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Laminopathies

LMNA encodes an intermediate filament
protein with several complex functions,
including maintenance of nuclear ultra-
structure, mechanotransduction, and reg-
ulation of gene expression (1). Autosomal
dominant germline mutations in LMNA
cause a heterogenous group of multi-
system disorders called laminopathies,
whose manifestations include cardiomy-
opathy, muscular dystrophy, metabolic
disturbances, and accelerated aging (pro-
geria) (1). Several LMNA mutations have
a strong predilection to cause dilated car-
diomyopathy (DCM), cardiac conduction
abnormalities, and sudden cardiac death
(1, 2). Currently, there are no specific dis-
ease-modifying therapies for laminop-
athies, catalyzing interest in the devel-
opment of preclinical models for drug
discovery and gene therapy.
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Heart failure (HF) with reduced contractile function is a common and
lethal syndrome in which the heart cannot pump blood to adequately
meet bodily demands, resulting in high mortality despite the current
standard of care. In modern societies, the most common drivers of HF
are ischemic heart disease and hypertension. However, in a substantial
subset of cases, patients present with dilated and poorly contracting
hearts without evidence of common inciting stressors, a syndrome called
dilated cardiomyopathy (DCM). Genome sequencing has identified a
host of deleterious germline variants in key cardiomyocyte genes as
causes of heritable DCM, including mutations in LMNA, which encodes
the nuclear lamina-associated protein lamin A/C. In this issue of the JCI,
Auguste et al. generate a mouse model of DCM in which they delete Lmna
in cardiomyocytes and discover that bromodomain and extraterminal
(BET) protein activation is a druggable epigenetic mechanism of disease
pathogenesis in this heritable HF syndrome.

Although several groups have devel-
oped mouse models harboring pathogenic
germline Lmna mutations, the cardiomyo-
cyte-specific role of LMNA in vivo is poorly
understood. In this issue of the JCI, Auguste
et al. deleted Lmna in a cardiomyocyte-
specific manner in mice (Lmna-cKO) using
the Myh6-Cre line, which principally drives
gene deletion during postnatal cardiac
maturation (3). The researchers found that
Lmna-cKO mice had 100% mortality by 4
weeks of age, preceded by severe cardiac
dilation, contractile dysfunction, fibrosis,
and cardiac rhythm disturbances that began
after 2 weeks of age. Lmna haploinsufficien-
cy caused a milder form of DCM, suggesting
dosage sensitivity (3). These phenotypes are
observed in patients with LMNA-associated
DCM, suggesting cardiomyocyte-specific
Lmna loss can trigger major cardiac mani-
festations of laminopathy.
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To better understand the molecular
pathways dysregulated by Lmna deletion,
the team performed bulk RNA sequenc-
ing (RNA-Seq) of cardiomyocytes isolat-
ed from homozygous Lmna-cKO mice. To
detect early effects of Lmna deletion and
avoid secondary transcriptomic effects of
advanced heart failure (HF), they profiled
cardiomyocytes from two-week-old mice,
a time point preceding onset of cardiac
dysfunction. Analyses of differentially
expressed genes revealed upregulation
of profibrotic programs and predicted
activation of specific signaling pathways,
including activation of the bromodomain
and extraterminal (BET) family of chro-
matin regulatory proteins (3-5). BETs are
a highly conserved family of epigenetic
“reader” proteins consisting of the ubiq-
uitously expressed BRD2, BRD3, and
BRD4 and the testis-specific BRDT. BET
proteins bind lysine-acetylated histones
and transcription factors via two N-termi-
nal acetyl-lysine recognition domains, or
bromodomains. Once recruited to hyper-
acetylated regions of chromatin, BET pro-
teins scaffold macromolecular complexes
that coactivate gene transcription (5). Con-
sistent with this mechanism, chromatin
immunoprecipitation with DNA sequenc-
ing (ChIP-Seq) for BRD4 in primary iso-
lated cardiomyocytes from control versus
Lmna-cKO mice revealed preferential
BRD4 recruitment near genes that were
upregulated in mutant cardiomyocytes,
confirming increased BRD4 function in
the setting of Lmna deficiency (3).

