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As of 2014, cardiovascular disease (CVD) was listed 
as the underlying cause for 1 of every 3 deaths in 

the United States.1 Many forms of CVD have a strong 
genetic component, and the number of causal genes elu-
cidated greatly depends on the type of CVD under study. 
Understanding the molecular basis of CVD can guide medi-
cal decisions of the practitioner, patient, and family mem-
bers. Currently, gene panels are used in the clinical setting 
to screen for disease-causing variation. Panels vary greatly 
in size depending on the number of genetic causes of the 
disease in question. There is often a great deal of phenotypic 
overlap between the inherited CVDs. To accommodate these 
variable phenotypes, many testing laboratories now use large 
panels that include >75 genes. Another route that is more 
commonly being used is the use of whole exome sequenc-
ing and whole genome sequencing to identify causal and 
contributory variants.2,3 Whole exome sequencing or whole 
genome sequencing can begin with focus on rare variants 
in genes most commonly associated with disease, and, if no 
attractive candidates are identified, the search is broadened 
to include genes not currently associated with disease. Such 
broad searches can lead to the identification of new disease 
genes; a great benefit in the research context, but a burden 
in the clinical-setting making disease risk assessment more 
difficult. It is also an ever-evolving target to determine the 
amount of validation necessary to deem variants pathogenic 
and therefore reportable, especially when variants are unique 
to individuals or to individual families.4 It can be especially 
troubling when the disease in question involves sudden death 
where there is significant risk for surviving family members. 
It is imperative that new, potential CVD genes continue to be 
validated using a variety of methods, including family stud-
ies, animal- and cell-based models, and in vitro techniques. 
Much is known about the role of sarcomere proteins and ion 
channels in inherited CVD. However, although proteins of 
the nuclear envelope (NE) are implicated in CVD, only a 
handful of the ≈80 proteins of the NE have been exhaustively 
screened, and more work needs to be done to understand the 
risk of variants in genes of the NE.

See Article by Haskell et al

In this issue, Haskell et al5 present whole exome sequenc-
ing data on 55 patients with suspected monogenic CVD, 
including cardiomyopathy, long QT, thoracic aortic aneurysm, 
and mitral valve prolapse. Variants were initially filtered using 
candidate gene panels specific to each subject’s phenotype. 
Analysis of established disease genes identified pathogenic 
or likely pathogenic variants in 12 subjects and variants of 
unknown significance in an additional 19 of 55 subjects 
resulting in identification of a potentially pathogenic variant 
in a known candidate gene in 56.4% of the cohort. This left 
>40% of the cohort negative for diagnostic genetic variants. 
To identify novel candidate disease genes in the remainder 
of the cohort, the authors examined variants across the entire 
captured exome. They examined rare (minor allele frequency 
<0.001), predicted loss-of-function variants (pLOF), includ-
ing nonsense, splice site, and frameshifting variants. Four 
potential candidate variants were identified, all in genes of 
the NE. The NE separates the functions of the cytoplasm and 
nucleus and is composed of the inner and outer nuclear mem-
brane separated by the perinuclear space and spanned by the 
nuclear pore complex (NPC). The nuclear lamina underlies 
the inner nuclear membrane and is composed of the A- and 
B-type lamins and their associated proteins. In addition to the 
mechanical support provided by the nuclear lamina, its other 
functions involve DNA replication, cell division, chromatin 
localization, and gene expression. Mutations in genes encod-
ing proteins of the nuclear lamina cause several forms of stri-
ated muscle disease. Mutations in the A-type lamins, encoded 
by the LMNA gene, are responsible for an entire class of dis-
eases, termed the laminopathies, and affecting a diverse group 
of tissues, including striated muscle, nerves, and adipose tis-
sue. The diseases of striated muscle include Emery–Dreifuss 
Muscular Dystrophy, a progressive muscle disease that can 
have a severe cardiac component and dilated cardiomyopathy 
(DCM) with and without conduction system disease.

Of the 4 pLOF variants identified by Haskell et al,5 one 
was identified in a proband with a severe DCM that required 
transplant at age 15. The proband’s father also had DCM; 
neither had a history of skeletal muscle weakness. The pLOF 
variant identified was in the SYNE1 gene. SYNE1 encodes 
the giant nesprin-1 protein, a vital component of the LINC 
complex. The LINC complex (Linker of Nucleoskeleton and 
Cytoskeleton) spans the NE and is a multiprotein complex 
composed of the lamins, nesprins, SUN proteins, and a host 
of other nuclear membrane components (Figure). The LINC 
complex is thought to transmit mechanical signals from the 
cytoplasm to the nucleus and plays a role in diverse functions, 
including moving and shaping the nucleus, signal transduc-
tion, and chromatin localization.4 Mutations in LINC complex 
components are found in both cardiomyopathy and skeletal 
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muscle myopathy in both mice and humans.6 For example, 
mice lacking the C terminus of nesprin-1 have progressive 
muscle wasting and develop cardiomyopathy with conduc-
tion system disease and lack a functional LINC complex.7,8 
In addition to the study by Haskell et al,5 other studies have 
also identified potentially deleterious variants in nesprin-1 in 
patients with either Emery–Dreifuss Muscular Dystrophy or 
isolated DCM.8,9 Cells derived from humans with nesprin-1 
mutations show aberrant nuclear shape and mislocalization 
of LINC complex components. Despite evidence of nesprin-
1’s role in cardiac disease, the SYNE1 gene is not routinely 
screened for variation, likely because of its large size. The 
open reading frame of SYNE1 spans over 27 kb and through 
alternative transcriptional initiation and splicing, results in 
many nesprin-1 isoforms that vary greatly in size, with the 
largest isoforms >8700 amino acids in length.

