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Abstract
Four and a half LIM domain (FHL) protein family members, FHL1 and FHL2, are multifunctional proteins that are enriched in
cardiac muscle. Although they both localize within the cardiomyocyte sarcomere (titin N2B), they have been shown to have
important yet unique functions within the context of cardiac hypertrophy and disease. Studies in FHL1-deficient mice have
primarily uncovered mitogen-activated protein kinase (MAPK) scaffolding functions for FHL1 as part of a novel biomechanical
stretch sensor within the cardiomyocyte sarcomere, which acts as a positive regulator of pressure overload-mediated cardiac
hypertrophy. New data have highlighted a novel role for the serine/threonine protein phosphatase (PP5) as a deactivator of the
FHL1-based biomechanical stretch sensor, which has implications in not only cardiac hypertrophy but also heart failure. In
contrast, studies in FHL2-deficient mice have primarily uncovered an opposing role for FHL2 as a negative regulator of
adrenergic-mediated signaling and cardiac hypertrophy, further suggesting unique functions targeted by FHL proteins in the
Bstressed^ cardiomyocyte. In this review, we provide current knowledge of the role of FHL1 and FHL2 in cardiac muscle as it
relates to their actions in cardiac hypertrophy and cardiomyopathy. A specific focus will be to dissect the pathways and protein-
protein interactions that underlie FHLs’ signaling role in cardiac hypertrophy as well as provide a comprehensive list of FHL
mutations linked to cardiac disease, using evidence gained from genetic mouse models and human genetic studies.
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Introduction

The four and a half LIM domain protein (FHL) family, also
known as skeletal muscle LIM (SLIM), is part of the larger
LIM only subclass of proteins. LIM domain proteins are im-
portant mediators of protein-protein interactions, and thus,
they are thought to act as docking sites for multi-protein com-
plex assembly based on their highly conserved cysteine-rich
zinc finger-like interaction motifs (Sanchez-Garcia and
Rabbitts 1994). FHL proteins are structurally composed of

four LIM domains and an N-terminal half LIM domain, and
to date, four family members exist, which include FHL1,
FHL2, FHL3, and FHL4 that display unique developmental
and organ-specific expression patterns (Chu et al. 2000).
FHL1 is the only FHL family member that is regulated by
alternative splicing resulting in three isoforms (FHL1A (full-
length), FHL1B (lacks the last LIM domain and contains a
nuclear localization/export signal and a RBP-J binding re-
gion), and FHL1C (lack the last 2 LIM domains and contain
a RBP-J binding region)) (Shathasivam et al. 2010). FHL1,
FHL2, and FHL3 are enriched in striated muscle, with FHL2
exhibiting the most restricted expression pattern in cardiac
muscle (Chu et al. 2000). Based on their LIM domains,
FHLs are also known to interact with many binding proteins,
which range from ion channels to structural proteins
(Shathasivam et al. 2010); however, in the heart, they have
been shown to have a particularly high affinity to the spring
element of the sarcomeric protein titin, which regulates com-
pliance of muscle, as well as signal transducers of the
mitogen-activated protein kinase (MAPK)/extracellular-regu-
lated kinase (ERK) with a distinct importance in stress and
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adrenergic-based cardiac hypertrophy (Raskin et al. 2012;
Sheikh et al. 2008). This reviewwill highlight the unique roles
of FHL1 and FHL2 in cardiac muscle hypertrophy and dis-
ease, with a focus on the signaling pathways and functions
that intersect their role in cardiac muscle as well as the impli-
cations of FHL mutations in human cardiac diseases.

A role for FHL1 in cardiac hypertrophy

Emerging evidence points to a pivotal role for FHL1 in cardiac
hypertrophy (Sheikh et al. 2008). Cardiac hypertrophy is de-
scribed as an adaptive remodeling response to increased car-
diac workload whereby cardiac muscle cells physically in-
crease in size (due to increased protein synthesis and sarco-
meric re-organization), resulting in an overall increase in car-
diacmusclemass (Nakamura and Sadoshima 2018). Although
adaptive during early postnatal cardiac growth/development,
cardiac hypertrophy can become maladaptive in settings of
sustained stress and injury (e.g., pressure overload, myocardi-
al infarction, ischemia) and in the context of certain sarcomer-
ic genetic mutations (e.g., hypertrophic cardiomyopathy-
causing mutations) leading to pathological cardiac hypertro-
phy, disease, and heart failure (Nakamura and Sadoshima
2018). Initial studies linking FHL1 to cardiac hypertrophy
were based on expression studies performed in hypertrophic
cardiomyopathy models and patients. These studies revealed
that amongst the FHL family members, FHL1 was selectively
and significantly upregulated in settings of pathological cardi-
ac hypertrophy, signaling, and disease (Chu et al. 2000).
FHL1 expression was found to be upregulated in vivo in adult
mouse hearts subjected to pressure overload and adult mouse
hearts from Gαq transgenic mice exhibiting hypertrophic car-
diomyopathy as well as in vitro in neonatal rat ventricular
cardiomyocytes treated with hypertrophic agonists (phenyl-
ephrine, angiotensin II (Ang II)) and signaling (Gαq adenovi-
rus) pathways (Sheikh et al. 2008). These findings were found
to be relevant to humans as FHL1 was significantly upregu-
lated in hearts from patients exhibiting hypertrophic cardio-
myopathy (Hwang et al. 1997, 2000; Lim et al. 2001). These
results altogether highlighted a role for FHL1 in cardiac hy-
pertrophy that was further reinforced in studies performed in a
genetic mouse model deficient in FHL1.

