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Four and a half LIM domain protein 1 (FHL1) is the founding member of the FHL family of proteins characterized by the presence of four
and a half highly conserved LIM domains. The LIM domain is a protein-interaction motif and is involved in linking proteins with both the
actin cytoskeleton and transcriptional machinery. To date, more than 25 different protein interactions have been identified for full length
FHL1 and its spliced variants, and these interactions can be mapped to a variety of functional classes. Because FHL1 is expressed predom-
inantly in skeletal muscle, all of these proteins interactions translate into a multifunctional and integral role for FHL1 in muscle development,
structural maintenance, and signalling. Importantly, 27 FHL1 genetic mutations have been identified that result in at least six different
X-linked myopathies, with patients often presenting with cardiovascular disease. FHL1 expression is also significantly up-regulated in a variety
of cardiac disorders, even at the earliest stages of disease onset. Alternatively, FHL1 expression is suppressed in a variety of cancers, and
ectopic FHL1 expression offers potential for some phenotype rescue. This review focuses on recent studies of FHL1 in muscular dystro-
phies and cardiovascular disease, and provides a comprehensive review of FHL1s multifunctional roles in skeletal muscle.
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Overview

Fifteen years ago, the initial characterization of an cDNA fragment
abundantly expressed in skeletal muscle predicted the existence
of a multi-LIM domain containing protein subsequently named
skeletal muscle LIM protein, or SLIM [1]. With the discovery of
several highly homologous proteins and elucidation of the com-
plete protein sequence, the homodomain SLIM protein was aptly
renamed four and a half LIM domain protein 1 (FHL1) [2, 3]. In
humans, the FHL LIM-only protein family consists of four mem-
bers, designated FHL1, FHL2, FHL3 and activator of CREM in
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testis (ACT), also referred to as FHL5 [3-6]. The FHL protein
family is defined by a particular secondary structural arrangement
of LIM domains (Fig. 1A). All proteins are composed of four
complete LIM domains arranged in tandem and separated by
eight amino acid residues. There is an N-terminal single zinc
finger domain with a consensus sequence equivalent to the
C-terminal half of a LIM motif [6]. Comparison between amino
acids for FHL1, 2, 3 and 5 revealed ~44-59% conservation across
these entire proteins (Fig. 1B).

M5G 1L6, Canada.

Tel.: +1-(416)-978-5609

Fax: +1-(416)-978-8528

E-mail: anthony.gramolini@utoronto.ca

© 2010 The Authors

Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 14, No 12, 2010

N-tarminus C-terminus
zinc double zinc . -
Cys.hne
finger @rs
l 0 Histidine
i i !
% LIM LM [ Zing ion (Zn*)
domain domain
e LIM
- T 1 r - Fig. 1 Secondary structural analysis and
=HTERFDCHECHE SLFGEEY ILREEEPYCVVCFETLFANTCEECGHPIGCDCFDLEYEDR . .
FHLS MTTAHFYCQYCTASLLCHEEYVLEDDEPYCYTCYD PVF SNYCEECERPIESDSKDLCYKDR 60 homology of FHL Proteins. (A) Schematic of
FHL3 ~MSESFDCANCNESLYGRRYIQTDSGPYCVPCYDNTFANTCAECQOLIGHDSEELFYEDR 59  the secondary structural features common
FHL1 ~MAEKFDCHYCPDPLQCKEYVQKD GHHCCLECFDEFCANTCVECREPIGADSKEVHYENR 59 to all members of the FHL family of pro-
IR 7 s B L o o teins. (B) Amino acid sequence alignment of
LIM 1 all human FHL proteins was performed
] L] . .
FHLZ HVHEACFHCSQCINSLVDEPFAAREDQLLCTDCY SNEYSSHCOECKRTINPCTIENEYRG 119 using ClustalW. Conserved residues among
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FHLZ SSWHETCFICHRCQOPIGTHEFIPFDNQNFCVPCYEKQHAMQCVICFKPITIGGVIYRE]G 179
FHLS NYWHETCFVCENCRQPIGTHPLISEESCHYCVPCFEREFARYCHFCREVITSCCITFCD] 180
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FHL3 PWHRECLVCTGCQTPLAGQQF TSRDEDFYCVACFGELFAPHCSSCHRPIVGLG=GGEYVS 238
FHL1 PVHADCFVCVTCSEELACORFTAVEDOYYCVDCYFENFVAKKCAGCENPITCFCHGSEVVA 239
Lim 4
.
FHLZ FEERQWHND CFHCEHCSLSLVGRGFLTENDDILCPDCG=-=-=FKDI 279
FHLS FUDSUNHSECFNUGHLSVSLYERKGF LTUNKE LFURKUGSRADTDL 204
FHL3 FEDPHWHHNCFSCARCSTSLVGGFVPDGDOVLCQGLS=--=-0AGP 280
FHLL

FHL proteins are expressed primarily in striated muscle, with the
exception of ACT. Until recently, FHL1 was the least characterized of
the FHL proteins. In the last 5 years, however, scientific findings
have grown exponentially, particularly fuelled by discoveries of
novel associations of FHL1 mutations and various myopathies. For
example, to date 27 mutations have been identified in the human
FHL1 gene that result in at least six different muscular dystrophies.
In most cases, the skeletal muscle disorders are also coupled with
cardiovascular diseases. Our current understanding of FHL1 is
suggestive of important muscular functions, from development to
force transmission, and a role in cell migration, although the
precise mechanisms have yet to be elucidated. In addition to muscle
diseases, FHL1 expression has been found to be consistently
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down-regulated in an even greater number of cancers types, and
often more profoundly in metastatic disease. Thus, considering
its involvement in some of the most leading causes of human
morbidity and mortality, further studies surrounding FHL1 are
warranted. FHL2 is most abundant in cardiac muscle whereas
FHL3 is almost exclusively expressed in skeletal muscle. Although
predominantly a skeletal muscle protein, FHL1 transcripts have
also been detected at high levels in the heart, kidney, and lung
[7-11] and lower levels in other organs such as the testis and
pituitary gland [3, 5, 6, 9, 12-14]. ACT, however, is a testis
specific protein expressed in the spermatids of adult testis [6, 14].
In mouse, another FHL family member, FHL4, has been shown to
be expressed exclusively in the testis, although not as abundantly
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as ACT [14, 15]. To date, however, the human equivalent of murine
FHL4 has not been identified, nor has translation of the murine FHL4
mRNA been validated [15]. In this review, we discuss the multifunc-
tional roles of FHL1 and highlight its role in specific disease.

FHL1: structure, organization
and function

The LIM domain

The acronym LIM was derived from the first letter of three home-
odomain transcription factors from which the domain was initially
discovered: (1) Lin-11 promotes asymmetric cell divisions in
Caenorhabditis elegans during vulval development and regulates
vulval morphogenesis [16, 17]; (2) Isl-1 participates in murine
motor neuron generation and development [18] and (3) Mec-3
regulates the differentiation of mechanosensory neurons in C.
elegans [19]. The LIM domain is a highly conserved module found
in all eukaryotes examined thus far, from ascidians to man, but
absent in prokaryotes [20, 21]. Within the human genome, there
are 135 identifiable LIM domain-encoding sequences located
within 58 different genes [20]. It is of particular interest that this
motif is as common as other established protein interaction
domains, such as Sh2 and Sh3 (Src-homology-2 and -3) domains
with 115 and 253 occurrences, respectively [20].

The cysteine-rich motif is present in a number of proteins
involved in a diverse array of cellular functions [20]. It has been
proposed to function as a modular protein—protein binding inter-
face upon which the coordinated assembly of multimeric protein
complexes occurs [20, 22]. Structurally, it consists of a double
zinc finger motif separated by two amino acids, and is composed
of ~55 amino acids with eight highly conserved residues. The con-
sensus amino acid sequence of LIM domains has been defined as
Cys-X2-Cys-X16-23-His-X2-Cys-Xo-Cys-X2-Cys-X16-21-Cys-Xo-
Cys/His/Asp, where X represents any amino acid [1, 2, 20]. The
cysteine and histidine residues coordinate the binding of two yA
for every LIM domain, contributing to the stabilization of the sec-
ondary and tertiary structure of the protein [3, 20].

Considering its protein interaction properties, LIM domain con-
taining scaffold proteins are capable of interacting with other LIM
domain proteins, forming homo- or heterodimers [9]. Furthermore,
LIM domains can also associate with tyrosine-containing motifs,
PDZ domains, ankyrin repeats and helix-loop-helix domains [9].
Nonetheless, multiple efforts to identify conserved preferences
for discrete binding sequences have not been successful [20].
Multidimensional NMR spectroscopy and X-ray crystallography
structural analysis studies have revealed a resemblance between
the C-terminal zinc finger of LIM domains and the DNA-binding
zinc finger of the GATA and steroid-hormone-receptor classes of
transcription factors [2, 20]. However, there is no evidence to date
that LIM domains directly bind DNA [20, 22]. Furthermore, LIM
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domains have usually been observed to exert negative effects on
the DNA binding of LIM homeodomain proteins [22].

