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Summary
Recent work on the PDZ-LIM protein family has revealed important activities at the cellular level,
mediating signals between the nucleus and the cytoskeleton, with significant impact on organ
development. We review and integrate current knowledge about the PDZ-LIM protein family and
propose a new functional role, sequestering nuclear factors in the cytoplasm. Characterized by
their PDZ and LIM domains, the PDZ-LIM family is comprised of evolutionarily conserved
proteins found throughout the animal kingdom, from worms to humans. Combining two functional
domains in one protein, PDZ-LIM proteins have wide-ranging and multi-compartmental cell
functions during development and homeostasis while, in contrast, misregulation can lead to cancer
formation and progression. New emerging roles include interactions with integrins, T-box
transcription factors, and receptor tyrosine kinases. Facilitating the assembly of protein complexes,
PDZ-LIM proteins can act as signal modulators, influence actin dynamics, regulate cell
architecture and control gene transcription.
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Evolutionarily conserved building blocks for a heterogeneous protein
family

The PDZ-LIM family is comprised of proteins with multiple functional domains and all
share a PDZ domain combined with at least one LIM domain. As protein-protein interaction
modules, PDZ and LIM domains act as scaffolds, binding to filamentous actin-associated
proteins, a range of cytoplasmic signaling molecules, and nuclear proteins, allowing this
family to carry out diverse functions during development and adulthood (1-17). PDZ-LIM
proteins are conserved from invertebrates to vertebrates, indicating functional importance in
all species (16,18). During the evolution of this protein family, a number of domain
duplication and rearrangements occurred, generating various subfamilies, and individual
proteins. The ALP gene subfamily (ALP, Clp-36/Elfin, Mystique and RIL) encodes proteins
with a single PDZ and LIM domain at its N-terminal and C-terminal end, respectively. The
Enigma subfamily of proteins (Enigma/LMP, Enigma Homolog and Cypher/Zasp) feature
one N-terminal PDZ domain and three C-terminal LIM domains. The LIM only protein 7
(LMO7) contains one N-terminal PDZ domain, one C-terminal LIM domain, and an
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additional Calponin homology domain. The LIM kinase subfamily consists of two members
(LIMK1 and 2), which encode two N-terminal LIM domains, one central PDZ domain and
one C-terminal kinase domain. The individual PDZ and LIM domains of all PDZ-LIM
encoding genes appear to be evolutionarily linked. The ALP and Enigma subfamilies have
originated from a common ancestral gene with one N-terminal PDZ domain and four C-
terminal LIM domains, similar to the worm C. elegans alp-1/eat-1 and Drosophila
melanogaster tungus, respectively (16,18). In contrast, LMO7 and the LIMKs are the most
distantly related genes. A current model for the molecular evolution of the PDZ-LIM genes
and their diverse gene architecture has been recently described by te Velthuis et al. (18).
Figure 1 shows the architecture of the PDZ-LIM protein subfamilies and their phylogenetic
relationship.

While both the PDZ and the LIM domains are often found in combination with other peptide
motifs or domains, the co-evolution of the two invariant functional domains, PDZ and LIM,
indicate high functional relevance and thus, is of particular interest and the focus of this
review. All family members associate with the actin cytoskeleton and this property,
organizing protein complexes at the cytoskeleton, may serve a range of unexpected, yet
important biological roles.

The PDZ domain
Found in bacteria, yeast, and throughout the animal kingdom, the PDZ domain is one of the
most common protein-protein binding domains (17,19). It is characterized by a highly
conserved sequence of 80-90 amino acids consisting of six anti-parallel β-strands and two α-
helices (19,20). PDZ domains can be found in proteins with only a PDZ domain or in
proteins consisting of additional functional motifs (21). The PDZ domain provides a protein-
binding interface, allowing the formation of multi-protein complexes with a variety of
partners including, membrane-associated proteins, cytoplasmic signaling proteins and
cytoskeletal proteins (17,19,21-25). PDZ domain interaction with actin-binding proteins, α-
actinin, palladin or β-tropomyosin, localizes the PDZ-LIM proteins and other complexed
proteins to filamentous actin, which points to a function in the organization and regulation of
cell architecture (4-6,10,12-15,26-29).

