), Serine/arginine-rich
splicing factor 10 (SFRS13A) and Srrm1 (SRRM1) being associated with mutant but not wild-type LATS.

likely that the epitope for matrin-3 is masked by matrin-3’s inter-
action with lamin A. This same pattern of matrin-3 expression, at
both the nuclear membrane and in the nucleoplasm, was seen in
mature skeletal muscle when using the amino-terminal anti-ma-
trin-3 antibody (Fig. 5B). Both myotubes and mature skeletal
muscle express more lamin A/C compared with undifferentiated
myoblasts (28).

To assess the nuclear localization of matrin-3 during myogenic
differentiation, the amino-terminal and carboxy-terminal anti-
matrin-3 antibodies were used on undifferentiated C2C12 myo-
blasts. In myoblasts, which express little lamin A/C, both the
amino- and carboxy-terminal directed matrin-3 antibodies
showed diffuse nuclear staining (Fig. 6A). Within undifferentiated
C2C12 cultures, there is a range of myogenic differentiation. The
transcription factor myogenin was found to be expressed in only
a subset of cells, consistent with partial entry into the myogenic
lineage. In myogenin-positive myoblasts, the amino-terminal
matrin-3 antibody demonstrated localization at the nuclear mem-
brane (Fig. 6B). More than 95% of myoblasts with matrin-3 nuclear
membrane rings were also myogenin-positive (Fig. 6C). The

presence of myogenin indicates that these cells had entered into
myogenic differentiation. However, myogenin-negative myo-
blasts did not show matrin-3 at the nuclear membrane. Matrin-
3’s presence at the nuclear rim is similar to what was previously
observed for lamin A/C’s expression during myogenesis in
C2C12 cells (28). This colocalization suggests that matrin-3 and
lamin A/C have a shared expression pattern at the nuclear rim
during myogenesis.

Disruption of the normal nuclear lamina-matrix
interaction in LMNAA303 cells

To examine whether the lamin A/matrin-3 interaction affects the
structure of the nuclear lamina, fibroblasts from an individual
with the LMNAA303 truncating mutation were studied. This
mutation truncates lamin A, removing the Ig fold and matrin-3
binding domain, effectively removing the LAT domain. This
LMNAA303 mutation causes cardiomyopathy and muscular dys-
trophy (29-31). For these studies, the carboxy-terminal anti-
matrin-3 antibody was used to examine the distance between
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Table 1. Known lamin-binding proteins identified in the laminome.

Gene ID Name Function Nuclear localization References
BANF1 Barrier to autointegration factor 1 DNA binding Chromosome (10)
EMD Emerin Regulation of protein Nuclear lamina (12)
export from nucleus
Replication-dependent histones
HIST1H1A Histone cluster 1, Hla (linker histone) DNA binding Chromosome (12)
HIST1H1B Histone cluster 1, H1b (linker histone) DNA binding Chromosome (12)
HIST1H1C Histone cluster 1, Hic (linker histone) DNA binding Chromosome (12)
HIST1H2BB Histone cluster 1, H2bb (core histone) DNA binding Chromosome (13)
HIST1H3A Histone cluster 1, H3a (core histone) DNA binding Chromosome (13)
HIST2H2AB Histone cluster 2, H2ab (core histone) DNA binding Chromosome (13)
HIST4H4 Histone cluster 4, H4 (core histone) DNA binding Chromosome (13)
Replication-independent histones
H2AFX H2A histone family, member X DNA binding, DNA repair Chromosome (14,15)
H2AFY H2A histone family, member Y DNA binding Chromosome, Barr body (14,15)
H2AFZ H2A histone family, member Z DNA binding Chromosome (14,15)
LBR Lamin B receptor DNA binding, receptor Nuclear lamina (16)
LMNA Lamin A Intermediate filament Nuclear lamina, nuclear matrix (17)
LMNB1 Lamin B1 Intermediate filament Nuclear lamina, nuclear matrix (17)
TRIM28 Tripartite motif-containing 28 Regulation of Nucleolus, nucleoplasm, chromatin (16)
transcription, DNA
binding
TTN Titin Protein kinase activity, Nucleoplasm, nuclear pore (18)