The presence of a LIM domain was recently recognized as a
potential hallmark of proteins associating with both the actin
cytoskeleton and transcriptional machinery [20, 23]. For instance,
the cysteine-rich proteins 1 and 2, each containing two LIM
domains, interact with zyxin and alpha-actinin in the cytoplasm
and participate in cytoskeletal remodelling [24, 25]. In addition,
they translocate to the nucleus and act as bridging molecules
interacting with both serum response factors and GATA proteins.
In smooth muscle cells, this tetrameric complex activates gene
targets and facilitates differentiation [26]. However, the physiolog-
ical processes responsible for regulating the shuttling of LIM
domain proteins between the cytoplasm and nucleus have not
been elucidated [22].

The presence of multiple LIM domains, each with a capacity for
mediating protein interactions through diverse heterodimeric
domain combinations, suggests considerable interaction possibil-
ities for FHL1. In fact, 19 protein interactors have been identified
thus far for full length FHL1 (Table 1). In addition, several addi-
tional ‘putative FHL1 interactions have been identified in large-
scale studies and have yet to be validated (Table 2) [27]. These
FHL1 interactors can be mapped to a variety of different functional
categories, including structural proteins, signal transducers, tran-
scription regulators, receptors and a channel. Characterization of
these interactions has so far provided much of the insight into the
multi-functional roles of FHL1 and the majority of the interactions
were identified from and/or validated in skeletal muscle or cancer
cells. Thus, alterations in protein interactions, resulting from gene
mutations and aberrant expression levels, could have significant
implications in various disease conditions.

Spliced variants of FHL1

Although FHL1 is classified as a LIM-only protein, spliced variants
have been identified containing additional domains resulting in dif-
ferential localization patterns, protein interactions and functions.
Similar to full-length FHL1 (isoform FHL1A), two additional iso-
forms (FHL1C and FHL1B) were initially identified from murine
studies and referred to as KyoT2 and KyoT3, respectively (Fig. 2)
[7-11]. FHL1 is also the only FHL member to comprise protein
isoforms. Table 3 summarizes the known FHL1 isoform-specific
protein interactions.

FHL1C (KyoT2) is the shorter isoform of FHL1, encoding for a
22.0 kDa protein sharing the N-terminal two and a half LIM
domains with FHL1. However, alternative splicing of exon 5 results
in a frameshift in translation, producing a 27 amino acid putative
RBP-J binding region at the C-terminus [7, 10]. In addition, simi-
lar to FHL1, within the cell the isoform is distributed diffusely in
the cytoplasm and nucleus, as determined from GFP-fusion pro-
tein expression from C2C12 myoblasts and HepG2 hepatocells
[10]. Because FHL1C lacks any typical nuclear localization signal,
its translocation to the nucleus may be mediated by particular pro-
tein modifications and/or protein interactions [10].
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Table 1 FHL1 interacting proteins

J. Cell. Mol. Med. Vol 14, No 12, 2010

Gene Protein Interaction domain Interaction detection Reference
Y2H screen of human skeletal muscle library (FHL1 =
MYBPC Myosin binding protein C, C10 domain of MyBP-C ba|t).; in vivo FHL1 co-lmmunopreqpltatlon (co-IP) from [32]
slow type murine Sol8 skeletal myotubes; immunofluorescence
co-localization in murine soleus muscle
MYBPC3 Myo§|n binding protein C, 010 domain of MyBP-C {n V{tro GST-pull down (cardiac MyBP-C = bait); [32]
cardiac in vivo tag co-IP from COS-1 cells
SRF Serum response factor via LIM domains In vitro GST-pull down [86]
Four and a half LIM domains Immunofluorescence co-localization in co-transfected
FHL2 . n.d. ) L [87]
protein 2 rat cardiomyocytes; in vitro GST-pull down
GST-pull down (KCNA5 = bait) of human atrial lysate,
KCNAS Voltage-gated potassium nd followed by MS; in vivo KCNA5 co-IP from human [62]
channel subunit Kv1.5 o atrium, co-transfected CHO cells; immunofluorescence
co-localization in co-transfected CHO cells
GST-tagged FHL1 purification from co-transformed
(with His-NFATc1) E. coli; GST-pull down (FHL1 =
) bait) of murine skeletal muscle lysate; in vivo tag
NFATC1 Eléjucsleir tfsg)?ircocfo?;m(/)it::t: n.d. co-IP from co-transfected C2C12 cells; immunofluo- [52]
4 p rescence co-localization in co-transfected C2C12 cells,
and co-localization with reducing body myopathic
FHL1 mutant in C2C12 and patient samples
In vivo FHL1-myc co-IP from mouse embryonic
fibroblast cells (NIH 3T3), followed by in-gel
TLN1 Talin 1 n.d. digestion and MS; FHL1-myc co-IP from human [64]
PASMCs; immunofluorescence co-localization
in human PASMCs and human lung tissue
Raf proto-oncogene serine/ Y2H assay; Raf1 co-IP from murine cardiac muscle;
RAF1 P . g . LIMS 1, 2 essential immunofluorescence co-localization in adult [51]
threonine protein kinase .
cardiomyocytes
Mitogen-activated protein Y2H assay; MEK1/2 co-IP from murine cardiac
MAP2K2 (MEK2) - C9%™ P LIMS 1, 2 essential muscle; immunofluorescence co-localization [51]
kinase kinase 2 . .
in adult cardiomyocytes
Extracellular sianal-requlated Y2H assay; ERK2 co-IP from murine cardiac
ERK2 ) g 9 LIMS 1, 2 essential muscle; immunofluorescence co-localization [51]
kinase 2 . )
in adult cardiomyocytes
ERK2 (Typp)  Constitutively phosphorylated -\ 4o 4 5 eccential Y2H assay; co-IP from murine cardiac muscle [51]
ERK2 mutant
In vivo co-IP of HA-FHL1 from COS cells (co-transfected
TTN Human cardiac Titin N2B element of titin with GFP-titin N2B); immunofluorescence co-localization [51]
in adult cardiomyocytes
Mothers against In vitro GST-pull down; in vivo co-IP from
SMAD2 deca entagle ic homoloaue 2 n co-transfected HEK-293 cells; co-IP from human [77]
pentapieg g hepatoma HepG2 cells (endogenous)
Mothers against In vitro GST-pull down; in vivo co-IP from
SMAD3 deca entagle ic homoloaue 3 nd co-transfected HEK-293 cells; co-IP from human [77]
pentapleg g hepatoma HepG2 cells (endogenous)
Continued
© 2010 The Authors 2705
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Table 1 Continued

Gene Protein Interaction domain Interaction detection Reference
Mothers against decapenta- In vitro GST-pull down; in vivo co-IP from
SMAD4 1ers ag p nd. co-transfected HEK-293 cells; co-IP from human (7]
plegic homologue 4
hepatoma HepG2 cells (endogenous)
In vitro GST-pull down; in vivo co-IP from
CSNK1D Casein kinase 1, delta n.d. co-transfected HEK-293 cells; co-IP from human [77]

Receptor interacting protein

hepatoma HepG2 and SMMC7721 cells (endogenous)
Y2H screen of human mammary library (FHL1 =

All domains required (dele- bait); direct two-hybrid binding assay; in vitro

RIP140 of 140 kDa tion of N-terminal % LIM or GST-pull down; in vivo co-IP from co-transfected [72]
LIM4 abolished interaction) HEK-293T cells; co-IP from human breast cancer
MCF7 cells (endogenous)
LIMS 1, 2, 3 necessary;
ERa (1-185) containing In vitro GST-pull down; co-IP from co-transfected
ERa Estrogen receptor « N-terminal estrogen inde-  HEK-293T cells; co-IP from human breast cancer [78]
pendent activation function MCF7 cells (endogenous)
domain
ERtZr(r:ur:;Sgs(t:?()rg:Lnll:ge Y2H screen of human mammary gland library (ERB =
ERB Estrogen receptor B bait); direct two-hybrid binding assay; in vitro GST- [78]

domain

pendent activation function

pull down; co-IP from co-transfected HEK-293T cells

Shown are all the known full length FHL1 protein interactions to date, with a description of the identification and validation methods used and, when

known, the interaction domains involved.

