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PDZ/LIM genes encode a group of proteins that play very important, but diverse,
biological roles. They have been implicated in numerous vital processes, e.g.,
cytoskeleton organization, neuronal signaling, cell lineage specification, organ
development, and oncogenesis.

In mammals, there are ten genes that encode for both a PDZ domain, and one or
several LIM domains: four genes of the ALP subfamily (ALP, Elfin, Mystique, and RIL),
three of the Enigma subfamily (Enigma, Enigma Homolog, and ZASP), the two LIM
kinases (LIMK1 and LIMK2), and the LIM only protein 7 (LMQO7). Functionally, all PDZ and
LIM domain proteins share an important trait, i.e., they can associate with and/or
influence the actin cytoskeleton.

We review here the PDZ and LIM domain—-encoding genes and their different gene
structures, their binding partners, and their role in development and disease. Emphasis
is laid on the important questions: why the combination of a PDZ domain with one or
more LIM domains is found in such a diverse group of proteins, and what role the
PDZ/LIM module could have in sighaling complex assembly and localization.

Furthermore, the current knowledge on splice form specific expression and the
function of these alternative transcripts during vertebrate development will be discussed,
since another source of complexity for the PDZ and LIM domain—-encoding proteins is
introduced by alternative splicing, which often creates different domain combinations.
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INTRODUCTION

All fundamental biological processes largely depend on proper cellular signaling. Inaccuracies in
signaling processes can have detrimental consequences, and can result in severe developmental defects
and a vast variety of other pathologies.

One of the key requisites that is important for accurate signal transduction is the correct assembly of
signaling complexes[1]. The temporal and spatial assembly of these multiprotein complexes (often
referred to as “signalosomes”) is regulated by the interplay of different interaction domains. Especially
important here are scaffold proteins, which often contain more than one interaction domain. Examples for
these interaction domains are the PDZ domain (which is the most abundant protein interaction domain
encoded in the human genome), and the slightly smaller and less abundant LIM domain.

Originally, PDZ domains were recognized in the postsynaptic density protein PSD-95[2], the
septate junction protein Discs-large of Drosophila melanogaster[3], and the epithelial tight junction
protein ZO-1[4]. PDZ domains play important roles in organizing cell signaling assemblies[1] and are
found in plants, yeast, bacteria, and a variety of metazoans[5,6]. They recognize short C-terminal
peptide motifs, internal sequences resembling a C-terminus, and have further been shown to bind to
phospholipids[1,7].

The LIM domain is defined by a cysteine-rich consensus, which forms the basis for two closely
associated zinc fingers. Although closely resembling DNA binding domains, nucleotide binding has never
been observed and, therefore, LIM domains are now regarded as protein-interaction modules
only[8,9,10]. However, in contrast to the PDZ domain, distinctively defined recognition motifs for the
LIM domains have so far not been described. After its initial identification in three developmentally
regulated homeodomain proteins, several studies have since revealed that LIM domain—containing
proteins are implicated in a large variety of different functions, e.g., cytoskeleton organization, cell
lineage specification, organ development, and oncogenesis[8,9,10].

Often, protein interaction domains like the PDZ and the LIM domains are found in proteins in
combination with other functional domains or motifs. PDZ as well as LIM domain proteins often enclose
multiple copies of these interaction domains. A combination of PDZ and LIM domains can also be found
and, altogether, ten genes have been discovered in the mammalian genome that share the characteristic of
containing both a PDZ and one or several LIM domains. These ten genes are: actinin-associated LIM
protein (ALP, PDLIM3), Elfin (CLP36, PDLIM1), Enigma (LMP-1, PDLIM7), Enigma homologue
(ENH, PDLIMS), reversion-induced LIM protein (RIL, PDLIM4), Mystique (PDLIM2, SLIM), Z-band
associated protein (ZASP, Cypher, Oracle, PDLIM6), the two LIM domain kinases (LIMK1, LIMK?2),
and LIM-domain only 7 (LMO7, FBX020) that, despite its name, also contains a PDZ domain.

EMERGENCE OF THE PDZ AND LIM DOMAIN-ENCODING GENES

The first gene encoding for both domains was discovered in 1994 by Wu and Gill[11]. They named it
Enigma, in reference to the deciphering of codes generated by the Enigma machines used during World
War II[11]. That same year, the first of the two LIM kinase genes was discovered, encoding a protein
with two LIM domains, one PDZ and a single kinase domain[12]. A year later, RIL, the first member
containing one PDZ and a single LIM domain, was identified[13].

Some of the PDZ/LIM genes encode for additional motifs and functional domains, such as the ZASP-
like motif (ZM), a conserved protein motif first identified in ZASP that has been found involved in
interactions with a-actinin[14,15]; the ALP-like (AM) motif, which has been found as a conserved motif
in ALP, Elfin, Mystique, and RIL[16]; a kinase domain in LIMK1 and 2; and a Calponin homology (CH)
domain in LMO7 that canonically can bind to actin[17].

The PDZ/LIM genes can be divided into four different subgroups based on their gene structures and
phylogenetic relationships: the ALP subfamily (ALP, RIL, Elfin, and Mystique), the Enigma subfamily
(Enigma, ENH, and ZASP), the LIM kinases (LIMK1 and LIMK2), and LMO7[16]. An overview of the
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groups and the different human gene architectures is shown in Figs. 1-4. Recently, we investigated the
evolution of the PDZ and LIM domain—encoding genes through phylogenetic analyses of sequences
obtained from many different invertebrate and vertebrate species. Important insights that resulted from
this research were the close evolutionary link between the Enigma (a single PDZ and three LIM domains)
and ALP (one PDZ and a single LIM domain) subfamilies via a gene encoding for one N-terminal PDZ
domain and four LIM domains, and the possibility of an evolutionary link of all PDZ/LIM family
members via a gene encoding a single N-terminal PDZ and C-terminal LIM domain. From this ancestral
gene, the LIMKSs could have split off and lost their PDZ domain, only to regain it later in evolution at the
other terminus. Indeed, based on our analysis of eukaryote genomes, we hypothesized that the LIMK
structure was the latest to evolve within the PDZ/LIM gene family, since we were not able to identify the
gene in species more basal than the fruit fly[16].