actin filament binding

the nuclear membrane and nuclear matrix. This approach takes
advantage of the fact that the carboxy-terminal matrin-3 anti-
body does not overlap with lamin A signal at the nuclear mem-
brane. Since the amino-terminal matrin-3 antibody co-localizes
with lamin A signal, it cannot be used in this analysis (Fig. 5).
The LMNAA303 fibroblasts used for this study carry a heterozy-
gous mutation, so the lamin A—matrin-3 interaction is not com-
pletely ablated. The three-dimensional surfaces of lamin A and
matrin-3 were analyzed using IMARIS software following the
methods of (32). In both control and LMNAA303 fibroblasts,
lamin A was concentrated at the nuclear lamina, whereas a
dense, interconnected network of matrin-3 signal was in the nu-
cleoplasm (Fig. 7A). The Z-stack images showed discrete yellow
punctuated signals both at the vicinity of the nuclear lamina
and inside the nucleoplasm. The three-dimensional reconstruc-
tion revealed that matrin-3 was anchored to lamin A at the nu-
clear lamina. A few lamin A/C surfaces were detected in the
nucleoplasm, and these also overlapped with matrin-3. Figure 7B
shows Z-stack images of control (left panel) and A303 (right
panel) fibroblasts. Control fibroblasts reveal overlap between
lamin A and matrin-3 as visualized by discrete yellow puncta at
the nuclear rim (inset). These puncta are greatly reduced in
A303 fibroblasts, indicating an altered lamin A/matrin-3 inter-
face. To quantify this disruption of the lamin A/matrin-3 inter-
action at the nuclear rim, we used MatLab to calculate the
shortest distances between lamin A/C and matrin-3 isosurfaces.
The distance between isosurfaces was increased in LMNAA303
cells compared with control cells (P <0.0001, n=10 cells of each
genotype) (Fig. 7C). The expression level of lamin A/C and ma-
trin-3, as marked with the carboxy-terminal anti-matrin-3 anti-
body, was not different between LMNAA303 and wild-type
control cells (Fig. 7D). Therefore, the increased distance between
lamin A and matrin-3 is consistent with a reduced interaction
between these proteins. To further test the interaction between
lamin A and matrin-3, LMNA-GFP and LMNAA303-GFP were
introduced into C2C12 or HEK cells and the distance between

lamin A and matrin-3 was examined using the same approach.
In transfected cells, those expressing LMNAA303 also had in-
creased distance between the nuclear membrane and nuclear
matrix compared with those expressing full-length lamin A

(Fig. 8).

Discussion

LAT-interacting proteins

A proteomics-based approach was used to identify a novel
interaction between lamin A and matrin-3. Matrin-3 was first de-
scribed as a residual protein component after high salt extraction
of nuclei, and this same approach identified other insoluble
nuclear proteins such as lamins A, B and C (19). Matrin-3 is a
~125 kDa protein (847 amino acids) that contains two zinc finger
domains and two RBM domains, domains that are implicated in
binding double- and single-stranded nucleic acids, respectively.
Matrin-3 has been shown to bind DNA (20,21) and also both
RNA and RNA binding proteins (22). Salton et al. showed that
matrin-3 bound to hnRNPK and DHX9 in an RNA-dependent
manner, two proteins that were also found as part of the constel-
lation of proteins binding LATs in this study.