FHL1 genetic mouse model studies

FHL1 drives pressure overload-mediated cardiac
hypertrophy and modulates progression
of hypertrophic cardiomyopathy

A unique role for FHL1 in pathological cardiac hypertro-
phy was demonstrated using FHL1-deficient mice. FHL1-

deficient mice were viable and displayed a normal life span
with normal cardiac size and function; however, they
displayed a blunted hypertrophic response and preserved
left ventricular function after pressure overload by trans-
verse aortic constriction (TAC) (Sheikh et al. 2008). At
both 1 week and 5 weeks post-TAC, FHL1-deficient mice
demonstrated significantly reduced left ventricular weight/
body weight (LV/BW) ratios, smaller myocyte area, and
reduced fetal gene expression (atrial natriuretic peptide
(ANP), β-myosin heavy chain (β-MHC), skeletal α-actin
(SK α-actin)) compared to wild-type (WT) mice (Sheikh et
al. 2008). Further analysis through echocardiography re-
vealed preserved LV systolic function and wall thickness
at levels comparable to sham-operated mice (Sheikh et al.
2008). A link to Gαq-mediated hypertrophic signaling was
revealed after crossing FHL1-deficient mice with Gαq
transgenic mice (a well-established mouse model incorpo-
rating both the compensated and decompensated phases of
cardiac hypertrophy) (D’Angelo et al. 1997). Double
FHL1-deficient/Gαq transgenic mice abrogated the Gαq-
mediated hypertrophy, which was revealed through a re-
duction of LV/BW ratio and fetal gene expression (ANP,
β-MHC, SK α-actin) (Sheikh et al. 2008). Cardiac func-
tional analysis through echocardiography showed a resto-
ration of chamber dimension, wall thickness, and systolic
function to the same level as WT control mice (Sheikh et
al. 2008). This data indicates FHL1 is a critical component
of Gαq-mediated hypertrophic signaling and removal is
sufficient to prevent the pathological hypertrophic re-
sponse in this model. Interestingly, FHL2 levels are not
impacted in FHL1-deficient mice and may indicate that
these proteins operate in distinct pathways (Sheikh et al.
2008), even though they are thought to have opposing roles
in the hypertrophic response. FHL1 deletion rescued the
pathological hypertrophic response in two distinct
models—TAC and Gαq transgenic mice—which provides
evidence that it is a mediator of the general hypertrophic
response to multiple stimuli.

The pathogenic effect of FHL1 was further confirmed
through findings in cardiac myosin-binding protein C het-
erozygous knockout mice (cMyBP-C hets). The cMyBP-C
het model has significantly reduced MyBP-C expression
and develops an asymmetric septal hypertrophy with fibro-
sis by 10 months of age (Carrier et al. 2004). cMyBP-C het
mice show greater LV/BW ratios and increased interven-
tricular septal wall thickness compared to WT mice at
baseline (Vignier et al. 2014). Gene expression analysis
revealed FHL1 levels were significantly elevated in the
cMyBP-C het mouse model; however, FHL2 levels
remained unchanged (Vignier et al. 2014). The renin-
angiotensin system is thought to be a contributor to the
progression of cardiac hypertrophy, and thus, irbesartan
was exploited (angiotensin AT1 receptor blocker) to inhibit
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hypertrophy in the cMyBP-C het model (Vignier et al.
2014). Irbesartan treatment successfully normalized the
LV/BW ratio and interventricular septal wall thickness to
WT levels in cMyBP-C het mice (Vignier et al. 2014).
Improved cardiac morphology in the cMyBP-C het mice
was accompanied by a reduction of FHL1 gene expression
to WT levels as well (Vignier et al. 2014). This study
shows a potential pharmacological treatment that could
prevent the development of pathological cardiac hypertro-
phy, and that FHL1 (but not FHL2) functions as a sensitive
marker of cardiac morphology in the set t ing of
hypertrophy.

An additional study using a mouse model with a het-
erozygous human Arg403Gln missense mutation of α-
myosin heavy chain (MHC403/+) focused on the expres-
sion of FHL1 during hypertrophy (Christodoulou et al.
2014). The MHC403/+ mutant mice exhibit cardiac dys-
function and manifest hypertrophy, fibrosis, and myocyte
disarray with age (Geisterfer-Lowrance et al. 1996).
Analysis in the MHC403/+ model using 5′ RNA-seq to
detect alternative use of 5′ start sites after hypertrophy
showed FHL1 to have the greatest change in 5′ start-site
usage during disease (Christodoulou et al. 2014). Further
analysis found that FHL1 was also upregulated in the
model and there appeared to be a unique higher molecular
weight form that was specifically induced (iFHL1) in the
MHC403/+ model and other human diseases (HCM, DCM,
pressure overload LV hypertrophy, congestive heart fail-
ure) (Christodoulou et al. 2014). This iFHL1 was hypoth-
esized to be generated through alternative 5′ start-site us-
age and plays an important role in the response to cardiac
stress; however, the regulatory mechanisms driving this
a l t e red t r ansc r ip t i on remain to be de te rmined
(Christodoulou et al. 2014). Analysis of FHL2 in the
MHC403/+ mouse model showed that it was also signifi-
cantly downregulated (Christodoulou et al. 2014). To gain
insight into the role that iFHL1 played in this model, the
MHC403/+ mouse was crossed with FHL1-deficient mice
and assessed for the development of HCM (Christodoulou
et al. 2014). Interestingly, MHC403/+/FHL1-deficient mice
developed more severe HCM as shown through increased
LV hypertrophy, fibrosis, and increase of molecular sig-
natures of pathological hypertrophy (Christodoulou et al.
2014). This would appear opposite to the function of
FHL1 deficiency resulting in beneficial outcomes; howev-
er, other variables may account for this seemingly con-
flicting result. FHL2 was shown to decrease in the
MHC403/+ mouse model, whereas levels were unchanged
in FHL1 null mice (Christodoulou et al. 2014). The loss
of FHL2, which is thought to be a negative regulator of
cardiac hypertrophy (Kong et al. 2001), may have an
overriding effect on the hypertrophic response in the
MHC403/+ mouse.