The LIM domain
Similar to the PDZ domain, the LIM domain also acts as a modular protein binding interface
identified in bacteria, yeast and animals (30,31). The LIM domain is approximately 55
amino acids long and characterized by highly conserved and spatially defined cysteine and
histidine residues, which coordinate the binding of two zinc ions, thereby forming a two
zinc-finger-like structure (17,30-35). The LIM domain can be found in proteins alone or in
conjunction with other domains (30,31). The LIM domains bind highly diverse partners,
ranging from signaling molecules, actin cytoskeletal components to transcription factors,
which support cellular functions including, actin organization, integrin-dependent adhesion
and signaling and cell-fate determination (1-4,6,17,30,31,36-40). Of note, while structurally
very similar, individual LIM domains within the same protein bind different targets with
high specificity. This enables complex protein interactions and opportunities for this family
to be involved in many biological functions as indicated by expression in the brain, liver,
kidney and bones (15,28,41).

PDZ-LIM proteins have diverse functions in heart and skeletal muscle
development

As species evolved into larger and more complex organisms, so did the process of
organogenesis. This required protein networks working together in a highly organized and
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regulated manner to insure correct temporal and spatial development. Therefore, it is not
surprising that PDZ and LIM interaction modules have been selected to facilitate protein
binding and subcellular localization in vital organs, such as the heart from zebrafish to
human (6,11,42-47). Expression during cardiac development has been detected for many
PDZ-LIM genes in overlapping domains (6,11,42-46). However, despite overlapping
expression, specific heart defects are observed following knock-down/out of several PDZ-
LIM genes (11,42,43,45,46). LMO7 knock-down in zebrafish results in conduction system
defects, including arrhythmias (46). Zebrafish ldb3 (also known as Cypher/Zasp) morphants
have an elongated atrium and a smaller, disorganized ventricle (45). Homozygous Ldb3
knock-out mice display right and left ventricular dilation (43). Similarly, mutations in
human LDB3 have been identified in patients with dilated cardiomyopathy (47). Unlike
Ldb3, Pdlim3 (also known as ALP) mutant mice exhibit only right ventricular dilation (42).
The differing heart defects observed are likely due to the fact that Ldb3 localizes to the Z-
lines while Pdlim3 localizes to the intercalated discs of cardiomyocytes (4,42,43). Knock-
down of Pdlim7 (also known as Enigma/LMP) in zebrafish causes deficiencies at the atrio-
ventricular (AV) boundary resulting in loss of valve tissue and looping defects producing a
string-like heart (11). These knock-down/out studies strongly support distinct roles for PDZ-
LIM proteins during heart development and maintenance.

In addition to the heart, PDZ-LIM proteins show localization to the developing and adult
skeletal musculature, suggesting a role not only in skeletal muscle organization, but also
maintenance (4,5,9,11,14,28,42,43,45,46,48,49). In agreement with this notion, pdlim7
compromised zebrafish display severe defects in skeletal muscle (11). For example, Figure 2
shows disorganization of trunk slow muscle fibers resulting in contractile disfunction. Ldb3
mutations in the fruit fly D. melanogaster are lethal at the first larval instar, corresponding to
the start of muscle contraction (5). In addition, knock-down of Ldb3 in zebrafish results in
failure of somite compartmentalization and skeletal muscle organization (45). In the mouse,
homozygous Ldb3 mutants do not survive past postnatal day five due to a combination of
limb weakness, an inability to suckle and a gasping respiratory pattern (43). Unlike fruit
flies and zebrafish, examination of the striated muscle in these mutant mice showed that
Ldb3 is necessary for maintenance of the Z-line during muscle contraction, rather than
formation of the Z-line structure (43). In contrast, Pdlim3 mutant mice do not display
skeletal muscle defects, suggesting that either this PDZ-LIM protein is not necessary for
skeletal muscle development/maintenance or there are compensatory activities by other
family members (42,50). The overlapping expression of both Pdlim3 and Ldb3 at the Z-line
in skeletal muscle supports the hypothesis of functional redundancy (43). The evolutionary
conservation of PDZ-LIM proteins indicates specific and important roles in organ
development and maintenance, but also suggests that they have a critical function in basic
morphogenetic processes. Future studies in the worm, fruit fly, and zebrafish, where
individual protein function appears to be less masked by redundancy but also the generation
of compound PDZ-LIM mutant mice will hopefully uncover the full range of biological
properties.