Table 2 Putative FHL1 protein interactions

Gene Protein Species Interaction detection Database  Reference
EPB41  Protein 4.1 ( Band 4.1) Human ~ CO7IP OfFlag-EBPA1 from HEK293 cells, oy i o (o7
followed by mass spectrometry
MCC Colorectal mutant cancer protein (Protein MCC)  Human Co-IP of Flag-MCC from HEK-293 cells, IntAct, 12D [27]
followed by mass spectrometry
HLA-B HLA clasg | histocompatibility antigen, B-42 Human Co-IP of Flag-HLA-B from HEK-293 cells, IntAct, 12D [27]
alpha chain followed by mass spectrometry
IKBKE Inhibitor of nuclear factor kappa-B kinase Human Co-IP of Flag-IKBKE from HEK-293 cells, IntAct, 12D [27]

subunit epsilon (I kappa-B kinase epsilon)
PRKAB1  5’-AMP-activated protein kinase subunit beta-1 ~ Human

Solute carrier family 2, facilitated glucose

transporter member 4 il

Slc2a4

followed by mass spectrometry
Co-IP of Flag-PRKAB1 from HEK-293 cells,
followed by mass spectrometry

Co-IP of Myc-GLUT4 from rat L6 myoblast
cells, followed by mass spectrometry

IntAct, 2D [27]

IntAct, 12D [88]

This table outlines the putative FHL1 interactions, with a description of the identification and validation methods used and the organism the interaction
was detected from. The databases searched for identifying the interactions are also listed.

Northern blot and RT-PCR tissue distribution analysis
revealed FHL1C is expressed specifically in testis, skeletal mus-
cle and the heart, albeit at lower levels than FHL1 [10]. In the
human heart, FHL1C transcript expression was more precisely
localized in the left and right ventricles, with lower expression
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detected in the aorta and left atrium [10]. In contrast, murine
KyoT2 exhibits a broader distribution, with transcripts expressed
at higher levels in skeletal muscle, brain, lung, kidney and geni-
tal organs with lower detection from the thymus, lymph nodes
and liver [7, 10]. The disparities in tissue distribution between
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Fig. 2 Domain features of FHL1 and spliced variants. Schematic represen-
tation of the domain structures present in each of the three human
isoforms of FHL1. The chart on the left indicates the murine homologue,
protein length and molecular weight of each isoform.

FHL1C and KyoT2 could be attributable to functional differences
in human and mouse.

Although FHL1B (KyoT3) is the larger isoform, encoding for a
34 kDa protein, it contains only the first three and a half LIM
domains found in FHL1 [9]. However, it was originally referred to
as SLIMMER for SLIM1 with extra regions [9]. The occurrence of
a 200 bp insertion at position 741 results in the generation of three
tandem putative bipartite nuclear localization signal motifs, fol-
lowed by a nuclear export sequence and the identical putative
RBP-J binding region found in FHL1C [8, 9]. Unlike FHL1C how-
ever, FHL1B is predominantly distributed in the nucleus of C2CG12
myoblasts and HepG2 hepatocells, mainly attributable to the first
bipartite nuclear localization signal [8, 9]. Interestingly, in differen-
tiated myotubes, it is localized exclusively in the cytosol, similar to
FHL1 [9]. Northern blot and RT-PCR tissue distribution analysis
revealed greater abundance of FHL1B in skeletal muscle compared
to heart, colon, prostate and small intestine. In addition to these
tissues, murine KyoT3 mRNA was also detected in spleen, thy-
mus, testis, ovary, brain, placenta, lung, liver, kidney and pancre-
atic tissue [8, 9].

Notch signalling and KYOT2/3 proteins

The Notch signalling pathway is an evolutionarily conserved path-
way participating in the control of a broad range of developmental
processes, including cell fate determination, differentiation, prolif-
eration and apoptosis through local cell-cell interaction [28].
Mammals express four members of the Notch family of receptors,
all designated a type 1 transmembrane receptor with a total of five
ligands. The ligands too are single-pass transmembrane proteins,
categorized into two families (delta-like 1, 3, 4 and jagged 1, 2),
that allow for Notch signalling between neighbouring cells [28,
29]. Direct interaction of the ligand with the Notch receptor trig-
gers proteolytic cleavage of the Notch receptor by y-secretase-like

© 2010 The Authors
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protease, releasing the Notch intracellular domain (NIC) into
the cytoplasm. NIC translocates into the nucleus and serves as a
transcriptional activator of the DNA-binding protein RBP-J, in
combination with other co-activators [28, 29]. In the absence of
transcriptional activators, RBP-J is capable of suppressing tran-
scription of Notch target genes by binding several co-repressor
proteins (Fig. 3) [28, 29]. Numerous Notch transcriptional targets
have been described, but the Hairy enhancer of split (Hes) and
Hes-related families of transcriptional regulators are some of the
best defined. These targets function as transcriptional repressors
mediating downstream responses of Notch signalling [28, 29].

KyoT2 was discovered during yeast two hybrid screenings of
mouse embryonic and HeLa cell cDNA libraries using RBP-J as the
bait, and the interaction was subsequently verified in mammalian
cell systems [7]. Because their binding regions on RBP-J overlap,
KyoT2 competes with NIC for binding [7]. In contrast to NIC,
KyoT2 interacts with RBP-J to suppress transcription, in a concen-
tration-dependent manner [7, 29]. Furthermore, electrophoretic
mobility shift assays revealed that whereas KyoT2 is capable of
interacting with the RBP-J-DNA complex, it mostly displaces RBP-
J from DNA, thus contributing to its repressional activities [7].
Subsequently, KyoT2 was found to interact with RING1 via its LIM
domains [29]. RING1 belongs to the polycomb group proteins
which function as transcription suppressors [29]. In co-transfected
HEK-293 and COS7 cells, RING1 was shown to form a multimeric
complex with KyoT2 and RBP-J, contributing to the repression of
RBP-J mediated transactivation. These effects could be abrogated
by human immunodeficiency virus type | enhancer binding protein 3,
which competes with RING1 to bind KyoT2 at both LIM domains [29].
Similar patterns were also observed for HPC2, another polycomb
group protein interactor of KyoT2 (Fig. 3) [30]. These findings
suggest there may be two approaches for the KyoT2-mediated
suppression of RBP-J. First, KyoT2 could compete with transactivators
for binding sites on RBP-J. In addition, it could recruit co-suppressors
such as RING1 and/or HPC2. Polycomb group proteins, including
HPC2, have been known to form large complexes on promoters to
suppress transcription [7, 29, 30].

Similar to KyoT2, KyoT3 was recently demonstrated to com-
pete with NIC for binding RBP-J and repressing transactivation of
RBP-J dependent promoters [11]. However, RT-PCR analysis of
Hes-1 mRNA levels revealed KyoT3-mediated repression occurred
only in the presence of NIC. In the absence of NIC, elevated Hes-
1 mRNA was detected in the presence of KyoT3 [11]. It is plausi-
ble KyoT3 recruits other molecules to any of its LIM domains to
transactivate the Hes-1 promoter or antagonize the repression of
RBP-J activity [11].

KyoT2 repression of Notch signalling in cells via interaction with
RBP-J can be modulated by PIAS1, promoting transactivation of
RBP-J [31]. Considering KyoT?2 interacts with two small ubiquitin-
related modifier (SUMO) modification E3 ligases (HPC2 and PIAS1),
KyoT2 was suggested to be a substrate for SUMOylation [30, 31].
This was verified when the effects of PIAST were neutralized in the
presence of Sentrin/SUMO-specific protease SENP2, a SUMO hydro-
lase [31]. PIAS1 promotes SUMOylation of KyoT2 at two sites, K144
in the second LIM domain, and K171 near the RBP-J binding motif,
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Table 3 FHL1 isoform specific protein interactions

Gene  Protein Isoform Interaction Interaction detection Reference
specificity domain
Human immuno-
HIVEP3 deficiency V|Irus.type KyoT2 In V(vo tag co-IP, in vivo mammalian two hybrid assay [29]
| enhancer binding (luciferase reporter)
protein 3
KyoT2: Y2H screen of mouse 9.5-dpc embryos and HelLa
RBPJ J kappa-recombination KyoT2, KyoT3, RBP-J-binding cells (RBP-J = bait), in vitro GST-pull down, EMSA, in vivo 7]
signal binding protein  *KyoT1 (weak) motif tag co-IP from COS-7 cells; KyoT3: in vivo tag co-IP from
Hela cells; KyoT1: weak Y2H and in vitro GST pull down
LIM domains KyoT2: Y2H screen of human lymph node cDNA library
of KyoT1/2; (KyoT2 = bait), Y2H assay, in vitro GST-pull down, in vivo
RING1  Ring finger protein 1 KyoT1, KyoT2 C-terminal tag co-IP from HEK-293 cells, in vivo mammalian two hybrid [11]
fragment assay (luciferase reporter) from HEK-293 cells; KyoT1:
of RING1 Y2H assay
Chromobox protein LIM domains KyoT2: Y2H screen of human lymph node cDNA library
p of KyoT1/2; (KyoT2 = bait), Y2H assay, in vitro GST-pull down, in vivo
CBX4 homologue 4 . . .
KyoT1, KyoT2 C-terminal tag co-IP from HEK-293 cells, in vivo mammalian two [30]
(HPC2)  (Polycomb 2 ) .
homologue) fragment of hybrid assay (luciferase reporter) from HEK-293 cells;
g HPC2 KyoT1: Y2H assay
Prqtem Inhibitor of Y2H screen of human lymph node cDNA library (KyoT2 =
activated STAT-1 e o
) bait); in vitro GST-pull down; in vivo tag co-IP from HEK-
PIAS1  (Signal transducer KyoT2 o . ; ) [31]
. 293 cells; in vivo mammalian two hybrid assay (luciferase
and activator of
. reporter) from HEK-293 cells
transcription-1)
Y2H screen of human skeletal muscle library (SLIMMER =
) bait), Y2H assay, GST-tagged Siva-1 purification from
SLIMMER unique - 1 -onsformed (with truncated His-SLIMMER) £, col
sequences, likely in vitro GST-pull down (Siva-1 = bait), in vivo tag co-IP
SIVA-1 KyoT3/SLIMMER  nuclear localization p — hab, 9 (89]

and/or nuclear
export signals

from COS-1 cells, endogenous co-IP from murine skeletal
muscle, immunofluorescence co-localization in
co-transfected C2C12 myoblasts and myotubes

and in mature murine gastrocnemius skeletal muscle

Shown are all known protein interactions for the alternatively spliced variants of FHL1, with a description of the interaction identification and validation

methods used.

which antagonizes KyoT2’s repressor activity (Fig. 3). In particular,
modification of the K171 site most counteracted the repression.
Unlike PIAS1, overexpression of HPC2 did not enhance SUMQylation
of KyoT2 beyond basal levels [31]. In general, SUMOylation can alter
the stability, localization and biological activities of modified proteins
[31]. In the case of KyoT2, no effects on its subcellular localization
or interaction with RBP-J were detected [31].

Expression patterns of FHL1

Northern blot analyses of a panel of tissue samples obtained from
human, rat and sheep subjects identified expression of FHL1 in

2708

skeletal muscle across multiple species [1, 5]. In mature skeletal
muscle, FHL1 is localized at the I-band, encompassing the Z-line,
and transiently at the M-line where it extends partially into the
C-zone of the A-band. The resulting transverse banding pattern is
of alternating thick and thin bands, corresponding to the I-band
and the centre of the A-band, respectively [32].

In embryonic mouse skeletal muscle FHL1 was first detected at
E8.75 in the heart and neural tube via in situ hybridisation, using
whole mount mouse embryos. At E9.5, FHL1 was prominent in the
hindbrain and neural tube, with conspicuous expression in the
cardiac outflow tract although the endothelium was not the source
of expression in the outflow tract [33]. At E11, however, FHL1
was detected in the somites with a pattern corresponding to the
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Fig. 3 FHL1 isoform KyoT2 and Notch signaling. In mouse, the Notch signaling pathway is activated by proteolytic cleavage of the Notch receptor by -
secretase-like protease, releasing the Notch intracellular domain (NIC). NIC translocates into the nucleus and transactivates RBP-J. KyoT2 can disrupt this
interaction via its RBP-J binding domain and subsequently suppress transcription by displacing RBP-J from DNA and/or recruiting co-suppressors (i.e.
RING1 and/or HPC2). Furthermore, sumoylation by PIAS1 antagonizes KyoT2’s repressor activity.

developing myotomes, in addition to a continued expression in the
outflow tract and neural tube [33].

Generally consistent with these earlier studies, using whole
mount X-gal staining of FHL1 reporter transgenic mouse embryos,
a broader FHL1 mRNA distribution has been observed [34]. At
E10.5, the heart, somites, limb buds, neural tube, brain and eye
stained positive for FHL mRNA. At E14, FHL1 was strongly
expressed in the neural tube, and the aorta and pulmonary trunk
of the vasculature, and less prominently in the myocardium [34].
Furthermore, strong X-gal staining was also observed in the
tongue, limb buds, abdominal muscle, intercostal muscle and tho-
racic muscle [33, 34].

Enriched FHL1 transcript expression was also detected by in
situ hybridization in slow twitch soleus muscle in adult rat, when
compared to the fast-twitch gastrocnemius muscle. The specificity
of FHL1 expression correlated better with the oxidative properties
of muscle fibres rather than the fibre types. Soleus muscle is
composed of the highly oxidative type | and type lla fibres,
whereas gastrocnemius is largely composed of the glycolytic type
IIb fibres [35].

In the murine C2C12 skeletal muscle cell line, FHL1 expression
was detected in myoblasts before the onset of differentiation
[5, 36]. During the first 24-48 hrs of differentiation, however,
FHL1 expression initially declined by 40% before resuming its
inclined expression pattern up to about 6 days [5, 36].
Furthermore, the expression profile of FHL1 was similar to those
of the myogenic regulatory factors, myogenin and MRF, and to the
growth factor IGF-1I. However, FHL1 was present before the onset
of myogenin and muscle specific embryonic, neonatal and adult
2b MyHCs expression [5].

FHL1 and disease
FHL1 and skeletal muscle myopathies

Considering the high levels of FHL1 in skeletal muscle, its onto-
genic expression pattern, and X-chromosome gene localization,
an association of FHLI with muscle disease could almost be antic-
ipated. Indeed, FHL1 was identified recently as the causal gene for
six different X-linked myopathies, in accordance with its gene
localization on the X-chromosome (Table 4) [3]. One of the first
mutations identified in the human FHL1 gene was shown to result
in an X-linked dominantly inherited form of scapuloperoneal
myopathy (XSPM), identified in a large Italian-American family
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[37, 38]. XSPM is a neuromuscular disorder characterized by
progressive muscular atrophy, initiating in the lower legs and
extending to the shoulders and arms with scapular winging,
possibly with impaired sensory functions. Serum creatine kinase
levels were elevated in all patients, and analysis of two biopsy
samples revealed desmin-positive cytoplasmic bodies indicative
of a myofibrillary myopathy [37, 38]. These phenotypes were
attributed to a Trp-122-Ser substitution, occurring in the second
LIM domain at a residue highly conserved across species. Male
patients were hemizygous for the mutation with an earlier age of
onset (26.1 + 4.7 years) and more severely affected than the het-
erozygous affected females (age of onset was 34.4 = 11.9 years).
This suggested that there may be an inverse relationship between
the FHL1 protein level and symptoms [37]. Thus, the loss of FHL1
appears to parallel increasing disease severity.

Five other FHL1 mutations were discovered to be causal for
X-linked myopathy with postural muscle atrophy (XMPMA), clini-
cally characterized by the combined presentation of weakness and
atrophy of postural muscles (scapuloperoneal weakness and bent
spine) with a pseudoathletic phenotype where alternative muscle
groups were hypertrophic [39]. In general, muscle groups com-
posed predominantly of type | fibres were atrophic, whereas those
primarily comprised of type Il fibres were hypertrophic. Scoliosis
and elevated creatine kinase levels were also noted in patients.
Furthermore, affected individuals typically died of heart failure,
suspected to be caused by hypertrophic cardiomyopathy [39].
Symptoms were typically noticed at about 30 years of age, and fol-
low up studies revealed XMPMA to be a slow but progressive
muscular dystrophy. The original mutation, discovered in a large
Austrian family, was a Cys-224-Trp substitution located in the
fourth LIM domain. In a British family, an isoleucine insertion
mutation in the second LIM domain was also found. Three addi-
tional XMPMA causing FHL1 mutations were recently identified
from five independent German families [40]. Immunoblot and
immunostaining analysis revealed almost complete absence of
FHL1A protein in both fibres from affected individuals [39, 40].
Granulofilamentous material was observed via electron
microscopy, and staining identified the presence of a few cytoplas-
mimc bodies, although there was no evidence of reducing bodies
[40]. Such histopathology suggests XMPMA may share patho-
physiological pathways with myofibrillary myopathies [40].

To date however, the greatest number of FHL1 gene mutations
have been associated with X-linked reducing body myopathy
(XRBM), with all 11 known amino acid substitution mutations and
one deletion mutation occurring in the second LIM domain
[41-43]. Clinically, XRBM is a rare muscular disorder causing
progressive muscular weakness, generally affecting proximal
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Table 4 Human FHL1 mutations causing X-linked myopathies and the associated phenotypes

@ > = s
s (2B EE L2l [BlEEEIEE 2 AR
X-linked scapuloperoneal myopathy X X X I T L x x ND x x  [37]
.365G>C p.W122S 2
X-linked myopathy with postural muscle atrophy x ND x x x Xx X 1T L x x x X x [39,40]
€.672C>G p.C224W 4
€.381_382insATC p.D127_T128inslle 2
€.838G>A p.V280M (FHL1B) =
.688+1:G>A p.A168GfsX195 3
€.736C>T p.H246Y 4
X-linked reducing body myopathy X x x x x x x X W ox X X X X [41-43]
€.367C>T p.H123Y 2
€.395G>T p.C132F 2
c.457T>C p.C153R 2
.458G>A p.C153Y 2
€.368A>T p.H123L 2
¢.369C>G p.H123Q 2
€.369C>A p.H1230Q 2
.449G>A p.C150Y 2
€.302G>T p.C101F 2
€.304-312delAAGGGGTGC p.102-104delKFC 2
¢.310T>C p.C104R 2
n.d. p.C150R 2 [88]
Emery-Dreifuss muscular dystrophy ND ND x XN D G N-1 I x x x X  [44]
c.841T>G p.X281E Stop codon
.827G>A p.C276Y 4
€.332_688del p.G111_T229delinsG 2/3
€.332_501del p.D112FfsX51 2/3
¢.817dup p.C273LfsX11 4
.469_470delAA p.K157VfsX36 (FHL1A) 3/4
€.469_470delAA p.K157VfsX36 (FHL1B) 3
.469_470delAA p.K157VfsX62 (FHL1C) new LIM
¢.371_372delAA p.K124RfsX6 2/3/4
X-linked Emery-Dreifuss-like syndrome X ND ND x X N-1 L ND ND X [89]
€.625T>C p.C209R 3
Rigid spine syndrome X X X X X X x 1 4 X X [46]

This table outlines all the human FHL1 myopathies and the causal genetic mutations. The corresponding protein alterations and associated
phenotypes are also listed. Legend: x, positive for phenotype; xF+, FHL1 positive aggregates; ND, phenotype not detected; 1, increased levels;
1, decreased levels; N-1, normal to elevated levels.
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muscles with evidence for early scapuloperoneal involvement.
Proximal weakness was also present in the lower extremities,
possibly with foot drop or early Achilles tendon contractures.
Spinal rigidity was a prominent and presenting feature, whereas
scoliosis and elevated creatine kinase levels were also common.
The progressive disease course often led to a loss of ambulation
and/or respiratory insufficiency, with one documented case of car-
diomyopathy [42]. The histochemical criterion for diagnosis how-
ever is the presence of intracytoplasmic inclusions, or reducing
bodies, in myofibres and identified using the menadione-nitro-blue
tetrazolium stain. Muscle fibre degeneration was also evident
during muscle biopsies, with the degree of severity associated
with an increasing number of reducing bodies [42]. Laser capture
microdissection of intracytoplasmic inclusions, followed by nano-
flow liquid chromatography-tandem mass spectrometry analysis,
identified FHL1 as the most prominent protein in the aggregates.
Immunohistochemistry confirmed the enrichment of FHL1 and
revealed the primarily juxtanuclear localization of FHL1 positive
aggregates. In affected individuals, FHL1 was normally localized to
the I-band/Z-disc in myofibres lacking defined aggregates. In con-
trast, in myofibres heavily afflicted with aggregates, FHL1 expression
was diminished at the myofibrils immediate to the aggregates.
Patient follow-up exams revealed a time-dependent increase in the
number of FHL1 positive aggregates, possibly correlating with the
clinical progression of the disease. Taken together, these findings
are suggestive of a pathomechanism involving the formation of
intracytoplasmic inclusions rather than solely because of a
primary dysfunction of FHL1 [42]. Furthermore, reducing bodies
have previously been suggested to display morphological and
immunohistochemical features reminiscent of aggresomes. In
agreement with this, immunolabelling of patient biopsies or
C2C12 cells expressing mutant FHL1 revealed the inclusions were
positive for y-tubulin, pericentrin, ubiquitin, GRP78 and desmin.
In addition, these aggregates also sequestered wild-type FHL1
and interacting proteins, such as MyBP-C and NFATc1 [41]. As
demonstrated in C2C12 cell studies, the presence of mutant FHL1
initiated the formation of inclusion bodies, leading to the incorpo-
ration of other proteins.

Another large subset of FHL1 gene mutations was identified
recently as causal for Emery-Dreifuss muscular dystrophy
(EDMD). EDMD is a rare hereditary disease characterized by the
triad of joint contractures, muscular dystrophy and cardiac dys-
functions. Without exception, all index cases examined exhibited
joint contractures commonly of the ankles, spine, elbows, knees,
neck and hips. Progressive muscle weakness and wasting was
also evident, with a predominant scapulo-humeral and pelvic
and/or peroneal topography. Finally, arrhythmias and cardiac
hypertrophy accounted for most cardiac disease occurrences.
Interestingly, this cardiac phenotype contrasts the progression
from arrhythmia and/or conduction defects to dilated cardiomy-
opathy seen in EDMD patients with mutations in either the
emerin or lamin A gene, the other causative genes for EDMD.
However, combined they account for only 50% of EDMD
patients. Genome-wide scans and linkage analysis of six affected
families and one isolated case lead to the identification of seven
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novel causal mutations in the FHL1 gene. Unlike the previously
described FHL1 mutations, these mapped to the distal exons
(5 to 8) of the gene, affecting LIM domains 2—4 [44]. Also unlike
the other myopathies, EDMD biopsies were absent of reducing
bodies and myofibrillar protein aggregates. Similarly, however,
FHL1 expression was significantly depressed. Immunostaining
analysis localized most of the present FHL1 in and/or close to
the nucleus.

The reclassification of a single missense mutation (¢.625T >
C), identified in a large German family, as causal for a X-linked
recessive Emery-Dreifuss-like syndrome rather than EDMD fur-
ther expands the spectrum of FHL1 myopathies [45]. Nine male
subjects, ranging from 14 to 60 years of age, presented with joint
contractures of the ankles and/or knees with rigid spine syn-
drome. By contrast to other FHL1 myopathies, muscle weakness,
muscular atrophy, athletic habitus, scapular winging and gait
problems were absent in all of the patients, except one. Their
creatine kinase levels also tended to be normal or only slightly
elevated. However, cardiac disease was prominent, as patients
also were found to suffer from left ventricular hypertrophy,
cardiac fibrosis and hypertension, without evidence of rhythm
conduction abnormalities (except for one case of atrial fibrillation)
[45]. Histological analysis of muscle biopsy specimens revealed
the presence of cytoplasmic bodies, even in asymptomatic female
carriers, however reducing bodies were lacking. Furthermore, in
a highly progressed case, assessment revealed a pathological
variation in fibre size, and the occurrence of necrotic, regenerating
and split fibres. A high proportion of fibres also had internalized
nuclei, whereas a small proportion was positive for FHL1 containing
aggregates. Immunoblot analysis determined FHL1 expression
was reduced in both affected males and female carriers of the
mutation [45].

Rigid spine was identified as a common clinical feature among
patients afflicted with any of the five x-linked myopathies [46]. In
accordance with this, an in-frame nine base pair deletion muta-
tion, corresponding to the second LIM domain, was identified in a
patient diagnosed with rigid spine syndrome. The patient pre-
sented with early scoliosis and prominent muscular weakness and
atrophy of the hip and thighs. Winging of the scapula, funnel chest
and multiple joint contractures (i.e. neck, spine, hip, and ankle)
were also observed. In addition, the patient’s serum creatine
kinase level was mildly elevated, whereas his respiratory functions
were mildly impaired. Furthermore, intracytoplasmic inclusion
bodies were detected from biopsied muscle samples, although
only a limited number of fibres were positive for reducing bodies.
Immunohistochemistry illustrated an increasingly diffuse FHL1
staining pattern, whereas immunoblotting revealed a reduction in
the total FHL1 expression in diseased muscle [46].

In general, all of the described human FHL1 mutations were
localized within a LIM domain, usually affecting highly conserved
residues. For instance, the Cys-to-Trp mutation causing XMPMA
involved a highly conserved cysteine within the fourth LIM
domain, and comprises one of four cysteines necessary for the
binding of a Zn2" ion [39]. NMR spectroscopy also predicted
complete disruption of the Zn2™ binding sites and collapse of the
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LIM domain in two severe cases of XRBM, caused by the H123Y
and C132F substitution mutations localized to invariant consensus
residues in the second LIM domain. Similarly, NMR structural
determination identified the disruption of van der Waals contacts,
with neighbouring T120 and K102 residues, upon substitution of
W122 with a smaller serine causing XSPM [37]. The mutation was
predicted to interfere with protein folding or cause conformation
instability of the second LIM domain and/or the adjacent second
zinc finger binding domain [37]. Metal ions can contribute to the
stabilization of a protein’s tertiary structure, as is the case with
Zn*" ions and LIM domains. Unstable or misfolded proteins, such
as the mutant FHL1, are likely vulnerable to proteolysis, which
could explain the reduced expression observed in most diseased
conditions [47-50].

Furthermore, alterations in LIM domains and protein confor-
mation affect the binding interfaces for protein interactions. In
XMPMA, insertion of a single isoleucine residue between two
amino acids connecting adjacent zinc fingers of the second LIM
domain, thereby nonconforming with the consensus C-X2-C spac-
ing, was expected to adversely affect proteins interactions (the
protein’s interaction or protein interactions?) [39]. The first two
LIM domains, for instance, were deemed essential for mediating
interactions with RAF1, MEK2 and ERK2 in cardiac muscle [51]. In
C2C12 skeletal muscle cells co-expressing myc-NFATc1 with
gither HA-FHL1%3%F or HA-FHL1H123Y, immunoprecipitation of
myc-NFATc1 revealed an ~80% reduction in interaction with
mutant FHL1 [52]. FHL1 positive aggregates in XRBM were also
found to sequester FHL1 interacting proteins MyBP-C and NFATc1,
possibly contributing to the reduced interaction observed in
C2C12 cells [41, 52].