Signaling mechanisms underlying a role
for FHL1 in cardiac hypertrophy

FHL1 scaffolds MAPK components to the sarcomeric
titin N2B spring element to regulate hypertrophy

The MAPK/ERK signaling pathway has been shown to play
an essential role in stress-induced (pathological) cardiac hy-
pertrophy (Lorenz et al. 2009; Ruppert et al. 2013). Recent
studies in FHL1-deficient mice have implicated FHL1 as a
component of a novel biomechanical stress sensor complex
that scaffolds MAPK signaling molecules to the sarcomeric
titin N2B spring element (I band) to regulate stress-induced
cardiac hypertrophy (Sheikh et al. 2008) (Fig. 1). Specifically,
FHL1 was shown to directly interact withMAPK components
(Raf1, MEK2, ERK2) at baseline, and this interaction could
be further enhanced when ERK signaling was activated fol-
lowing pressure overload (Purcell et al. 2004; Sheikh et al.
2008). In vitro studies in neonatal rat cardiomyocytes further
revealed that overexpression of FHL1 was sufficient to acti-
vate MAPK signaling as evidenced by an increase in ERK1/2
phosphorylation, suggesting a role for FHL1 as a positive
regulator of MAPK/ERK signaling (Sheikh et al. 2008).
In vivo studies in FHL1-deficient mice also revealed that loss
of this biomechanical stress sensor complex resulted in a loss
of MAPK/ERK signaling associated with a blunted and ben-
eficial (protective) response to stress-induced cardiac hyper-
trophy (Sheikh et al. 2008). In addition, ex vivo studies per-
formed in cardiac papillary muscles demonstrated that down-
stream transcriptional targets of MAPK/ERK signaling were
also downregulated in FHL1-deficient muscles following
acute stretch (Raskin et al. 2012; Sheikh et al. 2008). These
studies altogether demonstrate that FHL1 is a positive regula-
tor of MAPK/ERK signaling in response to a hypertrophic
stimulus (Sheikh et al. 2008).

FHL1-based biomechanical stress sensor complex is
downstream of Gq-mediated hypertrophic signaling

FHL1-mediated MAPK/ERK pathway has been reported
as a downstream target of Gαq hypertrophic signaling.
Gαq signaling is known to play a critical role in pressure
overload-induced cardiac hypertrophy, as cardiac-specific
Gαq/Gα11 knockout mice also displayed a blunted re-
sponse to pressure overload-induced hypertrophy (Dorn
and Brown 1999; Wettschureck et al. 2001). Furthermore,
studies in cardiac muscle-specific transgenic mice overex-
pressing Gαq demonstrated that overactivation of cardiac
Gαq signaling is sufficient to recapitulate the compensated
as well as decompensated phases of cardiac hypertrophy
that ensue into heart failure (D'Angelo et al. 1997).
Poignant studies in FHL1-deficient mice demonstrated that
FHL1 def ic iency was suff i c ien t to preven t the
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cardiomyopathy in Gαq overexpressing transgenic mice
(Sheikh et al. 2008). Compared with Gαq transgenic con-
trols, double FHL1-deficient/Gαq transgenic hearts exhib-
ited a significant reduction in LV size and fetal gene ex-
pression, which are known to be upregulated with hyper-
trophy and stress (Sheikh et al. 2008). Although not previ-
ously reported in the Gαq transgenic mouse model, elevat-
ed ERK1/2 phosphorylation was also observed in Gαq

transgenic hearts at baseline (Sheikh et al. 2008).
Analysis of double FHL1-deficient/Gαq transgenic hearts
further revealed that the blunted response to hypertrophy
coincided with a reduction in ERK1/2 phosphorylation
(Sheikh et al. 2008). Altogether these findings support
the role of FHL1 as a component of a biomechanical stress
sensor complex that acts downstream of Gαq to facilitate
hypertrophic signaling (Fig. 1).
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Fig. 1 Schemata of the signaling
pathways underlying a role for
FHL1 and FHL2 in cardiac
hypertrophy. a FHL1 scaffolds
MAPK components (Raf-1/
MEK2/ERK2) to the sarcomeric
titin N2B spring element
(biomechanical stress sensor
complex), to transmit MAPK
signals to regulate muscle
compliance and cardiac
hypertrophy in a Gq stimulus-
specific manner. Loss of FHL1
dissociates this biomechanical
stress sensor complex and
unmasks phosphorylation sites at
titin N2B by ERK2, resulting in
increased muscle compliance and
a blunted response upon
hypertrophic stimulus. PP5
translocates and deactivates this
biomechanical stress sensor
complex, leading to decreased
muscle compliance and heart
failure. b FHL2 interacts with
EKR2, CEFIP, and calcineurin at
the sarcomere to suppressMAPK/
ERK and calcineurin/NFAT
signaling upon adrenergic-
induced cardiac hypertrophy.
Loss of FHL2 releases the
suppression of the MAPK/ERK
and calcineurin/NFAT signaling,
leading to increased cardiac
hypertrophy. Ang II, angiotensin
II; CEFIP, cardiac-enriched
FHL2-interacting protein; ERK,
extracellular signal-regulated
kinase; FHL1, four and a half
LIM domain protein-1; FHL2,
four and a half LIM domain
protein-2; GPCR, G protein-
coupled receptor; HSP90, heat
shock protein 90; MEK, mitogen-
activated protein kinase; NFAT,
nuclear factor of activated T cells;
PE, phenylephrine; PP5, protein
phosphatase 5
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FHL1-based biomechanical stress sensor complex
modulates titin-based compliance/passive tension
after stretch and in cardiac disease

Central to the FHL1 complex is that all of the components
within this complex localize to the N2B spring element of titin
(Sheikh et al. 2008) (Fig. 1). Cardiac titin is a giant sarcomeric
protein that contains molecular springs (PEVK and titin N2B),
which act as biomechanical sensors and contribute to passive/
diastolic tension after stretch (LeWinter et al. 2007; Linke et
al. 1999). Studies in FHL1-deficient cardiac papillary muscles
subjected to a maximum 20% stretch displayed a significant
reduction in diastolic stress and therefore increased compli-
ance compared to controls (Raskin et al. 2012; Sheikh et al.
2008). Interestingly, FHL1 was found to be upregulated in a
PEVK segment (within the cardiac-specific titin N2B isoform)
knockout model that developed cardiac hypertrophy and an
increase in passive tension (Granzier et al. 2009), further sug-
gesting a role for FHL1 in regulating passive/diastolic tension.