PDZ-LIM proteins function with integrins and during tumorgenesis via actin
regulation

One of the most basic cellular processes is cell migration. During directed migration, a cell
adheres to either the extracellular matrix (ECM) or neighboring cells via transmembrane
receptors, such as integrins. The cell must also break and rebuild these contacts in order to
make progress towards its destination (51). Therefore, regulating expression and
modification of cell adhesion molecules is critical for proper cell migration.
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The PDZ domain of Pdlim1 (also known as Clp-36/Elfin), Pdlim3, Pdlim5 (also known as
ENH), LMO7, and Ldb3 binds to α-actinin at adherens junctions (5,9,13-15,52,53), a site of
integrin localization (5,26). In D. melanogaster, Ldb3 and integrins were shown to
genetically interact (5). Loss of Ldb3 results in muscle detachment following contraction,
suggesting Ldb3 regulates or strengthens the association of integrins with the actin
cytoskeleton. These findings are in agreement with in vitro data indicating a role for Ldb3 in
cell adhesion. Pdlim2 (also known as Mystique) co-localizes with α-actinin and β1-integrin
at cytoskeleton focal contacts in breast epithelial cells (26). Knock-down of Pdlim2 causes
loss of adhesion and migration while over-expression results in enhanced cell adhesion (54).
Similarly, knock-down of Pdlim1 in a trophoblast-derived choriocarcinoma cell line (BeWo)
results in failure of stress fiber and focal adhesion formation (52). Pdlim4 (also known as
RIL) functions in regulating stress fiber formation and turnover by increasing the ability of
α-actinin to associate with actin filaments (27). The functional interactions with integrins
suggest that PDZ-LIM proteins may participate in focal adhesion signaling cascades,
communicating the extracellular milieu to intracellular regulatory pathways and as a result
modifying the actin cytoskeleton. These studies with different family members indicate an
overall role for PDZ-LIM proteins in cell-cell, cell-matrix interaction and migration, all
functions essential for organ formation and maintenance.

However, when PDZ-LIM proteins become misregulated, rather than supporting the
maintenance of an organ, they can actually damage it by promoting cancer cell invasion and
metastasis (55-57). The hallmarks of tumor cell invasion and the initial steps in metastasis
are uncontrolled cell motility and proliferation (58). Loss of cell-cell contact as a function of
disruption of adherens junctions by misregulation of integrins and E-cadherin is thought to
contribute to cancer cell invasion (59,60). LMO7 localizes to adherens junctions in epithelial
cells where it directly binds the filamentous actin binding proteins, afadin and α-actinin.
LMO7 connects the cell-cell adhesion molecules, nectin and E-cadherin via α-actinin, thus
stabilizing the nectin and E-cadherin based adherens junctions (53). Loss of LMO7 in mice
causes the formation of irregular epithelial lesions in the respiratory bronchioles and
alveolar ducts early in adulthood, which later develops into lung cancer (55). In addition,
LIMK1 is activated during mitosis by cyclin-dependent kinases (CDKs), which results in
inactivation of cofilins and consequently actin cytoskeleton reorganization (61,62). Over-
expression of LIMK1 in human breast cancer cells leads to increased cell proliferation and
cell invasion by up-regulating the urokinase-type plasminogen activator (uPA) system (56).
Similarly, enhanced levels of LIMK1 in prostate cancer cells result in increased cell
invasion while reduction causes cells to arrest at the G2/M phase of the cell cycle (57).
Furthermore, searching the NCBI Gene Expression Omnibus (GEO) for microarray profiles
in cancer samples produces a number of data sets showing differential regulation of PDZ-
LIM genes in cancer. Undoubtedly, proper regulation of PDZ-LIM proteins is key to
preventing uncontrolled actin reorganization, proliferation, and cell motility. A deeper
knowledge of how PDZ-LIM proteins function in basic cellular processes will be essential in
understanding their role in tissue homeostasis and disease progression, such as cancer.

PDZ-LIM proteins retain an evolutionary role: scaffolds bringing signaling
molecules to the actin cytoskeleton

In addition to interacting with integrins, PDZ-LIM proteins have been shown to bind several
other signaling molecules via their LIM domains (1-4,36,37,41,63). In 1994, Wu and Gill
first identified human PDLIM7 to bind the endocytic code of the insulin receptor (InsR),
which is thought to become accessible after ligand binding and activation. The interaction
requires LIM domain 3 of PDLIM7 and functions during endocytosis of the InsR (36). LIM
domain 2 of Pdlim7 binds to the carboxy-terminus of the Ret receptor, anchoring the Ret/
ptc2 complex to the proper subcellular localization (2,36,37). However, LIM domain 1 of
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Pdlim7 does not interact with either signaling molecule and presumably has a yet
unidentified binding partner (1). Each of the three individual LIM domains of Pdlim5 is
sufficient for interaction with activated Protein Kinase C (PKC), resulting in the
translocation of Pdlim5 from the membrane to the cytosol (3). Similarly, the LIM domains
of Ldb3 interact with PKC delivering the kinase to the actin cytoskeleton via its PDZ
domain (4). Taken together, these studies strongly support a role as adapter proteins,
recruiting signaling molecules to the actin cytoskeleton. Though, the functional significance
of the interactions between the LIM domains of PDZ-LIM proteins and receptor tyrosine
kinases, as well as other signaling molecules, remains elusive.

Uncovering a new role: PDZ-LIM proteins sequester nuclear proteins in the
cytoplasm

In addition to localizing signaling molecules to the actin cytoskeleton, more recent studies
demonstrate that the LIM domains of PDZ-LIM proteins also bind key nuclear proteins, re-
localizing and tethering them to cytoplasmic sites (6-8,10,11,64). For example, Pdlim1
sequesters the predominantly nuclear kinase, Clik1, to actin stress fibers where the kinase is
thought to alter the actin cytoskeleton (64). Human PDLIM5 binds Id2, a negative regulator
of basic helix-loop-helix (bHLH) transcription factors, via LIM domain 1 (8). During
neuronal differentiation, PDLIM5 is upregulated by retinoic acid, resulting in the
sequestration of Id2 in the cytoplasm and loss of inhibitory effects on nuclear transcription
factors (7,8). Blocking nuclear export of Id2 results in accumulation of the protein in the
nucleus and enhanced repression of bHLH target genes, MyoD and E27, which would
indicate that Id2 function is regulated by nucleo-cytoplasmic shuttling (7). In vitro studies
show that Pdlim5 also binds Id1 and Id3, suggesting that Pdlim5 may function to sequester
Id proteins in the cytoplasm; however, this remains to be confirmed (8). Our laboratory has
shown that chicken Pdlim7 binds the C-terminus of the Tbx4 and Tbx5 transcription factors
in a regulated fashion, tethering them to the actin cytoskeleton (6,10,44). Studies both in
vitro and in vivo during zebrafish cardiogenesis where the amount of Pdlim7 is increased,
thus lowering nuclear Tbx5 levels, result in loss of Tbx5 target gene expression,
demonstrating that Pdlim7 is capable of regulating Tbx5 transcriptional activity (10,11).
Taken together, these findings indicate a role for PDZ-LIM proteins in regulating nuclear
activities by sequestering transcription factors in the cytoplasm. It will be of interest to
determine what additional nuclear factors are interacting with PDZ-LIM proteins and
potentially regulated in their activity by subcellular relocalization.

The T-box transcription factor family can localize to nuclear and
cytoplasmic sites

Based on studies from our laboratory, one intriguing possibility for additional nuclear
binding partners of PDZ-LIM proteins is the T-box family of transcription factors. At least
22 different T-box genes have been reported in vertebrates, and like the PDZ-LIM gene
family, they all evolved from a single primordial gene that underwent unequal crossing-over
and gene duplication events (65-68). Like most transcription factors, T-box proteins contain
nuclear localization signal (NLS) sequences (69,70). In addition, our group has
characterized a functional nuclear export signal (NES) in chicken Tbx5, which provides a
mechanism for how the transcription factor exits the nucleus to bind Pdlim7 in the
cytoplasm of the cell (71). In fact, an NES motif is present within the N-terminal DNA
binding domain of all T-box proteins from humans down to the simplest metazoan, the
sponge (72-78). A current account of T-box proteins with documented in vivo cytoplasmic
localization and conserved NES is compiled in Figure 3. In addition, Tbx3, Tbx5 and
Brachyury all interact with the CRM1 export protein via the conserved NES, indicating that
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T-box transcription factors use the CRM1 nuclear export pathway (71). We have shown for
Tbx5 that only in the presence of Pdlim7, it can dynamically shuttle between nuclear and
cytoplasmic cell compartments (10). This relocalization function appears to have been
adopted at the earliest stage of T-box protein evolution and retained in all family members;
however, the functional roles for the protein shuttling remain elusive.

T-box transcription factors interact with actin-associated PDZ-LIM proteins
Combining the hypotheses that all T-box proteins are shuttling factors and that PDZ-LIM
proteins sequester nuclear proteins outside the nucleus, it would be further conceivable that
these protein interactions may not be limited to Pdlim7 and Tbx4 or Tbx5. For example,
during mouse heart development, Brachyury protein is detected in the cytoplasm temporally
corresponding to actin associated localization of Pdlim3 (42,76). In addition, C. elegans
TBX-2 is expressed in a filamentous pattern in pharyngeal muscle cells, a cell type that also
expresses the actin-associated primordial PDZ-LIM protein ALP-1 (16,78). Of note, the C.
elegans pharynx has contracting properties and may be considered an early pumping organ,
preceding the vertebrate heart. T-box genes are expressed in a wide variety of tissues and are
found in the earliest metazoans (68). PDZ-LIM genes are expressed in several of the same
tissues as T-box genes and while the combination of the PDZ and LIM domain in a single
protein appears to have evolved after T-box proteins, the LIM domain is found in all
eukaryotes (30). Thus, the potential exists that these T-box and PDZ-LIM genes and the
interactions between respective encoded protein domains may have co-evolved, supporting a
functional relationship between these two seemingly unrelated protein families.

While direct binding has only been documented for Pdlim7 and Tbx4 or Tbx5, there is
reason to believe that additional T-box and PDZ-LIM proteins may be interacting and thus
functioning together during heart development (6,42-44,79-88). In the mouse, Tbx1, Tbx2,
and Tbx20 are expressed together with Pdlim3 and Ldb3 at the same stages in the outflow
tract (OFT) (42,43,79-83). Other examples include coexpression of Tbx2, Tbx20, Pdlim3,
Pdlim7 and Ldb3 at similar stages in the atrioventricular canal (AVC) of the developing
heart (42-44,79,81,82,84-87), and Tbx20, Pdlim3, Pdlim7 and Ldb3 coexpression in the
developing right ventricle (6,42,43,85,88). The overlapping expression of multiple T-box
and PDZ-LIM mRNAs and/or proteins in several cardiac tissues, support the hypothesis that
T-box and PDZ-LIM proteins work together during cardiac development.

In agreement with the similarities in expression, knock-down/out studies of T-box and PDZ-
LIM proteins result in heart defects in the same structures (11,42,43,80,89-94). For instance,
OFT defects were observed following loss of Tbx1, Tbx2, Tbx3 and Pdlim3 (42,80,89-92).
Tbx20, Pdlim3, and Ldb3 mutant mice all display right ventricular dilated cardiomyopathy
(42,43,93). In the zebrafish, tbx5 mutant and pdlim7 morphant embryos both exhibit heart-
looping defects as well as AV boundary and valve defects, which in these cases are related
to changes in Tbx5/Pdlim7 protein interactions (11,94). Re-analysis of T-box and PDZ-LIM
mutants, specifically focusing on the respective T-box or PDZ-LIM protein localization and
function is warranted to gain new insights into the relationship these proteins have during
development.

Conclusions, future perspectives and open questions: Regulation of
protein interactions

We have reviewed the evolutionary history, structure, function and binding partners of the
PDZ-LIM protein family. PDZ-LIM proteins function in skeletal muscle organization and
maintenance by stabilizing the actin cytoskeleton and regulating cell adhesion via their
interactions with α-actinin and integrins, respectively. While PDZ-LIM proteins have
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overlapping roles during skeletal/cardiac muscle development, they also possess more
exclusive functions, such as in valve formation. This is likely due in part to specific
interactions with other proteins. The full range of PDZ-LIM binding partners and the
functional consequences of these interactions remain poorly understood, but hold great
promise for exciting new discoveries.

Recently, our laboratory was the first to show in vivo evidence of Pdlim7 regulating nppa
and tbx2b gene expression via its interaction with the transcription factor Tbx5 (11). Pdlim7
morphant zebrafish fail to form an AV boundary due to the expansion of the Tbx5 target
genes, nppa and tbx2b, which results in loss of valve specific tissue. In contrast, tbx5 null
zebrafish display excessive valve-like tissue with reduced nppa and no tbx2b gene
expression. The changes of nppa and tbx2b expression in vivo correspond with our in vitro
findings that Pdlim7 can repress Tbx5 activity by actin-associated sequestration (10). In
Figure 4, we propose a model for the novel function of PDZ-LIM proteins in regulating
nucleo-cytoplasmic functions using Tbx5 and Pdlim7 as examples. Dynamic and regulated
interaction of Pdlim7 and Tbx5 leads to the modulation of Tbx5 levels in the nucleus or
cytoplasm and in turn influences target gene transcription. Therefore, PDZ-LIM proteins
may serve to fine-tune levels of transcription factors in the nucleus to achieve appropriate
gene regulation.

However, it is also possible that sequestering nuclear proteins to the actin cytoskeleton may
provide certain nuclear factors with yet unknown functions at these cytoplasmic sites. For
example, Pdlim1 sequesters the nuclear kinase, Clik1, in the cytoplasm where Clik1 kinase
disrupts the periodic staining pattern of Pdlim1 on actin, suggesting the nuclear kinase plays
a role in the cytoplasm altering actin stress fibers (64). It is also plausible that the binding of
specific nuclear proteins by PDZ-LIM proteins in turn regulates the function of PDZ-LIM
proteins on the actin cytoskeleton. Based on the fact that nuclear proteins localize to non-
nuclear compartments via interaction with cytoplasmic proteins such as PDZ-LIM proteins,
we must reanalyze their functions accordingly.

Regardless of whether the interactions between PDZ-LIM and specific nuclear proteins are
required for transcriptional regulation or additional non-nuclear functions, the interactions
need to be highly regulated. Coexpression of both, Pdlim7 and Tbx5 in vitro or in vivo is not
sufficient for binding; however, the interaction and relocalization of the transcription factor
seems to be linked to the induction of differentiation (10,44). Tbx5 utilizes the CRM1 export
pathway in order to interact with Pdlim7 at the actin cytoskeleton (Fig. 4), but what triggers
Tbx5 to interact with CRM1 or become exported remains to be determined. Pdlim7 binds
both Tbx5 and the InsR via its third LIM domain in a competitive manner (Undesser,
Camarata and Simon unpublished data). Thus, one idea could be that insulin signaling
regulates Pdlim7/Tbx5 interactions. For example, in the presence of insulin, the InsR can
bind to Pdlim7 LIM domain 3, thus releasing Tbx5 to relocalize to the nucleus (Fig. 4).

Another potential means for regulating PDZ-LIM/nuclear protein interactions is post-
translational modification. For example, Pdlim5 binds Id2 and PKC via its LIM domains;
therefore, activated PKC could phosphorylate Id2, Pdlim5 or both and in so doing alter the
binding of the two proteins (3). In C. elegans pharyngeal muscle cells, TBX-2 protein
displays cytoplasmic localization (78). In addition, normal TBX-2 function in the worm
requires sumoylation at two consensus sites (95). Both SUMO sites are conserved in chicken
Tbx5 and as compared to its predicted size (58kDa), the protein migrates at a higher
molecular weight (75-80kDa) on a Western blot, a size difference close to the addition of
two 10kDa SUMO proteins (10). The addition of SUMO groups has been shown to control
nucleo-cytoplasmic shutting of other proteins (96,97). Therefore, future studies focusing on
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post-translational modification will provide a greater appreciation for how nucleo-
cytoplasmic shuttling is regulated (Fig. 4).

The actin associated PDZ-LIM proteins were initially described as binding to signaling
molecules during muscle development and maintenance. More recent studies reveal a novel
role for this protein family in regulating transcriptional activity by sequestering nuclear
proteins in the cytoplasm. For example, our laboratory has shown that PDZ-LIM regulation
of T-box proteins is necessary for proper heart formation. In contrast, misregulation of PDZ-
LIM and T-box proteins has been implicated in congenital heart disease and cancer
formation and progression. We have only begun to scratch the surface of discovering the
roles of PDZ-LIM proteins and the functional consequences of their interactions with
nuclear factors. Could it be that PDZ-LIM proteins mediate information flow from
extracellular to intracellular to nuclear compartments? Future studies focusing on such
questions will provide essential new insights into how these dynamic protein networks relate
to tissue and organ development and disease.
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Figure 1.
The PDZ-LIM protein family. (A) General architecture and domain structure of the Eat-1/
Tungus, Enigma and ALP subfamilies of PDZ-LIM proteins. The PDZ domain is indicated
by the blue box and the LIM domain is depicted by the purple boxes. (B) Phylogenetic tree
of members of the PDZ-LIM protein family. The single LIM domain (ALP subfamily) and
three LIM domain (Enigma subfamily) gene structures evolved from a common ancestral
gene encoding four LIM domains as found in the C. elegans Alp-1/Eat-1 and D.
melanogaster Tungus proteins. While the ALP/Enigma subfamilies and LMO7 and LIM
kinases appear to have a common ancestral origin (16,18), LMO7 and LIMK proteins reveal
a complex evolution and are not included in the phylogenetic tree. Available sequences from
C. elegans (Ce), zebrafish (Dr), chicken (Gg), mouse (Mm), and human (Hs) were compiled
using MacVector 7.0 software (Oxford Molecular Company, Madison, WI). C. elegans
Alp-1, the earliest known PDZ-LIM protein, was used as the out-group. The new
nomenclature proposed by GenBank is displayed next to the phylogenetic tree with the
previously published names on the brackets to the right. GenBank accession numbers for all
genes discussed are as follows: C. elegans alp-1, CAE52903. D. melanogaster tungus,
NM_137217; Ldb3: Homo sapiens, NM_007078; Mus Musculus, NM_011918; Gallus
gallus, XM_421495; Danio rerio, DQ012157; D. melanogaster, NM_145757. Pdlim5: Homo
sapiens, NM_006457; Mus Musculus, NM_019808; Gallus gallus, AJ851689; Danio rerio,
BC045922. Pdlim7: Homo sapiens, NM_005451, Mus musculus, NM_026131: Gallus