The interaction between lamin A and matrin-3

There was significant overlap in the proteins bound to mutant
and wild-type LATs identified by mass spectrometry. The two
LMNA mutants R453W and R527P map to the Ig fold of the LAT,
but are positioned on different surfaces of the folded structure
(5). LMNA R453W bound matrin-3 more tightly than wild-type
LAT and R527P, which suggests that one face of lamin A’s Ig
fold may be more critical for the interaction with matrin-3.
Three arginine-serine enriched proteins, TRA2B, SFRS13A and
SRRM1, linked to processing and spicing of pre-mRNAs were
more enriched in the proteomic spectra associated with R527P
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and R453W compared with wild-type LAT. This association with
splicing factors could reflect direct or indirect association be-
tween lamin A and these proteins.

A common morphological defect described in LMNA mutant
cells is the presence of nuclear blebs. Nuclei from Lmna mutant
mice, deleted for exons 8-11, are often grossly deformed with
large evaginations seen in a significant percentage of cells (33).
These same nuclear deformities are often seen in cultured cells
from patients with dominant myopathy-associated LMNA muta-
tions (34,35). It has been suggested that misshapen nuclei form
more readily in Lmna mutant cells especially in those cell types
that are subject to physical forces such as cardiac and muscle
cells (36). The underlying cause of nuclear blebbing in LMNA mu-
tant cells is not known, but blebbing increases with increasing
cell passage (F. Depreux, M.J. Puckelwartz and E.M. McNally, un-
published data). An altered or uneven attachment between the
nuclear membrane and the nuclear scaffold would predispose
nuclei to form blebs. The finding that matrin-3 and lamin A are
co-localized in differentiated cells may explain the susceptibility
of these cells types to specific LMNA mutations.
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more than wild-type LAT (W) or LMNA R527P. The loading control is shown at
the bottom. (D) The mean ratio of all combined LMNA R453W bands was
significantly higher (**P <0.01) to the mean ratios of combined LAT-control and
combined LMNA 527P bands.

The matrin-3 interface with lamin A in post-mitotic
muscle cells

Biochemical characterization identified matrin-3 in the insoluble
nuclear fraction (37), and immunolocalization and expression
studies have placed matrin-3 in the nucleoplasmic space and
not at the nuclear periphery (20). We now found that a fraction
of matrin-3 resides at the nuclear membrane, and that this intra-
cellular localization was detected with antibodies directed to the
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Lamin A/C merge
Figure 5. Co-localization of matrin-3 and lamin A. (A) Matrin-3 and lamin A in
differentiated myotubes using two different anti-matrin-3 antibodies. The
amino-terminally directed anti-matrin antibody (N-matrin) shows matrin-3 in
the nucleoplasm and at the nuclear membrane. There is co-localization
between matrin-3 and lamin-A at the nuclear membrane. The carboxy-
terminally directed anti-matrin-3 antibody (Matrin-3-C) shows nucleoplasmic
staining only. The absence of nuclear membrane staining with the carboxyl
antibody may reflect altered conformational state or epitope masking by the
interaction with lamin A at the nuclear membrane. (B) Similar findings in
mature skeletal muscle demonstrating co-localization of matrin-3 and lamin A
at the nuclear rim.

amino-terminus of matrin-3. The carboxy-terminus of matrin-3
binds to lamin A, and therefore may mask the nuclear rim-asso-
ciated matrin-3 protein.

A series of elegant experiments described the mechanical
defects attributed to lamin A. Fibroblasts from Lmna null mice
subjected to biaxial strain demonstrate far greater nuclear de-
formation than wild-type cells with an intact and normal nuclear
lamina (36). Additionally, the cytoskeletal stiffness of Lmna null
fibroblasts is significantly reduced compared with what is ob-
served in normal mouse fibroblasts (38). These mechanical de-
fects were also shown to be associated with changes in the
expression of genes known to be responsive to mechanical stim-
uli, iex-1 and egr-1 (36). In an alternative assay for mechanical def-
icits, Broers et al. (39) compressed fibroblasts from Lmna null and
wild-type mice and observed greater nuclear disruption in Lmna
null cells compared with control. Moreover, compression of Lmna
null cells led to nuclear rupture that was further associated with
leakage of nuclear contents into the cytoplasm consistent with
loss of nuclear membrane integrity. Introduction of lamin A or