Although the mechanisms of how FHL1 regulates passive/
diastolic tension needs to be further dissected, studies in
FHL1-deficient mice suggested that saturation of titin N2B
phosphorylation may be a key contributor towards this in-
creased compliance (Raskin et al. 2012). Beta-adrenergic
pathways (e.g., protein kinase A) are known to activate titin
N2B phosphorylation, which in turn increase cardiac muscle
compliance (Yamasaki et al. 2002). However, studies in
FHL1-deficient cardiac muscles demonstrated that they were
unresponsive to isoproterenol-induced increase in muscle
compliance (Raskin et al. 2012). Moreover, untreated FHL1-
deficient cardiac muscles exhibited a level of muscle compli-
ance similar to isoproterenol-treated control muscles, which
exhibit maximal muscle compliance, altogether suggesting
that titin N2B phosphorylation may be saturated in FHL1-
deficient cardiac muscle upon stretch (Raskin et al. 2012).
In vitro kinase studies demonstrated that ERK2 (which is a
part of the FHL1 biomechanical stress sensor complex) is a
kinase that can directly phosphorylate human titin N2B
(Raskin et al. 2012). Furthermore, Ser-3873, Ser-3915, and
Ser-3965 residues were critical residues for ERK-mediated
human titin N2B phosphorylation as their inactivation was
sufficient to block titin N2B phosphorylation both at baseline
and in response to adrenergic-mediated signaling (Raskin et
al. 2012). A dose-dependent increase in FHL1 levels could
significantly reduce ERK2-mediated titin N2B phosphoryla-
tion via in vitro phosphorylation assays (Raskin et al. 2012),
suggesting that FHL1 may directly interfere with ERK2-
mediated titin-N2B phosphorylation. However, recent studies
using titin N2B phospho-specific antibodies (including to Ser-
3965) in FHL1-deficient mouse hearts revealed a decrease in
titin N2B phosphorylation compared to controls (Krysiak et
al. 2018), suggesting that titin N2B phosphorylation may be
dynamic and hypo-phosphorylated at baseline but hyper-

phosphorylated during times of stress/stretch. Future studies
assessing the phosphorylation status of titin N2B before and
after stretch/stress may provide better insights into how these
events correlate to hypertrophic signaling responses. Studies
performed in the context of the human hypertrophic cardio-
myopathy titin N2B mutation S3799Y that has been previous-
ly shown to affect FHL binding also significantly impacted
ERK2-mediated titin N2B phosphorylation (Itoh-Satoh et al.
2002; Matsumoto et al. 2005; Raskin et al. 2012), further
providing relevance of this mechanism to human
cardiomyopathy.

Protein phosphatase 5 can deactivate the FHL1-based
biomechanical stress sensor complex to modulate
titin-based compliance/passive tension

A recent study has identified protein phosphatase 5 (PP5)
as a novel phosphatase regulating the FHL1-based biome-
chanical stress sensor complex by impacting MAPK sig-
naling and titin-based compliance (Fig. 1). Although PP5
is autoinhibited at baseline, PP5 activation/overexpression
causes translocation of PP5 to the FHL1-based biomechan-
ical stress sensor complex as it associates with FHL1 and
ERK2 at titin N2B (Krysiak et al. 2018). PP5 activation
inhibits MAPK/ERK signaling pathway by dephosphory-
lating Raf1 and ERK2 in vitro (Krysiak et al. 2018;
Mazalouskas et al. 2014; von Kriegsheim et al. 2006).
In vivo studies in PP5 transgenic mouse hearts further
showed reduced phosphorylation on S338 of Raf compared
to WT mouse hearts, which also has further implications in
blocking downstream MAPK/ERK signaling (Krysiak et
al. 2018). PP5 activation could also significantly reduce
titin N2B phosphorylation in neonatal rat cardiomyocytes,
while an enzymatically dead catalytic subunit of PP5
(PP5H304A) was unable to reduce titin N2B phosphoryla-
tion (Krysiak et al. 2018). In vivo studies further support
the role of PP5 in dephosphorylating titin N2B as PP5
transgenic mouse hearts displayed reduced titin N2B phos-
phorylation at residues S3965, S4043, and S4080 (Krysiak
et al. 2018). These molecular mechanisms were demon-
strated to be important in driving muscle compliance as
PP5 transgenic cardiomyocytes displayed increased pas-
sive tension (decrease muscle compliance) (Krysiak et al.
2018), which could be reversed with treatment with exog-
enous kinases (ERK, protein kinase A, or protein kinase
G), which are known to phosphorylate titin N2B (Krysiak
et al. 2018). These findings may have important implica-
tions in cardiomyopathy and heart failure as PP5 expres-
sion is increased in failing human hearts and elderly hyper-
tensive dog hearts with diastolic dysfunction, the latter of
which exhibit reduced titin N2B phosphorylation
(Krysiak et al. 2018). Further studies are required to better
understand the specific role of PP5 in howmuscle compliance
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regulates cardiac disease and whether there are specific impli-
cations in stress-induced cardiac hypertrophy settings.

Unique transcriptional actions of FHL1 in cardiac
hypertrophy

Given the detrimental role FHL1 plays in the pathological
cardiac hypertrophic response, there is a great deal of interest
in understanding the mechanisms regulating the expression of
FHL1. A study focusing on the histone trimethyllysine
demethylase JMJD2A utilized heart-specific deletion (hKO)
and overexpression mouse models to understand its role in
cardiac hypertrophy. JMJD2A hKO mice had a blunted hy-
pertrophic response to pressure overload through TAC, which
mirrored the phenotype observed in FHL1-deficient mice
(Sheikh et al. 2008; Zhang et al. 2011). Interestingly, FHL1
mRNA and protein levels were found to be downregulated in
the JMJD2A hKO heart after TAC. This raises the possibility
that JMJD2Amay function as a regulator of FHL1 expression.
Additional studies with the Jmjd2a-transgenic (Tg) mice dem-
onstrated a more severe cardiac hypertrophic response than
sham controls, which was accompanied by an upregulation
of FHL1 mRNA and protein levels (Zhang et al. 2011). To
further understand this mechanism, the group performed a
chromatin immunoprecipitation assay and revealed JMJD2A
binds significantly more to the FHL1 promoter after TAC,
with this binding being further increased with the Jmjd2a-Tg
mouse heart after TAC. This indicates JMJD2A can drive
increased transcription of FHL1 during cardiac stress (TAC).
To understand the consequences of increased FHL1 expres-
sion, they overexpressed FHL1 in neonatal cardiomyocytes
and saw an increase in fetal gene expression (ANP, brain na-
triuretic peptide (BNP), β-MHC) that can contribute to the
hypertrophic response (Zhang et al. 2011). This study pro-
poses a mechanism for regulation of FHL1 that involves an
increase in JMJD2A activity after TAC, which increases bind-
ing to the FHL1 promoter, drives increased FHL1 expression,
and ultimately produces fetal gene expression (Fig. 1). These
events contribute to the pathological hypertrophic response
during cardiac stress.

