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Regenerative medicine represented by stem cell technology has become one of the pillar medical technologies for human disease treatment. Cytoskeleton plays important roles in maintaining cell morphology, bearing external forces, and maintaining the effectiveness of cell internal structure, among which cytoskeleton related proteins are involved in and play an indispensable role in the changes of cytoskeleton. PDLIM5 is a cytoskeleton-related protein that, like other cytoskeletal proteins, acts as a binding protein. PDZ and LIM domain 5 (PDLIM5), also known as ENH (Enigma homolog), is a cytoplasmic protein with a molecular mass of about 63 KDa that consists of a PDZ domain at the N-terminus and three LIM domains at the C-terminus. PDLIM5 binds to the cytoskeleton and membrane proteins through its PDZ domain and interacts with various signaling molecules, including protein kinases and transcription factors, through its LIM domain. As a cytoskeleton-related protein, PDLIM5 plays an important role in regulating cell proliferation, differentiation and cell fate decision in multiple tissues and cell types. In this review, we briefly summarize the state of knowledge on the PDLIM5 gene, structural properties, and molecular functional mechanisms of the PDLIM5 protein, and its role in cells, tissues, and organ systems, and describe the possible underlying molecular signaling pathways. In the last part of this review, we will focus on discussing the limitations of existing research and the future prospects of PDLIM5 research in turn.
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INTRODUCTION

PDZ and LIM domain 5 (also known as ENH, ENH1, L9, and LIM) is a cytoskeleton-related protein that was first discovered by Kuroda et al. (1996), using yeast two-hybrid technology with protein kinase C (PKC) as the bait protein. PDLIM5, which consists of a PDZ domain and one or more LIM domains, is a PDZ-LIM family member whose sequence is highly conserved across species. The proteins of the PDZ-LIM family (Enigma/LMP-1, ENH, ZASP/Cipher, RIL, ALP, and CLP-36) have been suggested to act as linkers to direct LIM binding proteins to the cytoskeleton (Vallenius et al., 2000). PDZ-LIM protein can act as a signal modulator to affect actin dynamics, regulate cell structure, and control gene transcription to promote the assembly of protein complexes. The PDZ-LIM protein family, which function as protein–protein interaction modules, act as scaffolds to bind 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 (Krcmery et al., 2010).

Several members of the PDZ-LIM proteins family play a regulatory role in the invasion and migration of cancer cells. Dysfunction of the proteins of the PDZ-LIM family is known to affect the maintenance of organ function and weaken the invasion ability and metastatic potential of cancer cells (Bagheri-Yarmand et al., 2006; Tanaka-Okamoto et al., 2009). According to recent studies, PDLIM5 may be involved in the progression of multiple tumor types (Eeckhoute, 2006; Edlund et al., 2012; Heiliger et al., 2012; Li et al., 2015). The important role of PDLIM5 in various organizational systems have led to a deeper understanding of its physiological function. This review aims to summarize the state of knowledge and progress related to PDLIM5 from multidisciplinary perspectives.



THE PDLIM5 GENE AND ITS EXPRESSION, AND THE STRUCTURE AND DISTRIBUTION OF PDLIM5


The PDLIM5 Gene

The PDLIM5 gene is located on the human chromosome 4q22.3, between markers W1-2900 and W1-3273, and spans 18 exons (Ueki et al., 1999; Te Velthuis and Bagowski, 2007). PDLIM5 can be categorized as long isoforms with three LIM domains and short isoforms without LIM domains according to the presence, or lack of, three LIM domains, and the long and short isoforms each contain 4∼5 subtypes (Cheng et al., 2010; Ito et al., 2012). Mouse PDLIM5 isoform I (mENH-1) encodes a full-length 591-amino-acid protein containing a PDZ domain and three LIM domains; two smaller transcripts, called mouse PDLIM5 isoform 2 and 3 (mENH-2 and mENH-3), encode a 337-amino-acid protein and a 239-amino-acid protein, respectively. Both mouse PDLIM5 isoforms 2 and 3 lack three LIM domains (Niederlander et al., 2004; Zheng et al., 2010). In humans, four PDLIM5 splice isoforms have been identified: one long isoform (ENH1), which contains three LIM domains at its C-terminal and is widely expressed in all tissues; and three short isoforms (ENH2-4), which are mainly expressed in cardiac and skeletal muscle (Kuroda et al., 1996; Ueki et al., 1999). Analysis of human PDLIM5 transcripts showed that three transcripts (hENH-1,-2,-3) were similar to those of mice, while the fourth transcript (hENH-4) encodes a 215-amino-acid protein lacking three LIM domains (Niederlander et al., 2004).



The Expression, Structure, and Distribution of PDLIM5

The PDLIM5 protein, also known as ENH, is a member of the Enigma family, which consists of an N-terminal PDZ domain and three C-terminal LIM domains. The main function of PDZ and LIM domains is to participate in protein-protein interactions (Table 1). The PDZ domain, one of the most common protein-protein binding domains, is characterized by a highly conserved 80-90 amino acid sequence, consisting of six anti-parallel β-strands and two α-helices (Fanning and Anderson, 1999; Sheng and Sala, 2001). The PDZ domain provides a protein-binding interface that facilitates the formation of multi-protein complexes with a variety of partners, including membrane-associated proteins, cytoplasmic signaling proteins, and cytoskeleton proteins (Jelen et al., 2003; Krcmery et al., 2010; Zheng et al., 2010; Ito et al., 2012). The LIM domain is approximately 55 amino acids long, and is characterized by highly conserved and spatially defined cysteine and histidine residues that coordinate the binding of two zinc ions to form two zinc finger-like structures. LIM domains can exist in proteins alone, or in combination with other domains (Dawid et al., 1998; Bach, 2000; Kadrmas and Beckerle, 2004; Te Velthuis and Bagowski, 2007). The LIM domains can combine highly diverse partners, ranging from signaling molecules and actin cytoskeletal components to transcription factors, and it also support cellular functions (Dawid et al., 1998). In particular, the cross-linking with actin cytoskeleton, such as LIM domain protein, can maintain the functional structure of cardiomyocytes by a mechanism involving its own binding and actin filament cross-linking, which plays an important role in the development of heart disease (Hoffmann et al., 2014). In addition, LIM domain proteins have also been reported to be involved in the invasion and metastasis of cancer as components and targets of the cytoskeleton (Hoffmann et al., 2016, 2018).


TABLE 1. Binding partners of PDLIM5 and their functions.

[image: Table 1]The PDLIM5 splicing isoforms exhibit tissue-specific expression: the long isoforms are widely expressed in various tissues, while the short isoforms are only highly expressed in cardiac and skeletal muscle (Yamazaki et al., 2010). This differential expression of PDLIM5 may be related to their different roles in different tissues and organ systems (Table 2).


TABLE 2. List of different disease involved in PDLIM5.
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THE DIFFERENTIAL ROLES OF PDLIM5 IN VARIOUS ORGAN SYSTEMS


The Role of PDLIM5 in the Nervous System

PDZ and LIM domain 5 is widely expressed in different regions of the brain, such as the hippocampus, thalamus, hypothalamus, cerebral cortex, and amygdala (Maeno-Hikichi et al., 2003). In central neurons, PDLIM5 is mainly localized in the membrane and cytoplasm, where it regulates neuronal calcium signaling and co-localizes with neurotransmitter-protruding vesicles (Numata et al., 2007); these observations indicate that PDLIM5 plays a role in brain development. Some studies have shown that the expression of PDLIM5 is associated with multiple mental disorders such as bipolar disorder, major depression, and susceptibility to schizophrenia (Liu et al., 2008; Zhao et al., 2009; Herrick et al., 2010; Wang et al., 2016).

In the nervous system, PDLIM5 plays an important role in the formation of nerve growth cones and promotes the differentiation of nerve cells. Some studies have shown that PDLIM5 expression is up-regulated during neural differentiation, and it has been shown that its ectopic expression in neuroblastoma cells leads to the translocation of ID2, which is one of the four members of the ID protein family, called a differentiation inhibitor, from the nucleus to the cytoplasm, resulting in the inactivation of transcriptional and cell-cycle-promoting functions of the latter (Lasorella and Iavarone, 2006). Furthermore, PDLIM5 can form large complexes with PKC and N-type Ca2+ channels to promote the regulation of N-type calcium channel activity (Maeno-Hikichi et al., 2003). Ren et al. (2015) showed that PDLIM5 and PKCε co-exist in the nerve growth cone. Through interaction with α-actinin, PDLIM5 may be involved in regulating microfilament remodeling in neurons and the formation of the PDLIM5-PKCε complex in the nerve growth cone, which acts as a scaffold to mediate PKCε translocation to the membrane during PMA-induced growth cone collapse. It is suggested that PDLIM5 participates in a variety of functions of the nervous system, as well as in a signaling pathway involving the sequestration of the transcription factor ID2 in the cytoplasm. However, the precise mechanisms by which PDLIM5 regulates the functions of the nervous system via ID2 blockade requires further elucidation.



PDLIM5 in the Heart and Skeletal Muscle


Physiological Roles of PDLIM5 in the Heart

The heart undergoes development and begins to function in the early stages of embryonic development. PDLIM5 is expressed at high levels in the skeletal muscle and myocardium, and is considered to be a heart- and skeletal-muscle-specific scaffold protein to regulates mouse heart development (Mu et al., 2015). PDLIM5 is capable of binding to α-actinin through the PDZ domain and co-localizing in the z-disk region of cardiomyocytes, indicating that this protein plays a role in cardiac development. Studies have shown that PDLIM5 mRNAs are mainly expressed in the heart and skeletal muscle of adult rats, and that PDLIM5 acts as a scaffold protein to mediate the transmission of PKCβ signals in cardiomyocytes, playing an important role in development of the muscle cell in an early developmental stage (Nakagawa et al., 2000; Zheng et al., 2010). The PDZ-LIM protein family is highly expressed in the striated muscle. PDLIM5 is similar to other PDZ-LIM members in the striated muscle, in which the PDZ domain binds to α-actinin while the LIM domain binds to several protein kinases C and protein kinase D (Kuroda et al., 1996; Nakagawa et al., 2000). For example, PDLIM5 traditionally activates the PKC through the direct binding of its LIM domain (Maturana et al., 2011) and interacts to PKA (Lin et al., 2013). Transcription factor CREB, which is one of the first transcription factors activated by neurohumoral factors stimulation, is a transcription factor cAMP response element binding protein, is a known target of the PKC and protein kinase D1 (PKD1) pathways (Thonberg et al., 2002; Ozgen et al., 2008). The interaction between PDLIM5 isoform 1 and CREB is necessary for the phosphorylation of CREB at the amino-acid residue Ser133, which promotes the transcriptional activation and nuclear localization of CREB, the phosphorylated CREB enters the cardiomyocyte nucleus to play the role of transcription factor and promote the growth of cardiomyocytes (Ito et al., 2015). Moreover, in neonatal rat cardiomyocytes, PDLIM5 interacts with PKD1 through its LIM domain and forms complexes with PKD1 and cardiac L-type voltage-gated calcium channelα1C subunits to regulate the activity of L-type voltage-gated calcium channels (Maturana et al., 2008). Although the formation of protein complexes such as PDLIM5/PKC/PKD1 is well understood, the downstream molecular events remain to be elucidated.

These results suggest that the localization of PDLIM5 at some subcellular sites and its ability to interact with multiple functional proteins play an important role in cellular and physiological functions. Furthermore, the role of PDLIM5 in the heart was studied using a heart-specific PDLIM5-knockout mouse model. It was found that the ablation of PDLIM5 disrupted the stability of the PDLIM5-Ciphers-Calsarcin complex formed in the z-disk region, thus interfering with the connection between adjacent sarcomeres and extracellular matrix. These effects were found to result in the loss of optimal force transmission and a significant decrease in cardiac shortening fraction, leading to dilated cardiomyopathy (Cheng et al., 2010). Novel polymorphisms in the PDLIM5 gene encoding the Z-line protein have also been shown to increase the risk of idiopathic dilated cardiomyopathy (Wang et al., 2019).

PDZ and LIM domain 5 is additionally involved in skeletal muscle development. Myogenesis is an important biological process that underpins skeletal muscle regeneration and postnatal growth. The silencing of PDLIM5 increases the nuclear accumulation of differentiation inhibitor (Id2), which inhibits the proliferation and differentiation of myoblasts (Nakatani et al., 2016; Qiu et al., 2016). In addition, the differentiation of, and morphological changes in, skeletal muscle is regulated by a group of transcription factors known as myogenic regulators. PDLIM5 isoform 1 overexpression leads to the up-regulation of MyoD and myogenin, while PDLIM5 isoform 1 knockout significantly decreases the expression of these two proteins; these findings indicate that the main effect of PDLIM5 isoform 1 on muscle cells is to stimulate the transcription of MyoD- and/or myogenin-encoding genes (Ito et al., 2013).

Although the main role of PDLIM5 is as a specific scaffold protein, which to bridge the connection between cytoskeleton and membrane proteins and promote the formation of protein complexes, it is capable of generating numerous splicing isoforms (ENH2-4) that exert various effects on the development of heart and skeletal muscle. In vitro, PDLIM5 isoform 1 has been shown to promote the expression of myogenic genes and myotube formation, while the short PDLIM5 isoform 4 has been found to abrogate myotube-like morphological changes without altering the expression of the myogenic transcription factors MyoD and myogenin (Ito et al., 2013). Furthermore, the overexpression of PDLIM5 isoform 1 prevented ventricular cardiomyocyte hypertrophy induced by vascular stress hormones (Yamazaki et al., 2010). Western blotting analysis of muscle tissue using a non-isoform-specific anti-PDLIM5 antibody showed that PDLIM5 isoform 4 is only expressed in skeletal muscle, with a specific distribution of PDLIM5 members between skeletal muscle and myocardium (Niederlander et al., 2004).

These results suggest that PDLIM5 plays a key role in the development of the myocardium and skeletal muscle. However, the signal transduction mechanisms underlying the role of PDLIM5 in heart and skeletal muscle remain to be further studied. For example, the specific molecular mechanisms by which PDLIM5 regulates the development of myocardium and skeletal muscle through binding protein kinases are unknown. Furthermore, the mechanisms by which PDLIM5 sequesters nuclear protein Id2 in the cytoplasm remain to be elucidated.



The Role of PDLIM5 in Cardiovascular Diseases

PDZ and LIM domain 5 is mainly distributed on the z-line of the sarcomere of cardiomyocytes, therefore, the effect of PDLIM5 on myocytes may be related to the contractile function of these cells. PDLIM5-knockout mice exhibit dilated cardiomyopathy, which is characterized by thinning of the left ventricular wall, enlargement of the left ventricular cavity, impaired cardiac contraction, and reduced ejection function (Cheng et al., 2010). PDLIM5 can regulates vascular remodeling, which can as a new pro-atherosclerotic factor to be a therapeutically targeted (Huang et al., 2020). Cardiac remodeling, which is indicative of progression in many cardiovascular diseases, is characterized by cardiomyocyte hypertrophy and myocardial fibrosis, which lead to heart failure (Swynghedauw, 1999; Barry and Townsend, 2010). microRNA (miR-21) derived from cardiac fibroblasts exosomes is a strong paracrine RNA molecule that induces cardiomyocyte hypertrophy (Thum et al., 2008). Recently, it has been reported that PDLIM5 is the direct target of miR-17∼92 (Bang et al., 2014; Chen et al., 2015, 2018). By acting on its target gene PDLIM5, miR-21 participates in the interaction between cardiac fibroblasts and cardiomyocytes, thus inducing myocardial pathological hypertrophy (Bang et al., 2014). PDLIM5 also plays a role in vascular smooth muscle. AMP-activated protein kinase is an intracellular energy receptor of (AMPK), which is activated under hypoxia, ischemia, glucose loss, and stress (Steinberg and Kemp, 2009). AMPK is generally considered to be an energy sensor kinase and requires AMP for its activation (Carling et al., 2011). Nakano et al. reported that AMPK controls microtubule dynamics by phosphorylating cytoplasmic connexin-170 (CLIP-170), thus regulating cell migration (Nakano et al., 2010). In addition, AMPK is involved in the regulation of actin cytoskeleton dynamics and plasma membrane reorganization (Bae et al., 2011; Kondratowicz et al., 2013). Studies have shown that AMPK activation plays an important role in neovascularization and metastasis (Hoyer-Hansen and Jaattela, 2007). In vascular smooth muscle cells, AMPK phosphorylates PDLIM5 at Ser177, inhibiting the downstream Rac1-Arp2/3 signaling pathway to mediate cell migration (Yan et al., 2015). In pulmonary artery smooth muscle cells (PASMCs), SMC-specific knockout of PDLIM5 enhances hypoxia-mediated vascular remodeling, while overexpression of PDLIM5 inhibits the TGF-β/Smad signal pathway and prevents hypoxia-induced pulmonary hypertension elevation in vivo (Cheng et al., 2016). In addition, PDLIM5 silencing induces the activity of TGF-β3, TβR1, and TGF-β and increases the overall expression level of Smad2. The suppression of PDLIM5 has been found to enhance the nuclear staining of Samd2/3 (Chen et al., 2015), indicating that PDLIM5 participates in the development of cardiovascular disease by negatively regulating the TGF-β3/Smad2/3 signal pathway. Additionally demonstrated that PDLIM5 plays an important role in the cardiovascular system through miR-mediated regulation of the phenotype of pulmonary artery smooth muscle cells: miR-17∼92 regulates the differentiation of PASMCs through its target PDLIM5, indicating that the miR-17∼92/PDLIM5/TGF-β/Smad pathway is essential for vascular remodeling during the development of pulmonary hypertension. PDLIM5 therefore represents a promising therapeutic target for future cardiovascular drug discovery efforts.



The Role of PDLIM5 in Tumor

As an actin adaptor protein, PDLIM5 is not only involved in cytoskeletal tissue, cellular processes, and organ development, but is also considered to play roles in tumorigenesis and development (Eeckhoute, 2006; Edlund et al., 2012; Heiliger et al., 2012; Li et al., 2015). PDLIM5 is expressed in many cancer cell lines. In a study of neurologic tumor, it was found that the transcription factor ID2 binds to the PDLIM5 LIM domains, and, in these cancer cells, high levels of PDLIM5 sequester ID2 in the cytoplasm, preventing neuronal differentiation and promoting cell proliferation (Lasorella and Iavarone, 2006).

PDZ and LIM domain 5 is additionally up-regulated in papillary thyroid carcinoma (PTC) tissues; elevated PDLIM5 expression promotes the migration, invasion, and proliferation of PTC cells by activating the RAS-ERK pathway (Wei et al., 2018). PDLIM5 may therefore serve as a therapeutic target in a variety of cancers. It can promote the invasion and metastasis of cancer cells. Genotyping chip detection experiments have shown that PDLIM5 is overexpressed in prostate cancer tissue (Koutros et al., 2013), and some studies have proved that the utility of serum and urine PDLIM5 levels as indicators for auxiliary diagnosis of prostate cancer, with potential value in predicting the risk of progression in advanced prostate cancer (PCA) (Ma et al., 2014). PDLIM5 plays a key role in regulating the proliferation, invasion, and migration of malignant tumor cells by binding to AMPK and regulating its activation and degradation (Liu et al., 2017). PDLIM5 may therefore act as an oncogene in the development and progression of PCA.

In view of the important role of PDLIM5 in cancer, some studies have indicated that it is involved in the growth of gastric cancer cells, and suggested that PDLIM5 silencing through the use of small interfering RNAs (si-RNA) may be a potential strategy for the treatment of gastric cancer (Li et al., 2015). In addition, Edlund et al. found that the increased expression of PDLIM5 is related to high tumor proliferation rates in non-small cell carcinoma (Edlund et al., 2012). Steroids such as corticosteroid medications play an important role in the development of cancer; it has been reported that 25 single-nucleotide polymorphisms (SNPs) in PDLIM5 interact with steroids, thus affecting the occurrence and development of cancer (Wang et al., 2016).

The above findings show that PDLIM5 plays an important role in the occurrence and development of cancer, and that PDLIM5 represents a candidate oncogene in various cancers.



The Role of PDLIM5 in Other Diseases

In addition to playing a role in the diseases reported above, PDLIM5 is involved in the link between alcohol dependence and diabetes. Owusu et al. (2017) found that PDLIM5 gene polymorphism is associated alcohol-dependent (AD), type 2 diabetes (T2D), and hypertension, and Several genetic variants of the PDLIM5 gene can affect AD, T2D and hypertension, indicating that PDLIM5 is a shared gene among the three diseases. Therefore, elucidation of the underlying molecular mechanisms and identification of hitherto undiscovered molecular functions of PDLIM5 are expected to enable the development of effective clinical therapies for these diseases.

In addition, PDLIM5 plays a role in the formation of cell extensions. Being a scaffold protein, PDLIM5 is involved in promoting the activity of microfilament-associated proteins. Microfilament-associated proteins play a central role in the process of cell extension (Lanier et al., 2015). Some studies have found that PDLIM5 recruitment to cell extensions, and is necessary to form these extensions, and that PDLIM5 knockout reduces the assembly of actin filaments in cell extensions (Yuda et al., 2018).



THE RELATIONSHIP BETWEEN PDLIM5 AND INTEGRINS, AND ITS POTENTIAL ROLE IN THE REGULATION OF STEM CELL DIFFERENTIATION

Some studies have shown that the PDZ domain of PDZ-LIM protein binds to α-actinin protein at the adhesion junction, which is the site of integrin localization (Xia et al., 1997; Pomies et al., 1999; Vallenius et al., 2000; Tamura et al., 2007). The functional interaction with integrin indicates that PDZ-LIM protein can participate in the adhesion signal cascade, which transmits extracellular signals via intracellular regulatory pathways, thereby modifying the actin cytoskeleton. These findings show that the PDZ-LIM protein plays an overall role in cell–cell and cell–matrix interaction and cell migration (Krcmery et al., 2010). The regulation of PDZ-LIM activity plays an important role in preventing uncontrolled actin recombination, proliferation, and cell migration. For example, PDLIM5 can also bind to the integrin protein kinase (ILK), acting as a scaffold bridge between renal ion exchanger 1 (KAE1) and ILK, providing a bridge between KAE1 and potential microfilaments (Su et al., 2017).

It has been reported that PDLIM5 is recruited from the cytoplasm to the integrin adhesion and F-actin stress fibers and responds to stress by directly binding to the key stress fiber component α-actinin. Microfilaments control the nuclear and cytoplasmic localization of transcriptional co-activators YAP and TAZ to regulate gene expression and mediate the differentiation of MSCs (Dupont et al., 2011; Halder et al., 2012). The effective domains of some proteins that are recruited into the actin structure in a force-dependent manner through the LIM domain regulate actin signal transduction (Smith et al., 2014). The action of mechanical force on integrin results in the recruitment of PDLIM5 to activate the YAP pathway during mechanical transduction (Elbediwy et al., 2018); PDLIM5, a components of the integrin adhesion complex, mediates the relationship between integrin and the cytoskeleton (Horton et al., 2016a, b). Proteomic analysis of integrin-related complexes from MSCs has demonstrated the formation of significant amounts of a vinculin-positive adhesion complex on a hard substrate coated with fibronectin (FN) in MSCs, a subset of which colocalized with, or closely to, clusters of PDLIM1 or PDLIM5 (Ajeian et al., 2016).

PDZ and LIM domain 5 undergoes tension-dependent relocalization in cells. Both embryonic and induced pluripotent stem cells can differentiate into derivatives of the third germ layer; as a result, human pluripotent cells are important tools in regenerative medicine (Thomson et al., 1998; Takahashi and Yamanaka, 2006). Studies have reported that during cardiogenesis, embryonic stem cells exhibit dramatic changes in the expression of metabolic enzymes and cytoskeleton proteins (Konze et al., 2017); in particular, Z-disk related proteins with PDZ and LIM domain proteins, including PDLIM5, are up-regulated during cardiogenesis.

Furthermore, the expression of NKX2.5, an important myocardial transcription factor, results in the generation of specific PDLIM5 splicing variants during the early development of cardiomyocytes, which in turn affects the myogenic differentiation of myocardium (Konze et al., 2017). At present, there are few studies on PDLIM5 in stem cells, elucidation of its mechanism in different stem cell types is warranted to identify its functions in these cells.



PROBLEMS AND PERSPECTIVES

In this article, we briefly reviewed the known functions of the PDLIM5 protein, the progress in elucidation of its roles in various cellular and physiological processes, and the signaling pathways in which it participates. As a member of the PDZ-LIM protein family, PDLIM5 is involved in actin binding, α-actinin binding, protein kinase binding, acts as a scaffold bridge between connective proteins, and plays an indispensable role in various cellular processes. However, so far, the specific molecular mechanisms underlying the functions of PDLIM5 remain unclear.

Future research directions in investigation of PDLIM5 should seek to answer the following questions:

First, research on PDLIM5 has mainly focused on its roles in tumor, the nervous system, and the cardiovascular system. As a microfilament-associated protein, does PDLIM5 play the same role in other physiological systems or cell lines? Is the PDLIM5 gene expressed in multiple systems?

Second, although the role of PDLIM5 in diseases has been studied, e.g., its expression is up-regulated during tumor development, the specific mechanisms by which it exerts these effects are unknown, and further elucidation of the underlying mechanisms and other functions is warranted.

Third, PDLIM5 has four splicing isoforms, which perform different functions: what are the mechanisms by which they play different roles? Are these differences in their roles attributable to the presence or absence of LIM domains? Additionally, what is the mechanism by which they play different roles?

Fourth, in regard to strategies used for the inhibition of PDLIM5 expression, only viral transfection has been reported to date; no pharmaceutical compounds that inhibit PDLIM5 expression have been identified. Therefore, additional research on PDLIM5 inhibitors is also critical.

Finally, although PDLIM5 plays a crucial role in binding actin and has attracted much attention as a connecting protein, there are few studies on its effects on the actin cytoskeleton or other cytoskeleton, such as binding to cytoskeleton-related proteins bridging the connection with the cytoskeleton. Does PDLIM5 affect the shape and location of the cytoskeleton in the process of participating in the biological functions of cell?

The effects of PDLIM5-mediated modulation of the cytoskeleton on cell differentiation, proliferation, and other cellular functions remain to be explored in detail in future studies.



AUTHOR CONTRIBUTIONS

All authors participated in the conception and writing of the manuscript. SZ, JO, and JD reviewed and suggested modifications to the content. JD designed the structure of the review.



FUNDING

This work was supported by the National Key R&D Program of China (grant number 2017YFC1105000) and the Sanming Project of Medicine in Shenzhen (grant number SZSM201612019).



REFERENCES

Ajeian, J. N., Horton, E. R., Astudillo, P., Byron, A., Askari, J. A., and Millon-Frémillon, A. (2016). Proteomic analysis of integrin-associated complexes from mesenchymal stem cells. Proteomics Clin. Appl. 10, 51–57. doi: 10.1002/prca.201500033

Bach, I. (2000). The LIM domain: regulation by association. Mech. Dev. 91, 5–17. doi: 10.1016/S0925-4773(99)00314-7

Bae, H. B., Zmijewski, J. W., Deshane, J. S., Tadie, J. M., Chaplin, D. D., and Takashima, S. (2011). AMP-activated protein kinase enhances the phagocytic ability of macrophages and neutrophils. FASEB J. 25, 4358–4368. doi: 10.1096/fj.11-190587

Bagheri-Yarmand, R., Mazumdar, A., Sahin, A. A., and Kumar, R. (2006). LIM kinase 1 increases tumor metastasis of human breast cancer cellsvia regulation of the urokinase-type plasminogen activator system. Int. J. Cancer 118, 2703–2710. doi: 10.1002/ijc.21650

Bang, C., Batkai, S., Dangwal, S., Gupta, S. K., Foinquinos, A., and Holzmann, A. (2014). Cardiac fibroblast-derived microRNA passenger strand-enriched exosomes mediate cardiomyocyte hypertrophy. J. Clin. Invest. 124, 2136–2146. doi: 10.1172/JCI70577

Barry, S. P., and Townsend, P. A. (2010). What causes a broken heart–molecular insights into heart failure. Int. Rev. Cell. Mol. Biol. 284, 113–179. doi: 10.1016/S1937-6448(10)84003-1

Carling, D., Mayer, F. V., Sanders, M. J., and Gamblin, S. J. (2011). AMP-activated protein kinase: nature’s energy sensor. Nat. Chem. Biol. 7, 512–518. doi: 10.1038/nchembio.610

Chen, T., Huang, J. B., Dai, J., Zhou, Q., Raj, J. U., and Zhou, G. (2018). PAI-1 is a novel component of the miR-17∼92 signaling that regulates pulmonary artery smooth muscle cell phenotypes. Am. J. Physiol. Lung. Cell Mol. Physiol. 315, L149–L161. doi: 10.1152/ajplung.00137.2017

Chen, T., Zhou, G., Zhou, Q., Tang, H., Ibe, J. C., and Cheng, H. (2015). Loss of microRNA-17 approximately 92 in smooth muscle cells attenuates experimental pulmonary hypertension via induction of PDZ and LIM domain 5. Am. J. Respir. Crit. Care Med. 191, 678–692. doi: 10.1164/rccm.201405-0941OC

Cheng, H., Chen, T., Tor, M., Park, D., Zhou, Q., and Huang, J. B. (2016). A high-throughput screening platform targeting PDLIM5 for pulmonary hypertension. J. Biomol. Screen. 21, 333–341. doi: 10.1177/1087057115625924

Cheng, H., Kimura, K., Peter, A. K., Cui, L., Ouyang, K., and Shen, T. (2010). Loss of enigma homolog protein results in dilated cardiomyopathy. Circ. Res. 107, 348–356. doi: 10.1161/CIRCRESAHA.110.218735

Dawid, I. B., Breen, J. J., and Toyama, R. (1998). LIM domains: multiple roles as adapters and functional modifiers in protein interactions. Trends Genet. 14, 156–162. doi: 10.1016/s0168-9525(98)01424-3

Dupont, S., Morsut, L., Aragona, M., Enzo, E., Giulitti, S., and Cordenonsi, M. (2011). Role of YAP/TAZ in mechanotransduction. Nature 474, 179–183. doi: 10.1038/nature10137

Edlund, K., Lindskog, C., Saito, A., Berglund, A., Pontén, F., and Göransson-Kultima, H. (2012). CD99 is a novel prognostic stromal marker in non-small cell lung cancer. Int. J. Cancer 131, 2264–2273. doi: 10.1002/ijc.27518

Eeckhoute, J. (2006). A cell-type-specific transcriptional network required for estrogen regulation of cyclin D1 and cell cycle progression in breast cancer. Gene Dev. 20, 2513–2526. doi: 10.1101/gad.1446006

Elbediwy, A., Vanyai, H., Diaz-de-la-Loza, M., Frith, D., Snijders, A. P., and Thompson, B. J. (2018). Enigma proteins regulate YAP mechanotransduction. J. Cell Sci. 131:jcs221788. doi: 10.1242/jcs.221788

Fanning, A. S., and Anderson, J. M. (1999). PDZ domains: fundamental building blocks in the organization of protein complexes at the plasma membrane. J. Clin. Invest. 103, 767–772. doi: 10.1172/JCI6509

Halder, G., Dupont, S., and Piccolo, S. (2012). Transduction of mechanical and cytoskeletal cues by YAP and TAZ. Nat. Rev. Mol. Cell Biol. 13, 591–600. doi: 10.1038/nrm3416

Heiliger, K., Hess, J., Vitagliano, D., Salerno, P., Braselmann, H., and Salvatore, G. (2012). Novel candidate genes of thyroid tumourigenesis identified in Trk-T1 transgenic mice. Endocr. Relat. Cancer 19, 409–421. doi: 10.1530/ERC-11-0387

Herrick, S., Evers, D. M., Lee, J., Udagawa, N., and Pak, D. T. S. (2010). Postsynaptic PDLIM5/Enigma Homolog binds SPAR and causes dendritic spine shrinkage. Mol. Cell. Neurosci. 43, 188–200. doi: 10.1016/j.mcn.2009.10.009

Hoffmann, C., Mao, X., Brown-Clay, J., Moreau, F., Al Absi, A., and Wurzer, H. (2018). Hypoxia promotes breast cancer cell invasion through HIF-1α-mediated up-regulation of the invadopodial actin bundling protein CSRP2. Sci Rep. 8:10191. doi: 10.1038/s41598-018-28637-x

Hoffmann, C., Mao, X., Dieterle, M., Moreau, F., Al Absi, A., and Steinmetz, A. (2016). CRP2, a new invadopodia actin bundling factor critically promotes breast cancer cell invasion and metastasis. Oncotarget 7, 13688–13705. doi: 10.18632/oncotarget.7327

Hoffmann, C., Moreau, F., Moes, M., Luthold, C., Dieterle, M., and Goretti, E. (2014). Human muscle LIM protein dimerizes along the actin cytoskeleton and cross-links actin filaments. Mol. Cell. Biol. 34, 3053–3065. doi: 10.1128/MCB.00651-14

Horton, E. R., Astudillo, P., Humphries, M. J., and Humphries, J. D. (2016a). Mechanosensitivity of integrin adhesion complexes: role of the consensus adhesome. Exp. Cell Res. 343, 7–13. doi: 10.1016/j.yexcr.2015.10.025

Horton, E. R., Humphries, J. D., James, J., Jones, M. C., Askari, J. A., and Humphries, M. J. (2016b). The integrin adhesome network at a glance. J. Cell Sci. 129, 4159–4163. doi: 10.1242/jcs.192054

Hoyer-Hansen, M., and Jaattela, M. (2007). AMP-activated protein kinase: a universal regulator of autophagy? Autophagy 3, 381–383. doi: 10.4161/auto.4240

Huang, J., Cai, C., Zheng, T., Wu, X., Wang, D., and Zhang, K. (2020). Endothelial Scaffolding Protein ENH (Enigma Homolog Protein) Promotes PHLPP2 (Pleckstrin Homology Domain and Leucine-Rich Repeat Protein Phosphatase 2)-Mediated Dephosphorylation of AKT1 and eNOS (Endothelial NO Synthase) Promoting Vascular Remodeling. Arterioscler. Thromb. Vasc. Biol. 40, 1705–1721. doi: 10.1161/ATVBAHA.120.314172

Ito, J., Hashimoto, T., Nakamura, S., Aita, Y., Yamazaki, T., and Schlegel, W. (2012). Splicing transitions of the anchoring protein ENH during striated muscle development. Biochem. Biophys. Res. Commun. 421, 232–238. doi: 10.1016/j.bbrc.2012.03.142

Ito, J., Iijima, M., Yoshimoto, N., Niimi, T., Kuroda, S. I., and Maturana, A. D. (2015). Scaffold protein enigma homolog activates CREB whereas a short splice variant prevents CREB activation in cardiomyocytes. Cell. Signal. 27, 2425–2433. doi: 10.1016/j.cellsig.2015.09.007

Ito, J., Takita, M., Takimoto, K., and Maturana, A. D. (2013). Enigma homolog 1 promotes myogenic gene expression and differentiation of C2C12 cells. Biochem. Biophys. Res. Commun. 435, 483–487. doi: 10.1016/j.bbrc.2013.05.016

Jelen, F., Oleksy, A., Smietana, K., and Otlewski, J. (2003). PDZ domains - common players in the cell signaling. Acta Biochim. Pol. 50, 985–1017. doi: 10.18388/abp.2003_3628

Kadrmas, J. L., and Beckerle, M. C. (2004). The LIM domain: from the cytoskeleton to the nucleus. Nat. Rev. Mol. Cell Biol. 5, 920–931. doi: 10.1038/nrm1499

Kondratowicz, A. S., Hunt, C. L., Davey, R. A., Cherry, S., and Maury, W. J. (2013). AMP-activated protein kinase is required for the macropinocytic internalization of ebolavirus. J. Virol. 87, 746–755. doi: 10.1128/JVI.01634-12

Konze, S. A., Werneburg, S., Oberbeck, A., Olmer, R., Kempf, H., and Jara-Avaca, M. (2017). Proteomic analysis of human pluripotent stem cell cardiomyogenesis revealed altered expression of metabolic enzymes and PDLIM5 isoforms. J. Proteome Res. 16, 1133–1149. doi: 10.1021/acs.jproteome.6b00534

Koutros, S., Berndt, S. I., Hughes Barry, K., Andreotti, G., Hoppin, J. A., and Sandler, D. P. (2013). Genetic susceptibility loci, pesticide exposure and prostate cancer risk. PLoS One 8:e58195. doi: 10.1371/journal.pone.0058195

Krcmery, J., Camarata, T., Kulisz, A., and Simon, H. G. (2010). Nucleocytoplasmic functions of the PDZ-LIM protein family: new insights into organ development. Bioessays 32, 100–108. doi: 10.1002/bies.200900148

Kuroda, S., Tokunaga, C., Kiyohara, Y., Higuchi, O., Konishi, H., and Mizuno, K. (1996). Protein-protein interaction of zinc finger LIM domains with protein kinase C. J. Biol. Chem. 271, 31029–31032. doi: 10.1074/jbc.271.49.31029

Lanier, M. H., Kim, T., and Cooper, J. A. (2015). CARMIL2 is a novel molecular connection between vimentin and actin essential for cell migration and invadopodia formation. Mol. Biol. Cell 26, 4577–4588. doi: 10.1091/mbc.E15-08-0552

Lasorella, A., and Iavarone, A. (2006). The Protein ENH Is a Cytoplasmic Sequestration Factor for Id2 in Normal and Tumor Cells from the Nervous System. Proc. Natl Acad. Sci. U.S.A. 103, 4976–4981. doi: 10.1073/pnas.0600168103

Li, Y., Gao, Y., Xu, Y., Sun, X., Song, X., and Ma, H. (2015). Retracted: si-RNA-mediated knockdown of PDLIM5 suppresses gastric cancer cell proliferation in vitro. Chem. Biol. Drug Des. 85, 447–453. doi: 10.1111/cbdd.12428

Lin, C., Guo, X., Lange, S., Liu, J., Ouyang, K., and Yin, X. (2013). Cypher/ZASP is a novel A-kinase anchoring protein. J. Biol. Chem. 288, 29403–29413. doi: 10.1074/jbc.M113.470708

Liu, X., Chen, L., Huang, H., Lv, J. M., Chen, M., and Qu, F. J. (2017). High expression of PDLIM5 facilitates cell tumorigenesis and migration by maintaining AMPK activation in prostate cancer. Oncotarget 8, 98117–98134. doi: 10.18632/oncotarget.20981

Liu, Z., Liu, W., Xiao, Z., Wang, G., Yin, S., and Zhu, F. (2008). A major single nucleotide polymorphism of the PDLIM5 gene associated with recurrent major depressive disorder. J. Psychiatry Neurosci. 33, 43–46. doi: 10.1016/j.jpsychires.2007.02.002

Ma, W., Diep, K., Fritsche, H. A., Shore, N., and Albitar, M. (2014). Diagnostic and prognostic scoring system for prostate cancer using urine and plasma biomarkers. Genet. Test. Mol. Biomark. 18, 156–163. doi: 10.1089/gtmb.2013.0424

Maeno-Hikichi, Y., Chang, S., Matsumura, K., Lai, M., Lin, H., and Nakagawa, N. (2003). A PKC epsilon-ENH-channel complex specifically modulates N-type Ca2+ channels. