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Hypertrophic cardiomyopathy (HCM) is characterized by asymmetric left ventricular hypertrophy, diastolic
dysfunction and myocardial disarray. HCM is caused by mutations in sarcomeric genes, but in >40% of
patients, the mutation is not yet identified. We hypothesized that FHL1, encoding four-and-a-half-LIM
domains 1, could be another disease gene since it has been shown to cause distinct myopathies, sometimes
associated with cardiomyopathy. We evaluated 121 HCM patients, devoid of a mutation in known disease
genes. We identified three novel variants in FHL1 (c.134delA/K45Sfs, c.459C>A/C153X and c.827G>C/
C276S). Whereas the c.459C>A variant was associated with muscle weakness in some patients, the
c.134delA and c.827G>C variants were associated with isolated HCM. Gene transfer of the latter variants in
C2C12 myoblasts and cardiac myocytes revealed reduced levels of FHL1 mutant proteins, which could be
rescued by proteasome inhibition. Contractility measurements after adeno-associated virus transduction
in rat-engineered heart tissue (EHT) showed: (i) higher and lower forces of contraction with K45Sfs and
C276S, respectively, and (ii) prolonged contraction and relaxation with both mutants. All mutants except
one activated the fetal hypertrophic gene program in EHT. In conclusion, this study provides evidence for
FHL1 to be a novel gene for isolated HCM. These data, together with previous findings of proteasome impair-
ment in HCM, suggest that FHL1 mutant proteins may act as poison peptides, leading to hypertrophy, diastol-
ic dysfunction and/or altered contractility, all features of HCM.

†Present address: Department of Cardiology, Marienhospital Osnabrück, Heart Center Osnabrück-Bad Rothenfelde, Osnabrück, Germany.

∗To whom correspondence should be addressed at: Department of Experimental Pharmacology and Toxicology, Cardiovascular Research Center,
University Medical Center Hamburg-Eppendorf, Martinistraße 52, D-20246 Hamburg, Germany. Tel: +49 40741057208; Fax: +49 40741055925;
Email: l.carrier@uke.de

# The Author 2012. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

Human Molecular Genetics, 2012, Vol. 21, No. 14 3237–3254
doi:10.1093/hmg/dds157
Advance Access published on April 20, 2012

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/21/14/3237/2386297 by guest on 20 August 2022



INTRODUCTION

Four-and-a-half LIM domains 1 (FHL1) is a member of the
FHL protein family, composed of FHL 1, 2, 3, 4 and ACT
(activator of CREM), and characterized by an N-terminal
half LIM domain followed by four complete LIM domains
(reviewed in 1). The LIM domain is a double-zinc finger
protein-binding motif, named according to its initial discovery
in the proteins Lin11, Isl-1 and Mec-3 (2). FHL proteins are
localized within the cytoskeleton and the nucleus and can
shuttle between these compartments (3–5). FHL1 is the
main isoform of striated muscles and has been suggested to
contribute to sarcomere synthesis, assembly and biomechanic-
al stress sensing (6,7).

FHL1 has been shown to bind different partners, including
sarcomeric proteins such as the slow-skeletal myosin-binding
protein C (MyBP-C) or titin (7,8), the potassium channel
KCNA5 in human atrium (9) and the calcineurin-dependent
nuclear factor of activated T cells, cytoplasmic 1 (NFATc1;
10). Three isoforms of FHL1 are generated by alternative spli-
cing (1). FHL1A, also recognized as skeletal muscle LIM
protein 1, is the full-length protein expressed in many cell
types, with highest levels in skeletal muscle, intermediate
levels in the heart and low expression in placenta, ovary, pros-
tate, testis, small intestine, colon and spleen (3). FHL1B, or
SLIMMER, contains the LIM domains 1–3 plus nuclear local-
ization and export signals, as well as an RBP-J binding region,
and is expressed in brain, skeletal muscle and, to a lesser
extent, in heart, colon, prostate and small intestine (3). The
shortest isoform, FHL1C or KyoT2, contains only the LIM
domains 1 and 2 plus an RBP-J binding region, but no
nuclear localization signal (11). In comparison to FHL1A, it
is expressed at much lower levels in heart, testis and skeletal
muscle (12).

FHL1 gene mutations cause distinct X-linked skeletal
muscle disorders such as X-linked myopathy with postural
muscle atrophy with generalized hypertrophy (XMPMA; 13),
reducing body myopathy (RBM; 14,15), scapuloperoneal my-
opathy (SPM; 16) and Emery–Dreifuss muscular dystrophy
(EDMD; 17). In several cases, a cardiac phenotype has been
observed (reviewed in 1), including mainly arrhythmias, but
also hypertrophic cardiomyopathy (HCM) or dilated cardio-
myopathy (DCM). HCM has been specifically reported in
FHL1 carriers presenting with XMPMA or EDMD
(13,17,18). Interestingly, the expression of the FHL1 gene is
upregulated in human HCM (19,20) and in experimental
models of cardiac hypertrophy induced by pressure overload
or b-adrenergic agonists (6,21).

HCM is characterized by asymmetric left ventricular (LV)
hypertrophy, diastolic dysfunction and increased interstitial

fibrosis (22,23). The phenotype can be very variable. Many
patients are asymptomatic or only slightly symptomatic.
Symptoms include dyspnea, chest pain, palpitations, light-
headedness, fatigue and syncope. The disease may evolve
toward sudden cardiac death, particularly in young athletes
or heart failure. HCM is a genetic disease, mainly transmitted
as an autosomal dominant trait, but also with X-linked pat-
terns, and is caused by mutations in at least 14 genes encoding
components of the sarcomere (reviewed in 24–27). The genes
MYH7 encoding b-myosin heavy chain and MYBPC3 encod-
ing cardiac MyBP-C (cMyBP-C) are the most frequently
mutated, accounting for �80% of the mutations causing
HCM (24). Still, a considerable number (�40%) of HCM
patients do not carry mutations in any of the already estab-
lished HCM disease genes, suggesting mutations in so far
not identified genes. For example, X-linked mutations in
LAMP2, encoding the lysosomal-associated membrane
protein 2, have also been shown to cause Danon disease pre-
senting with HCM (28,29). We hypothesized that FHL1,
located on the Xq26.3 chromosome, could be another HCM
disease gene and performed a screen for FHL1 mutations in
a cohort of HCM patients devoid of mutations in established
disease genes. We identified five different FHL1 genetic var-
iants and analyzed their impact after gene transfer in different
cell types, in binding assays with isolated human cardiac myo-
fibrils and on contractility measurements in rat-engineered
heart tissue (EHT).

RESULTS

Identification of FHL1 variants in patients with HCM

We enrolled in this study 121 HCM index cases who do not
carry a mutation in five of the previously described HCM
disease genes. The screening of FHL1 for mutations led to
the identification of three novel and two previously reported
FHL1 variants (Table 1 and Figs. 1 and 2). The FHL1 variants
were found in seven unrelated families from France, Germany,
Italy, Portugal and Sweden. All but one of the index cases pre-
sented with a clear septal and/or posterior wall hypertrophy,
and the Portuguese proband had apical HCM; in some cases,
an abnormal electromyogram (EMG) and a muscular pheno-
type were associated (Table 2). Due to the small size of the
investigated HCM families, X-linked transmission could not
be fully validated from the pedigrees, but was compatible
with data obtained from the seven available pedigrees (Fig. 1).

Variant I is a one-nucleotide deletion (c.134delA) in exon 3,
affecting the three FHL1 isoforms and resulting in a frameshift
and a C-terminal truncated protein (K45Sfs) of 16.3 kDa,
lacking at least the LIM2, LIM3 and LIM4 domains. It was

Table 1. FHL1 genetic variants identified in patients with HCM

Variant #no. Localization Genetic change Codon change Amino acid exchange

I Exon 3 c.134delA AGC.GCC p.Ser45fs (K45Sfs)
II Exon 5 c.459C.A TGC.TGA p.Cys153X (C153X)
III Exon 8 c.827G.C TGT.TCT p.Cys276Ser (C276S)
IV Exon 8 rs151315725, c.823G.A GAC.AAC p.Asp275Asn (D275N)
V Exon 5 rs149670651, c.441C.T GAC.GAT p.Asp147Asp (D147D)
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detected in an Italian single case (II.3, F-18807), who was
diagnosed as a young adult with septal hypertrophy and
outflow tract obstruction. His parents (I.1 and I.2) do not
carry the variant and are not clinically affected, suggesting a
de novo mutation. The sister (II.1) and brother (II.2) of the
index case could not be genetically evaluated, but both were
not clinically affected. No family history of muscular
disease has been reported.

Variant II is a nonsense point mutation (c.459C.A) in exon
5, affecting the three FHL1 isoforms. It results in a truncated
protein (C153X) of 17.5 kDa, lacking the LIM3 and LIM4
domains. It was detected in four individuals of a French
family (F-19949). Already at the age of 13, the index case
(III.3) was diagnosed with HCM. He also presented with mus-
cular symptoms, such as Achilles tendon contractures and re-
spiratory insufficiency due to diaphragm weakness. A skeletal
muscle biopsy showed mild neuropathic features, and creatine

kinase levels were normal. At the age of 19, heart transplant-
ation was required because of congestive heart failure (pul-
monary edema). His brother (III.2) was also diagnosed with
HCM at the age of 10. At the age of 5, he had already pre-
sented with skeletal muscle weakness and walking difficulty,
but over the years, he showed a good evolution with no
major muscle problem, except for rare myalgia, mild difficulty
in heel walking and hypophonia, which were possibly of mus-
cular origin. Interestingly, the mother (II.2) and the sister
(III.1) of the index case, who are heterozygotes for the muta-
tion, both have HCM diagnosed by echocardiography or by
electrocardiogram (ECG; Table 2). Finally, the aunt of the
index case (II.1) presented with an intermediate phenotype,
characterized by a borderline septal hypertrophy and normal
ECG, but she was not available for genetic screening.

Variant III is a missense point mutation (c.827G.C)
located in exon 8, affecting only the FHL1A isoform.

Figure 1. Pedigrees of families with HCM carrying FHL1 variants. FHL1 variants were found in seven unrelated families from Italy, France, Germany, Portugal
and Sweden. D275N was found in three families, whereas the other variants were only detected in one family. Roman numerals symbolize generations. Arabic
numerals mark individuals within each generation. Males are symbolized as squares and females as circles. Individuals with HCM are indicated by black
symbols, individuals with an intermediate phenotype by gray symbols, unaffected individuals by empty symbols and deceased individuals by a diagonal
line. Index cases are indicated by the arrows. Family members with a plus sign (+) carry the respective mutation; non-carriers are marked with a minus
sign (–) and individuals without signs were not genotyped.
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It leads to a full-length mutant protein (C276S) of 31.9 kDa. It
was detected in an Italian patient (II.2, F-18904), presenting
with a 22 mm septal wall thickness at the age of 18
(Table 2). Diagnosis of HCM was made in his adolescence.
He did not present with other clinical symptoms, especially
no muscle weakness or signs of myopathy. His mother
carries the variant, but was clinically unaffected; his father
was genetically and phenotypically unaffected.

Variant IV is a missense point mutation (c.823G.A)
located in exon 8, resulting in a full-length mutant FHL1A
protein (D275N) of 31.9 kDa. It was found independently in
three families from Sweden, Portugal and Germany. Besides
a clear HCM phenotype, no muscle phenotype was reported
for the Swedish and Portuguese patients. The female Portu-
guese patient (I.1, F-20629) has an apical wall thickness of

17 mm and did not transmit the variant to her three sons
(Fig. 1 and Table 2). The German patient (II.3, F-19468), in
contrast, showed a muscle phenotype and complained of
general weakness and atrophy of the lower legs. Electromyo-
graphy examination showed neuromuscular patterns, which
could also be explained by a history of poliomyelitis in child-
hood.

Variant V is a silent point mutation (c.441C.T) located in
exon 5, which is expected to produce an FHL1A synonymous
wild-type (WT) protein (D147D) of 31.9 kDa. It was found in
a German patient (II.1, F18780) presenting with a septal wall
thickness of 16 mm (Table 2). His father received a pacemaker
in the 1970s and died suddenly in his mid-30s. His mother has
no known cardiac disease. Both his sister and his brother are
healthy. No structural heart disease has been diagnosed.

Figure 2. Variants in the FHL1 gene and mRNAs and their impact on protein structure. (A) Human FHL1 gene consists of eight exons. Exons 1 and 2 are
non-coding, whereas exons 3–8 give rise to three mRNA isoforms by alternative splicing: FHL1A, FHL1B and FHL1C. Light gray squares represent alternative
spliced exons. Translational start (ATG) and stop (TAA or TGA) codons are indicated for the three FHL1 isoforms. The five FHL1 variants identified in HCM
patients are depicted; they were located in exons 3, 5 and 8 and are frame shift, nonsense, missense or silent mutations. (B) Impact of the different genetic
variants on the FHL1A protein LIM domain structure.
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Table 2. Clinical and genetic features of HCM index cases and relatives

Family Ind Sex Birth
year

Age at
diagnosis

Proband Clinical
status

Age at
onset

PWth
(mm)

SWth
(mm)

ECG Muscle phenotype CK Other
symptoms

Var FHL1
variant

Genetic
status

FHL1 protein
consequence

18807 II.3 M 1985 17 P A 16 16 20 Abnormal No Normal No I c.134delA Hem p.Ser45fs
I.1 M 1957 45 NA No No No
I.2 F 1959 43 NA No No No

19949 III.3 M 1984 18 P A HCM age 13,
heart
transplant
age 19

13 29 Abnormal Diaphragm
weakness, EMG
almost normal,
Achilles tendon
contractures,
neuropathic
features
in biopsy

Normal No II c.459C.A Hem p.Cys153X

II.2 F 1959 43 A 8 17 Abnormal No Normal No c.459C.A Het p.Cys153X
II.3 M 1955 47 NA 9 10 Normal No No No
III.2 M 1988 14 A 10 8 16 Abnormal Difficulties

walking
on heels

Normal Myalgia,
hypophonia

c.459C.A Hem p.Cys153X

III.1 F 1997 5 I 3 5 Abnormal No No c.459C.A Het p.Cys153X
18904 II.2 M 1979 23 P A 18 12 20 Normal No Normal No III c.827G.C Hem p.Cys276Ser

I.I M 1948 54 NA 7 8 No No No
I.2 F 1949 53 NA 7 8 Normal No No c.827G.C Het p.Cys276Ser

20629 I.1 F 1955 47 P A 47 10 10 Abnormal No IV c.823G.A Het p.Asp275Asn
II.1 M 1979 23 NA 10.8 10.8 Normal No No No
II.2 M 1981 21 NA 7.8 9.3 Normal No No No
II.3 M 1985 17 NA 7.8 12.6 Normal No No No

19920 II.1 M 1924 78 P A 78 11 20 Normal No Normal No IV c.823G.A Hem p.Asp275Asn
19468 II.3 M 1940 62 P A 49 19 24 Abnormal General weakness,

abnormal EMG
Poliomyelitis

in childhood
IV c.823G.A Hem p.Asp275Asn

18780 II.1 M 1969 33 P A 22 14 16 Abnormal No No V c.441C.T Hem p.Asp147Asp

A, affected; CK, creatine kinase; F, female; Hem, hemizygote; Het, heterozygote; I, intermediate; Ind, individual number; M, male; P, proband; NA, not affected; PWth, posterior wall thickness; SWth, septal
wall thickness; Var, variant number. Abnormal ECG corresponds to abnormal negative T-waves.
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None of the family members exhibits signs of a neuromuscular
disorder.

None of the variants was detected in 285 control individuals.
However, variant IV has been found in 3 of 247 control indivi-
duals in a previous study (30) and was previously reported as a
single nucleotide polymorphism (SNP) with an allele frequency
of 1.2% (rs151315725). This non-synonymous variant is pre-
dicted as benign by PolyPhen and as tolerated by SIFT.
Variant V is synonymous and has also been reported as a rare
SNP with an allele frequency of 0.2% (rs149670651). Variants
IV and V were therefore considered polymorphisms, likely un-
related to disease.

FHL1 variants associated with HCM are expressed at low
levels in C2C12 myoblasts

The c.459C.A and c.134delA FHL1 variants are predicted to
result in large C-terminal truncation and hence loss of normal
FHL1 protein function affecting all three isoforms (Fig. 2B).
Therefore, we first analyzed the expression of these two
FHL1 variants at the protein level (K45Sfs and C153X) after
gene transfer in C2C12 myoblasts and compared them with
the expression of FHL1 WT. We also compared with the ex-
pression of FHL1 missense mutations that have been shown
to cause the skeletal muscle wasting diseases RBM (C132F,
102–104delKFC, 151–153delVTC), SPM (W122S),
XMPMA (127-I-128, C224W) and EDMD (C276Y; Fig. 3).
All proteins were detected migrating at the predicted molecu-
lar weight, but the level of both HCM-associated truncated
mutants was much lower than that of WT or the other
mutants (Fig. 3A). Gene transfer with different amounts of
cDNA further confirmed the lower levels of HCM-associated
mutants than of WT or RBMC132F-associated mutant (Supple-
mentary Material, Fig. S1).

Low levels of mutant proteins could be the result of reduced
translation or accelerated protein degradation. We therefore
investigated whether HCM-associated FHL1 mutants are
degraded by the ubiquitin–proteasome system (UPS), which
is considered to be the major proteolytic system (31,32).
Twenty-four hours before myoblasts were harvested, the pro-
teasome inhibitor MG132 or the vehicle dimethyl sulfoxide
(DMSO) was applied. Whereas FHL1 WT and RBMC132F

protein levels were not affected by the treatment, protein
levels of both HCM-truncated mutants were markedly higher
after MG132 treatment (Fig. 3B). Similar results were
observed after transfection of COS-1 cells (Supplementary
Material, Fig. S2). Interestingly, the lysosome inhibitor bafilo-
mycin A1 also increased the levels of HCM-truncated mutants
after gene transfer in COS-1 cells (Supplementary Material,
Fig. S2).

We then evaluated the expression level and localization of
the different HA-tagged FHL1 mutants by immunofluores-
cence analysis after transfection of C2C12 myoblasts
(Fig. 4). In the absence of the proteasome inhibitor, the
number of HA-positive myoblasts was .90% lower with
HCM mutants than with WT or RBMC132F mutant. After
MG132 treatment, the number of HA-positive cells of HCM
mutants increased to reach 50% of the WT number (Fig. 4A
and B), and HA-FHL1 WT and mutants were mainly located
in the cytoplasm of myoblasts (Fig. 4C).

Both WT and mutant FHL1 proteins bind to the I-band
region of human cardiac myofibrils

FHL1 has been shown to mainly localize to the sarcomeric
I-band, but also to a lesser extent to the M-band of the sarco-
mere in skeletal myocytes (8). We first evaluated the localiza-
tion of FHL1 in neonatal mouse cardiac myocytes (NMCMs)
and adult mouse ventricular myocytes (AMVMs; Fig. 5). In
NMCMs, FHL1 showed a striated pattern, which was in alter-
nation with the striated pattern of cMyBP-C located in the
A-band of the sarcomere (Fig. 5A), therefore consistent with
an I-band localization of FHL1. In AMVMs, co-staining
with an antibody directed against the Z1 domain of titin in
the Z-disk revealed co-localization of both proteins at the
short sarcomere lengths typical for these cell cultures
(Fig. 5B).

Figure 3. Protein levels of FHL1 WT and mutants after gene transfer in C2C12
myoblasts. C2C12 myoblasts were transfected with plasmid cDNA encoding
HA-tagged WT or FHL1A mutants for 4 h. (A) Western blots were stained with
antibodies directed against the HA-FHL1 orb-tubulin (b-tub) of proteins extracted
from C2C12 myoblasts transfected with 4 mg plasmid. Blot shows HA-FHL1 WT
and mutants identified in RBM (RBMC132F and RBM102–104delKFC), SPM
(SPMW122S), X-linked myopathy with postural muscle atrophy and generalized
hypertrophy (XMPMA127–128insI and XPMAC224W), EDMD (EDMDC276Y)
and HCM (HCMK45Sfs and HCMC153X). (B) Western blot stained with the HA
and theb-tub antibodies directed against proteins extracted from C2C12myoblasts
transfected with 1 mg HA-FHL1 WT, mutants or Mock, and treated for 24 h with
20 mM MG132 in 0.1% DMSO or with vehicle alone. MG132 partially increased
the level of HCM-truncated mutants. The migration of protein molecular weight
(MW) markers is indicated.
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We then evaluated whether FHL1 WT and mutants bind to
human cardiac myofibrils ex vivo. Whereas recombinant WT,
C153X, C276S and D275N proteins were expressed in bac-
teria, recombinant K45Sfs could not be produced, possibly
due to misfolding and poison peptide effect on bacterial
growth. For the binding assay, isolated and stretched human
cardiac myofibrils were incubated with recombinant FHL1
proteins and immunostained for FHL1. Comparison of fluores-
cence and phase images revealed binding of the FHL1 WT
protein to the I-band region of the sarcomere (Fig. 6), confirm-
ing and extending previous findings of an interaction between
FHL1 and the N2B region of titin in vitro (7). Specifically,
FHL1 appeared as tightly spaced double bands flanking sarco-
meric Z-disks. All three FHL1 mutants showed I-band staining
as well, but double bands were less clearly distinguishable
than with the WT protein, suggesting a lower binding specifi-
city. Myofibrils that were not incubated with recombinant
FHL1 did not exhibit the I-band doublet signals (Fig. 6).

FHL1 mutants are degraded by the UPS after gene
transfer in cardiac myocytes

We then investigated whether FHL1 variants are stably
expressed after gene transfer in cardiac myocytes. NMCMs
were transduced with adeno-associated virus serotype 6
(AAV-6) encoding FLAG-tagged FHL1 WT, truncated or full-
length HCM mutants (K45Sfs, C153X, C276S and D275N) at
a multiplicity of infection (MOI) of 10 000 for 48 h and then
exposed to 1 mM MG132 or vehicle for 24 h. Western blot ana-
lysis was performed using antibodies directed against the
FLAG epitope and b-actin, which was used as a loading
control (Fig. 7A). As in C2C12 myoblasts and in COS-1
cells, protein levels of the truncated K45Sfs and C153X
mutants were much lower than those of WT (Fig. 7A). Inter-
estingly, the C276S full-length mutant was also barely detect-
able, whereas the protein level of D275N, which is considered
a polymorphism (30), did not differ from the WT (Fig. 7A).

Figure 4. Immunofluorescence analysis of FHL1 WT and mutants after gene transfer in C2C12 myoblasts. C2C12 myoblasts were transfected with 1 mg of
plasmid cDNA encoding HA-tagged WT FHL1 or FHL1 mutants for 4 h and then treated for 24 h with 20 mM MG132 in 0.1% DMSO or with vehicle
alone. Cells were then fixed and stained with the HA antibody recognizing HA-FHL1 WT and mutants found in RBM (RBMC132F) or in HCM (HCMK45Sfs

and HCMC153X). Cells were also stained with DAPI to mark the nuclei. (A) Representative immunofluorescence images of FHL1 WT and mutants obtained
after vehicle or MG132 treatment. (B) Percentage of HA-positive myoblasts (related to HA-FHL1 WT 100%) observed after transfection with the HA-FHL1
HCM mutants, and obtained in the absence (vehicle), or after MG132 treatment. Data are expressed as mean+SEM, with

∗
P , 0.05 versus vehicle (n ¼ 3),

Student’s t-test. (C) Confocal image micrographs of transfected C2C12 myoblasts treated with MG132, showing that cytoplasmic localization of HA-FHL1
mutants did not differ from the WT. Right panels correspond to higher magnifications of left panels. Scale bars: 100 mm in (A) and 20 mm in (C).
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Inhibition of the proteasome with MG132 markedly increased
the levels of truncated and full-length HCM mutants, but did
not affect the protein levels of WT or D275N mutant
(Fig. 7A and B).

Further, we studied the localization of FHL1 WT and
mutants after AAV-6 transduction of cardiac myocytes fol-
lowed by treatment with MG132 (Fig. 8). FLAG-tagged
FHL1 WT, C276S and D275N proteins exhibited a striated
pattern in alternation with cMyBP-C. Only a few myocytes
showed FLAG-tagged FHL1-truncated mutants. In those rare
cases, however, the K45Sfs and C153X mutants were not
well incorporated into the sarcomere and showed a patchy
pattern indicating aggregates (Fig. 8).

K45Sfs and C276S FHL1 mutants affect contraction
parameters in rat EHT

Since hypercontractility and diastolic dysfunction are common
features in HCM (22,33), we evaluated whether human FHL1
WT or mutants affect contraction parameters after gene trans-
fer in rat EHT. EHTs were transduced with AAV-6 virus en-
coding FLAG-FHL1 WT or mutants (Fig. 9). After 14 days,

EHTs were treated with 500 nM of the proteasome inhibitor,
epoxomicin, for 24 h, and contraction parameters were mea-
sured (Fig. 9). Force and kinetics of contraction did not
differ between C153X-, D275N- or WT-transduced EHT
(Fig. 9). In contrast, K45Sfs-transduced EHT presented with
+27% higher force of contraction, as well as +13% and
+30% higher times of contraction (T1) and relaxation (T2)
than WT-transduced EHT, respectively. In C276S-transduced
EHT, force of contraction was 23% lower, and times of con-
traction (T1) and relaxation (T2) were 23 and 31% higher
than in WT-transduced EHTs, respectively (Fig. 9).

Immunofluorescence analysis of FLAG-FHL1-transduced
and epoxomicin-treated EHTs revealed typical alignment of
the myocytes, clear striation pattern of cMyBP-C and some
striation-like pattern for FHL1 WT, D275N and C276S
mutants (Fig. 10). However, the alternation between
cMyBP-C and FLAG-FHL1 mutants was not obvious in
EHTs. Furthermore, the two truncated mutants K45Sfs and
C153X were not well incorporated into the sarcomere and
also accumulated in nuclei (Fig. 10).

We finally evaluated whether the expression of FHL1 gene
variants is associated with the re-activation of the fetal gene

Figure 5. Immunofluorescence images of native FHL1 in mouse cardiac myocytes. (A) Cardiac myocytes were isolated from neonatal mice, fixed and stained
with antibodies directed against FHL1 (green) or cMyBP-C (red). (B) Ventricular myocytes were isolated from an adult mouse, fixed and stained with antibodies
directed against FHL1 (green) and the Z1 domain of titin (titin-Z1, red). Lower panel is a magnification of the upper panel. Scale bar: 20 mm.
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program of hypertrophy. The mRNA levels of rat Nppa (atrial
natriuretic peptide), Myh7 (b-myosin heavy chain) and Acta1
(a-skeletal actin) were higher in EHT transduced with C153X,
C276S or D275N mutants than in EHT transduced with WT
(Supplementary Material, Fig. S3). Similar results were
obtained for Nppb (brain natriuretic peptide), except for
C276S. In contrast, EHT transduced with the K45Sfs mutant
did not activate the fetal hypertrophic gene program.

DISCUSSION

The aim of the present study was to evaluate whether FHL1
might be a new disease gene for HCM in a cohort of 121 un-
related index cases, who do not carry a mutation in previously
identified genes. The major findings are as follows: (i) three
novel FHL1 genetic variants (K45Sfs, C153X and C276S)
and two known SNPs (D275N and D147D) were identified
in seven unrelated HCM families; (ii) C153X was associated
with skeletal muscle weakness in some patients, whereas
K45Sfs and C276S were associated with isolated HCM; (iii)
FHL1 WT or mutant proteins bound to the I-band of human
cardiac myofibrils; (iv) after gene transfer in C2C12 myoblasts
or in cardiac myocytes, protein levels of HCM FHL1 mutants
were lower than those of WT, but could be rescued by prote-
asome inhibition; (v) accumulation of mutant aggregates
appeared after proteasome inhibition in cardiac myocytes;
(vi) force and kinetics of contraction were altered following
transduction of EHTs with K45Sfs or C276S mutants and

(vii) most of the mutants activated a fetal gene program of
hypertrophy in EHTs. These data provide the first evidence
of FHL1 mutations to be associated with and possibly causa-
tive for isolated HCM and of the regulation of their expression
at least by the UPS. Our findings suggest that impairment of
the UPS with age and/or as a consequence of an initial path-
ology would lead to aggravation of a toxic effect of FHL1
mutants either by formation of protein aggregates and/or by
their effects on sarcomere function. This may result in hyper-
trophy, hypercontractility or diastolic dysfunction, all common
features in human HCM.

Out of the five FHL1 variants identified in HCM families in
the present study, two have been previously recognized as
SNPs. The first one is the c.823G.A transition leading to
D275N, which has been found in control individuals in a pre-
vious study (30) and is reported as an SNP (rs151315725) with
an allele frequency of 1.2%. The second one is the c.441C.T
transition resulting in D147D, which is reported as an SNP
(rs149670651) with a very low allele frequency of 0.2%.
This suggests that both polymorphisms are likely not respon-
sible for HCM. This is supported by the following observa-
tions. First, and in contrast to the three novel FHL1 variants
(K45Sfs, C153X and C276S), the D275N protein was stable
and not degraded by the UPS after transduction of cardiac
myocytes (Fig. 7). Secondly, the D275N mutant protein was
incorporated into the sarcomere alternating with endogenous
cMyBP-C, as observed for FHL1 WT but in contrast to the
truncated FHL1 mutants (Figs. 8 and 9). Finally, D275N did
not alter the contraction parameters of EHT (Fig. 9).
However, the finding that D275N mutant activated a fetal
hypertrophic gene program in EHT (Supplementary Material,
Fig. S3) suggests that it could cause HCM in these patients.
For D147D we did not evaluate its protein level and cellular
localization after gene transfer in cardiac myocytes or its
effect on EHT contractions, but we predict a behavior
similar to WT. However, we cannot exclude a pathogenic
role of the D147D variant. Indeed, on the one hand, this is a
very rare SNP, and, on the other hand, this c.441C.T transi-
tion alters exonic splice enhancer sequences, which regulate
the splicing process, and it might therefore produce a truncated
protein. Further analyses using minigenes will evaluate this
possibility.

Out of the three novel FHL1 variants (c.134delA/K45Sfs,
c.827G.C/C276S and c.459C.A/C153X), K45Sfs and
C276S were associated with isolated HCM. Arguments to
believe that both variants are causing HCM are as follows.
First, FHL1 has already firmly been established as a disease
gene in other inherited muscle diseases (13–17). Secondly,
the variants were found in all HCM-affected individuals
(Fig. 1 and Table 2). Thirdly, the variants were not found in
285 control individuals. Fourth, the FHL1 mutant proteins
resulting from these variants were degraded by the UPS
(Figs. 3, 4 and 7 and Supplementary Material, Fig. S2),
similar to what has been shown for other HCM sarcomeric
mutant proteins previously (34–37). Finally, after proteasome
inhibition, K45Sfs and C276S mutants affected contraction
parameters of transduced EHTs (Fig. 9). The c.134delA
variant is a one-nucleotide deletion, leading to a frameshift
(K45Sfs) in the first LIM domain shared by the three FHL1
isoforms and the production of a shorter protein composed

Figure 6. Immunofluorescence images of recombinant FHL1 WT and mutants
bound to isolated human cardiac myofibrils. After isolation and stretching,
human cardiac myofibrils were incubated with bacterially expressed recombin-
ant FHL1 WT or mutants and then immunostained for FHL1. FHL1 binding to
myofibrils resulted in a more or less distinct double-band signal in the I-band
region (Cy3-signal in red). Cy3-conjugated secondary antibody alone gave no
signal. If no recombinant FHL1 was added prior to antibody staining, no
double-band signals were detected. Arrowheads indicate I-band doublet.
Fluo, fluorescence image; phase, phase-contrast image; rec., recombinant.
Scale bar: 4 mm.
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of 150 amino acids (Fig. 2). This large truncation of 3.5 LIM
domains has never been reported so far (reviewed in 1) and
was detected in a hemizygote male index case, who presented
with marked septal hypertrophy and outflow tract obstruction,
but no skeletal myopathy (Table 1). The resulting K45Sfs
mutant protein was markedly unstable in C2C12 myoblasts,
COS-1 cells and cardiac myocytes, and could not be expressed
in bacteria, suggesting that it may be misfolded and act as a
poison peptide. Proteasome inhibition markedly prevented
degradation of this mutant protein in different cell types
(Figs. 3, 4 and 7 and Supplementary Material, Fig. S2). The
K45Sfs mutant also appeared as aggregates in cardiac myo-
cytes (Fig. 8) and induced hypercontractility and prolonged
contraction and relaxation in EHTs (Fig. 9). These features
may lead to increased LV systolic pressure and diastolic dys-
function, which are common features in human HCM (22).
However, this variant did not activate the fetal hypertrophic
gene program (Supplementary Material, Fig. S3), probably
because it contains less than two LIM domains required for
the interaction with MAPK proteins (7). The second FHL1
variant associated with isolated HCM was the c.827G.C/
C276S, which exhibited features similar to K45Sfs. The result-
ing C276S mutant protein, despite being full length, was also
degraded by the UPS (Fig. 7 and Supplementary Material,

Fig. S2) and induced prolonged contraction and relaxation of
EHTs (Fig. 9). However, and in contrast to K45Sfs, it was
well incorporated into the sarcomere and did not form aggre-
gates in cardiac myocytes (Fig. 8). In addition, it reduced force
of contraction in EHTs (Fig. 9), even at days 9–14 (data not
shown), and it induced a fetal hypertrophic gene program
(Supplementary Material, Fig. S3). The male index case,
hemizygote for the mutation, presented with marked septal
hypertrophy. His mother, heterozygote for the mutation, did
not exhibit a phenotype, which is compatible with an
X-linked transmission. Another mutation that affects the
same nucleotide but results in a different amino acid exchange
(c.827G.A/C276Y) has been described in an EDMD family,
in which the index case also presented with a slight septal
hypertrophy, LV dysfunction and unstable FHL1 mutant
protein in muscle biopsy (17). Both the C276S and C276Y
variants result in loss of a highly conserved cysteine residue
within the LIM4 domain, which is present only in the
FHL1A isoform, and are suggested to destabilize the zinc-
finger structure and thus compromise LIM domain structure
and function (38). The last novel FHL1 variant (c.459C.A/
C153X) was associated with the most striking cardiac pheno-
type, ranging from borderline to marked septal hypertrophy.
The index case underwent heart transplantation at the age of

Figure 7. Protein levels of FHL1 WT and mutants after transduction of cardiac myocytes. Cardiac myocytes were isolated from neonatal mice, transduced with
AAV serotype 6 (MOI 10 000) encoding FLAG-tagged WT FHL1 or HCM-related mutants for 48 h and then treated (+) or not (2) with 1 mM MG132 for 24 h.
(A) Representative western blot stained with the FLAG antibody recognizing FLAG-FHL1 WT or mutants and with an antibody directed against b-actin, used as
an endogenous control. Molecular weight markers are indicated. (B) Protein levels of FLAG-FHL1 mutants, normalized to b-actin levels and indexed to
FLAG-FHL1 WT protein levels. Data are expressed as mean+SEM (n ¼ 3–5). ∗∗P , 0.01 and ∗∗∗P , 0.001 versus WT in the same condition, two-way
ANOVA with Bonferroni’s multiple comparison test. #P , 0.05 and ##P , 0.01 versus vehicle, unpaired Student’s t-test.

3246 Human Molecular Genetics, 2012, Vol. 21, No. 14

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/21/14/3237/2386297 by guest on 20 August 2022

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1


19. Interestingly, whereas the female affected members, who
are heterozygotes for the mutation, developed HCM only,
the male affected members, hemizygotes for the mutation,
also exhibited muscle defects such as Achilles tendon contrac-
tures or diaphragm weakness (Table 2). This variant creates a
direct stop codon in the LIM2 domain, yielding a truncated
protein consisting of only the N-terminal 2.5 LIM domains,
and is therefore likely to have a significant and detrimental
effect on FHL1 protein function. As observed for the other
‘pure’ HCM-associated mutants, C153X mutant protein is
markedly unstable in all cell types (Figs. 3, 4 and 7 and Sup-
plementary Material, Fig. S2), and proteasome inhibition

prevented its degradation and resulted in aggregates in
cardiac myocytes (Fig. 8). In contrast, whereas a trend
toward prolonged relaxation (+17%) of the EHTs was
observed with C153X, the other contraction parameters were
not affected (Fig. 9). While the contractile parameters were
not significantly affected, the fetal hypertrophic program was
activated with the C153X mutant (Supplementary Material,
Fig. S3), suggesting that it may cause HCM without cardiac
dysfunction in patients. The C153 amino acid residue has
been shown to be mutated in two index cases with RBM
(C153Y and C153R), one of these patients also presenting
with DCM (39).

Figure 8. Immunofluorescence images of cardiac myocytes transduced with FHL1 WT or mutants. Cardiac myocytes were isolated from neonatal mice, trans-
duced with AAV serotype 6 (MOI 50 000) encoding FLAG-tagged FHL1 WT or mutants for 48 h and then treated with 1 mM MG132 for 24 h. After fixation,
cells were stained with antibodies directed against the FLAG epitope (green) and cMyBP-C (red). Right panels correspond to higher magnifications of merge
images. Scale bars: 20 mm.
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The precise mechanism by which FHL1 mutations cause
HCM and associated cardiac dysfunction remains elusive.
The first hypothesis is a ‘loss of normal FHL1 protein func-
tion’, resulting from deficiency of FHL1 protein and/or loss
of critical amino acids required for normal FHL1 protein
folding. Our findings provide evidence of marked degradation
of HCM-associated FHL1 mutant proteins by the UPS and, to
a lower extent, by the autophagy–lysosome pathway (Figs. 3,
4 and 7 and Supplementary Material, Fig. S2). Lower protein
levels of mutant FHL1 have also been observed in some of the
muscle biopsies of patients with RBM, XMPMA, SPM or
EDMD (15,17,30,40), suggesting that proteolytic systems
play an important role in preventing formation and accumula-
tion of poison peptides in distinct striated muscle disorders.
Although mutant mRNA levels have not been previously
determined in muscle biopsies, involvement of the nonsense-
mediated mRNA decay as a quality control system, in addition
to the proteolytic systems, could not be excluded, as it has
been previously demonstrated for other mutations causing
HCM, EDMD or long QT syndrome (37,41,42). In male
patients, these mutations would lead to a marked deficiency
of FHL1 that could in turn impair FHL1 function and/or inter-
action with FHL1-binding partners. FHL1 interacts with the
C10 domain of the sarcomeric protein MyBP-C via the
LIM2 domain (8), and FHL1 deficiency could alter the stabil-
ity of cMyBP-C, which is also mutated in human HCM

(24,43,44). FHL1 has been shown to interact in vitro with
components of the MAPK pathway and with the N2B
domain of titin (7), which is an elastic segment contributing
to myofibrillar passive tension (45,46). Fhl1 deficiency in
mice caused a blunted activation of the MAPK pathway and
reduced hypertrophic response after transverse aortic constric-
tion, and it also prevented cardiomyopathy in transgenic mice
overexpressing Gq (7). The authors proposed that FHL1, to-
gether with MAPK components, may be part of a stretch-
sensor complex together at the N2B region of titin, and that
FHL1 could play a central role in the pathomechanism of
hypertrophy by modulating extensibility and MAPK signaling.
In our hands, the distinct binding of FHL1 WT protein to the
titin N2B domain at the sarcomeric I-band appeared to be
compromised with the mutant recombinant constructs. A pos-
sibility is that the FHL1 mutant proteins alter the stretch-
sensor function at the N2B domain, thus affecting the
cardiac hypertrophy response. This is supported by the
present findings that all FHL1 mutants except K45Sfs (that
could also not be produced in bacteria) activated the fetal
gene program of cardiac hypertrophy in EHTs (Supplementary
Material, Fig. S3). The absence of the LIM2 domain in K45Sfs
and its presence in all the other mutants (Fig. 2) suggest that
the LIM2 domain is the minimal requirement for activating
the cardiac hypertrophic response. Besides the sarcomere,
FHL1 has been found in the nucleus, where it co-activates

Figure 9. Contractility measurements in EHT transduced with FHL1 WT or mutants. Rat EHTs were transduced at day 0 with AAV serotype 6 (MOI 1000)
encoding FLAG-tagged FHL1 WT or mutants and treated at day 14 with 500 nM epoxomicin for 24 h. Force measurements of the EHTs were monitored by
video recordings. Data for (A) force of contraction, (B) contraction time (T1) and (C) relaxation time (T2) are shown. Data are expressed as mean+SEM,
with

∗
P , 0.05,

∗∗
P , 0.01 and

∗∗∗
P , 0.001 versus WT, unpaired Student’s t-test. The number of tissues is indicated in the bars.
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NFATc1-dependent transcription to promote myoblast fusion,
muscle hypertrophy and increased muscle strength (reviewed
in 1). Impaired ability to undergo myogenesis has been
observed in myoblasts from EDMD patients and after gene
transfer of different FHL1 variants in C2C12 myoblasts (17),
but could not be investigated in the present study, likely due
to the toxic effect of the proteasome on myotube formation.
Finally, FHL1 interacts with and regulates the potassium
KCNA5 channel in human atrium (9), suggesting that FHL1
deficiency could affect myocardial repolarization. A remain-
ing question is how deficiency of (mutant) FHL1 reconciles
with the marked upregulation of FHL1 expression in human
HCM (19,20), in experimental models of cardiac hypertrophy
(6,21,47) and in genetically engineered mice with

cardiomyopathy, such as MLP knock-out (6) or Mybpc3-
targeted knock-out (Supplementary Material, Fig. S4).
Whether this is a cause or a consequence of the phenotype
in these models remains to be elucidated.

The second hypothesis for the pathogenic effect of FHL1
mutations is a ‘gain of toxic function’ through the formation
of FHL1 mutant protein aggregates. Intracellular protein
aggregates have also been described in RBM, SPM and rigid
spine syndrome (14,48). It has been proposed that FHL1 muta-
tions result in protein misfolding and the exposure of non-
polar surfaces, particularly for the mutations that affect the
conserved cysteine or histidine residues, which bind zinc
and are essential for the stabilization of the LIM domain
(49). In RBM, aggregate formation increases with disease

Figure 10. Immunofluorescence images of EHT transduced with FHL1 WT or mutants. Rat EHTs were transduced at day 0 with AAV serotype 6 (MOI 1000)
encoding FLAG-tagged FHL1 WT or mutants, treated at day 14 with 500 nM epoxomicin for 24 h and analyzed for contraction parameters. After fixation, tissues
were stained with antibodies directed against the FLAG epitope (green) and cMyBP-C (red). Higher magnifications of FLAG-FHL1 images are also shown.
White arrows indicate nuclear staining of FLAG-FHL1. Scale bars: 20 mm.
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progression (14,48), supporting a toxic gain of function. Inter-
estingly, FHL1-interacting partners such as MyBP-C or
NFATc1, a-actinin or desmin, all known to be degraded by
the UPS (31), as well as components of the UPS such as ubi-
quitin, have been shown to be part of the aggregates contain-
ing mutant FHL1 proteins (10,14,50). This finding points to an
involvement of the UPS in the course of the disease. There is
recent evidence that the UPS plays a pathogenic role in HCM
and desmin-related cardiomyopathy (31,32,51). Furthermore,
we and others recently showed that the UPS is impaired
after adrenergic stress in heterozygous asymptomatic Mybpc3-
targeted knock-in mice (52), with age in homozygous knock-
in mice with HCM (53) or in HCM patients (54). This obser-
vation supports the hypothesis that stress-induced UPS impair-
ment in HCM could lead to accumulation of FHL1 mutant
proteins in aggregates within cardiac myocytes and alteration
of the cardiac function, and this may initiate a vicious cycle.
The present study also provides experimental evidence that ex-
pression of the FHL1 mutations associated with proteasome
inhibition results in accumulation of FHL1 mutant aggregates,
activation of the hypertrophic gene program and/or alteration
of the contraction parameters in cardiac myocytes or EHTs.
Alternatively, protein aggregates may directly inhibit compo-
nents of the proteasome by ‘chocking’ the proteases or indir-
ectly interfere with the UPS function by inactivating or
depleting UPS components. Disturbed UPS function could
result in reduced degradation of other proteins such as the
transcription factor NFAT, a known activator of cardiac
hypertrophy and FHL1-binding partner, thus promoting mal-
adaptive processes in terms of activation of the hypertrophic
gene program (55).

The reason why two FHL1 mutations are associated with iso-
lated HCM without skeletal muscle manifestations is not
certain, but the hypothesis of cardiac-specific UPS impairment
is supported by the following findings. First, the marked reduc-
tion in the level of FHL1 mutant proteins is a common and
specific feature in patients presenting with HCM, EDMD or
XMPMA (13,17,30). Secondly, HCM is a common phenotype
in patients presenting with EDMD or XMPMA (13,17), and
the cardiac phenotype is sometimes the only clinical manifest-
ation in EDMD male patients (17). Thirdly, some index cases
with EDMD or XMPMA have a late onset of skeletal muscle
manifestations (17,30). Fourth, no evidence of UPS impairment
has been described in skeletal muscle of patients with EDMD or
XMPMA; in contrast, a series of evidence indicate UPS impair-
ment in myocardial tissue of HCM patients and mouse models
(52–54). Therefore, we believe that the expression of FHL1
mutations associated with cardiac-specific UPS impairment
may lead to isolated HCM.

In conclusion, this study provides evidence for FHL1 as a
novel disease gene for isolated HCM without associated my-
opathy. These findings add further complexity to our under-
standing of the pathogenic effect of FHL1 mutations. Our
data, together with previous findings of proteasome impair-
ment in HCM, suggest that FHL1 mutants may accumulate
and act as poison peptides, leading to hypertrophy, diastolic
dysfunction and/or altered contractility, which are features
of HCM. Screening of FHL1 for mutations should be system-
atically considered for HCM patients with yet unidentified
mutations.

MATERIALS AND METHODS

Patients

We enrolled 121 HCM index cases who do not carry a muta-
tion in MYH7, MYBPC3, TNNT2 (encoding cardiac troponin
T), TNNI3 (encoding cardiac troponin I) or MYL2 (encoding
regulatory myosin light chain; data not shown). They were
selected out of 299 HCM index cases recruited from the Euro-
gene Heart Failure cohort supported by the Leducq Foundation
(56). Patients were diagnosed based on medical history, phys-
ical examination, ECG and echocardiogram (LV wall thick-
ness ≥15 mm in probands and .13 mm in relatives) (57).
Controls consisted of 285 individuals. All materials from
patients and controls were taken with the informed consent
of the donors and with approval of the local ethical boards.

Mutation screening of FHL1

The FHL1 gene has eight exons, of which five (exons 3–6 and
exon 8) code for the isoform FHL1A, six (exons 3–8) for
FHL1B and four (exons 3–5 and exon 8) for FHL1C. The
isoform primarily expressed in heart is FHL1A (3). Therefore,
only the five coding exons for FHL1A, including neighboring
intron boundaries, were screened by polymerase chain reaction
(PCR) amplification performed on 30 ng of genomic DNA
from peripheral lymphocytes using primer pairs (Supplemen-
tary Material, Table S1). Sequences were examined by using
Codon Code Aligner Softwarew. Reference FHL1 sequence
was taken from NCBI (NC_000023.10) with +1 designing
the A of ATG codon.

Plasmid constructs

The pCGN-FHL1A plasmid containing human FHL1A cDNA
(GenBank accession no. NM_001449), pCGN-FHL1A
RBMC132F mutant and pCGN-bgal (vector control) have been
described previously (10). The following mutants, described pre-
viously, were used for comparison: c.266G.C (SPMW122S; 49),
c.C381_382insATC (XMPMA127– 128insI; 13), c.672C.G
(C224W; 30), c.827G.A (EDMDC276Y; 17), c.del304-
312AAGGGGTGC (RBM102– 104delKFC; 40) and c.del451–
459GTGACTTGC (RBM151– 153delVTC; 15). Mutations
identified in the present study were introduced into WT
FHL1A via PCR mutagenesis (primers are given in Supplemen-
tary Material, Table S2) and ligated into PCR-Blunt: c.134delA/
K45Sfs, c.459C.A/C153X, c.827G.C/C276S and
c.823G.A/D275N. All variants contained an HA-tagged se-
quence after the ATG. For C2C12 myoblast experiments, the
FHL1A cDNA variants were directionally cloned into pCGN
with 5′ XbaI and 3′ SmaI restriction sites. For recombinant pro-
teins and production of AAV-6, the different FHL1A cDNA var-
iants were subcloned using the pEF5/FRT/V5-D-TOPO
expression kit (Invitrogen, Life Technology, Darmstadt,
Germany) and the pCGN/PCR-Blunt vectors as template with
primers containing specific restriction sites to allow insertion
into the cloning vector (Supplementary Material, Table S3).

3250 Human Molecular Genetics, 2012, Vol. 21, No. 14

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/21/14/3237/2386297 by guest on 20 August 2022

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/dds157/-/DC1


Production of recombinant proteins

The different FHL1A cDNA variants were cloned into the
pGEX-5X-1 vector and used to transform BL21 bacteria.
After culture, the proteins were harvested and purified using
the Glutathione S-Transferase Gene Fusion System (GE
Healthcare, Munich, Germany), as described previously (37).

Production of AAV

Two FLAG tags were inserted after the ATG of WT and
mutant FHL1 constructs by PCR. The FLAG-tagged variants
were subcloned into the pdsAAV-CMV-MLC260 vector
under control of the CMV-enhanced myosin light chain-2v
promoter for AAV-6 production, as described previously
(58). AAV-6 titers ranged from 5.76 to 9.66 × 1011 virus
genomes per ml (Vg/ml).

C2C12 myoblasts culture, transfection, western blot
and immunofluorescence analyses

C2C12 myoblasts (American Type Culture Collection) were
grown and transfected, as described previously (10). Briefly,
C2C12 myoblasts were passaged at subconfluency in growth
medium [GM; 20% fetal calf serum (FCS), 2 mM L-glutamine],
supplemented with penicillin/streptomycin (P/S) before
seeding into six-well plates in P/S-free GM [2 × 105 cells/
well; fibronectin-coated cover slips (5 mg/ml) for microscopy].
After 24 h, cells were transfected with 1–4 mg of plasmid
cDNA and 2–8 ml of Lipofectamine 2000 (Invitrogen) in
1 ml of Optimem (Invitrogen, Life Technology, Darmstadt,
Germany) for 4 h before returning to P/S-free GM. After
24 h, cells were treated for 24 h with 20 mM MG132 in 0.1%
DMSO, 5 nM bafilomycin-A1 in 0.1% DMSO or with
vehicle alone (all from Sigma-Aldrich Chemie Gmbh,
Munich, Germany).

For western blot analysis, scraped myoblasts were harvested
in 1% Triton X-100 with protease inhibitors (Merck, Darm-
stadt, Germany) in Tris saline solution for 1 h rocking
before centrifugation at 10 000g for 10 min. The soluble
lysates were denatured with reducing buffer by heating to
958C for 5 min before sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis analysis. Membranes were incu-
bated with primary antibodies diluted in blocking solution
[mouse anti-HA (Covance, Princeton, New Jersey, USA) and
b-tubulin (Invitrogen, Life Technology, Darmstadt,
Germany), both 1:1000], followed by horseradish peroxidase
(HRP)-conjugated anti-mouse antibody (GE Healthcare Life
Sciences, Munich, Germany; 1:600). Densitometry was per-
formed in ImageJ and statistical analysis in LibreOffice
Calc. Band intensities were normalized to b-tubulin loading.

