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Laminopathies are a heterogeneous 
group of diseases that are caused 

by mutations in the nuclear envelope 
proteins lamins A and C. Laminopa-
thies include dilated cardiomyopathy, 
Emery-Dreifuss muscular dystrophy, 
and familial partial lipodystrophy. 
Despite their near-ubiquitous expres-
sion, most laminopathies involve highly 
tissue-specific phenotypes, often affect-
ing skeletal and cardiac muscle. The 
underlying mechanism(s) remain incom-
pletely understood. We recently reported 
that altered actin dynamics in lamin 
A/C-deficient and mutant cells disturb 
nuclear shuttling of the transcriptional 
co-activator MKL1, which is critical 
for cardiac function. Expression of the 
inner nuclear membrane protein emerin 
rescues MKL1 translocation through 
modulating actin dynamics. Here, we 
elaborate on these findings, discuss new 
insights into the role of nuclear actin 
in MKL1activity, and demonstrate that 
primary human skin fibroblasts from 
a patient with dilated cardiomyopathy 
have impaired MKL1 nuclear transloca-
tion. These findings further strengthen 
the relevance of impaired MKL1 signal-
ing as a potential contributor to the dis-
ease mechanism in laminopathies.

Human Diseases Arising  
from Lamin Mutations

Inherited or de novo mutations in the 
LMNA gene encoding the nuclear enve-
lope proteins lamins A and C cause a broad 
spectrum of human diseases (laminopa-
thies), including the autosomal dominant 
form of Emery-Dreifuss muscular dystro-
phy (EDMD), dilated cardiomyopathy 

(DCM), limb-girdle muscular dystrophy 
type 1B, familial partial lipodystrophy 
(FPLD) and Hutchison-Gilford progeria 
syndrome (HGPS).1 The majority of the 
more than 460 currently identified LMNA 
mutations cause diseases affecting skel-
etal and cardiac muscle (see http://www.
umd.be/LMNA/). Interestingly, cardiac 
and skeletal myopathies can also result 
from mutations in the inner nuclear mem-
brane protein emerin,2 which is mislocal-
ized from the nuclear envelope in lamin 
A/C-deficient cells.3 The mechanisms by 
which the nearly ubiquitously expressed 
lamins A and C (and also emerin) can 
cause such tissue-specific phenotypes 
remain incompletely understood.1 Two 
non-mutually exclusive hypotheses have 
been proposed to explain these findings: 
(1) The structural hypothesis postulates 
that lamin A/C mutations result in loss of 
structural function, rendering cells more 
susceptible to damage in mechanically 
active tissues such as muscle; (2) the gene 
regulation hypothesis proposes that lamin 
A/C mutations alter interactions between 
lamins and tissue-specific transcriptional 
regulators. Considering that most of the 
tissues affected in laminopathies are of 
mesenchymal origin, a third emerging 
idea expanding on the gene regulation 
hypothesis postulates that lamin muta-
tions may impair maintenance or func-
tion of adult mesenchymal and muscle 
stem cells, thereby resulting in loss of tis-
sue function over time.

Unlike mutations responsible for FPLD 
and HGPS that are mostly restricted to 
specific nucleotides (C1824T for HGPS) 
or concentrated around a small region on 
the surface of the Ig-fold of lamin A/C 
(as in the case of FPLD), mutations that 
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cause dilated cardiomyopathy and mus-
cular dystrophies are scattered along the 
full length of the gene. To date, there is 
no easily identifiable correlation between 
the position of the mutations on the gene/
protein and the diverse diseases they 
cause. Similarly, morphological analysis of 
skin fibroblasts from an array of patients 
with diverse LMNA mutations found no 
correlation between nuclear shape abnor-
malities and the specific disease pheno-
type,4 although the study noticed that 
LMNA mutations in the lamin head or 
tail domains result in abnormal nuclear 
architecture.4 Examining the effect of a 
broad panel of lamin A mutations on the 
mechanical stability of cell nuclei, a recent 
study observed that several mutations 
associated with muscular and cardiac 
phenotypes resulted in loss of structural 
function that caused nuclei to become 
more deformable and/or exhibit defects 
in nucleo-cytoskeletal coupling, whereas 
mutations responsible for FPLD did not 
diminish the structural function of lam-
ins.5 However, the authors also identified 
several EDMD- and DCM-causing lamin 
mutations that retained apparently nor-
mal structural function,5 suggesting that 
additional mechanisms must contribute to 
the disease development.