All PDZ and LIM domain—encoding proteins have been shown to be able to associate with and/or
influence the actin cytoskeleton[15,18,19,20,21]. Most interactions of PDZ/LIM proteins with the
cytoskeleton have been identified in skeletal muscle tissue, where several PDZ/LIM proteins are
predominantly expressed[14,22,23,24]. The ALP and Enigma subfamily gene products are, together with
LMO7, able to bind a-actinin via their PDZ domains[23,25,26]. The LIM kinases are more widely
expressed, however, and are known for their critical role in regulating actin polymerization, functioning
downstream of the Rho GTPase cascade, and influencing the activity of the cofilin
family[21,27,28,29,30]. In this review, we will discuss all ten genes by subgroups and focus on their gene
structures, gene expression, their binding partners, and their role in development and disease.

THE ENIGMA SUBFAMILY (ENIGMA, ENH, AND ZASP)

The three mammalian proteins of the Enigma subfamily — Enigma itself, ENH, and ZASP — encode a
single amino-terminal PDZ domain followed by three carboxy-terminal LIM domains. Within the
subfamily, the Enigma gene was the first to be identified in mammals[11], followed by ENH[31] and
ZASP[22,32]. Different roles of the three Enigma subfamily members in vertebrate development have
been described. A role in heart as well as in muscle development in vertebrates has been well documented
for ZASP, and mutations in ZASP have been associated with cardiac and muscular myopathies in
humans|[33,34,35]. Enigma and ENH, on the other hand, have not been linked to cardiac nor skeletal
muscle development so far.

Enigma has been shown to be important for bone morphogenesis[36], while it has been suggested that
ENH could be involved in schizophrenia[37].

Genomic Structure and Alternative Splicing

In the human genome, the ENIGMA gene is found on chromosome 5 (5q35.3) and spans 24 kbp, in
total coding for 15 exons[38]. ENH covers 18 exons at position 4q22, while ZASP has been attributed the
gene locus 10922.2-q23.3 and covers approximately 70 kbp[22,39] (see Fig. 1A for the different gene
architectures). For many proteins, including PDZ domain—containing proteins, alternative splicing is an
important mechanism to generate functional diversity[40]. The fact that PDZ/LIM genes encode for
different domains allows for alternative processing that can generate different combinations of these
domains and motifs. A good example is the ZASP gene, which encodes for a PDZ, a LIM domain, and a
ZM motif. In human heart and skeletal muscle, at least three different alternatively spliced forms of ZASP
have been identified. A fourth form is observed in the brain, while other forms have been found in fetal
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FIGURE 1. (A) The gene structures of the Enigma subfamily. Shown are the gene structures of the human Enigma subfamily genes based on
Ensembl data. Illustrated are ZASP (ENSG00000122367), ENIGMA (ENSG00000196923), ENH (ENSG00000163110). In blue and yellow, the
exons encoding the PDZ and LIM domain are indicated, respectively. In green, the ZASP-like motif is pointed out. (B) The Enigma subfamily
and its interaction with the cytoskeleton. A simplified overview of the proteins present at the Z-disk and the I-band of the sarcomere. The major
sarcomere protein titin interacts with telethonin at a 2:1 ratio and is further in complex with a-actinin[153]. The teletonin-titin complex attracts
proteins like MLP and calsarcin-3 (FATZ). The actin filaments from two antiparallel sarcomeres are interconnected by a-actinin, while further
cross-linking is mediated by ZASP, which interacts with a-actinin, PKC, and calsarcin-3. PKC tethering to the sarcomere is important for
functional regulation, such as force generation and mechanical integrity. Enigma also interacts with PKC, but is located at a different position due
to the targeting of its PDZ domain to tropomyosin. Phosphorylation of troponin (present in close association with the actin filaments and
tropomyosin; not shown here for simplicity) has been shown to be essential for Ca®* sensitivity of muscle contraction[49,50].

lung tissue and in the pancreas[22]. Six alternatively spliced forms of murine ZASP have been
described to date, with expression predominantly observed in cardiac muscle and skeletal muscle, and a
weak expression in the lung[23]. In zebrafish, 13 variants of ZASP were found[34].

For ENH, four splice forms have been described including a larger variant, ENH1, containing a NH2-
terminal PDZ domain and three COOH-terminal LIM motifs. ENH1 was found to be expressed in various
tissues, such as heart, brain, spleen, liver, and kidney, whereas a shorter splice form was found
specifically expressed in cardiac and skeletal muscles[20,41,42]. Two additional ENH splice forms,
ENH2 and ENH3, lacking the three LIM motifs, have been also described in mouse[20]. It was an
interesting observation that these splice forms were more widely and abundantly expressed (ratio 1:5) in
several cell types. Additionally, the ratio between the largest ENH-encoding transcript and the shorter
transcripts appeared to fluctuate over several embryonic stages[20]. Nakagawa et al. speculated that these
ENH forms might play a dominant-negative role toward ENH1, possibly through out-competing the PDZ
docking sites (i.e., a-actinin), ultimately resulting in inhibition of scaffold formation between the PDZ
and LIM binding proteins (e.g., PKC)[20]. However, to the best of our knowledge currently no
experimental evidence is supporting this hypothesis.
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Molecular Interactions

The currently described molecular interactions of the Enigma protein are diverse. Yeast two-hybrid
screens have shown that the second LIM domain of Enigma interacts with RET/PTC2 (ret/ptc2 papillary
thyroid cancer oncogene) at Tyr586 in a phosphorylation-dependent manner, while both other LIM
domains interact with several variants of PKC[11,31,43,44].

Confocal and immunofluorescent microscopy studies confirmed these data by showing that Enigma
colocalized with RET/PTC2 at the cell periphery[43]. In addition, it was shown that the interaction of the
second LIM domain of Enigma with RET/PTC2 is essential for the mitogenic activities of this
protein[43].

The PDZ domain of Enigma, on the other hand, has been shown to bind to and colocalize with the C-
terminal sequences of skeletal beta-tropomyosin (TPM2), which is a component of actin filaments[45].
Hence, resembling the other PDZ/LIM proteins, this suggests a role of Enigma in the vicinity of the
sarcomere Z-line and at the boundary of the Z-line and I-band (Fig. 1B). A similar function had been
described for ZASP. ZASP interacts with a-actinin through its PDZ domain, but is probably not
dependent on it for translocation to the Z-lines of muscle. This observation is in line with the
characteristics of the ZM domain in the ALP protein, which was found to be the primary structure
involved in its translocation[14,33].

In contrast to the other PDZ/LIM genes, Enigma was also found to be able to up-regulate the
expression of several bone morphogenetic proteins (BMP-2, BMP-4, BMP-6, BMP-7, and transforming
growth factor-beta-1 [TGFB1]), which suggests a role of Enigma in bone formation and
metabolism[36,46]. The LIM domain was found dispensable for this function[38]. Still, as BMPs have
been implicated in functions ranging from development of neural crest cells into neuronal phenotypes to
giving direction to somite development through limb bud inhibition, the effects of Enigma might act on a
larger scale than the above suggests[47].

Nakagawa et al. showed that ENH colocalizes with a-actinin in Z-disks and that the PDZ domain of
ENH is necessary for this interaction[20]. It was further shown that ENH binds to protein kinase C-
epsilon (PKC-¢) and the C-terminus of the N-type calcium channel alpha-1B subunit, and that ENH
expression resulted in increased rapid and specific modulation of N-type calcium channels by PKC-g[48].
In concert with these findings are the expression domains described for ENH in specific brain regions,
namely, the cortex, hippocampus, hypothalamus, and the amygdala[48].

Important for the direct regulation of muscle contraction, force generation, and mechanical integrity is
the regulation of PKC-mediated phosphorylation[49,50,51]. It has been shown for all three Enigma
subfamily members (Enigma, ENH, and ZASP) that they are able to bind to PKC via their C-terminal
LIM domains (Fig. 1B). Since they are able to bind to important sarcomere proteins, such as a-actinin and
tropomyosin, via their PDZ domain, they are directly involved in targeting PKC to the sarcomere.
Phosphorylation substrates of PKC in the sarcomere are, for example, troponin, vinculin, and
ENH[31,51,52].

Role in Development and Disease

Enigma, which has also been described as the LIM mineralization protein 1 (LMP1), has been shown to
initiate membranous bone formation in vitro and in vivo[36]. Furthermore, Liu et al. demonstrated that
transfected full-length Enigma induced bone nodule formation in rat calvarial osteoblasts[38]. Despite its
colocalization with TPM2 at the Z-line and I-band, a definite functional role in the sarcomere has not
been shown yet[45].

In contrast to Enigma, very limited information is available on the role of ENH in vertebrate
development. The expression studies of Maeno-Hikichi et al., who found the ENH protein expressed in
various regions of the brain, suggest a possible role in brain development[48]. In accordance, ENH
expression levels were found to be significantly increased in all brain regions of patients with bipolar
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disorder, schizophrenia, and major depression[37,53]. It was further shown that different alleles of a
specific ENH polymorphism bound differently to nuclear proteins, and the authors postulated a possible
role of ENH in the susceptibility to schizophrenia[37].

Mutations in the ZASP gene have been associated with dilated cardiomyopathy (DCM) and DCM
associated with isolated left ventricular noncompaction of the myocardium (INLVM) in humans[54,55].
The latter disease is generally characterized by a hypertrophic dilated left ventricle, ventricular
dysfunction, and deep trabeculations. The presence of multiple mutations in the ZASP gene in patients
with DCM and INLVM suggests that disruption of this gene is a common cause of left ventricular
dysfunction and dilation. Recently, mutations in ZASP have been linked to a novel form of muscular
dystrophy in humans[56].

ZASP has been described to be predominantly expressed in cardiac and skeletal muscles in
mammals[22,23,24]. Importantly, ZASP ablation in mice was shown to be embryonic or perinatal lethal,
most likely due to functional failure in multiple striated muscle types that displayed disorganized and
fragmented Z-lines in skeletal and cardiac muscle[33]. This phenotype of the ZASP null mice suggested a
role at maintaining Z-line structure, possibly by functioning as a scaffolding protein via its PDZ and LIM
domains. Subsequent investigation showed that phenotypic mice could be rescued partially by a shorter
splice form originating from ZASP lacking the LIM domains, but containing the PDZ domain and the ZM
motif[57]. In zebrafish, ZASP knockdown led to severe heart and muscle defects. It was suggested that it
plays a role downstream of Sonic Hedgehog in skeletal muscle development, in a late stage of somite
development, when slow muscle fibers differentiate and migrate from the adaxial cells[34]. Similar to the
mouse, a shorter splice form containing the PDZ, but lacking the LIM, domains was able to rescue the
phenotype[34].

THE ALP SUBFAMILY (ALP, ELFIN, MYSTIQUE, AND RIL)

The four mammalian ALP subfamily proteins — ALP, Elfin, Mystique, and RIL — are characterized by
the presence of an N-terminal PDZ domain followed by a C-terminal LIM domain, and are postulated to
play a role in actin anchorage in muscle as well as nonmuscle cells[19,58,59,60,61,62]. Expression of Alp
in the mouse has been reported to be primarily in muscle cells, and it appears to have an essential role in
the heart muscle[60,63,64]. Indeed, mice that lack Alp function develop cardiomyopathies[63,65]. The
other ALP subfamily members — Elfin, Mystique, and RIL — are expressed more ubiquitously and are
also found in several nonmuscle tissues and in epithelia[19,66,67,68]. Elfin has been described to be
expressed during early heart development in the mouse[69]. Targeted gene silencing of Mystique in breast
cancer cells with small interfering RNA (siRNA) suggested a role in the migratory capacity of epithelial
cells[66], whereas RIL seems to function in neuronal signaling due to its involvement in AMPA (alpha-
amino-3-hydroxy-5-methyl-4-isoxazole propionate) glutamate receptor recycling[70]. Additionally, RIL
might play a role in tumor growth and progression[13].

Genomic Structure and Alternative Splicing

The smallest of the ALP subfamily genes, RIL, was the first to be discovered[13] and encompasses 7
exons in humans. The largest gene within this subfamily, Mystique, with 11 exons, is located at 8p21.1, a
region that has been associated with ovarian and prostate cancers[71,72]. All genes within the ALP
subfamily encode an N-terminal PDZ and a single C-terminal LIM domain (see Fig. 2A). At exon 5 (8 for
Mystique), the coding sequence for a conserved ALP-like motif is present[16]. Similar to the Enigma
subfamily gene ZASP, ALP and Elfin encode two and one ZM domain, respectively[14,15].
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FIGURE 2. (A) The gene architectures of the ALP subfamily. The structures depicted are based on the following Ensembl references: ALP
(ENSG00000154553), ELFIN (ENSG00000107438), MYSTIQUE (ENSG00000120913), and RIL (ENSG00000131435). The color-coding
scheme is similar to that of Fig. 1, but unlike the Enigma subfamily, the ALP subfamily encodes an ALP-like motif (AM), which is indicated in
purple. (B) Molecular interactions of the ALP subfamily. Shown is a simplified overview of the proteins in the sarcomere, highlighting the
interactions mediated by the proteins of the ALP subfamily. The PDZ domains of the proteins in the ALP subfamily interact with a-actinin,
which is bound to, for example, actin and titin. The interactions mediated by the LIM domains of the ALP subfamily proteins are unknown at
present, but it is likely that they present docking sites for kinases. (C) E3 ligase activity of Mystique. Mystique not only functions in close
association with the cytoskeleton, it has also been shown to function as an ubiquitin ligase. Its primary targets have so far been identified as the
p65 subunit of NF-kB and both STAT-2 and STAT-4. It is not known where the ligating activity is located within the Mystique protein.

As shown for the Enigma subfamily, alternative splicing is used to generate a larger diversity of
biologically active molecules within the ALP subfamily. To date, two full-length transcripts have been
described for ALP (each having a different tissue-specific ZM motif), but an alternative termination site
has been predicted in the zebrafish gene, which makes the existence of more splice variants very
likely[14,73]. As to whether the different forms of ALP also perform different functions in the cell, it was
recently observed that differentiation of myoblasts is accompanied by extensive switching between two
ALP-derived splice forms[74].

The RIL gene has been shown to give rise to at least three splice products after transcription[58].
Three transcripts have been recognized for the Mystique-encoding gene and two that originate from the
Elfin gene[66,73]. A conserved feature among these transcripts is that from each gene, a splice variant
exists that only encodes the PDZ domain[66,73] and should, if translated, therefore lack all molecular
interaction capabilities associated with the LIM domain (see below and Table 1).
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Molecular Interactions

The interactions of ALP with cytoskeletal proteins are believed to be mainly mediated via both its PDZ
domain and ZM motif[14]. It has been demonstrated through mutation studies and inhibition experiments
with synthetic peptides that the PDZ domain of Elfin and ALP is responsible for the binding to the C-
terminal EF hands of a-actinin (more specifically to the amino acid motif ESDL)[14,60]. This site is close
to the interaction site of a-actinin and titin in the sarcomere structure[75]. The ZM motif was found to
bind the rod region of a-actinin[14]. So far, there has been one attempt to demonstrate the function of this
interaction. In their studies, Klaavuniemi et al. showed that the binding of ALP to a-actinin does not
interfere with the binding of a-actinin to F-actin directly, and they hypothesized that the stabilization of a-
actinin by ALP depends on the possible interactions that a-actinin can make with F-actin[14]. This idea is
in line with the observed actin patterns observed in muscle, which commonly are antiparallel in shape
when they link opposing sarcomeres[76]. A plausible function of ALP (and possibly Elfin and ZASP,
which also contain ZM motifs) may thus be the organization of actin filaments in striated muscle by
orchestrating the possible cross-links between a-actinin and actin.

Similar to ALP, Elfin has been shown to interact with the EF hand region of a-actinin[62]. Elfin
colocalizes with a-actinin in the Z-disks of myocardial sarcomeres (Fig. 2B), in particular in the vicinity
of vinculin[62]. In nonmuscle cells, on the other hand, Elfin appears to interact with CLIK1 through its
LIM domain, thereby acting as an adaptor for recruiting the CLIK1 kinase to actin stress fibers[77].

The Mystique gene is known to give rise to at least three splice forms in humans[66]. Apart from
different expression patterns and different structures, these three Mystique variants appear also to bind to
different proteins. For instance, Mystique variant 1 and variant 2 colocalize with proteins of the
cytoskeleton, while Mystique variant 3 appears to be targeted to the nucleus[61]. In rodents, a Mystique
variant is able to coprecipitate with o-actinin 2, cactinin 4, filamin, and myosin[61]. However, in total
contrast to the other ALP subfamily proteins, Mystique has also been found in the nucleus, where it
interacts with tyrosine-phosphorylated STAT4 (Signal Transducer and Activator of Transcription 4) and
the p65 subunit of NF-xB[78,79]. It was further demonstrated that Mystique possesses ubiquitin E3 ligase
activity, using both itself, the STAT proteins, or p65 as target[78,79] (Fig. 2C). A LIM domain mutation
mutant was not able to show ubiquitination activity[78]. The newly discovered E3 ligase activity of
Mystique has not been shown for any other of the PDZ and LIM domain—encoding proteins.

Analogous to Elfin and ALP, RIL has also been found to bind and colocalize with a-actinin, albeit
more weakly than Elfin[67]. It might be hypothesized that this is a result of the absence of the ZM motif
in RIL, which has been shown to be indispensable for proper a-actinin binding by ALP and ZASP[14,15].
Further investigation, however, has shown that the interaction between a-actinin and RIL is sufficient to
stimulate the ability of a-actinin to bind to F-actin[67]. In addition to the interaction mentioned above,
Van den Berk et al. showed that RIL interacts with the large submembranous protein tyrosine phosphatase
PTP-BL through its LIM domain and its C-terminus, and that this interaction was mediated by one of the
five PDZ domains present in this tyrosine phosphatase[80]. Interestingly, RIL was also shown to interact
to AMPA glutamate receptor via its LIM domain, linking it to o-actinin via its PDZ domain for
transport[70].

Role in Development and Disease

The ALP gene was found to be primarily expressed in muscle tissue and ablation of ALP in mice caused
embryonic chamber dysmorphogenesis, a failure of trabeculation and chamber dilation, eventually
resulting in cardiomyopathy in adult mice[60,63,81]. However, ALP-deficient mice did not show an
apparent phenotype in skeletal muscle[63,82]. These observations led to the hypothesis that ALP is
redundant in murine muscle development and can be compensated by an alternative PDZ/LIM
protein[82].
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TABLE 1
Synonyms, Gene Expression, Molecular Interactions, and Role in Development and Disease

Protein Synonyms Domain Interaction Complex Expression Development/ Ref.
Disease
ALP PDLIM3 PDz a-Actinin 2 Sarcomeres Cardiac and skeletal Heart development, [14,26,60,73]
muscle; more cardiomyopathies
ubiquitous in fish
ZM a-Actinin 2
LIM —
Elfin PDLIM1, PDZ a-Actinin 1 and 4, Sarcomeres, Cardiac and skeletal [19,59,62,68,69,73,
CLIM 1, PCMA cytoskeleton muscle, lungs, liver 77,143]
CLP 36 and other epithelial
cells
M —
LIM a-Actinin 2, Clik1
Enigma PDLIM7, PDz B-Tropomyosin Sarcomeres, Skeletal muscle, bone Bone morphogenesis [38,43,44,45,144]
LMP-1 LIMs InsR, Ret/ptc2, cytoskeleton
PKCa, 3, {, APS
Enigma PDLIMS5, PDZ a-Actinin Sarcomeres, Cardiac and skeletal Schizophrenia? [20,41,42,48]
homolog ENH LIMs PKC B, v, & N-type cytoskeleton muscle, brain
Ca”" channels, (neurons)
LD2
LIMK1 LIM LIMs Kinase domain, Cytoskeleton, Nervous system Neurite extension, CNS [18,27,28,30,114,
domain PKC-y, ¢, BMP7, neuritic tips, (axons), lung, development, Williams 145,146,147,148,
kinase 1 p57, BMPR-II nucleus kidney, testis syndrome, cardiovascular 149]
PDZz Nuclear export dlsorders?lCanqer,
tumor-cell invasion, and
Kinase F-actin metastasis.
LIMK2 LIM — Cytoskeleton, Heart, brain, kidney, Testis development, neurite [30,92,117,150,151]
domain nucleus testis, lung extension, cardiovascular
kinase 2 disorders? Cancer,
tumor-cell invasion, and
metastasis.
LMO7 LMO7, CH a-Actinin Adherens Heart, brain, liver, lung, Retinal degeneration, [25,130,131]
PCD1, junctions skeletal muscle muscle degeneration,
FBX020 growth retardation,
enhanced expression in
tumors and linked to
invasiveness
PDZ Afadin
LIM Emerin
Mystique PDLIM2 PDz a-Actinin Nucleus, Heart, spleen, testis Migration of breast cancer [66,73]
cytoskeleton cells
LIM —
RIL PDLIM4 PDZ a-Actinin Cytoskeleton Brain Neuronal development? [58,73,80,88,152]
Bone development?
Tumor progression
LIM AMPA receptor,
PTP-BL
ZASP PDLIM6, PDZ a-Actinin 2 Sarcomeres Cardiac and skeletal Skeletal and cardiac muscle [15,23,24]
Cypher, muscle development, muscular
Oracle, and cardiomyopathies
LDB3 ™ a-Actinin 2
LIMs PKCa,B,v,d,¢ C

Elfin expression in mice was found in the heart, lungs, liver, skin, and other epithelia, and, to a lesser
extent, in skeletal muscle and the brain[19,59,67]. However, no important developmental role has been
assigned to Elfin yet.

Mystique has been shown to be expressed and to associate with a-actinin in the cornea of the rat’s eye
and in the lungs of mice[61,66]. Knockout Mystique mice appear healthy and have normal numbers of
lymphocyte subsets[78]. Consistent with the finding that Mystique is able to promote NF-kB degradation,
PDLIM2—/- cells produced more IL6 and IL12p40 in response to CpG and lipopolysaccharides (LPS),
well-known inducers of Toll-like receptor (TLR)-mediated proinflammatory responses[79]. Indeed,
PDLIM2—/— mice were more susceptible to LPS-induced shock than wild-type mice[79]. Thus Mystique
might play an important role in the immune system. Interestingly, overexpression of Mystique 2 in MCF-
7 cells suppressed colony formation in soft agar and enhanced cell adhesion to collagen and fibronectin.
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Point mutation of either the PDZ or LIM domain reversed the effect of suppressed colony formation,
while mutation of the PDZ domain alone was sufficient to abolish enhanced adhesion. Knockdown of
Mystique 2 with small interfering RNA abrogated both adhesion and migration in MCF10A and MCF-7
cells. Taken together, the data suggested that Mystique is located at the actin cytoskeleton and is
necessary for the migratory capacity of epithelial cells. Additionally, it was observed that unlike normal
transformed cells, the mystique knockdown cells migrated as sheets rather than individual cells. This
suggests that mystique might also be crucially involved in tissues and at developmental stages where
multi-cell migration has to be orchestrated, such as during wound repair[83,84].

The RIL protein—encoding gene was initially discovered in a search for candidate tumor suppressor
genes in rat fibroblasts[13]. The human ortholog was identified on the chromosomal region 5q31.1, a
cytokine cluster—containing region often having deletions in patients with myelodysplasia (MDP) and
acute myeloid leukemia (AML)[58,85]. More recently, it was shown that in 70% (55 of 79) of tested
cancer cell lines, the RIL-encoding gene was silenced by methylation[86,87]. A link between methylation
and tumorigenesis was found in 60% of primary tumors tested and prostate tumors[86,87]. Interestingly, a
single genomic variation in the RIL promoter has been linked with low bone mineral density (BMD) in
Japanese women[88]. However, this is the only indication so far that RIL could be associated with the
development of low bone mineral density.

THE LIM DOMAIN KINASES (LIMK1 AND LIMK?2)

The two LIM kinases share around 50% amino acid identity and hold the sequence information for two
LIM domains, a single PDZ domain, and a tyrosine kinase domain. The order of the PDZ and LIM
domains in these proteins is reversed as compared to the other PDZ/LIM proteins. The LIM kinases have
their LIM domains positioned at the N-terminus.

However, their contributing function to the overall protein appears similar to the other PDZ/LIM
proteins, and helps both LIMK1 and LIMK2 to play important roles in actin cytoskeleton organization.
The LIM kinases have been linked to neural, reproductive, and cardiovascular disorders, and, more
recently, to the progression of cancer[18,21,29].

Genomic Structure and Alternative Splicing

The human LIMK1 gene maps to 7q11.23[12,89,90], while LIMK2 was found to reside at 22q12[91]. The
genomic structure of the two LIM kinase genes within and among species seems to be relatively well
conserved[30,92,93,94]. Sixteen exons have been reported for the LIMK1 encoding genes to date, while
up to 19 were identified for the LIMK2-encoding gene[30] (see Fig. 3A).

Over the years, several splice forms have been found to exist, which, considering their domain
organization, might have noncanonical roles. The murine testis, for example, contains a specific LIMK2
splice variant, denoted LIMK2t, that lacks a significant portion of the transcript, since coding information
for both LIM domains and a small part of the PDZ domain is absent[95,96]. Besides this testis-specific
splice form and a full-length transcript (LIMK2a), several other tissue-specific LIMK?2 transcripts have
been described in mammals[91,93,94,96,97]. Examples are LIMK2b, which contains only three-quarters
of the LIM-encoding region, and LIMK2c, which contains an insert in the kinase domain[94,96]. A
transcript without the kinase domain has also been reported[98,99]. For LIMK2, different transcripts have
been shown to have apparently their own tissue-specific promoters[93]. In line with this observation, it
was recently shown for both LIMKs that both PDZ and LIM domains have overlapping expression
patterns, but also specific expression domains[30]. In addition to the utilization of tissue-specific
promoters, the LIMK transcripts are possibly also subject to tissue-specific splice regulations.
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FIGURE 3. (A) The gene structures of the LIM domain kinases. Shown is an overview of the LIMK gene structures as harbored by the human
genome. Structures are based on Ensembl references: LIMK1 (ENSG00000106683, OTTHUMGO00000023448) and LIMK2
(ENSG00000182541). The PDZ and LIM domains are colored blue and yellow, respectively. The functionally important kinase domain is
encoded by nine exons. An alternative transcription initiation site is also indicated for the LIMK2 presenting structure. (B) Regulation of LIMK
activity. LIMK activity and expression are highly regulated processes. First, translation of the LIMK-encoding mRNA may be reduced through
microRNA miR-134. Phosphorylation and activation of LIMK can be mediated via three different pathways, all including members of the Rho
GTPase family. Phosphorylation may also be a result of a transinteraction of two LIM kinases in vitro. Finally, inactivation of LIMK may result
from dephosphorylation by Slingshot (SHH) or degradation induced by RNF-6.

miR-134

Molecular Interactions

Several LIMK interacting proteins have been identified over the years. The LIM kinases are best known
for their involvement in deactivation of cofilins (the general term for the protein family containing
cofilinl, cofilin2, and destrin [ADF]), which ultimately results in reorganization of the actin cytoskeleton
and cell movement[18,21]. Cofilin mediates lamellipodium extension and polarized cell migration by
accelerating actin filament dynamics at the leading edge of migrating cells, while it is also localized at the
tips of growth cones in root ganglia neurons[100]. The cofilin mechanism is canonically inactivated by
LIMK1-mediated phosphorylation of cofilin and it can be reactivated again by cofilin phosphatase
Slingshot (SSH)-1L[101,102]. The inactivation of cofilin by LIMK is mediated by a phosphorylation of
Serine 3, whereas the LIMK protein itself is activated by ROCK and deactivated by
LATS1[29,103,104,105] (Fig. 3B). Recently, the transcription factors cAMP response element—binding
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protein (CREB) and Nurrl were identified as possible additional substrates for the LIMK proteins in
neurons[106,107].

Activation of LIMK 1 may also be triggered by its binding to BMP7. This pathway, which needs both
LIM domains of LIMK1, may function as an alternative to the SMAD-dependent pathway that links the
BMP receptor regulation to actin dynamics[108]. Additional, though indirect, control over LIMK activity
seems to come from Semaphorin 3A (Sema3A), a secreted glycoprotein involved in neuronal growth cone
collapse, and fibrillar amyloid beta[109,110,111]. Moreover, cleavage of LIMK1 may occur at a caspase
3 type recognition site (a.a. 237-240; the C-terminal end of the PDZ domain), a site that is not conserved
in LIMK2[112] or after polyubiquitination by Rnf6, which is highly expressed in developing
neurons|[113]. LIMK has also been shown to autophosphorylate in vitro[89].

Besides their functions in the cytoplasm, a function in the nucleus has been suggested for LIMKI.
Nuclear import appears to be positively regulated by binding to p57 via the LIM domains and this
interaction does not influence the kinase activity of the LIMK1 protein[114]. Phosphorylation on residues
outside the activation sites of the kinase domain by PKC has been reported to prevent this nuclear import.

Role in Development and Disease

Given the importance of the cytoskeleton for most cellular functions, e.g., motility, morphology, and
internalization, it is not surprising that the LIM kinases are ubiquitously expressed during development,
and that disruption of normal LIMK expression and/or signaling is associated with numerous disorders.
For example, abnormal expression of LIMK1 in humans has been associated with Williams syndrome (a
severe mental disorder with profound deficits in visuospatial cognition) and Alzheimer’s
disease[110,115]. In mice, ablation of LIMK1 leads to abnormalities in dendritic spine morphology and in
synaptic function[116]. In contrast to Limk1 null mice, Limk2 knockout mice do not exhibit any impaired
neuronal morphology or other phenotypic abnormalities in postnatal growth and development, except for
impairment in spermatogenesis[117]. However, when a double knockout was applied, the neuronal
phenotype appeared more pronounced than in the genetic deletion of Limk1 alone[118].

In line with results of studies in mammals, the only LIM kinase present in Drosophila melanogaster
was shown to be mainly involved in olfactory and neuromuscular development[119]. The importance of
LIMK activity during development of the nervous system was recently further illustrated by the presence
of a control mechanism, involving microRNA modulation (miR-134 blocked translation) of translation
and proteasome-mediated degradation of LIMK1[113,120].

Motility of the neuronal growth cone is regulated by axon guidance molecules and their plasma
membrane receptors. The secreted glycoprotein Sema3A functions as a negative regulator or repellant,
inducing growth cone collapse at sites where it is bound by plexins and the neuropilin coreceptor, via a
signaling pathway that involves Rac1[121,122,123]. A target molecule for this GTPase is LIMK, which
has indeed been shown to be involved in growth cone motility and neurite extension, and to be a
downstream component of Sema3A-induced growth cone collapse[111,121,124,125,126]. It is tempting
to hypothesize that some of the observed neuronal disorders in LIMK knockdown/out experiments result
from deregulation of the link between semaphorin-mediated neuronal guidance and LIMK activity in the
cell. In addition to Sema3A, BMP and NGF have been shown to modulate LIMK activity and
subsequently growth cone motility and morphology as well[125,127,128]. Taken together, all these
results suggest that a tight regulation of cofilin activity through control of phosphorylation status via
LIMK and SSH is critical for neurite extension and, subsequently, nervous system development, and that
the LIMKs cannot be missed in helping to orchestrate the actin filament assembly at the tip of the growth
cone. One might even go further and hypothesize that the LIMKs act as ultimate integrators of the two
signaling pathways (i.e., Sema3A and BMP/NGF) and “decide” the fate of the growth cone and neuronal
connections made during development.
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LIM DOMAIN ONLY 7

The LIM-only protein 7 (LMO7, PCD1, FBX020) gene is by far the longest of the PDZ/LIM genes and
encodes not only a PDZ and a C-terminal LIM domain, but also another protein interaction domain, a
Calponin Homology domain. The presence of three different domains makes the original names (“LIM
only” and “F-Box only” protein) to some extent ambiguous (a good alternative name could be PDLIMS).
LMO7 appears to be ubiquitously expressed, although tissue-specific splice forms might exist. With
regard to its role and function, studies have shown that LMO7 may be up-regulated in human tumors
originating from the colon, breast, liver, lung, pancreas, stomach, and prostate. Additionally, LMO7
appears to be an important candidate for intriguing roles in embryonic muscle development[129], but also
to regulate emerin expression in the nucleus and adherens junction integrity via linkage of the nectin-
afadin and E-cadherin/catenin systems[25,130].
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FIGURE 4. The gene architecture and molecular interactions of LIM domain only 7. (A) Depicted is the LMO7 gene structure as based on the
Ensembl data (ENSG00000136153). In red, the exons encoding the CH domain are indicated. The exons shaded blue and yellow harbor the
genetic information for both the PDZ and LIM domain, respectively. The gene structure shown also displays several alternative transcription
initiation sites. (B) Shown is a summary of the interactions known to involve the LMO?7 protein. Upon translocation to the nucleus, LMO7 is able
to up-regulate emerin expression. Additionally, several other muscle-specific proteins may become regulated via a similar mechanism[130].

Genomic Structure and Alternative Splicing

The human LMO7 gene maps to chromosome 13q21-q22, contains at least 27 exons (34 have been
predicted), spans more than 238 kb, and encodes a protein of 1349 amino acids[131]. The most recent
Ensembl exon organization data (depicted in Fig. 4A) suggests that the most N-terminal-conserved
interaction domain, the CH domain, is encoded by exons 4, 5, and 7, and exon 6 contains an alternative
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start site. LMO7 exons 19 and 20 give rise to a PDZ domain, while the third- and second-to-last exons, 32
and 33, together form a single LIM domain.

To date, three splice forms have been described for human LMO7 in addition to the full-length
transcript. Two of these have been identified to lack a portion or the whole LIM domain, and appeared to
be brain specific[132]. Another transcript appeared to be longer than the most ubiquitous splice variant
and could only be isolated from skeletal muscle[132]. Two additional splice forms from rat tissue, termed
LMO7b and LMOY7s, have also been reported with the former one lacking a substantial region between
the CH and PDZ domains|[25,133], which contains the postulated F-box of LMO7[133,134]. Genescan
predictions and EST databases have further predicted several additional splice forms, including some
transcribed from alternative promoter regions.

Molecular Interactions

All three domains found in LMO7 — the LIM domain, the CH domain, and the PDZ domain — are
acknowledged protein interaction domains. Recently, it was shown that LMO7 binds to two F-actin
binding proteins, a-actinin and afadin, via its PDZ and LIM domain, respectively[25].

It was confirmed by immunoprecipitation assays that these interactions linked LMO?7 to the afadin-
nectin and E-cadherin/catenin systems. Interestingly, the CH domain has been predicted to directly bind
to actin[17].

Very recently, LMO7 was found to be involved in the regulation of transcription and protein function
of emerin, a nuclear membrane protein. Additionally, LMO7 appeared to be involved in the
transcriptional regulation of several muscle-relevant genes, including emerin via a feedback
mechanism[130] (Fig. 4B).

Role in Development and Disease

Human and mouse LMO?7 are candidate genes for breast cancer development in the human chromosomal
region 139q21-q22 and for embryonic lethality in the mouse Ednrbs-1Acrg deletion,
respectively[129,131,135]. In mice, an 800-kb deletion affecting the genes for LMO7 and Uchl3 was
lethal between birth and weaning for 40% of homozygotes, and led to retinal degeneration, muscular
degeneration, and growth retardation in the surviving homozygotes[129]. Furthermore, LMO7 was found
to be up-regulated in several human tumors[136,137] and had been linked to lymph node metastasis in
breast cancer[138]. In line with the latter finding, a recent study showed that TGFB1 induces LMO7
expression while enhancing cell invasiveness[133].

The tissue distribution of LMO7 mRNA has been investigated by northern blot analysis and RT-PCR.
LMO7 expression in adult humans was found prominently in lung, skeletal muscle, and kidney, and
weaker expression was detected in thymus, prostate, testis, colon, spinal cord, adrenal gland, placenta,
and liver tissue[131]. Additional expression was described in adult brain and pancreas tissue[136].
Expression in fetal tissue was found to be high in lung and heart, and very weak in brain, kidney, and
liver[132]. Microarray and semi-quantitative RT-PCR studies of mouse hematopoietic cell lines showed
that LMO7 mRNA was absent from neuroblasts and T lymphocytes[139]. In rat tissues, protein
expression was detected in heart, lung, kidney, and small intestine, and cross-reactive bands were also
detected in the brain[25].
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PERSPECTIVES
Development and Cancer

Cell movements and cell migration are not only important during normal development, but are also
critical steps in tumor invasion and metastasis. The actin cytoskeleton, which is very important for
directed cell movements through the construction of protrusions (in form of lamellipodia and filopodia),
plays important roles in development (e.g., heart development[140]) and is further tightly linked to cancer
cell metastasis. Indeed, reorganization of the actin cytoskeleton is the primary mechanism of cell motility
and is essential for most types of cell migration. It is, therefore, not unexpected that the PDZ/LIM genes,
which are all linked to the actin cytoskeleton, have important roles in development and cancer (see Table
1). Fig. 5SA summarizes the current knowledge on the involvement of the LIMK in cellular movements.
The question of how some of the other PDZ/LIM genes are involved in cell motility still waits to be
answered. At least LMO7 and Mystique have clearly been linked to cell migration and cancer (Fig. 5B
middle) whereas RIL’s role in cancer could be through increasing the cellular growth rate (Fig. 5B
bottom). The regulation of cancer cell mobility by Mystique and LMO7 could be related to actin
cytoskeleton reorganization, but a different mechanism could also be responsible. This remains an
important issue for the future.