C :
Matrin-3
Ring MyoG (+) MyoG (-)
No 14% 86%
Yes 98% 2%

Figure 6. Matrin-3 localizes to the nuclear membrane upon myoblast
differentiation. (A) In undifferentiated myoblasts, lamin A/C was expressed at
low levels at the nuclear rim (green). Two matrin-3 antibodies, one directed at
the amino-terminus and one directed at the carboxy-terminus, showed diffuse
nuclear staining (red). (B) Myoblasts with low-to-no detectable myogenin
staining, representing an undifferentiated state, displayed nucleoplasmic
matrin-3 staining. In contrast, myoblasts that entered the myogenic lineage,
marked by intense myogenin staining (green), had matrin-3 localized to both
the nucleus and at the nuclear membrane, and this pattern was detected by the
amino-terminal matrin-3 antibody. (C) Quantification of myoblasts revealed that
the majority of nuclei positive for myogenin also have matrin-3 staining at the
nuclear membrane (n =111 nuclei).

lamin C into the Lmna cells rescued these defects (39). It is pos-
sible that mechanical weakness in Lmna mutant cells may derive
from an altered attachment to the nuclear scaffold.

The nuclear lamina forms as a meshwork underlying the
inner nuclear membrane (40). We hypothesize that the matrix,
through matrin-3, forms a Velcro-like connection with the nu-
clear lamina. In this model, mutations in LMNA would alter con-
tact points between the lamina and nucleoplasmic contents.
Reduced or uneven adhesion between the lamina and the nu-
cleoplasmic matrix could render a cell unusually susceptible to
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Figure 7. The Lamin A-Matrin-3 interface disrupted in cells lacking lamin A-tail. Confocal Z-stack images, 3D surfaces of lamin A/C (green color) and matrin-3 (red color,
C-term antibody) were analyzed using IMARIS software. Control and LMNA A303 fibroblasts were imaged. The A303 LMNA mutation disrupts the matrin-3 binding site; this
mutation is associated with both cardiac and skeletal myopathy. (A) Lamin A/C surfaces are enriched at the nuclear lamina, whereas a dense network of interconnected
matrin-3 surfaces is concentrated in the nucleoplasm. The Z-stack images show discrete yellow punctate signals both at the vicinity of the nuclear lamina and inside the
nucleoplasm. Scale bar represents 1 pm. (B) Z-stack images of control and A303 fibroblasts immunostained with Lamin A/C (green) and Matrin-3 (red) reveal discrete yellow
punta at the nuclear lamina in control fibroblasts (left, inset), which are less frequent in A303 fibroblasts (right, inset). Scale bar is 2 um. (C) Matlab was used to calculate the
shortest distances between lamin A/C and matrin-3 surfaces. Distances between matrin-3 and lamin A isosurfaces were calculated from lamin A to matrin-3 (upper graph)
and from matrin-3 to lamin A (lower graph). The distance between lamin A and matrin-3 was larger in A303 cells (**P <0.0001). (D) Immunoblot analysis of total protein
extracts from control and LMNA A303 human fibroblasts showed that both fibroblast cell lines have similar amounts of lamins A and C (70 and 65 kDa, respectively),
matrin-3 (120 kDa), o-tubulin (50 kDa) and p-actin (45 kDa) proteins.
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Figure 8. Increased distance between lamin A and matrin-3 with expression of LMNAA4303. (A) LMNA or LMNAA-303 was expressed in C2C12 cells as GFP fusion proteins.
Cells were imaged as described in Figure 7 and the distances between lamin A and matrin-3 were determined. LMNAA303 expression was associated with larger distances
between the nuclear membrane and the nuclear matrix, similar to what was observed for human cells in Figure 7. ("*P <0.0001). The results were similar between

expression in (B) C2C12 cells or (C) HEK cells.

mechanical force. Most recently matrin-3 mutations were linked
to amyotrophic lateral sclerosis (41). Therefore, these mechan-
isms may contribute to disease in other post-mitotic cells.