For immunofluorescence, treated cells were fixed and per-
meabilized [4% formaldehyde and 0.1% Triton X-100 in
phosphate-buffered saline (PBS)], blocked [1% bovine serum
albumin (BSA)] and incubated with mouse anti-HA antibody
(Covance, Munich, Germany, 1:1000) diluted in blocking so-
lution followed by Alexa-fluor 488-conjugated secondary anti-
body (Invitrogen, 1:600) and 4’-6-diamidino-2-phenylindole
(DAPI) nuclear stain (8). Microscopy was performed at

Monash Microimaging, Monash University, Australia.
Samples for microscopy were mounted in Fluoromount-G
(Southern Biotech, Birmingham, AL, USA) or SlowFade
reagent (Invitrogen, Life Technology, Darmstadt, Germany)
and viewed at room temperature. Confocal microscopy was
performed using an upright confocal laser scanning micro-
scope (Nikon C1). For quantification, myoblasts were scored
as HA-positive if their fluorescence intensity was significantly
above background staining (thresholded in ImageJ). The
number of HA-positive cells was expressed as a percentage
relative to the number of FHL1-WT-transfected cells.

Mechanical manipulation and fluorescence staining
of isolated human myofibrils

Myofibrils were isolated from LVs of human donor hearts and
prepared for mechanical measurements, as described previous-
ly (59). Isolated myofibrils were stretched and incubated with
recombinant FHL1 protein (WT or mutants) at a concentration
of �1.0 mg/ml relaxing buffer. After washout of unbound
protein, anti-FHL1 antibody (Abcam no. 76912, 1:50) fol-
lowed by Cy3-conjugated secondary antibody (Invitrogen,
Life Technology, Darmstadt, Germany, 1:500) was added to
the buffer. After washout, bound FHL1 was visualized under
a Zeiss Axiovert 135 microscope in epifluorescence mode
(100× objective) using a CCD camera (Andor iXon; Andor
Belfast, Northern Ireland, UK) and Andor software. Exposure
time usually was 1 s.

Cardiac myocytes culture, transduction, western blot
and immunofluorescence analyses

Cardiac myocytes were isolated from newborn (NMCMs) or
adult (AMVMs) C57/BL6J mice, as described previously
(37,60). NMCMs were plated at a density of 330 000 cells/
well in 12-well plates. NMCMs were transduced with
AAV-6 encoding the respective variants at an MOI of 10
000–50 000 on day 0 of culture. When indicated, cells were
treated with 1 mM MG132, an established proteasome inhibi-
tor, for 24 h.

For western blot analysis, NMCMs were harvested 72 h
after culture, proteins were extracted and western blots per-
formed, as described previously (37). Membranes were
stained with a monoclonal antibody directed against the
FLAG epitope (Sigma-Aldrich Chemie Gmbh, Munich,
Germany, 1:5000) and b-actin (Sigma-Aldrich Chemie
Gmbh, Munich, Germany). The secondary antibody was
coupled to HRP (POX, Dianova, Hamburg, Germany).
Signal was detected by ECL Plus western blotting detection
system substrate (Amersham GE Healthcare Life Sciences,
Munich, Germany). Quantification of the signal was deter-
mined using Genetools software (Syngene, Cambridge, UK).

For immunofluorescence analysis, NMCMs or AMVMs
were plated on glass cover slips and processed, as described
previously (36,37,60). Cells were incubated with primary anti-
bodies against FHL1 (Abcam, Cambridge, UK, no. 76912,
1:250), FLAG (Abcam, Cambridge, UK, 1:800), cMyBPC
(either directed against the C0 domain, custom antibody, dilu-
tion 1:200 or directed against the first 14 amino acids, dilution
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1:10 000 (61)] and a-actinin (Sigma-Aldrich Chemie Gmbh,
Munich, Germany, 1:200). Secondary antibody staining was
done with Alexa-fluor 488 anti-mouse and Alexa-fluor 546
anti-rabbit (both Invitrogen, Life Technology, Darmstadt,
Germany, 1:600). Nuclei were stained with Topro (1:1000).
Signals were visualized with a Carl Zeiss confocal microscope
(Zeiss LSM 510 META). Confocal images were recorded
using a Zeiss LSM 5 Image system.

EHT generation, transduction, immunofluorescence and
contraction measurements

Generation of EHT from neonatal rat heart cells was per-
formed, as described previously (62). Briefly, a reconstitution
mix (n ¼ 16 for each FHL1 variant) containing 5 × 105 cells/
EHT, bovine fibrinogen, aprotinin and Dulbecco’s modified
Eagle’s medium (DMEM) (including 1% P/S, 1%
L-glutamine and 10% FCS) was prepared on ice. After prepar-
ation of the casting molds in 24-well plates by agarose
solidification, silicon post racks were placed into the dishes
with pairs of posts reaching into each casting mold. For
each EHT, a 100 ml reconstitution mix was mixed quickly
with 3 ml thrombin and added into the agarose slot. After
2 h of incubation at 378C, 7% CO2, the racks were transferred
to new 24-well plates with 1.5 ml fresh EHT medium.

EHTs were transduced with AAV-6 encoding FHL1 WT or
mutants (K45Sfs, C153X, C276S and D275N) at an MOI of
1000. The transduction was performed directly in the reconsti-
tution mix before pipetting it into the agarose slots. To
maintain the isotonic conditions, 2× DMEM was added
matching the virus volume. Constructs were then cultured at
378C in a 7% CO2-humidified cell culture incubator for 15
days. At day 14, the EHTs were treated for 24 h with
500 nM epoxomicin (in 0.1% DMSO), a selective proteasome
inhibitor.

Contraction measurements were performed on days 7, 9, 12,
14 and 15, as described previously (62,63). Briefly, contrac-
tions of EHTs were monitored by video recording. Recorded
contractions were identified by peak criteria. Analysis of the
recording was performed using a customized software
(www.ctmv.de), based on figure recognition of the contracting
muscle strip in a fully automated manner. Values for average
force, contraction time (T1) and relaxation time (T2) were cal-
culated, depending on the recognized contractions.

For immunofluorescence analysis, the entire EHTs were
analyzed using confocal imaging. EHTs were rinsed with
PBS and fixed with Histofixw (Carl Roth GmbH, Karlsruhe,
Germany) overnight at 48C. The samples were then removed
from the silicon post and treated for 24 h with blocking solu-
tion (Tris-buffered saline 0.05 M, pH 7.4, 10% FCS, 1% BSA,
0.5% Triton X-100) at 48C. Immunofluorescence was per-
formed as described earlier (primary antibodies against
FLAG (Abcam, Cambridge, UK, 1:800), and cMyBPC,
(custom 1:200)). Primary and secondary antibodies were
each incubated for 24 h. Finally, the EHTs were fixed
between a cover slip and a glass slide, and the fluorescence
signal was analyzed using a Carl Zeiss confocal microscope
(Zeiss LSM 510 META). Confocal images were recorded
with a Zeiss LSM 5 Image system.

Statistical analysis

Data are presented as mean+SEM. Statistical analyses were
performed using the unpaired Student’s t-test or the two-way
analysis of variance (ANOVA) with Bonferroni’s multiple
comparison test, as indicated in the legends of figures using
the GraphPad software (GraphPad Software Inc., San Diego,
CA, USA). A value of P , 0.05 was considered significant.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.

ACKNOWLEDGEMENTS

We are thankful to family members for their collaboration. We
would like to thank M. Komajda (Paris) for ongoing support in
the Eurogene Heart Failure network, P. Laforêt (Paris) for
clinical evaluation of skeletal muscles of one index case,
P. Richard (Paris) for mutation screening in the major genes
in HCM index cases and T. Rau (Hamburg) for sharing his
human control DNA collection. We would also like to thank
A. Eder, S. Schaaf and A. Stöhr (Hamburg) for help in con-
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