A role for FHL2 in cardiac hypertrophy

FHL2 expression is restricted to the heart and is expressed
throughout embryonic development into adulthood (Chu et
al. 2000). Also, unlike FHL1 that is thought to be a driver of
pathological hypertrophy, FHL2 is found to be protective in
hypertrophic settings. A study using a 7-day infusion of iso-
proterenol (β-adrenergic stimulation) to drive pathological
cardiac growth found that FHL2 expression was increased
through protein analysis immediately after the infusion
(Hojayev et al. 2012). This pointed to FHL2 as a component

of the hypertrophic response and subsequent experiments uti-
lizing FHL2-deficient mice revealed that FHL2was protective
in the hypertrophic response, as FHL2-deficient mice per-
formed worse than WT controls following isoproterenol chal-
lenge (Hojayev et al. 2012). Protein and mRNA analysis of
human HCM samples (with MyBPC3 mutations) showed that
FHL2 levels are significantly reduced in disease samples com-
pared to controls. Similarly, FHL2 mRNA levels were re-
duced in two mouse HCM models using MyBPC3 mutation
knock-in and knockout strategies (Friedrich et al. 2014).
Additional studies using the MHC403/+ mouse, which is an
established model of HCM, demonstrated reduced expression
of FHL2 in the disease state (Christodoulou et al. 2014).
Analysis in this study was performed in a genetically driven
HCMmodel where disease features had developed, and so the
reduction of FHL2 expression can be viewed as a mechanism
in disease pathogenesis. These results indicate FHL2 plays a
protective role in the cardiac hypertrophic response and loss of
FHL2 may be a critical marker or driver of disease. Mouse
models have helped to better understand the precise role that
FHL2 plays in the hypertrophic response to stress.

FHL2 genetic mouse model studies

FHL2 is thought to play a protective role in selective signaling
pathways linked to cardiac hypertrophy. Although FHL2-
deficient mice (targeting exon 1) display normal cardiac func-
tion at baseline and exhibit a similar hypertrophic response to
controls following 7 days of pressure overload (Chu et al.
2000), a subsequent study utilizing independent FHL2-
deficient mice (targeting exon 2) demonstrated a distinct effect
during β-adrenergic-mediated hypertrophy (Kong et al.
2001). Specifically, FHL2-deficient mice challenged with
7 days of continuous infusion of the β-adrenergic agonist,
isoproterenol revealed a worsening of cardiac hypertrophy
(Kong et al. 2001). Three days after isoproterenol infusion,
cardiac analysis revealed that FHL2-deficient mice exhibited a
greater increase in heart weight (HW)/BW ratio and increase
in ANP (hypertrophic stress marker) when compared to WT
mice after isoproterenol infusion (Kong et al. 2001). FHL2-
deficient mice similarly demonstrated an exaggerated re-
sponse to isoproterenol in a more recent study focusing on
the functional interaction between FHL2 and calcineurin
(Hojayev et al. 2012). Specifically, FHL2-deficient mice
displayed a significant increase in HW/BW ratio and BNP
(hypertrophic stress marker) following isoproterenol infusion
compared to WT (Hojayev et al. 2012). These studies alto-
gether suggest that FHL2 pathways may be uniquely linked to
β-adrenergic signaling pathways to play this protective role in
the heart.

A mouse model using a cardiac-specific Rho-associated
coiled-coil containing kinase knockout mouse model
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(cROCK2-KO) and twomethods of inducing cardiac hyper-
trophy highlighted the beneficial role FHL2 plays in the hy-
pertrophic response (Okamoto et al. 2013). At baseline,
cROCK2-KO mice display normal body weight, cardiac
morphology, and cardiac function compared to WT mice
(Okamoto et al. 2013).When subjected to either Ang II infu-
sion through an osmotic minipump (functions through acti-
vation of RhoA) or TAC, cROCK2-KOmice demonstrated a
less severe hypertrophic response than WT mice (Okamoto
et al. 2013). This was shown through reduced LVwall thick-
ness, reduced LV mass, and fibrosis in cROCK2-KO mice
(Okamoto et al. 2013). Analysis after Ang II infusion re-
vealed that FHL2 was significantly upregulated in
cROCK2-KOmice relative toWTmicewithAng II infusion,
implicating FHL2 as a mediator of the observed protective
phenotype (Okamoto et al. 2013). To better understand if
FHL2 was a significant contributor to the protective effects
observed in cROCK2-KO mice, haploinsufficient ROCK2
mice were crossed with heterozygous FHL2-deficient mice
and infused with Ang II (Okamoto et al. 2013). Double het-
erozygous mice displayed significantly worse heart weight/
tibia length ratios and significantly greater myocyte cross-
sectional area than heterozygous ROCK2-deficient mice af-
ter Ang II infusion (Okamoto et al. 2013). This demonstrated
that reduction of FHL2 was sufficient to remove the resis-
tance to pathological hypertrophy observed in ROCK2-
deficient mice.