Materials and Methods

Constructs and mutagenesis

LAT was expressed using pET-LAT, which encodes amino acids
394-664 (18). LMNA R453W and R527P mutations were genera-
ted using the QuickChange II Site-Directed Mutagenesis Kit (Stra-
tageneInc., LaJolla, CA). Ahuman Matrin-3 cDNA (Clone 3921668;
Open Biosystems Products, Huntsville, Alabama) was used as a
PCR template to generate matrin fragments and for site-directed
mutagenesis. All clones were confirmed by sequencing.

LAT protein expression, purification and crosslinking

Escherichia coli BL21(DE3)pLysS (Invitrogen, Carlsbad, CA) were
used for expression. Expression was induced using 0.5 mm iso-
propyl 1-thio-p-p-galactopyranoside for 3h at 30°C. Bacteria
were resuspended in 50 mm NaPO, buffer pH 8.0, 300 mm Nacl,
5 mM benzamine, 0.5 mM phenylmethanesulfonylfluoride (PMSF),
1 pg/ml pepstatin A, 42 pM leupeptin, 0.77 pM aprotinin and soni-
cated. Lysates were applied to an Ni-NTA Agarose bead column
(Qiagen, Valencia, CA), washed with 50 mm NaPO, buffer pH 8.0,
300 mM NaCl, 10 mm imidazole. His-tagged LAT proteins were
eluted using 50 mm NaPO, buffer pH 8.0, 300 mm NacCl, 100 mMm
imidazole (18). The elution buffer was exchanged with coupling cit-
rate-carbonate buffer pH 10.0 (0.1 M Na-Citrate dehydrated, 0.05 M
Na-carbonate, 0.05% Na-azide). One mg of LAT protein was coupled
with 1 ml of AminoLink Plus resin (Pierce, Rockford IL) to generate
LAT beads.

Nuclear protein extracts

Myogenic C2C12 cells (ATCC #CRL-1772) were differentiated to
form myotubes in differentiation media (Dulbecco’s modified
Eagle’s medium, 2% horse serum, 1% penicillin/streptomycin)
for 4 days and harvested. Nuclear cell extracts were prepared as
described (42,43). Cell pellets were rinsed in cold phosphate buf-
fered saline (PBS), 2 mm DTT with proteinase inhibitors: 5 mMm
benzamine, 0.5 mM PMSF, 1 pg/ml pepstatin A, 42 pm leupeptin,
0.77 uM aprotinin. After centrifugation at 400g for 5 min, cells
were incubated in ice-cold H,0, 2 mm DTT and proteinase inhibi-
tors for 15 min and then dounced 20 times on ice. After adjust-
ment to 1x PBS and the addition of 2 mm MgCl,, genomic DNA
was digested using Benzonase (Sigma-Aldrich, St Louis, MO;
125 U/ml) for 90 min on ice. The cells were washed three times
with 1x cold PBS, 2 mm DTT with proteinase inhibitors and cen-
trifuged at 400g for 5 min to separate into the cytoplasmic and
nuclear fractions. The nuclear fraction was incubated with 1 M
NaCl, 50 mm HEPES, pH 7.9, 1% Triton X-100, 2 mm DTT with pro-
teinase inhibitors vortexing for 30 sec followed by 30 sec on ice.
The solution was centrifuged at 40 000g for 30 min at4°C. The sol-
uble fraction was diluted to 150 mM NacCl range with 50 mm
HEPES pH 7.9, 2 mM DTT with proteinase inhibitors and spun at
40000g for 30 min at 4°C.