Skeletal and Cardiac Muscle Development

During vertebrate embryogenesis, skeletal muscle cell differentiation is coordinated, spatially and
temporally, through cell-cell signaling between the neural tube and newly forming somites. The
interactions that take place between the muscle precursor cells generally result in an ordered series of
changes in gene expression, which bring about the synthesis of myogenic regulatory factors, synthesis,
and assembly of muscle proteins into myofibrils and isoform changes of the major contractile proteins.
Taking into account the vast number of interactions that have to take place for proper organization of the
proteins in the myofibrils and Z-bands, keeping all these proteins in their proper position is essential. A
module allowing for interactions via both a PDZ and LIM domain appears to be crucial for organizing
these complexes, and many of the PDZ/LIM-encoding proteins have been implicated here.

Most PDZ and LIM domain—encoding proteins have been demonstrated to interact with a-actinin via
their PDZ domain. Specific functions have been found for ALP and ZASP, which target to sarcomeres via
their ZM and PDZ domain, and help here to organize actin/a-actinin binding. Both ALP and ZASP have
been linked to heart development, whereas ZASP has been shown to be important in skeletal muscle
development. For the other PDZ/LIM genes, a role in these processes has not yet been demonstrated, but
is to be expected for at least some of them. Our preliminary data already suggest a role for LMO?7 in heart
development in the zebrafish.

Many PDZ/LIM genes seem to function in close association with bone morphogenic proteins, which
are important players in development. The Enigma protein has been shown to up-regulate its expression,
LIMKI1 has been shown to bind the BMP type II receptor, LIMK2 responds to TGFB1, and the LIMK-
SSH balance is under control of BMP-7[127,128,141]. Additionally, ZASP appears to be under the
control of Sonic Hedgehog, which has often been shown to cooperate with BMP molecules to control cell
fates in development[34,142]. How and what the extent of these mechanisms is for developmental
patterning, however, is still relatively unknown.

1484



te Velthuis and Bagowski: The PDZ/LIM family TheScientificWorldJOURNAL (2007) 7, 1470-1492

A cellular movement through controlled actin stabilization or polymerization
Insulin/PDGF Insulin/SDF-1/Neuregulin

S

Tl .
\:ingshot

~ L LIMK
S Calcmeurm/\ Pl
o e inactive Cofilin ..
-Actin, * -
‘o3 3303320323433300 Slingshol
T — \
-
il F-Actin & . 5 :
.. e ’ active Cofiline
e a::ﬂas:s-_;s::as::,‘- .. _ :

-
d-Actinis

o ::sas-f::Lss-‘
- n 2 -

A

B ‘normal’ celtular growth and matrix adherence

FIGURE 5. Involvement of PDZ/LIM proteins in cell motility and cancer. The PDZ/LIM protein LIMK is activated through growth factor
signaling via small G-proteins (Cdc42/Rac/Rho; see also Fig. 3B) and, in turn, phosphorylates cofilin. This will render cofilin inactive and the
actin cytoskeleton largely in treadmilling. When cell movements have to be initiated, however, Slingshot is activated. It will activate cofilin
through dephosphorylation, thereby inducing actin destabilization at the minus ends, but an increased polymerization at the plus ends. It will also
inactivate LIMK activity and is itself inhibited by both PAK and 14-3-3. Overall, the spatial and temporal regulation of cofilin activity by LIM
kinase and Slingshot is critical for cell movements and directional cell migration, and the balance of these processes determines motility. How the
other PDZ/LIM proteins lacking the kinase domain facilitate cell movements is not known. Although the mechanism is still elusive, it has clearly
been demonstrated that Mystique and LMO7 are important in cell migration. (B) The upper panel shows the result of reduced LIMK activity in
the cell. The same result has been noted for Mystique, but the mechanism is still unknown.

In this review, we describe the many commonalities as well as the specific differences not only within
the group of PDZ/LIM genes, but also among the different splice forms of their individual members.
Given that there are extra domains, in the case of the LIMK, even with enzymatic activity, it is clear that
this will result in major functional differences. For LMO?7, its large size in comparison to the other
PDZ/LIM genes probably also contributes to some major functional differences. This angle ultimately
leads to three central questions: How and why came this combination of the PDZ/LIM domains into
existence? Why did it arise in ten different genes? An additional important question is: Are the
commonalities among these genes (e.g., the localization at the actin cytoskeleton) mainly the result of the
shared PDZ/LIM module? The answers to any of these questions are further complicated by the many
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different splice forms found for the PDZ/LIM genes and by possible redundancies between the different
members. ZASP knockdown in both zebrafish and mouse embryos, for example, could be phenotypically
rescued by expressing a splice form encoding the PDZ and ZM domain only[34]. So why would the gene
encode a LIM domain if it is seemingly not essential, or does this imply that it is essential only at specific
locations? Also, a ZASP knockout does not have as severe an effect in mice as the knockdown in
zebrafish showed. Is there a PDZ/LIM gene in the mouse that compensates here for loss of Cypher
(ZASP)? At present we can only speculate about these redundancies. Knockdown of several PDZ/LIM
family members results only in relatively confined developmental effects (e.g., ALP, LIMKs; see
previous sections). It would be interesting, in future experiments, to look at (invertebrate) species that
encode only one or two of the PDZ/LIM genes, and to study the possible redundancies in PDZ/LIM
functions. Furthermore, it will be interesting to learn more about the individual differences between the
PDZ- and LIM-encoding proteins, and their role in skeletal and cardiac muscle development and function
in general. Studying this group of genes will help to pin-point their roles in development and disease, and
may further our insight into the important role of the actin cytoskeleton and its associated proteins in
vertebrate development.
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