Signaling mechanisms underlying a role
for FHL2 in cardiac hypertrophy

FHL2 suppress hypertrophy in cardiomyocytes
through inhibiting MAPK/ERK signaling

Consistent with in vivo studies in FHL2-deficient mice, stud-
ies in neonatal rat cardiomyocytes show that FHL2 overex-
pression leads to a reduction in adrenergic-induced cardiac
hypertrophy (Purcell et al. 2004). Mechanistic studies in this
system revealed that FHL2, unlike FHL1, may act as a nega-
tive regulator of MAPK/ERK signaling and play a protective
role in adrenergic-mediated cardiac hypertrophy (Purcell et al.
2004) (Fig. 1). Like FHL1, FHL2 is also bound to the titin
N2B region (Lange et al. 2002) and independent studies via
yeast two-hybrid studies revealed that FHL2 can also directly
interact with ERK2 (Purcell et al. 2004). In vitro studies in
neonatal rat cardiomyocytes suggested that FHL2 could po-
tentially inhibit the translocation of phosphorylated ERK2
from the sarcomere to the nucleus, resulting in inhibition of
ERK-dependent transcriptional signaling following adrener-
gic stimulation (Purcell et al. 2004). Consistent with these
findings, FHL2 overexpression could reduce MEK1-,
GATA4-, and adrenergic-induced hypertrophy also indicative

by the diminished upregulation of fetal genes, such as ANP
and β-MHC (Purcell et al. 2004). In vivo studies in FHL2
heterozygous-deficient mice also demonstrate that ERK
phosphorylation is increased in the setting of Ang II-
induced cardiac hypertrophy (Okamoto et al. 2013). The
suppressive effect of FHL2 on MAPK/ERK signaling was
further supported in studies performed in a cardiac-specific
ROCK2 knockout mouse model (Okamoto et al. 2013).
Cardiac-specific ROCK2 homozygous-deficient hearts
displayed an increase in FHL2 expression coincident with
reduced ERK phosphorylation and a blunted response to
Ang II and pressure overload-induced cardiac hypertrophy
(Okamoto et al. 2013). Studies in ROCK2 heterozygous-
deficient mice also revealed an increase in FHL2 expres-
sion, reduced ERK phosphorylation, and blunted response
to Ang II-induced cardiac hypertrophy (Okamoto et al.
2013) . Fu r the r s tud i e s inAng I I - t r ea t ed FHL2
heterozygous-deficient mice crossed with ROCK2
heterozygous-deficient mice (which reduced FHL2 expres-
sion to 50% of WT levels) resulted in an increase in ERK
phosphorylation and cardiac hypertrophy to levels equiva-
lent to Ang II-treated WT hearts (Okamoto et al. 2013).
Interestingly, these studies suggested that FHL2 co-
localized with ROCK2 at the perinuclear region, potential-
ly highlighting new functions of FHL2 and MAPK/ERK
signaling outside the sarcomere.

FHL2 is a suppressor of calcineurin/NFAT signaling

Studies in FHL2-deficient mice suggest that FHL2 is a critical
regulator of isoproterenol-induced cardiac hypertrophy and
calcineurin/ nuclear factor of activated T cell (NFAT) signaling
(Wilkins and Molkentin 2004). Calcineurin/NFAT signaling is
downstream of β-adrenergic signaling and plays an essential
role in isoproterenol-inducedmyocardial hypertrophy (Wilkins
and Molkentin 2004). Calcineurin specifically dephosphory-
lates NFAT, which then translocates into the nucleus to activate
transcription of hypertrophic target genes, such as BNP and
regulator of calcineurin 1 isoform 4 (RCAN1.4) (Wilkins and
Molkentin 2004). FHL2 and calcineurin intersect at the sarco-
mere in adult mouse hearts and calcineurin activation can en-
hance this interaction (Wilkins and Molkentin 2004). In vivo
studies in FHL2-deficient mice show that the expression of the
NFAT target genes, BNP, and RCAN1.4 are significantly in-
creased in isoproterenol-treated FHL2-deficient hearts, when
compared to controls (Wilkins and Molkentin 2004). In vitro
studies in neonatal rat cardiomyocytes further revealed that
knockdown of FHL2 led to increased transcriptional activation
of the calcineurin-mediated NFAT target gene, RCAN1.4 pro-
moter (Wilkins and Molkentin 2004). Overexpression of
FHL2 was also sufficient to inhibit the transcriptional activa-
tion of the RCAN1.4 promoter and blunt hypertrophic growth
in cultured cardiomyocytes induced by constitutively active
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calcineurin (Wilkins and Molkentin 2004). These studies alto-
gether suggest that the effects of FHL2 in isoproterenol-
mediated hypertrophy may be mediated by calcineurin/NFAT
signaling (Fig. 1).

CEFIP is an agonist of FHL2-mediated
calcineurin/NFAT signaling

Recent studies identified the cardiac-enriched FHL2-
interacting protein (CEFIP) as a novel FHL2-interacting pro-
tein via yeast two-hybrid studies (Dierck et al. 2017). CEFIP is
thought to co-localize with FHL2 at the sarcomere in adult
mouse heart (Dierck et al. 2017). Although the role of
CEFIP in regulating calcineurin/NFATsignaling and hypertro-
phy appears to be well established, the effect on FHL2 is not
linear. CEFIP overexpression (upregulation) alone increased
transcription of the NFAT-responsive promoter activity and
adrenergic-mediated hypertrophy in treated neonatal rat
cardiomyocytes (Dierck et al. 2017). Interestingly, after
FHL2 is knocked down (downregulation) in this setting, the
NFAT-responsive promoter activity could be further increased
to the most maximal levels (Dierck et al. 2017). Conversely,
CEFIP knockdown (downregulation) alone resulted in re-
duced NFAT-responsive promoter activity and adrenergic-
mediated cardiac hypertrophy in neonatal rat cardiomyocytes,
even in presence of calcineurin overexpression (Dierck et al.
2017). When FHL2 is knocked down in these settings, the
NFAT-responsive promoter activity is increased when com-
pared to CEFIP knockdown alone yet decreased when com-
pared to FHL2 knockdown alone (Dierck et al. 2017), sug-
gesting an overriding effect of FHL2 and only partial intersec-
tion of CEFIP pathways with FHL2 (Fig. 1).

FHL1 and FHL2 variants are associated
with hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy (HCM) mutations are largely
found in sarcomeric genes, with the five most common being
β-myosin heavy chain (MYH7), cardiac myosin-binding pro-
tein C (MYBC3), troponin T (TNNT2), troponin I (TNNI3),
and myosin regulatory light chain 2(MYL2) (Friedrich et al.
2012). Increasing evidence points to the contribution that
FHL1 mutations play in HCM development and there has
been effort to identify these mutations in HCM patient popu-
lations without mutations in the classically defined causal
genes (Cowling et al. 2011; D’Arcy et al. 2015; Friedrich et
al. 2012; Gossios et al. 2013; Hartmannova et al. 2013;
Knoblauch et al. 2010; Zhang et al. 2015) (Table 1). A study
looking to identify FHL1 mutations in these HCM patient
populations reported several FHL1 variants, with two of these
predicted to result in a truncated FHL1 protein lacking a large
portion of the C-terminus (Friedrich et al. 2012). Analysis of

the predicted truncating FHL1 variants through in vitro trans-
duction in neonatal cardiomyocytes resulted in expression of a
smaller FHL1 protein at reduced levels (Friedrich et al. 2012).
Subsequent analysis of the FHL1 variants in rat-engineered
heart tissue resulted in a disruption of contraction force and
kinetics (Friedrich et al. 2012). It is intriguing that FHL1 mu-
tations may be linked to HCM; however, in vivo analysis of
FHL1 variants via knock-in models is required to more pre-
cisely determine their role in human disease.

Due to its location on the X chromosome, FHL1 has been
studied as a gender-specific modifier of disease severity in
HCM patients (Christodoulou et al. 2014; Ehsan et al. 2017;
Friedrich et al. 2012; Hartmannova et al. 2013; San Roman et
al. 2016). For example, a frameshift mutation of the FHL1
gene (F200fs32X) was found in three male patients
(Hartmannova et al. 2013). This mutation does not affect tran-
scription, splicing, and stability of FHL1 mRNA levels, but
rather results in a truncated form of FHL1 protein that is pre-
dicted to be missing the LIM3 and LIM4 domains
(Hartmannova et al. 2013). These hemizygous male patients
display HCM and severe left ventricular diastolic dysfunction
in end-stage heart failure. Interestingly, one heterozygous fe-
male with the same mutation displayed mild cardiac involve-
ment, which suggests FHL1 plays a role in disease penetration
in a gender-specific manner (Hartmannova et al. 2013). It is
likely that this truncated form of FHL1 without the capacity
for its required protein-protein interactions through LIM do-
mains functions as a toxic protein that prevents proper assem-
bly of complexes in the cell.

FHL2 variants have been identified in HCM patients with
no other detectable pathogenic gene mutations (Friedrich et al.
2014). A study identified six mutations (two novel and four
known) that were found in distinct HCM populations
(Friedrich et al. 2014). Transduction of the FHL2 genetic var-
iants in neonatal rat cardiomyocytes and rat-engineered heart
tissue illustrated diverse functions of the variants on hypertro-
phic gene expression (ANP, BNP, SK α-actin), stability of
FHL2 protein, and consequence of expression on tissue func-
tion in an engineered system (Friedrich et al. 2014). Analysis
was unable to elucidate the mechanisms by which these FHL2
variants may impact HCM development in patients (Friedrich
et al. 2014). Further studies are required in model systems
such as the mouse where impact of variants on cardiac func-
tion and pathogenesis can be more readily defined.

Analysis of a HCM-associated mutation in the titin N2B
region (Ser3799Tyr) revealed an increased interaction with
FHL2 through a yeast two-hybrid assay (Matsumoto et al.
2005). This is an interesting finding as loss of FHL2 in a
knockout mouse model has been shown to increase the sever-
ity of the pathological hypertrophic response to β-adrenergic
stimulation (Kong et al. 2001). These findings seem to be
conflicting; however, the increased interaction between N2B
and FHL2 could prevent FHL2 from performing additional
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roles in the cell or the proper turnover required for sarcomeric
homeostasis. FHL1 has been more commonly implicated in
HCM, so it would be important to understand the role that
FHL1 is playing with this N2B mutation. FHL1 and FHL2
share many binding sites, particularly on N2B, so it is very
likely that this mutation is also influencing FHL1 and it is
contributing to the HCM.

FHL and other myopathies

FHL1 and FHL2 have been studied largely in the context of
the hypertrophic response in muscle and mutations that result
in hypertrophic cardiomyopathy (Table 1). Additional studies
have implicated FHL1 and FHL2 in other types of cardiac
disease such as dilated cardiomyopathy (DCM), arrhythmo-
genic right ventricular cardiomyopathy (ARVC), and arrhyth-
mias (Table 1). Although often connected to hypertrophic car-
diomyopathy, these are distinct cardiac diseases that suggest
FHL1 and FHL2 may have a broader role in the cardiomyo-
cyte. This further reveals the complexity of FHL1 and FHL2
signaling and interactions in the heart and provides opportu-
nities to better dissect relevant pathways in cardiac disease.

FHL1 mutations are implicated in myopathies and dystro-
phies, which has been shown through a FHL1 knockout
mouse model and human samples analyzing skeletal muscle
(Domenighetti et al. 2014). The link to Emery-Dreifuss mus-
cular dystrophy (EDMD) is particularly interesting as there is
a strong cardiac pathology (Cowling et al. 2011). FHL1 mu-
tations contribute to approximately 10% of EDMD cases that
have an X-linked inheritance pattern (Pillers and Von Bergen
2016). The cardiac disease is severe in EDMD patients and is
a major cause of death (Pillers and Von Bergen 2016). EDMD
patients often have arrhythmias and can develop a dilated
cardiomyopathy in later stages of disease that progresses to
congestive heart failure (Pillers and Von Bergen 2016).
Extensive work has been done to characterize FHL1 muta-
tions driving EDMD and has helped localize many mutations
to the most distal exons (5–8) of FHL1 and shown that they
primarily affect the LIM domain-mediated protein interactions
(Cowling et al. 2011). A recent study has linked ARVC with
EDMD through a FHL1 mutation. This study identifies a
Cys255Ser mutation in a large family with both cardiac dys-
function and neuromuscular disease (San Roman et al. 2016).
Family members displayed electrical abnormalities, right ven-
tricular dysfunction, and fibrofatty replacement of myocardi-
um which are common features of ARVC (Ohno 2016; San
Roman et al. 2016; Sen-Chowdhry et al. 2010). The involve-
ment of FHL1 inARVC is an important mechanism for further
study. Only a portion of mutations driving ARVC are known,
so future work should look in more detail at FHL1 mutations
in ARVC patients. Mouse studies and patient-derived-induced
pluripotent stem cells (iPSCs) can be useful for dissecting the

pathogenesis of this mutation and understand how it contrib-
utes to both ARVC and EDMD in this family. Cardiac disease
is also seen in reducing body myopathy (RBM), which is an
additional severe muscular disease driven by FHL1 mutations
(Cowling et al. 2011; Schessl et al. 2008). Patients develop
dilated cardiomyopathies; however, cardiac dysfunction is
less commonly observed than in EDMD patients because
RBM patients often die at an early age from respiratory failure
(Cowling et al. 2011). Further characterization of these muta-
tions is required to help dissect the unique FHL1 interactions
that are required for normal cardiac function. This can be
paired with clinical data to better understand pathways con-
tributing to electrical or structural heart disease.