FHL1 expression levels in cardiovascular diseases

Differential FHL1 expression has previously been associated with
several cardiovascular diseases. In our group, a transgenic mouse
model was generated to recapitulate early onset dilated cardiomy-
opathy observed in humans and caused by an Arg-9-Cys conver-
sion in phospholamban, an integral membrane phosphoprotein of
the sarcoplasmic reticulum [53, 54]. From a large-scale compara-
tive proteomic profiling of ventricular muscle tissue, FHL1 was
identified among a subset of 40 top ranked differentially expressed
proteins as one of the four most up-regulated, with changes
occurring early in disease [54]. Similarly, FHL1 was also detected
to be up-regulated during comparative gene expression profiling
of transgenic mice overexpressing Gs-alpha, with respect to con-
trol littermates [55]. Similar to observations in the transgenic
phospholamban mice, a two- to threefold increase in FHL1 tran-
script level was detected even at the earliest time points tested,
although alterations in expression were not detected for either
FHL2 or FHL3 [55]. Furthermore, FHL1 overexpression was
detected at various time points from three additional mouse mod-
els of cardiomyopathy, with chronic stimulation of the g-adrener-
gic receptor (AR) signalling pathway. In all three mice models,
overexpressing B1-AR, B2-AR or PKA, FHL1 was up-regulated by
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the early stages of disease, and continued to increase with disease
progression [55]. Because differential expression could be
detected before disease onset, with continued increase throughout
disease, it was suggested FHL1 could participate in the transition
of phenotype between early and late stages, and thus contributes
to the development of cardiomyopathy [55].

Results from FHL1 knockout (FhI17/7) mice further support
this hypothesis, demonstrating a critical role for FHL1 in patholog-
ical cardiac hypertrophy. Fhi1 ™"~ mice were viable, with normal
life spans, and demonstrated no differences in cardiac size,
dimensions, blood pressure and functions, when compared to
age-matched wild-type mice [51]. However, Fhi1 /= mice exhib-
ited a blunted and beneficial response when subjected to trans-
verse aortic constriction, an in vivo model of pressure overload
induced cardiac hypertrophy. Following transverse aortic constric-
tion, FhI1 knockout mice possessed smaller hearts than wild-type
mice, resulting in a smaller increase in left ventricular/body-weight
ratio, cardiomyocyte cross-sectional area, left ventricular poste-
rior wall thickness and interventricular septal wall thickness. In
addition, a lesser reactivation of foetal gene markers occurred in
Fhit '~ mice, such as atrial natriuretic factor, 3-MHC and skeletal
a-actin, indicative of a blunted hypertrophic response.
Echocardiography revealed the percentage of left ventricular frac-
tional shortening in Fhi1 ™~ mice was comparable to those of
sham-operated controls, demonstrating the preservation of car-
diac function under pressure overload conditions. Even with pro-
longed durations, left ventricular end-diastolic pressure and sys-
tolic function were preserved, with increased diastolic function.
Wild-type mice subjected to transverse aortic constriction, how-
ever, exhibited early symptoms of heart failure including reduced
left ventricular fractional shortening and increased left ventricular
chamber dimensions [51].

Furthermore, ablation of Fhl1 expression was sufficient to pre-
vent cardiomyopathy in transgenic mice overexpressing constitu-
tively active Gg [51]. The Gq signalling pathway is known for its
participation in cardiac hypertrophy, and can be stimulated in vivo
by transverse aortic constriction. Induction of the pathway was
shown to result in elevated FHL1 protein levels in primary rat car-
diomyocytes incubated with G protein coupled receptor (GPCR)
agonists, in cardiomyocytes overexpressing constitutively active
Gg, and in cardiac tissue from Gq transgenic mice. Double
Fh|1_/_/Gq transgenic mice, when compared to Gq transgenic
mice, displayed both a reduction in left ventricular dimensions and
expression of foetal gene markers. In fact, the cardiac chamber
size, wall thickness and functions of Fhl1’/7/Gq mice were com-
parable to wild-type and Fhi1 ™/~ mice [51].

In contrast, the opposite expression profile was detected for
FHL1 from human dilated cardiomyopathic hearts. Using high-
density oligonucleotide arrays, Yang et al. quantified the expres-
sion levels of approximately 7000 genes in non-failing and failing
human hearts with a diagnosis of end-stage ischaemic and dilated
cardiomyopathy [56]. In diseased hearts, FHL1 was found to be
down-regulated at both the mRNA and protein level [56]. Thus,
the contradictory FHL1 expression profiles from dilated cardiomy-
opathy in mice and humans might be a consequence of the
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inherent physiological differences between the species. This has
always posed a concern when findings from one species are
adapted to another. Alternatively, the discrepancies could also be
explained by differences in experimental technicalities (such as
probe sets, methodologies, etc.), specificities of detection or the
conditions of the hearts obtained from patients of end-stage dis-
ease. However, FHL1 has consistently been identified as a strong
candidate for overexpression in human cardiac hypertrophy, from
three different large-scale gene expression profiling studies
[67-59]. Thus, continued study of FHL1 with respect to heart failure
is warranted, especially because hypertrophic and dilated cardiomy-
opathy do share common pathways in disease development [60].
Low-density cDNA array analysis of atrial fibrillation induced
by rapid atrial pacing in porcine identified FHL1 transcripts to be
significantly up-regulated (3.17 fold), which translated to a 2.9-
fold increase at the protein level [61]. Its elevated expression
occurred in both the right and left atria at similar levels [61]. A
capacity for influencing electrophysiology was demonstrated for
FHL1, as described later [62]. Furthermore, although FHL1 was
abundant and present at muscle striations, immunostaining
revealed a more disorganized and diffuse cytoplasmic staining
with slight nuclear localization in the fibrillating atria [61].
Translocation to the nucleus could possibly invoke a transcrip-
tional regulation function for FHL1 in differentiated cardiac cells
during arrhythmia. Furthermore, in cultured cardiomyocytes
treated with the proarrhythmogenic substrate isoproteronol, FHL1
expression was up-regulated 3.1-fold [61]. The rapid response
may have been mediated via activation of the 3-AR signal trans-
duction pathway, a relationship that was already implicated above
[55, 61]. Isoproterenol is a B-adrenergic agonist and B2-AR was
also up-regulated in atrial fibrillation [61]. An involvement of the
adrenergic signalling pathway in atrial remodelling during atrial
fibrillation has been postulated [61, 63]. Altogether, these results
are consistent with the observation that atrial fibrillation was com-
mon among patients of FHL1 mutation-induced myopathies.
Elevated FHL1 expression has also been detected in pulmonary
hypertension [64]. Proteomic analysis initially identified FHL1 to
be up-regulated in lung tissues of a mouse model of hypoxia-
induced pulmonary hypertension, and also verified in two rat mod-
els. More importantly, the pattern was mirrored in idiopathic pul-
monary arterial hypertension human patient samples, and inter-
estingly FHL2 and FHL3 levels were not altered [64]. Furthermore,
in mice subjected to prolonged hypoxia a time dependent increase
in FHL1 expression was observed [64]. Its expression was
revealed to be strongest in vascular smooth muscle cells, with
positive staining also present in neomuscularized resistance ves-
sels. However, the hypoxia-dependent up-regulation of FHL1 was
restricted to the pulmonary vasculature, whereas time-dependent
reduction in FHL1 occurred in the systemic vasculature [64]. It
appears the hypoxia-driven expression of FHL1 was controlled by
hypoxia-inducible transcription factors 1 and 2, two major gene
regulators active during low oxygen tension. In the absence of
either transcription factor, FHL1 levels were significantly lower in
hypoxic conditions. In addition, several putative hypoxia-inducible
transcription factor-binding sites were detected in the FHL1 gene
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promoter region, with binding activity by hypoxia-inducible tran-
scription factor proteins occurring only under hypoxia [64].

FHL1 and muscle-associated functions

The pathological consequences of mutations occurring in the
FHL1 gene are suggestive of important functional roles for FHL1
in muscle. As such, FHL1 has been associated with numerous
functions in muscle cells, although the precise mechanisms have
yet to be elucidated. Furthermore, the capacity of FHL1 to function
as a transcriptional regulator, similar to other members of the FHL
family, has also been demonstrated.

For instance, recombinant expression studies in the murine Sol8
skeletal muscle cell line demonstrated that FHL1 regulates integrin-
mediated cytoskeletal rearrangement. Activation of cell-surface
integrins results in reorganization of the actin cytoskeleton, with the
formation of focal adhesion complexes and stress fibres.
Furthermore, integrin-mediated focal adhesion assembly and
cytoskeletal signalling regulates cell adhesion, spreading and migra-
tion. However, overexpression of GFP-FHL1 in myoblasts plated on
fibronectin inhibited myoblast adhesion and enhanced cell spread-
ing and migration, mediated specifically by «531-integrin [65]. The
use of a modified Transwell migration assay, coated with
fibronectin, demonstrated the proportion of GFP-FHL1 expressing
myoblasts in the migrating population was twofold greater than in
the non-migrating cells. In contrast, migration ceased to occur in
the presence of poly-L-lysine, a non-specific inhibitor of integrin
activation. In addition, in integrin-activated myoblasts dual localiza-
tion of FHL1 was observed in the nucleus and the cytoplasm, specif-
ically at focal adhesions and along stress fibres [65]. In myoblasts
plated on poly-L-lysine, however, FHL1 was diffusely localized in the
cytosol with decreased nuclear expression. Cytochalasin D and
nocodazole treatments, respectively, eliminated an intact actin
cytoskeleton and microtubules as necessary for the nuclear localiza-
tion of FHL1 in integrin-activated myoblasts [65].

Similarly, ectopic expression of FHL1 in Sol8 or C2C12
myoblasts, plated on fibronectin and subjected to differentiation
conditions, induced two distinct phenotypes, either hyper-elon-
gated or highly branched [36]. Hyper-elongated cells were
mononuclear and spindle shaped, with extremely long bipolar
extensions, and often thickened in appearance. Alternatively, a sig-
nificant proportion of myoblasts adopted a branched phenotype,
with multiple major cytoplasmic protrusions from the cell body.
Both phenotypes are indicative of cytoskeletal remodelling,
induced by FHL1 overexpression and integrin activation.
Integrin—matrix interactions were sufficient for induction of the
branched phenotype, whereas hyper-elongation was dependent
specifically on ligand binding to the a5@1-integrin. Furthermore,
co-staining for MyoD and myogenin revealed hyper-elongation
occurred in differentiating myoblasts, whereas the lack of co-stain
identified branched cells as undifferentiated satellite cells [36].

A role for FHL1 has also emerged in pulmonary vascular
remodelling following evidence for involvement in the migration
and proliferation of primary human pulmonary artery smooth
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muscle cells (PASMC) [64]. SIRNA mediated silencing of FHL1
significantly decreased human and murine PASMC migration and
proliferation activities, whereas overexpresison enhanced these
activities [64]. Parallel results were obtained with the silencing of
Talin1, an FHL1 interacting protein. Immunofluorescence analysis
in human PASMC revealed partial co-localization of FHL1 and
Talin1 with the focal adhesion kinase. Thus, FHL1 could possibly
induce conformational changes in cytoskeletal proteins and play a
role in Talin-mediated regulation of integrin signalling and
cytoskeletal organization [64]. In addition, FHL1 could mediate the
connection between Talin1 and actin assembly. Interestingly, FHL1
knockdown in PASMC also resulted in reduced cyclinD1 expres-
sion, thereby inhibiting G1 phase progression and consequently
reduced proliferation [64]. Integrin-mediated cell adhesion has
also been shown to regulate cyclinD1 protein levels [64].

Characterization of the FHL1 interaction with MyBP-C revealed
a role in myosin filament formation and sarcomere assembly [32].
FHL1 competes with myosin for binding MyBP-C, because they
share a common binding region, thus impairing MyBP-C from
binding to myosin filaments. When FHL1 was overexpressed in dif-
ferentiating skeletal muscle cells, disruptions in the formation of
the Z-line of the sarcomere and assembly of the myosin thick fila-
ment were evident [32]. Similarly, myosin thick filament formation
was also inhibited by RNAi-mediated knockdown of FHL1. The
knockdown also impeded the incorporation of MyBP-C into the sar-
comere, with the formation of dense MyBP-C aggregates instead.
Thus, FHL1 regulates myosin filament and sarcomere formation,
with consequences for altering the MyBP-C-to-myosin ratio [32].

FHL1 also mediates hypertrophic biomechanical stress
responses in mice, upon detection of stretch or agonists induced
by GPCR signalling [51]. FHL1 was identified as a component of
the stress sensor complex at the sarcomeric I-band, where it
interacts with the MAPK cascade components, Raf1, MEK2 and
ERK2, at the N2B region of titin in adult cardiomyocytes. Although
the precise mechanisms are not known, FHL1 mediates commu-
nication between the stretch sensor complex and downstream
responses by titin and MAPK components [51]. For instance, in
papillary muscles isolated from FHL1 knockout mice and sub-
jected to stretch (Lmax), there was a loss of stretch-induced hyper-
trophic signalling responses. This was measured by quantitative
PCR of ELK1 and atrial natriuretic factor, a transcriptional target of
ERK1/2 and marker of hypertrophy, respectively [51]. A specific
role for FHL1 in diastolic tension was also suggested when mus-
cle displayed reduced diastolic stress and increased compliance
[51]. The N2B element of titin is a component of the extensible
region of titin, which contributes to the myofibrillar passive ten-
sion generated upon stretch [51].

Furthermore, FHL1 may function as a positive regulator of
Raf1/MEK/ERK-mediated signalling, possibly downstream of Gq
signalling. For instance, overexpression of FLAG-FHL1 in neonatal
cardiomyocytes resulted in increased activation of ERK1/2 by
phosphorylation, whereas Akt phosphorylation levels were con-
stant. In addition, FHL1 interactions with Raf1, MEK1/2 and ERK2
were increased in wild-type mouse hearts following transverse
aortic constriction. In contrast, a significant reduction in ERK1/2
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activation was observed in Fhi1~~ and Fhl1_/_/Gq mice sub-
jected to transverse aortic constriction, but not in Gq transgenic
mice with elevated FHL1 expression. An association between FHL1
and Gg-MAPK signalling was demonstrated when inhibition of
MAPK/ERK1 activity completely obstructed phenylephrine and
angiotensin I, two GPCR agonists, mediated up-regulation of
FHL1 expression in cardiomyocytes [51]. The Gq signalling path-
way has previously been shown to regulate ERK activation in pres-
sure overload conditions [66].

Overexpression studies also implicated FHL1 as a positive reg-
ulator of muscle hypertrophy and myoblast fusion. In HA-FHL1
transfected C2C12 cells induced to differentiate, large ‘sac-like’
myotubes with densely clustered nuclei, and large diameters, were
observed. The expression levels of muscle regulatory factors
MyoD, Myf5 or myogenin were not affected by FHL1 overexpres-
sion, however, a fivefold increase occurred for MHC early in differ-
entiation (48 hrs). In addition, these cells experienced a twofold
increase in protein synthesis relative to DNA. According to the
myoblast fusion index, scored as the mean number of nuclei per
MHC-positive cells, enhanced cell fusion was evident by 96 hrs in
differentiation conditions. Taken together, these phenotypes are
indicative of myotube hypertrophy with enhanced myoblast fusion
[52]. Similarly, skeletal muscle hypertrophy was observed in vivo
in FHL1 transgenic mice, where FHL1 functioned to increase
whole body skeletal muscle mass and strength, with reduced sus-
ceptibility to fatigue. The enhanced muscle strength was a conse-
quence of hypertrophy and not an increased myosin power stroke.
Examination of the gastrocnemius muscle demonstrated an
increase in the frequency of larger fibres, total fibre cross-sec-
tional area and myofibril width [52]. The hypertrophy was caused
by increased muscle fibre dimensions rather than hyperplasia or
an increased frequency of naturally occurring large (type 2B)
fibres. Furthermore, FHL1-induced hypertrophy was associated
with a conversion to oxidative fibre-type expression [52].

In addition to these described functions, FHL1 also has the
capacity for a role in electrophysiology aspects in excitation. Yang
et al. identified FHL1 as an interacting partner of the Shaker-
related KCNA5 in human atrium, and characterized the interaction
in CHO cells [62]. As evidenced from patch clamp recordings of
K* current, FHL1 was capable of modulating KCNA5 activity, by
increasing K™ current density, altering channel gating and enhanc-
ing slow inactivation [62].

FHL1 and its transcriptional regulation functions
in cancer

FHL1 is down-regulated in a variety of cancers as evidenced by
comparative microarray profiling and immunohistochemical analy-
sis of human clinical samples. Reduced expression has been iden-
tified in lung, prostate, breast, ovarian, colon, thyroid, brain, renal,
liver, gastric and skin cancers and melanomas [67—-76]. In 115 pairs
of hepatocellular carcinoma and matched non-tumour liver tissues,
for instance, FHL1 expression was detected in 93.0% of normal tis-
sues and only in 30.4% of cancerous tissues [77]. Similarly, from
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Fig. 4 FHL1 and signaling pathways in cancer. (A) Src phosphorylates Cas to suppress FHL1 expression to promote non-anchored tumour cell growth
and migration, which would otherwise be inhibited by FHL1. Hypermethylation of the promoter region can induce FHL1 gene silencing. (B) FHL1 inhibits
tumour cell growth by transcriptional regulation of TGF-B-responsive genes, although independent of TGF-g and TGF-B receptor. FHL1 phosphorylates
cytoplasmic Smad2 and Smad3 through interaction with CK13, and facilitates interaction with Smad4. Following nuclear translocation, the
FHL1/Smad2/3/4 complex regulates TGF-B responsive gene transcription. (C) FHL1 also inhibits tumour cell growth by co-repressing ER transcriptional
activity. FHL1 interacts with Erq, either before or after nuclear translocation, and interacts with RIP140 for synergistic transcription inhibition.