Lamins, Mechanosensing,  
and Cardiomyopathies

The fact that many laminopathies dis-
play primarily muscular and/or cardiac 
phenotypes suggests a potential mechano-
sensitive component at work, which is fur-
ther supported by previous findings that 
lamin A/C- and emerin-deficient cells 
have defects in the activation of mecha-
nosensitive genes6,7 and mice with reduced 
levels of lamins A/C (Lmna+/–) have a 
markedly weaker hypertrophic response 
to ventricular pressure overload than wild-
type littermates.8 Moreover, Lmna–/– mice 
develop severe muscular dystrophy and 
cardiomyopathy and die at 4 to 8 weeks 
of age.9 The LmnaN195K/N195K mouse model 
also develops severe DCM but lacks skel-
etal muscle involvement.10 Motivated 
by these earlier reports, we recently con-
ducted an in-depth analysis into mecha-
notransduction pathways relevant to 
cardiac function, using cells and tissues 

from lamin A/C-deficient (Lmna–/–) and 
Lmna N195K mutant mice. We reported 
that cells and cardiac tissue from Lmna–/–  
and Lmna N195K mice had impaired 
nuclear translocation and downstream 
signaling of the transcription factor mega-
karyoblastic leukemia 1 protein (MKL1, 
also known as MRTF-A and MAL), a 
myocardin family member that is pivotal 
in cardiac development and function.11

MKL1 is a mechanosensitive tran-
scription factor with important functions 
in the cardiovascular system.12 MKL1 
mediates the TCF-independent activation 
of serum response factor (SRF), which 
controls vascular smooth muscle cell and 
cardiomyocyte differentiation.12,13 MKL1 
shares partially overlapping functions 
with myocardin and MRTF-B during 
cardiac development and regulates car-
diovascular patterning;14 MKL1 also plays 
an important role in the pathogenesis of 
cardiomyopathies, as deletion of MKL1 
results in lethality due to dilated cardio-
myopathy and heart failure in approxi-
mately a third of MKL1-null embryos15 
and MKL1 mediates activation of a 
hypertrophic gene program in response 
to mechanical stress in cardiomyocytes.16 
Intracellular localization and activ-
ity of MKL1 is regulated via changes in 
the polymerization of cellular actin.13 At 
baseline (e.g., in resting or serum-starved 
cells), MKL1 is mainly sequestered in the 
cytoplasm through binding to cytoplas-
mic G-actin. At the same time, MKL1 is 
constitutively exported from the nucleus 
via chromosome region maintenance-1 
(CRM1)-dependent transport, further 
contributing to the predominantly cyto-
plasmic localization of MKL1.13 Upon 
mitogenic or mechanical stimulation, 
RhoA activation promotes actin polym-
erization, which liberates MKL1 from 
G-actin and exposes a nuclear localization 
sequence (NLS) within the actin-bind-
ing domain of MKL1, inducing MKL1 
to translocate to the nucleus.17,18 The 
increased nuclear import, coupled with 
decreased nuclear export, results in accu-
mulation of MKL1 in the nucleus, where 
it acts as a co-activator of SRF to turn on 
genes regulating cellular motility and con-
tractility, including talin, vinculin, actin, 
and SRF itself.13 The subsequent increase 
in actin levels feeds back to turn off the 

MKL1-SRF circuitry.13 Importantly, SRF 
is highly expressed in skeletal and cardiac 
muscle of adult mice19 and controls a mul-
titude of genes relevant to cardiac mus-
cle, including cardiac α-actin, α-myosin 
heavy chain (α-MHC) and β-MHC. 20-22 
Underscoring the critical role of SRF in 
the regulation of cardiac structure and 
function, targeted disruption of SRF is 
embryonically lethal due to defective 
mesoderm formation,23 and cardiac-spe-
cific deletion of SRF in adult mice results 
in dilated cardiomyopathy with abnormal 
expression of cardiac structural genes.24