gallus, NM_001005345; Danio rerio, NM_200840. Pdlim1: Homo sapiens, NM_020992;
Mus musculus, NM_016861; Gallus gallus, XM_426503; Danio rerio, BC092978. Pdlim3:
Homo sapiens, NM_014476; Mus musculus, NM_016798; Gallus gallus, NM_001001764;
Danio rerio, NM_001042718. Pdlim4: Homo sapiens, NM_003687; Mus musculus,
NM_019417; Gallus gallus, NM_204839; Danio rerio, NM_001042696. Pdlim2: Homo
sapiens, NM_176871; Mus musculus, NM_145978; Danio rerio, NM_001042766. Pdlim2
sequence could not be identified in the Gallus gallus genome.
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Figure 2.
PDZ-LIM proteins are required for muscle development and maintenance. High
magnification example of zebrafish muscle phenotype after knock-down of pdlim7 with a
splice-inhibiting morpholino (MO) antisense oligonucleotide (11). (A-B) Brightfield
microscopy representing a lateral view of wild-type (A), and pdlim7 MO injected embryos
(B) at 48 hpf. (C-D) Fluorescent microscopy showing a lateral view of wild-type (C), and
pdlim7 MO injected embryos (D) at 48 hpf with F59 antibody (Developmental Studies
Hybridoma Bank, University of Iowa) to detect slow muscle fibers. In comparison to the
wild-type, the pdlim7 morphants exhibit elongated and severely disorganized slow muscle
fibers. hpf=hours post-fertilization.
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Figure 3.
T-box transcription factors can localize outside the nucleus using a conserved nuclear export
signal (NES). (A) Table listing reports of T-box proteins localized to the cytoplasm ranging
from the mouse to the sponge. (B) Alignment of the NES from T-box proteins known to
localize to the cytoplasm and their orthologs in the cephalochordate amphioxus and humans,
demonstrating an evolutionarily conserved nuclear export mechanism. The NES consensus
sequence was derived from proteins that utilize the CRM1 nuclear export pathway, where Φ
represents hydrophobic residues (L, I, F, V, M, P) and X represents any amino acid.
GenBank accession numbers for all sequences are as follows: Brachyury: Suberites
domuncula AJ_544242; Branchiostoma floridae X_91903; Mus musculus NP_033335;
Homo sapiens NM_003181. Tbx2: C. elegans Q_19691; Branchiostoma floridae (Tbx2/3)
AF_262563; Homo sapiens NM_005994. Tbx5: Gallus gallus NM_204173; Branchiostoma
floridae (Tbx4/5) AF_262564; Homo sapiens NM_000192. Tbr-1: Hemicentrotus
pulcherrimus AB_048760; Branchiostoma floridae (Eomesdermin /Tbr1/Tbx21)
AF_262568; Mus musculus NP_033348; Homo sapiens NM_006593. Eomesdermin: Danio
rerio AF_329830; Homo sapiens NM_005442.
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Figure 4.
Model for the diverse and multi-compartmental functions of PDZ-LIM proteins. PDZ-LIM
proteins are engaged in dynamic interactions with cellular proteins. For example, Pdlim7
facilitates shuttling of Tbx5 between nucleus and actin cytoskeleton. Export of Tbx5 from
the nucleus is promoted by CRM1, and protein subcellular localization and function possibly
regulated by reversible sumoylation. Besides tethering Tbx5 to the actin cytoskeleton,
Pdlim7 can interact with other cellular proteins, including the activated InsR. Pdlim7 uses
the same domain to bind either Tbx5 or InsR and this competitive interaction may provide a
mechanism for Tbx5 release from filamentous actin and relocation to the nucleus.
Transmembrane integrin receptors anchor the actin cytoskeleton to focal adhesions and
transmit information from the extracellular environment. Several PDZ-LIM proteins have
been localized to focal adhesions, providing the possibility that Pdlim7 could similarly
engage with proteins clustered in focal adhesions including integrin receptors to sense
extracellular stress.
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