BET proteins are druggable

regulators of transcription

These observations are particularly
intriguing because BET proteins are
druggable regulators of transcription.
Potent and specific pan-BET-inhibitory
small-molecule probes such as JQ1 (4) and
iBET (6) were developed in 2010 and have
been shown to block growth of several
tumor types. This class of small molecules,
called BET bromodomain inhibitors, spe-
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Figure 1. Cardiomyocyte-specific Lmna deletion triggers hallmark features of DCM and reveals BET proteins as druggable targets. Lrmna-cKO results in
cardiomyocyte dysfunction, immune cell and myofibroblast activation, and collagen deposition. BET bromodomain inhibition (BET-BDi) with JQ1improves
cardiac function and attenuates induction of stress response genes. As JQ1is administered systemically and acts upon multiple cell types simultaneously,
its therapeutic effects could depend on transcription modulation of cardiomyocyte and noncardiomyocyte populations. The figure was adapted from a
schematic created by Ana Catarina Silva (ana@anasilvaillustrations.com).

cifically bind the bromodomains of all four
BET proteins with high affinity, revers-
ibly displacing these coactivators from
their acetylated interaction partners and
inhibiting transcription of specific gene
programs (4). JQ1 improves cardiac func-
tion in mouse models of pressure overload
and myocardial infarction-induced HF
(7-9), prompting Auguste and colleagues
(3) to test its effects in Lmna-cKO mice.
They chronically treated two-week-old
mice with JQ1 and observed substantial
improvements in survival and cardiac
function. RNA-Seq from primary car-
diomyocytes isolated from JQIl-treated
mice revealed that JQ1 partially reverted
the transcriptome of Lmna-deficient car-
diomyocytes toward that of healthy con-
trols. They also catalogued differentially
expressed cardiomyocyte genes that were
secreted factors, identifying those that
could potentially crosstalk with other cell

types to drive disease progression and
therapeutic response to JQ1 (3).

This elegant study by Auguste and
colleagues (3) highlights that cardiomyo-
cyte-specific Lmna deletion can cause
DCM, modeling several features of human
cardiac laminopathy. Furthermore, the
authors show that systemic administration
of JQ1 can exert robust salutary effects in
this model, suggesting a new therapeutic
approach that targets the gene-regulatory
machinery (Figure 1). Although JQ1 has
previously been shown to improve heart
function in mice with acquired forms of
HF (7-9), the current work extends these
therapeutic effects to a model of heritable
human DCM. While the root cause abnor-
mality in Lmna-cKO mice is cardiomyo-
cyte intrinsic, secondary abnormalities in
noncardiomyocytes are likely contribu-
tors to HF progression in this setting. The
RNA-Seq data from isolated cardiomyo-
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cytes demonstrate that JQ1 has a clear ben-
eficial effect on this cell type. However, as
JQ1 is administered systemically and can
act upon multiple cell types simultane-
ously, there may be direct effects in non-
cardiomyocyte populations, such as fibro-
blasts, immune cells, smooth muscle cells,
and endothelial cells. In vitro experiments
demonstrate that BRD4 plays a key role
in stress-mediated activation of each of
these aforementioned cell types (7, 10-13).
Furthermore, in models of acquired HF,
bulk RNA-Seq of heart tissue shows that
JQ1 preferentially suppresses profibrot-
ic and proinflammatory gene programs
(9), although the precise cell populations
mediating these effects have not been
parsed in vivo. It will be critical to survey
these cellular compartments using single
cell-based interrogation to determine the
temporal changes in cell state that occur in
Lmna-cKO mice and other models of lami-
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nopathy, under both basal and JQ1-treated
conditions. These unbiased analyses may
also elucidate the molecular mechanisms
by which ailing cardiomyocytes trigger
stress responses in neighboring cells,
potentially identifying new druggable fac-
tors that fuel HF progression.

Conditional genetic mouse models are
complementary approaches to understand
the cell-specific effects of BET proteins in
vivo. Because systemic deletion of Brd4
or Brd2 in the mouse germline results in
developmental abnormalities (14), induc-
ible deletion in adult animals will need
to be pursued for most cell types. While
conditional genetic approaches can anno-
tate allele-specific and cell type-specific
effects, we emphasize that gene deletion
is an entirely different molecular per-
turbation than small-molecule BET bro-
modomain inhibition. First, BET bromo-
domain inhibitors like JQ1 simultaneously
bind to BRD2, -3, and -4 in an equipotent
manner (4). Second, JQ1 does not reduce
BET protein abundance but instead com-
petitively binds their acetyl-lysine recog-
nition pockets and displaces them from
their acetylated binding partners. Finally,
JQ1is dose titratable and reversible, allow-
ing for partial and transient inhibitory
effects in vivo, something that simply can-
not be achieved by gene deletion. A clear
difference between these approaches is
highlighted by the observation that Brd4
deletion in adult mouse cardiomyocytes
leads to decreased metabolic gene expres-
sion and progressive HF (15). In contrast,
Auguste and colleagues find that JQl
exerts beneficial effects on cardiomyo-
cytesin their model of Lmna deficiency (3).
To date, efforts to develop small molecules
that specifically bind individual BET fam-
ily members have been unsuccessful, giv-
en the high structural homology between
the bromodomains of BRD2, BRD3, and
BRD4. A deeper understanding of the pro-
tein interactomes and chromatin localiza-
tion of each of these proteins in relevant
cell types may facilitate the development
of more specific inhibitors, potentially via
altering  non-bromodomain-dependent
interactions. Overall, we emphasize that
comparisons between genetic and chem-
ical biological approaches for BET inhibi-
tion need to be interpreted with caution.
We posit that the potent salutary effects
of chemical BET bromodomain inhibitors
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in HF are actually due to their simultane-
ous binding of BRD2, BRD3, and BRD4 in
multiple cell types, a perturbation that is
very difficult to model using gene deletion
approaches.

Possible mechanistic links
between lamins and BETs
Another fascinating question Auguste et
al. (3) raise is whether there is a specific
mechanistic link between lamin A and
BRD4. The nuclear lamina can regulate
large-scale chromatin organization and
gene expression via physically tethering
large regions of the genome, called lami-
na-associated domains (LADs), and main-
taining them in a transcriptionally inactive
state (16). One intriguing hypothesis is that
mutations or deficiency in LMNA causes
inappropriate untethering of LADs from
the nuclear periphery, leading to aber-
rant chromatin activation, recruitment of
BRD4, and gene transcription. It will be
important to assess whether BET proteins
can form complexes with components of
the nuclear lamina and directly partici-
pate in LAD regulation. An alternative and
more likely possibility is that BET protein
activation is an indirect consequence of
cardiomyocyte stress. Lmna deficiency
may initially perturb basal cardiomyocyte
homeostasis, leading to secondary trig-
gering of stress signaling cascades, which
stimulate stress-activated transcription
factors and recruitment of BET proteins to
regulatory DNA. This indirect mechanism
can occur in cardiomyocytes but can also
mediate robust transcriptional changes
in other cell types, although the precise
mechanisms underlying such cellular
crosstalk remain poorly understood.

Translational potential for
human HF

Can BET bromodomain inhibition ever
be a viable therapy for human HF? Obser-
vations in preclinical models of acquired
and heritable HF support that BET bromo-
domain inhibition can have broad thera-
peutic benefit (3,7-9,17), possibly via mod-
ulating gene expression in multiple cardiac
cellular compartments. While BET bromo-
domain inhibitors are currently being test-
ed in cancer clinical trials (18), their on-
target toxicities in extracardiac tissues may
not permit a tractable therapeutic index for
chronic disease applications, such as HF.
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More tissue-restricted modulation of BET
proteins will likely be required to widen
this therapeutic index. Understanding the
precise cell- and gene-specific functions
of these proteins is a smart wager that
will boost the odds of getting BET bromo-
domain inhibitors to cover the spread from
cancer to human HF.
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