Given this prominent role of MKL1/
SRF signaling in striated muscle func-
tion, our findings that Lmna–/– and Lmna 
N195K cells, as well as skeletal and car-
diac muscle derived from the correspond-
ing mice, have impaired MKL1/SRF 
signaling11 are particularly relevant to the 
dilated cardiomyopathy present in several 
laminopathies. Considering the striking 
similarity of these phenotypes with those 
observed in human EDMD and DCM 
patients, it is tempting to hypothesize that 
impaired MKL1-SRF signaling and the 
resulting deficiencies in cytoskeletal orga-
nization could contribute to the manifes-
tation of cardiac and muscular phenotypes 
in various laminopathies. This idea is fur-
ther supported by previous reports that 
cells and tissues from Lmna–/– mice have 
defects in cytoskeletal organization9,25,26 
consistent with a disturbed role of MKL1-
SRF signaling.27

MKL1 Signaling in the Context 
of Human Laminopathies

Since the results in our original 
study11 were obtained from cells and tis-
sue from mouse models of laminopa-
thies, we decided to test whether similar 
defects in MKL1 translocation could also 
be observed in cells from laminopathy 
patients, particularly those with skeletal 
and cardiac muscle phenotypes. Unlike 
the mouse models, which often require 
homozygous expression of the mutant 
lamin A/C,28 most human laminopathies 
patients carry only one mutated lamin 
allele and also express wild-type lamin, in 
addition to mutant lamin.1 We compared 
MKL1 signaling in cells from a patient 
with DCM (LMNA K219T mutation),29 
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cells from a patient with congenital mus-
cular dystrophy (CMD) with both skeletal 
and cardiac symptoms (LMNA ΔK32),4,30 
and a patient with FPLD (LMNA 
R482Q),4,30 as well as healthy controls.

MKL1 signaling was assessed based 
on nuclear localization of MKL1 upon 
serum stimulation and in serum-starved 
controls (baseline). Under baseline condi-
tions, MKL1 was cytoplasmic in all cells, 
regardless of genotype (data not shown). 
In response to serum stimulation, MKL1 
rapidly translocated to the nucleus in cells 
from healthy controls (Fig.  1A, top two 
rows). In contrast, fibroblasts carrying 
the DCM-causing LMNA K219T muta-
tion had decreased nuclear localization of 
MKL1 (Fig. 1A, bottom row), indicating 
impaired MKL1 signaling, similar to our 
previous findings obtained in the Lmna–/– 
and Lmna N195K mouse models. On the 
other hand, cells from patients with FPLD 
and CMD had normal MKL1 translo-
cation (Fig.  1A, third and fourth rows). 
The fact that the LMNA ΔK32 cells had 
normal MKL1 translocation was some-
what surprising, as laminopathy patients 
with muscular dystrophy also develop 
cardiovascular phenotypes,31 including 
in the case of the LMNA ΔK32 mutation 
studied here.30 Furthermore, LmnaΔK32/+ 
heterozygous mice develop muscular 
dystrophy accompanied by cardiac phe-
notypes, in part due degradation of the 
toxic Lmna ΔK32 protein that results in 
haploinsufficiency of lamin A/C.32 Given 
the limited number of currently available 
primary patient cells, along with the het-
erogeneity of patient samples with regards 
to genetic background, handling, passage 
number and other compounding factors, 
further experiments with a wider panel of 
patient samples, as well as animal models 
and genetically modified cells expressing 
various lamin mutations, will be neces-
sary to establish whether deregulation of 
MKL1/SRF signaling is specific to a sub-
set of laminopathies.

Further complicating any attempt to 
identify tissue-specific defects associated 
with particular lamin mutations in human 
samples is the fact that laboratory studies 
are often confined to the use of primary 
skin fibroblasts, which may not adequately 
reflect cardiac-specific defects. The grow-
ing use of induced pluripotent stem cells 

generated from patient fibroblasts that 
can be differentiated into specific lineages, 
including cardiomyocytes, is expected to 
yield more detailed insights into tissue-
specific defects arising from LMNA 

mutations in human cells.33 At the same 
time, at least in the homozygous Lmna–/–  
and LmnaN195K/N195K mouse models, 
embryonic fibroblasts and bone-marrow 
derived mesenchymal stem cells showed 

Figure 1. MKL1 translocation in primary human skin fibroblasts from diverse laminopathy patients 
and healthy controls. (A) Representative images of MKL1 staining in healthy control fibroblasts and 
human laminopathy patient fibroblasts stimulated for 15 min with 15% fetal bovine serum and 
subsequently fixed with 4% paraformaldehyde and immunofluorescently labeled for MKL1. DNA is 
shown in blue and MKL1 is shown in green. Scale bar, 20 µm. (B) Quantitative analysis of cells with 
MKL1 nuclear localization after serum stimulation (n = 3, *** P < 0.005).�
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Figure 2. Schematic model of the interplay between nuclear envelope proteins and MKL1 signaling in wild-type and lamin A/C-deficient or mutant 
cells. Top: Sequence of events in a serum-stimulated wild-type cell. (1) Upon mechanical or serum stimulation, Rho/ROCK activity promotes cytoplas-
mic actin polymerization. (2) After being released from cytoplasmic G-actin, MKL1 translocates into the nucleus, and, together with SRF, binds to the 
CArG box to induce expression or MKL1/SRF-target genes, including actin, vinculin and SRF. (3) Emerin facilitates polymerization of (nuclear) actin. This 
reduces nuclear export of MKL1 which requires binding to nuclear monomeric actin. (4) Transcription of SRF downstream target genes occurs. Bottom: 
Sequence of events in a serum-stimulated lamin A/C-deficient cell. (1) Emerin is lost from the nuclear envelope and is unable to modulate nuclear actin 
polymerization. (2) G-actin binds to MKL1. (3) Export of MKL1 from the nucleus occurs. (4) SRF binding to its target element on the DNA and transcription 
of downstream target genes are impaired.
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similar defects in MKL1 nuclear localiza-
tion as cells in skeletal and cardiac muscle 
sections.11 Furthermore, apart from their 
known roles in cardiomyocytes, MKL1-
SRF have been shown to regulate myofi-
broblast activation and fibrosis in response 
to the renin-angiotensin system and car-
diac remodeling following myocardial 
infarction by turning on genes involved in 
extracellular matrix synthesis and smooth 
muscle cell differentiation.34 The ability 
of MKL1-SRF to regulate smooth muscle 
cell phenotypes is especially significant in 
the context of cardiac-related pathologies. 
In lung fibroblasts, MKL1-SRF play a role 
in collagen synthesis, and deregulation 
of MKL1-SRF signaling can lead to pul-
monary fibrosis characterized by exces-
sive collagen deposition.35 These findings 
highlight the broad relevance of MKL1-
SRF signaling across diverse cell types and 
suggest that impaired MKL1 signaling 
could also contribute to other defects in 
various laminopathies.

Mechanisms for Altered Actin 
Dynamics and MKL1 Signaling 

in Laminopathy Cells

How can mutations in nuclear enve-
lope proteins affect the nuclear localiza-
tion of MKL1? In our original report,11 
we described that the altered nuclear 
import and export of MKL1 could be 
attributed to changes in nuclear and 
cytoskeletal actin dynamics in the lamin 
A/C-deficient and mutant cells, and that 
these defects were mediated by the inner 
nuclear membrane emerin and its role in 
promoting actin polymerization.36 Ectopic 
expression of wild-type emerin, but not 
of emerin mutations that cannot bind to 
actin and do not promote actin polymer-
ization, was sufficient to restore MKL1 
nuclear translocation and actin dynamics 
in Lmna–/–, Lmna N195K, and emerin-
deficient cells.11 These data suggest a novel 
mechanism for nuclear envelope proteins 
to regulate MKL1-SRF signaling by mod-
ulating actin polymerization and orga-
nization, which controls nuclear import 
and export of MKL1. Since the levels of 
emerin on the outer nuclear membrane are 
generally low and based on our findings 
that Lmna–/– and Lmna N195K cells show 
increased segregation of emerin into the 

endoplasmic reticulum, we hypothesize 
that emerin primarily affects nuclear actin 
polymerization, which controls nuclear 
export and transcriptional activity of 
MKL1,13 and that changes in cytoskeletal 
actin dynamics arise as a consequence of 
altered MKL1/SRF signaling (Fig. 2).

Importantly, mutations in emerin itself 
can also cause (X-linked) EDMD that 
includes cardiac phenotypes,2 and proper 
targeting of emerin to the nuclear enve-
lope requires lamin A/C.3 This latter fact 
is evident as emerin is redistributed from 
the nuclear envelope to the endoplas-
mic reticulum in the Lmna–/– and Lmna 
N195K models.11 To evaluate the effect 
of specific lamin A mutations on emerin 
localization, Raharjo and colleagues37 
ectopically expressed a panel of lamin A 
mutations in a Lmna–/– mouse embryo 
fibroblast background. They found that 
the DCM-associated (L85R and N195K) 
and EDMD-associated (L530P) lamin A 
mutants failed to rescue abnormal local-
ization of emerin, whereas the FPLD-
causing mutation R482W successfully 
restored emerin localization to the nuclear 
envelope.37 It is noteworthy that both 
DCM-associated mutations displayed 
mislocalization of emerin, consistent 
with our model that the role of emerin in 
modulating (nuclear) actin dynamics and 
thereby MKL1/SRF signaling can result 
in skeletal and cardiac muscle defects.

To assess whether mislocalization 
or loss of emerin expression could also 
explain the impaired nuclear localization 
of MKL1 in the LMNA K219T fibro-
blasts derived from a DCM patient, we 
analyzed emerin localization in these and 
other laminopathy patient cells by immu-
nofluorescence staining. Surprisingly, 
even in the LMNA K219T fibroblasts, 
which displayed distinct defects in MKL1 
nuclear localization upon serum stimula-
tion (Fig. 1), the majority of cells showed 
the typical nuclear rim staining of emerin 
(data not shown). While we did observe 
a few LMNA K219T fibroblasts with 
reduced emerin expression, western blot 
analysis did not reveal any significant 
differences in emerin levels between the 
LMNA K219T fibroblasts compared with 
healthy control fibroblasts.

A potential explanation for these 
results could be the fact that—unlike the 

mouse models studied previously—most 
human laminopathy patients, including 
those studied here, are heterozygous for 
the LMNA mutations and also produce 
wild-type lamin A/C, which may result 
in less severe defects on emerin distribu-
tion. A similar effect can be observed in 
cells from heterozygous Lmna+/– mice, in 
which mislocalization of emerin is sub-
stantially milder compared with cells from 
homozygous Lmna–/– mice, but Lmna+/– 
cells nonetheless show defects in MKL1 
nuclear translocation. At the same time, 
we cannot exclude the possibility that 
species-related differences or other factors, 
e.g., involvement of additional signaling 
pathways that provide further regulation 
for MKL1 signaling, are responsible for 
the observed discrepancy between appar-
ently normal emerin localization and 
yet impaired MKL1 nuclear transloca-
tion. These findings further demonstrate 
the complexity and heterogeneity of the 
underlying mechanisms of laminopathies 
in humans and in model organisms cre-
ated to recapitulate these phenotypes.

Nuclear Actin  
and Transcriptional Regulation

Our original work directly implicated 
altered actin dynamics—modulated 
by emerin at the nuclear envelope—in 
regulating MKL1 nuclear translocation. 
Further support for the idea that polym-
erization of nuclear actin plays a pivotal 
role in regulating MKL1 activity comes 
from a recent report by the Grosse group 
that found that serum-dependent MKL1-
SRF activity is driven by actin polymer-
ization inside the nucleus.38 In particular, 
they showed that nuclear expression of 
mDia formin protein promotes MKL1-
SRF transcriptional activity. Activation of 
mDia induces polymerization of nuclear 
actin filaments and nuclear accumulation 
of MKL1 as part of the serum response.38 
These findings point to an emerging role 
of nuclear actin as an important player in 
modulating transcriptional activity and 
in regulation of gene expression.39 The 
study of nuclear actin in live cells, how-
ever, has been traditionally hampered by 
the difficulty to visualize nuclear actin in 
living cells without disturbing its normal 
dynamics and structural organization, for 
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example, when ectopically expressing fluo-
rescently labeled actin. Consequently, the 
exact structure, organization, and func-
tion of nuclear actin remain a matter of 
intense debate. Novel fluorescent probes 
for nuclear actin recently developed in the 
Mullins laboratory may help overcome 
this limitation. These probes, which are 
based on fusing fluorescent proteins with 
carefully selected (and as necessary, modi-
fied) actin-binding domains, are capable of 
distinguishing polymeric and monomeric 
forms of nuclear actin and enable moni-
toring nuclear actin organization in liv-
ing cells.40 Application of these probes to 
a variety of somatic cells revealed distinct 
nuclear populations of monomeric and fil-
amentous actin: monomeric nuclear actin 
primarily colocalized with nuclear speck-
les, which are involved in RNA processing; 
in contrast, filamentous nuclear actin was 
found in punctate structures distributed 
across the nucleoplasm that could be per-
turbed by latrunculin treatment,40 a known 
actin disruptor. Time-lapse microscopy 
with probes for filamentous actin revealed 
two distinct populations with different 
diffusive behavior, including one with a 
sub-diffusive and non-directed mobility, 
suggesting that filamentous actin may be 
part of a viscoelastic network within the 
inter-chromatin domain.40 In the context 
of MKL1 signaling, future application of 
these probes could potentially be useful 
in visualizing dynamic changes in nuclear 
actin and its role in orchestrating MKL1 
nuclear translocation in response to stimu-
lation in normal and lamin A/C-deficient 
cells.