46 pairs of breast tumour and non-tumour breast tissues, 91.3% of
normal tissue and 30.4% of cancerous tissue were positive for FHL1
[78]. In addition, the expression of FHL1 positively correlated with
the expression of epidermal growth factor 2, a prognostic biomarker
in breast cancer [78]. In primary gastric cancer patients, a signifi-
cantly shorter survival was observed from patients with lower FHL1
expression levels [71]. Furthermore, FHL1 suppression appeared
greatest in widely invasive and metastatic cases [69-71, 79].
Analogous to these findings, FHL1 was identified as a tumour
suppressor gene, which acts to inhibit non-anchored cell growth
and migration, downstream of Src- and Crk-associated substrate
(Cas) signalling (Fig. 4A) [70]. In Src-transformed cells however,
the membrane bound Src tyrosine kinase phosphorylated Cas, a
focal adhesion adaptor protein, to suppress FHL1 expression and
promote anchorage independence and motility, hallmarks of
tumour cell growth [70]. The potential for MAPK, a kinase acti-
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vated by Src, involvement in FHL1 suppression was eliminated
when transformed cells incubated with an MEK blocker failed to
express FHL1 [80]. In FHL1 overexpressing cells, colonization was
inhibited, whereas non-anchored growth and migration was
enhanced [70]. In addition, FHL1 production was induced almost
twofold in Src-transformed cells following contact by adjacent
non-transformed cells [70, 81]. Expression of FHL1 also induced
expression of the Serum deprivation response protein in Src-
transformed cells, by approximately 17-fold [80]. The expression
of Serum deprivation response protein, a protein associated with
cell growth arrest, was also down-regulated in Src-transformed
cells and induced upon contact normalization [70, 81].
Furthermore, FHL1 gene silencing was induced by hyper-methyla-
tion of its promoter region, a CpG rich region [80]. Thus, dimin-
ished FHL1 expression likely attributes to poorer survival via
heightened biological aggressiveness of the tumour [71].
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However, in human hepatocellular liver carcinoma cells cul-
tured in vitro or injected into nude mice, expression of FHL1
decreased cancer cell growth. Increased FHL expression also
inhibited anchorage-independent growth of hepatoma cells in
vitro. The opposite effects were observed with siRNA-mediated
knockdown of FHL1. The suppression of tumour growth was
mediated via interaction with SMAD proteins for a transforming
growth factor (TGF) B-like response (Fig. 4B). FHL1 interacted
with SMAD2 and SMAD3 in the cytoplasm, and enhanced phos-
phorylation of the SMAD proteins through CK13. Furthermore,
FHL1 promoted interaction with SMAD4 and translocation into the
nucleus, where it stimulated expression of growth inhibitor genes,
such as the CDK inhibitor p21, and suppression of the growth pro-
moting gene c-myc. An identical gene expression pattern was
observed in tumours obtained from inoculated nude mice. In
patient samples, FHL1 expression was down-regulated in liver
tumours, which correlated positively with Smad2/3 phosphoryla-
tion, nuclear accumulation of Smad2-4, and p21 expression and
correlated negatively with c-myc levels. Although FHL1 enhanced
TGF-B responsive transcription, it actually functions independent
of TGF-B and the TGF-B receptor. The interaction with CK13 and
Smad4, however, was required for FHL1 mediated TGF-B-respon-
sive gene expression and decreased cancer cell growth. Because
CK1d mediated differential phosphorylation of the Smad3 that
occurs in the TGF-g pathway, FHL1 may regulate additional tar-
gets not affected by TGF-B [77].

Similarly, transfection of FHL1 in breast cancer cells also inhib-
ited cell growth, both anchorage-dependent and -independent.
Conversely, siRNA mediated silencing of FHL1 significantly
increased cell growth, and 17B-estradiol exposure only amplified
these effects [78]. These results could be mediated by the interac-
tion between FHL1 and estrogen receptors « or 3 in breast cancer
cells, which occurs independent of 17B-estradiol (Fig. 4C) [78].
FHL1 acts as a negative regulator of estrogen receptor mediated
transcription, subsequently repressing expression of estrogen-
responsive genes, such as pS2 and cathepsin D [78]. In human
breast cancer SKBR3 cells, which lack endogenous estrogen
receptor «, FHL1 failed to inhibit target protein expression [78].
Thus, FHL1 acts through the estrogen receptors to repress tran-
scription. Furthermore, FHL1 likely mediates its co-repressor
effects by inhibiting the binding of estrogen receptor « to estro-
gen responsive elements present in the promoter of estrogen
responsive genes [78]. Abrogation of FHL1 expression enhanced
estrogen signalling, as evidenced from estrogen responsive ele-
ment driven luciferase assays [82]. When FHL1 is co-expressed
with receptor interacting protein of 140 kDa, a cofactor also capa-
ble of inhibiting estrogen receptor «, a synergistic inhibition of
estrogen-responsive target gene transcription occurs [82].

In contrast to the suppression of FHL1 in many cancers and
the phenotype rescue by ectopic FHL1 expression in tumour cells,
FHL1 is aberrantly expressed in most T cell acute lymphoblastic
leukaemia cell lines, particularly those exhibiting deregulated
TLX1/HOX11 expression [83]. TLX1/HOX11 is a homeodomain
protein whose abnormal expression, induced by translocations
affecting chromosome 10924, contributes to the leukaemogenesis
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of T cell tumours [83, 84]. In murine NIH3T3 fibroblasts, expres-
sion of TLX1/HOX11 resulted in abnormal growth patterns in vitro
and formed tumours in athymic nude mice [84]. Ectopic expres-
sion also transcriptionally activated FHL1, functioning as a con-
centration-dependent regulator [83, 85]. The need for high
TLX1/HOX11 levels to stimulate FHL1 expression could explain
the lack of consistent FHL1 expression in TLX1/HOX11 positive
samples [85]. Regulation of FHL1 expression also required an
intact N-terminal transactivation domain and DNA binding capabil-
ities, and was mediated through specific elements located in its
proximal promoter [85]. Thus, FHL1 is possibly an important
mediator of TLX1/HOX11 function in tumourigenesis.

Perspectives

FHL1 is a LIM-only protein, defined by the tandem arrangement of
four and a half LIM domains, and is expressed predominantly in
skeletal muscle. Multiple functions have been ascribed to FHL1,
belonging to a variety of cellular activities, although the precise
molecular mechanisms are poorly characterized. FHL1 is involved
in, for instance, sarcomere assembly, cytoskeletal remodelling,
biomechanical stress response, muscle hypertrophy and transcrip-
tional regulation. In addition, integrin-mediated, MAPK, 8-AR and
GPCR signalling pathways are representative of some of the path-
way associated with FHL1. The diversity of FHL1’s functional prop-
erties may be mediated by the diversity of its interacting partners.

Furthermore, the binding partner specificity of the different
LIM domains may contribute to the heterogeneity of FHL1 myo-
pathic phenotypes. Isoform specific effects and possible (skewed)
X-inactivation further contribute to the complexity. Twenty-six
mutations are causal for six different myopathies, each presenting
a combination of various protein aggregates, joint contractures,
muscle atrophy/hypertrophy and cardiovascular diseases. This
presents complications for diagnostic evaluation screening and
genetic counselling of patients or carriers. Alternatively, FHL1
might be an excellent candidate to sequence in unexplained
myopathies with an X-linked transmission pattern. In addition,
considering the prominence of cardiomyopathies in FHL1 myo-
pathic patients, the FHL1 gene might also be a candidate for
hereditary and sporadic cardiomyopathy. The up-regulation of
FHL1 expression in numerous cardiovascular diseases, at times
even before disease presentation, supports this possibility.

In addition, FHL1 expression is suppressed in cancers and corre-
lates strongly with increased metastatic disease and decreased sur-
vival. Diminished FHL1 expression may affect the formation of focal
adhesion molecules, thereby contributing to the aggressiveness of
cancers. When expressed, FHL1 inhibits tumour cell growth via tran-
scriptional regulation of TGF-8 and ER responsive genes. Thus,
FHL1 appears to function as a tumour suppressor and regulator of
anchorage independence and migration, and tumour cell growth.

In conclusion, FHL1 is a multi-functional protein associated
with a variety of disease conditions and responsible for others.
Understanding its cellular roles and transcriptional regulation will
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offer insight into the pathomechanism of diseases and possibly be

clinically relevant.
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