LAT beads were washed with 50 mm HEPES pH 7.9, 150 mm
NaCl, 0.1% Triton X-100 and then incubated with 2.5 mg of
C2C12 myotube nuclear extract for 4 h at 4°C. Columns were
washed with 50 mm HEPES pH 7.9, 150 mM NaCl and proteins
were eluted using 1 M NaCl, 50 mm HEPES pH 7.9.

Mass spectrometry for protein identification

Of note, 100 pl of eluate for each of the samples was separated
by 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis



(SDS-PAGE) and stained with Imperial Protein Stain (Pierce, Rockford,
IL). The gels were separated into 1 mm? pieces, washed in water
and completely destained using 100 mM ammonium bicarbonate
pH 7.5 in 50% acetonitrile. A reduction step was performed by
addition of 100 pl 50 mM ammonium bicarbonate pH 7.5 and
10 pl of 10 mm tris(2-carboxyethyl) phosphine HCI at 37°C for
30 min. The proteins were alkylated by adding 100 pl 50 mM io-
doacetamide in the dark at 20°C for 30 min. Gel sections were
washed in water, dehydrated with acetonitrile and dried by
SpeedVac. Trypsin digestion was carried out overnight at 37°C
using a trypsin/protein ratio of 1:50 (w/w) with sequencing
grade-modified trypsin (Promega, Madison WI) in 50 mM ammo-
nium bicarbonate pH 7.5, and 20 mm CaCl,. Peptides were ex-
tracted from the gel pieces with 5% formic acid and dried. The
peptide samples were loaded to a 0.25 pl OptiPak trapping cart-
ridge (Optimize Technologies, Oregon City, OR) packed with Mi-
chrom Magic C8, 5 pm, 200 A particles (Michrom BioResources,
Inc., Auburn, CA), washed, then switched in-line with a 20 cmx75
pm C18 ‘packed spray tip’ nanocolumn packed with Michrom
Magic C18AQ, 5 um, 200 A, for a two-step gradient.

The eluted peptides were analyzed via electrospray tandem
mass spectrometry (LC-MS/MS) on a Thermo LTQ Orbitrap Hybrid
FT Mass Spectrometer using a 60,000 RP Orbitrap survey scan,
m/z 375-1950, with lockmasses, followed by five LTQ CAD scans
on doubly and triply charged-only precursors between 375 and
1500 Da.

Analysis of LC/MS/MS spectra

All LC/MS/MS data files were analyzed on Mascot (Matrix Science
Ltd, London, UK; Version 2.3.0) and X! Tandem (Version 2007;
01.01.1) and results were combined using Scaffold (Proteome
Software, Portland, OR; Version 3.00.01). Mascot settings for
fragment and parent ion tolerances were at 1.00 Da and 20
ppm, respectively and used to search the mouse database (IPI_
mouse_20101209.fasta) assuming trypsin digestion with one
missed cleavage maximum. Scaffold identification thresholds
were set at 95 and 99% minimum for Peptide and Protein respect-
ively, with a minimum of one peptide to identify a protein. The
false-discovery rate for peptide and protein were set to zero.

Four independent experiments were analyzed for each LAT
protein and normalized to proteins eluted from control beads
prepared without LAT but similarly incubated with nuclear ex-
tracts. Proteins enriched at least 2-fold in at least one experiment
were further analyzed. Gene ID and GO annotations were gener-
ated using DAVID Bioinformatics Resources 6.7 (http:/david.abcc.
ncifcrf.gov) (44,45) and MGI (Mouse Genome Informatics, The
Jackson Laboratory, Bar Harbor, ME, http:/www.informatics.jax.
org) databases. Molecular function annotation was performed
using the MGI GO Slim chart. Biological Process fold was calcu-
lated using the DAVID database. Nuclear localization was gener-
ated using the Cellular Component annotation from DAVID and
MGI databases. A final predicted nuclear protein list was gener-
ated based on GO annotation excluding keratin and myosin
proteins.