The diverse cardiac pathologies associated with FHL1 mu-
tations in humans have a strong electrical component, with
EDMD and ARVC patients being susceptible to sudden car-
diac death. Studies utilizing human samples and animal
models have focused on better understanding the role of
FHL1 in regulating ion channels and in atrial fibrillation
(AF). The voltage-gated potassium channel KCNA5 functions
in repolarization of the atria and a study looking for novel
KCNA5-interacting proteins identified FHL1 as a positive
regulator (Yang et al. 2008). This study provides a possible
mechanism for arrhythmias in FHL1 patients outside of its
classic signaling pathways, but more work must be done to
confirm the relevance of these findings, particularly the elec-
trophysiology data in a more relevant cell type. Patient-
derived iPSCs would provide a more relevant system for
tracking the expression and function of KCNA5 with muta-
tions in FHL1. An additional study looking for new mecha-
nisms in AF showed upregulation of FHL1 in a porcine atrial
pacing-induced AF model (Chen et al. 2007). There is a need
to better understand the role of FHL1 in the progression of AF,
whether it is an early driver or rather an active signaling pro-
tein in the stressed cardiomyocyte. These studies point to
FHL1 as a critical factor in the regulation of atrial ion channel
function and stress. It will be important to apply these ideas to
FHL1 patient mutations to see how these pathways are altered
in EDMD or ARVC.

FHL2 has been directly linked to DCM. A study in a
Japanese patient population identified a Gly48Ser mutation
in FHL2 that associates with familial DCM (Arimura et al.
2007). Assessment of this mutation revealed it disrupts the
interaction between FHL2 and the N2B domain of titin
through mammalian two-hybrid analysis and causes FHL2
mislocalization in cardiomyocytes and skeletal muscle
(Arimura et al. 2007). The importance of FHL2 in DCM is
further shown through DCM-causing mutations in titin
(Gln4053ter), which revealed decreased FHL2 binding with
the N2B region of titin through yeast two-hybrid analysis
(Matsumoto et al. 2005). This implicates FHL2 as an impor-
tant component of DCM development; however, given that
FHL1 binds to similar regions of titin N2B, it would be
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interesting to assess the role that FHL1 plays with this muta-
tion and DCM development.

Previous work has suggested that the titin-FHL2 interac-
tion helps tether metabolic enzymes to the cardiac sarcomere
that are essential for the high-energy demand at this cellular
location (Lange et al. 2002). Loss of proper localization of
these enzymes could be an important contributor to cardiac
disease. A study looking at samples from patients with aortic
stenosis-driven heart failure observed a decrease of FHL2
levels in the failing heart (Bovill et al. 2009). This coincided
with a decrease in metabolic enzyme adenylate kinase and
phosphofructokinase 2 (Bovill et al. 2009). These results pro-
vide a possiblemechanism that may contribute to heart failure;
however, further studies are required to better understand the
contribution of these altered metabolic enzymes. It is neces-
sary to assess if loss of these enzymes is sufficient to drive
heart failure, or if they are just a product of disrupted structure
and signaling in the heart.

Conclusions and future directions

From their initial discovery in 1998 (Chan et al. 1998; Lee et
al. 1998), FHL1 and FHL2 have emerged as important players
and having unique roles in stress and adrenergic-induced car-
diac hypertrophy and disease, respectively. The role of FHL1
has been the most well established as a positive regulator of
stress-induced cardiac hypertrophy, and it is thought to act as a
MAPK scaffolding component of a biomechanical sensor
complex at the sarcomeric titin N2B band, which regulates
titin N2B phosphorylation/muscle compliance and cardiac hy-
pertrophy during pressure overload and Gαq-mediated stress
(Raskin et al. 2012; Sheikh et al. 2008). Although FHL2 is
also located at the sarcomere, it may play a more selective and
protective role in the heart by acting as a negative regulator of
adrenergic-induced cardiac signaling (via MAPK/ERK and
calcineurin) and hypertrophy (Hojayev et al. 2012; Purcell et
al. 2004). These studies altogether suggest a yin (FHL2)/yang
(FHL1) balance between FHL function in the heart during
stress, which may be required to keep homeostatic control of
cardiac function during stress. Few studies have assessed the
impact of both FHL1 and FHL2 in genetic models and hyper-
trophic settings; however, studies in alpha-myosin heavy
chain (MHC403/+) mutant model (which exhibited in-
creased FHL1 and downregulation of FHL2) may provide
unique insights and suggest that FHL2 functionmay dominate
and thus explain the worsening cardiomyopathy in this model
despite an attempt to reduce FHL1 levels (via cross to FHL1-
deficient mice) (Christodoulou et al. 2014). Future studies
should explore the role of FHL1 and FHL2 in stress-induced
cardiac hypertrophy by the analysis of double FHL1 and
FHL2 knockout mice as well as measure expression of both
FHL1 and FHL2 in hypertrophic models in order to better

gauge the FHL arena to predicate the response to genetic in-
tervention or therapy. It is also intriguing that both FHL1 and
FHL2 are bound to the same region of sarcomere (titin N2B)
but yet exhibit unique effects on signaling and hypertrophy;
thus, future studies focused on better understanding the posi-
tive and negative regulators of this complex (e.g., PP5) in the
setting of hypertrophic stress may provide new clues as to how
to specifically harness the beneficial effects of this complex
for therapeutic interventions in human cardiac disease. Human
genetic studies have revealed that FHL gene mutations are
associated with a number of cardiomyopathies and heart dis-
eases (Table 1); however, the challenge will be to better un-
derstand how these mutations impact FHL1 and FHL2 biolo-
gy in the context of a diseased heart. Future studies employing
knock-in mouse models to assess the impact and sufficiency
of these mutations to drive human cardiac disease should be a
focus.
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