The ExAC database (http://exac.broadinstitute.org) aggre-
gates variant information on >60 000 exomes.10 These data 
provide insight not only into the rarity of particular variants, 
but also to the tolerance of particular genes to mutation, with 
the idea that genes with greater than the number of expected 
variants under neutrality are less likely to be deleterious.11 
Aggregate data from the ExAC project indicates that SYNE1 
is tolerant to variation, especially pLOF variants; therefore, it 
follows that pLOF variation may not cause disease. However, 
this interpretation may be flawed as evidenced by another 
giant gene, TTN. TTN’s coding region spans over 100 kb and 
produces a 33 000 amino acid protein. Like SYNE1, TTN also 
produces multiple isoforms, only some of which are important 
in the heart. Herman et al12 performed large-scale sequencing 
of TTN in a cardiomyopathy cohort with >590 subjects with 
either hypertrophic or dilated cardiomyopathy. They found 
rare TTN truncating variants in ≈25% of the DCM cohort, but 
only 1% in the hypertrophic cardiomyopathy cohort. Three 
percent of the control group carried truncating variants in the 
TTN gene indicating that rare, pLOF variants are rather com-
mon in the giant gene. Although SYNE1 is only approximately 
a quarter of the size of TTN, it is still a massive protein and 
may also carry a higher than expected pLOF burden in the 
general population and still significantly contribute to CVD. 

Further large-scale studies in patients with CVD are in order 
for this massive gene.

Haskell et al5 also identified 3 pLOF variants in NPC genes. 
The NPC is one of the largest protein complexes in the cell and 
consists of multiple copies of ≈30 NUP (nucleoporins). Besides 
serving as conduits connecting the cytoplasm and nucleus, evi-
dence suggests that NPCs have an active role in regulating gene 
expression and organizing chromatin, as well as DNA repair 
and RNA processing.13 There is evidence that the NPC associ-
ates with the SUN proteins, vital components of the LINC com-
plex, and that the NPC relies on this interaction for assembly 
during interphase and for uniform distribution of NPCs across 
the nuclear surface.14,15 Although individual NUPs are not giant, 
the number of NUPs and their involvement in the sizable NPC 
makes studying their role in human disease challenging. To 
date, only 1 NUP gene, NUP155, was linked to inherited cardiac 
disease. A homozygous missense mutation was identified in a 
family with atrial fibrillation and sudden death in early child-
hood.16 Homozygous Nup155 null mice die before embryonic 
day 8.5, but heterozygous mice show a distinct atrial fibrillation 
phenotype. Haskell et al5 identified pLOF variants in NUP37, 
NUP43, and NUP188 in their subjects with CVD. These NUPs 
are all scaffolding NUPs, similar to NUP155 which may indi-
cate a shared function. A recent study determined that both 
over- and underexpression of nup188 has a role in heart looping 
in Xenopus.17 Haskell et al5 used morpholino knockdown to test 
the function of NUP37 and NUP43 in zebrafish. Zebrafish lack-
ing nup37 exhibited severe pericardial edema, a manifestation 
of heart failure, and possible arrhythmias. The zebrafish lack-
ing nup43 also displayed pericardial edema and bradycardia. 
Although these studies do not conclusively prove that variation 
in the NUPs contribute to human CVD, they are suggestive of a 
role and indicate that further study is warranted.

In searching for new genes responsible for the inherited 
CVDs, it seems reasonable to examine genes enriched for 
cardiac expression. The LINC complex belies this think-
ing, as many components are rather ubiquitously expressed 
in nearly every cell type. One hypothesis put forth to explain 
this phenomenon is that cells under high mechanical load, 
such as heart and skeletal muscle, are uniquely sensitive to 

Figure.  The nuclear envelope is com-
prised of proteins implicated in inherited 
cardiovascular disease. The LINC (Linking 
the Nucleus to the Cytoplasm) complex 
acts as a mechanosensor across the 
nuclear envelope and spans the outer and 
inner nuclear membranes (ONM and INM) 
to connect the cytoskeleton in the cyto-
plasm and the lamina in the nucleus. LINC 
complexes are principally composed of 
nesprin, SUN, and lamin proteins along 
with a variety of additional nuclear mem-
brane components, some of which are 
implicated in cardiac and skeletal muscle 
disease. The nuclear pore complex (dark 
blue) is a multiprotein complex composed 
of nucleoporin proteins (NUPs), and new 
evidence suggests that variants in the 
NUP genes may also contribute to inher-
ited cardiovascular disease.
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perturbation of the LINC complex. Further work needs to be 
done to examine the potentially deleterious variation in these 
genes and their role as a missing link to explain CVD.
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