Immunofluorescence microscopy

Myoblast and fibroblast cultures were fixed 10 min in cold metha-
nol, and permeabilized for 20 min with 0.1% Triton X-100/PBS or
with 0.5% Triton X-100/PBS for myotube cultures. Muscle was iso-
lated from murine skeletal muscle and processed as described
(46). Cells or tissue was blocked with 3% normal donkey serum
in PBS (NDS/PBS) for 1 h at room temperature. Primary antibodies
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recognizing Matrin-3 (carboxy-terminal antibody NB100-2886,
Novus Biological, Littleton CO, recognizes between 800 and 847
amino acids and the amino-terminal antibody, ab51081 from
Abcam, Cambridge, MA) and Lamin A/C [XB10, Abcam, Cam-
bridge, MA or Jol5 (Abcam)] were diluted in 3% NDS/PBS and incu-
bated overnight at 4°C. Secondary antibodies Anti-rabbit Alexa
Fluor 594 (Invitrogen) and Anti-mouse IgM Dylight 488 (Jackson
ImmunoResearch, West Grove, PA) were each diluted 1/500 in
3% NDS/PBS and incubated 1 h at room temperature.

Images were captured with an Axiophot microscope and
processed using Axiovision software (Carl Zeiss, Oberkochen,
Germany) or a Leica SP5 II STED-CW laser scanning confocal
microscope (Leica Microsystems, Buffalo Grove, IL). A Z-stack of
each nucleus (10 per genotype) was generated with optical sec-
tions of 0.3 pm between images. A 3D reconstruction of each nu-
cleus was created using IMARIS (v7.3.1, Bitplane Scientific
Software, Zurich, Switzerland). From the 3D image, surface fits
of both Matrin-3 (red channel) and Lamin A/C (green channel)
were generated as follows: Z-stack images were cropped in 3D
view and smoothed using the median filter (with a kernel of 3 x 3
x 3). For both channels, surface units were generated after back-
ground subtraction with diameter of the largest sphere of
0.3 pm. Manual threshold values were 100 and 150 gray levels
for green and red channels, respectively. Distance measurements
between outside unit surfaces of Lamin A/C to Matrin-3 and Ma-
trin-3 to Lamin A/C were calculated using MATLAB extension of
IMARIS software.

Immunoprecipitation

One hundred micrograms of C2C12 myotube nuclear extract
protein was pre-cleared by addition of 100 pl of Protein G Plus/
Protein A agarose beads (Millipore, Billerica, MA) for 20 min at
4°C. Pre-cleared nuclear extracts were incubated with 5 pg of Rab-
bit IgG or two different rabbit polyclonal anti-human Matrin-3
antibodies (NB100-2886 and NB100-1761, Novus Biologicals).
Anti-lamin A/C (H110, Santa Cruz, Santa Cruz, CA) or Matrin-3
(NB100-1761, Novus) antibodies was used for immunoblotting.
Secondary antibodies were from Jackson Immunochemicals.

Binding assays

35S-radio-labeled Matrin-3 full-length or subdomains were
generated using T7 TnT coupled Reticulocyte Lysate Systems
(Promega, Madison, WI). The PVDF membrane containing LATs
was blocked for 2 h at 4°C in blocking buffer [0.1% gelatin, 5%
bovine serum albumin (BSA), 0.1% Tween-20 in 1x PBS, pH 7.5]
and then incubated overnight at 4°C in overlay buffer (150 mm
NaCl, 20 mM HEPES pH 7.5, 2 mMm MgCl,, 5% BSA) with **S-radio-
labeled Matrin-3 full length or subdomains (5 pl/ml of overlay
buffer). The membrane was washed four times for 20 min at
4°C in overlay buffer without BSA and exposed to film overnight
at —80°C (24).

Statistical tests were performed using Prism4 statistical soft-
ware (GraphPad Software, La Jolla, CA).

Supplementary Material

Supplementary Material is available at HMG online.
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