Prospects  
of Pharmacological 

Interventions

A better understanding of the disease 
etiology of laminopathies has important 
implications in the development of thera-
peutic approaches for affected patients. 
While structural deficiencies caused by 
lamin mutations might prove to be dif-
ficult to correct pharmacologically, dis-
turbed cell signaling is more amendable 
to small molecule treatment approaches. 
Extensive research on altered signaling 
pathways in laminopathies, driven by the 
Worman group, identified upregulation 

of mitogen-activated protein kinase 
(MAPK) signaling in lamin A/C-41,42 
as well as in emerin-mutant models.43 
Intervention with MAPK inhibitors has 
already proven beneficial in alleviating 
cardiac phenotypes in these mouse mod-
els.44,45 Particularly, selumetinib, a highly 
specific MEK1/2 inhibitor that is cur-
rently undergoing Phase II clinical trials 
for anti-cancer therapy, has already pro-
duced encouraging results in LmnaH222P/

H222P mice, improving cardiac function 
and prolonging survival.46,47 Our recent 
findings suggest that the positive out-
comes may also (at least in part) be due 
to the drugs’ effect on MKL1-SRF signal-
ing: activity of the downstream kinase of 
MEK1, ERK1/2, promotes nuclear export 
of MKL1;48 hence inhibition of this cas-
cade is expected to increase the nuclear 
fraction of MKL1. While it is a logical next 
step to test the efficacy and clinical ben-
efits of MAPK inhibitors on MKL1-SRF 
signaling, another worthwhile approach 
might be to target MKL1/SRF directly to 
restore its downstream signaling.

Conclusion

The recent identification of impaired 
MKL1/SRF signaling in lamin A/C- and 
emerin-deficient cells due to disturbed 
actin dynamics connects the structural 
and gene regulation hypotheses that 
have been proposed to explain tissue-
specific phenotypes in laminopathies. In 
particular, the ability of emerin to pro-
mote (nuclear) actin polymerization can 
directly modulate the intracellular local-
ization and activity of the transcriptional 
coactivator MKL1, which, together with 
SRF, regulates a number of cytoskeletal 
and adhesion molecules, thereby further 
affecting cellular structure and function, 
particularly in the cardiovascular system. 
Importantly, these findings shed new light 
on the disease etiology of many laminopa-
thies, specifically those that present stri-
ated muscle phenotypes, but impaired 
MKL1 signaling could also affect diverse 
other cell types. At the same time, given 
the growing number of signaling path-
ways affected by lamin mutations,1 stud-
ies investigating only select pathways in 
vitro may not fully reflect the complex 
interactions found in vivo, where cells and 

tissues are exposed to a broad range of 
mechanical and biochemical stimuli that 
can activate a variety of overlapping and 
interacting signaling pathways. Future 
studies are expected to provide further 
insights into the complex role of lamins 
in mechanotransduction and muscle-spe-
cific function. Nonetheless, the increasing 
identification of specific signaling path-
ways impaired in laminopathies provides 
a glimmer of hope to affected patients, as 
normalizing MKL1-SRF and/or MAPK 
signaling through small molecules could 
present an attractive therapeutic target to 
treat the devastating cardiac disease asso-
ciated with many of the laminopathies.49
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