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The Novel Roles of Four and A Half LIM Proteins 1 and 2
in the Cardiovascular System

Pao-Hsien Chu, MD; Ju Chen1, PhD

Four and a half LIM domains protein 1 (FHL1) and FHL2,
as the name suggests, contain four and a half LIM domain
binding proteins. Proteins in this family capable of interacting
with many types of proteins, including structural proteins,
kinases, and several classes of transcription factors, have been
identified. These interactions have been found to have impor-
tant roles in a variety of fundamental processes including tran-
scriptional regulation, cardiovascular development, hypertro-
phy, atherosclerosis, and angiogenesis. This article reviews
recent advances in the characterization of FHL1 and FHL2,
their biological roles, LIM domain binding proteins, and func-
tions in the cardiovascular system. (Chang Gung Med J
2011;34:127-34)
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The cardiovascular system is a delicate and com-
plex structure.(1,2) Cardiac muscle is equipped

with intricate, intrinsic mechanisms to regulate adap-
tive remodeling, and vessels are responsible for
transportation throughout the whole body. Many dif-
ferent types of proteins, including structural and sig-
nal networks, are present to maintain homeostasis
and respond to environmental stresses. Most of the
known proteins have been well studied, but there are
many other novel proteins that play important roles
in various situations to compensate the functions of
the house-keeping proteins.(3) The LIM domain bind-
ing proteins,(4-6) whose functions remain unknown,
may influence the cardiovascular system from
embryonic developmental to end stage heart failure,

depending on their expression patterns and alterna-
tive splicing forms.

LIM domain binding protein
The name of the LIM domain, is derived from

three homeodomain proteins (Caenorhabditis elegans
Lin-11, rat Isl-1, and C. elegans Mec-3). This
domain has been recognized in a variety of cytoplas-
mic and nuclear functional molecules. It defines a
double zinc finger structure containing a characteris-
tic cysteine-rich sequence with about 50 amino
acids, and has been known as a potent protein-pro-
tein interaction motif.(6-10) Through a variety of pro-
tein-protein interactions, the functions of LIM
domain proteins in the nucleus are mainly in tissue-
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specific gene regulation and determination of cell
fate, whereas cytoplasmic LIM domain proteins are
mainly involved in cytoskeleton organization.(4) It is
very interesting to dissect the basic mechanisms and
phenotypes of the LIM domain binding proteins in
murine models.

Murine model of cardiovascular LIM domain
binding protein

An MLP-null mouse (lack of muscle-enriched
LIM domain proteins) demonstrated severe cardiac
dysfunction and histological changes closely resem-
bling those in human dilated cardiomyopathy inter-
actions with the Z disk/titin network.(11,12) Another
mouse model deficient in actinin-associated LIM
domain protein was established which revealed a
developmental pathway for right ventricular car-
diomyopathy.(13)

Many LIM domain binding proteins have been
studied with gene-engineered murine models to elu-
cidate the functions of LIM proteins in our laborato-
ry.(3,8-10,14-26) A search of the mouse expressed sequence
tags (EST) database with the LIM domain of MLP
revealed multiple EST clones corresponding to the
cDNAs encoding four-and-half LIM 1 (FHL1),
FHL2,(7,9) and other LIM domain proteins containing
cDNAs. Newly identified mechanical stress sensors
are not limited to the Z-disk region and to the I-band
and M-band regions of titin, but are also embedded
in muscle-specific membrane systems such as the
costamere, intercalated disks, and caveolae-like
microdomains.(6) This review summarizes current
knowledge of FHL1 and FHL2 with a focus on how
the cardiovascular system adjusts its pathophysiolog-
ical remodeling process to meet mechanical
demands.

Cardiovascular pathophysiology
Developmental cardiology

In the early development of the heart (embryon-
ic day [E] 8.5), FHL1 expression has been observed
strongly in the developing outflow tract, and to a
lesser extent in the myocardium.(9) FHL2, E8.0,
appears to have the most restricted expression pattern
during development, in the heart, blood vessels, and
skeletal muscle., FHL2 locates in vascular smooth
muscle and endothelial cells in vessels as shown by
Northern blot and knock-in LacZ cDNA for potential
lineage tracking.(7,8) Expression of FHL1 in the heart

is highest in the cardiac septa and in the region adja-
cent to the atrioventricular ring, suggesting a poten-
tial role in septation or conduction system develop-
ment.(9) In addition, abrogation of FHL1 expression
in primary human pulmonary artery smooth muscle
cells has been reported.(27)

FHL1 has been recognized as a novel regulator
of myosin-binding protein C (MyBP-C) activity, and
plays a role in sarcomere assembly.(28) FHL1 and
MyBP-C not only form a complex, but FHL1 may
extend into the C-zone of the A-band, or inhibit the
association of MyBP-C.(28) Overexpression of FHL1
in differentiating skeletal myoblasts induces the for-
mation of multinucleated myosacs, which is associat-
ed with disruption of the Z-line and myosin thick fil-
aments.(28) FHL1 localizes to the I-band/Z-line region
and to the M-line in both mature skeletal muscle and
isolated myofibrils. Moreover, FHL1 localizes to
focal adhesions in skeletal myoblasts, where it pro-
motes integrin-dependent cell spreading and migra-
tion.(29) FHL2 also localizes to the I-band and faintly
to the M-line in isolated cardiomyocytes where it
binds titin and scaffolds several muscle metabolic
enzymes.(28,29) There is one immunohistochemistry
study that has shown that FHL2 colocalizes with α-
actinin at the Z-lines of human cardiac myocytes.(30)

Cardiac hypertrophy

In striated muscle, LIM proteins play critical
roles in scaffolding, sarcomeric, and signaling pro-
teins.(28) FHL1 expression is also increased in hyper-
trophied human hearts.(16,31-34) SLIMMER (FHL1B/
KyoT3), a spliced isoform of FHL1, interacts with
the proapoptotic protein Siva-1, and delays skeletal
myoblast apoptosis.(35) FHL1 itself can increase mus-
cle fiber size and oxidative slow fiber type expres-
sion, leading to increased muscle strength and
endurance; these characteristics identify it as a regu-
lator of skeletal muscle mass.(36) FHL1 transgenic
mice exhibit skeletal muscle hypertrophy rather than
hyperplasia, showing an approximately 20% increase
in fiber size, but no change in fiber number, by
enhancing nuclear fator of acrivated T-cells tran-
scriptional activity.(36) Moreover, FHL1 mRNA is
increased in hypertrophy in both mice and
humans.(9,34)

FHL2-null mice have been shown to have
greater cardiac hypertrophic growth following cate-
cholamine infusion.(37) However, when FHL2-null
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mice were subjected to pressure overload stimulation
by aortic banding, a hypertrophic response was
observed that was indistinguishable from that of
wild-type controls.(10) The discrepancy between these
two studies is potentially because of the nature of the
stimulus, in that pressure overload produces a more
global response which recruits diverse hypertrophic
signaling pathways, while catecholamine infusion
may evoke a more unitary response that is dependent
on MEK1-ERK1/2 signaling.(38)

Cardiac failure

FHL1 mRNA is increased in different mouse
models of beta-adrenergic-induced cardiomyopa-
thy.(31) In cardiac hypertrophy and dilated cardiomy-
opathy mouse models, cardiac ventricular expression
of FHL-1, but not of related proteins FHL-2, or
FHL-3, was altered.(9)

Reduction of FHL2 expression occurs in human
left ventricular failure, and failure and knock-out car-
diac titin containing a unique N2B region mice might
lead to altered localization and reduced activity of
metabolic enzymes.(39,40) Altered FHL2 expression in
heart failure is associated with disruption of the nor-
mal subcellular localization of phosphofructokinase
2, adenylate kinase, and creatine kinase M isoform,
and reduced activity of phosphofructokinase 2 and
adenylate kinase, which might have important conse-
quences for myocardial energy metabolism in heart
failure.(39)

Angiogenesis

FHL2 expression has also been demonstrated in
the lung and in vascular smooth muscle cells
(vSMCs) of different origins, a finding that suggests
a potential role of FHL2 in the vasculature.(5) FHL2
is a key regulator of vasomotor tone,(41) and FHL2-
null mice exhibit significant elevations in systolic,
diastolic, and mean blood pressure. Deletion of the
FHL2 gene attenuated neovascularization after
corneal injury, which indicates that the FHL2 protein
plays a role in inhibiting inflammatory angiogene-
sis.(8) Similar findings were demonstrated in a mouse
ischemic leg model with possible impaired stem cell
mobility (our unpublished data).

Interestingly, FHL1-null mice exhibit aggravat-
ed angiogenesis with increased macrophage infiltra-
tion (our unpublished data). The mechanism requires
further evaluation.

Atherosclerosis

Overexpression of FHL2 strongly inhibits vas-
cular endothelial growth factor -induced endothelial
cell migration and might regulate phosphatidylinosi-
tol 3-kinase/Akt via direct suppression of the sphin-
gosine kinase-1- sphingosine-1-phosphate (SK1-
S1P) pathway.(42) Recently, our work has demonstrat-
ed that FHL2 is expressed in the endothelium and
smooth muscle of vessels, and in diet-induced hyper-
lipidemia.(7) Deletion of FHL2 is associated with
resistance to atherogenesis and changes of endothe-
lial cell function, including prevention of nitrogen
oxidate suppression and vascular connexin downreg-
ulation. These results suggest that FHL2 is intimately
associated with the regulation of endothelial cell
function.(8)

FHL2 inhibits transcriptional activation of
vSMC-specific genes mediated by the bone morpho-
genetic protein (BMP)-signaling pathway through
the CArG box-binding proteins, such as serum
response factor and members of the myocardin
(Myocd) family.(41) This is a novel mechanism of reg-
ulation of SMC-specific contractile genes by FHL2.
Aortic rings from homozygous FHL2-null mice dis-
play abnormalities in both endothelial-dependent and
endothelial-independent relaxation, suggesting that
FHL2 is essential for the regulation of vasomotor
tone.

Although estrogen plays important roles in the
pathophysiology of atherosclerosis and cardiovascu-
lar diseases mediated by estrogen receptor alpha
(ERalpha), FHL2 mainly interacts with the N-termi-
nal A/B domain of ERalpha, but not the C-terminal
ligand-binding domain.(43) Overexpression of full-
length FHL2 does not affect ERalpha-dependent
transcriptional activities. The different functions of
FHL2 may be observed in a cell type- or promoter-
specific manner.(43)

Pulmonary hypertension

FHL1 has been observed in vascular smooth
muscle cells, and is predominantly restricted to the
cytoplasm.(9,27) Recently, FHL1 has been identified as
a key protein in pulmonary hypertension through
protein screening, and upregulation has been verified
in idiopathic pulmonary arterial hypertension mod-
els.(27) Talin1 might act as an new interacting partner
of FHL1.(27) Because FHL1 and FHL2 share high
structural homology and some protein binding part-
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ners, it is plausible that FHL2 as well as FHL1 might
contribute to the pathogenesis of pulmonary hyper-
tension by promoting vSMCs transition to a highly
proliferative and migratory phenotype, or through
modulation of BMP-mediated regulation of contrac-
tile genes.(27)

Arrhythmia

Using a fusion protein and mass spectrometry-
based methods, the scaffolding protein FHL1 was
identified as a potential protein partner for
KCNA5.(44) Immunoprecipitation experiments,
cotransfected cells, and confocal microscopy have
demonstrated areas of colocalization after immunola-
belling of both proteins. FHL1 also increased the
extent and speed of K+ current slow inactivation,
with additional effects on the voltage dependence
and recovery of this process. The role of FHL1 may
be as a key molecular component in the I (Kur) com-
plex in the human atrium, where it likely regulates
functional expression of KCNA5.(44)

The highest levels of expression of both FHL1
and FHL2 during murine development are in the car-
diac septa and in the region adjacent to the atrioven-
tricular bundle,(9) a pattern which has also been noted
for minK. Alternative splicing may affect the
detailed expression patterns.(45) FHL2, a functionally
important partner of the minK potassium channel
subunit in heterologous cells, is required for the gen-
eration of IK.(46) The identification of FHL2 as an IK

modifier makes it a candidate modulator for arrhyth-
mia syndromes such as congenital long QT syn-
drome. Moreover, the interaction is specific for
minK and does not extend to KvLQT1. The role of
FHL2 is likely to link minK to the cytoskeleton,
given that Z-lines are known to play a crucial role in
the establishment and maintenance of cardiomyocyte
cytoarchitecture.(46) The link between the IKs channel
complex and the cytoskeleton is via the modular
FHL2 protein.

Mechanism
Mice lacking FHL1 display a blunted hyper-

trophic response and a beneficial functional response
to pressure overload induced by transverse aortic
constriction, as described in our previous study.(10) A
link to the Gαq (Gq) signaling pathway was also
observed, as FHL1 deficiency prevented the car-
diomyopathy observed in Gq transgenic mice.(16)

Mechanistic studies have demonstrated that FHL1
plays an important role in the mechanism of patho-
logical hypertrophy by sensing biomechanical stress
responses via the N2B stretch sensor domain of titin
and initiating changes in the titin- and mitogen- acti-
vated protein kinase- mediated responses important
for sarcomere extensibility and intracellular signal-
ing.(16)

FHL2 functions as an important transcriptional
coactivator when present in the nucleus. For exam-
ple, FHL2 has been shown to coactivate the andro-
gen receptor activator protein-1 (AP-1), β-catenin,
camp responsive element binding (CREB), camp
responsive element modulator (CREM), and the tran-
scriptional response downstream of wnt signaling.(47-

58) FHL2 can serve a repressor function in cardiomy-
ocytes through its ability to inhibit ERK1/2 tran-
scriptional coupling.(38) Moreover, FHL2 is an SK1-
interacting protein in both yeast and mammalian
cells.(59) FHL2, but not FHL1 or FHL3, interacts with
SK1 in the cytoplasm. The interaction sites with SK1
consist of at least 4 LIM domains in FHL2, whereas
the C-terminal portion of SK1 mediates the binding
of FHL2 in SK1. Overexpression of FHL2 attenuates
the activity and anti-apoptotic effects of SK1.

Conclusion
Cytoskeletal proteins from the LIM domain

family are thought to play a pivotal role in biome-
chanical stress responses leading to muscle disease.
FHL1 and FHL2 are enriched in mammalian striated
muscle, and associated with multiple binding part-
ners and biological functions, including cardiovascu-
lar development and function.
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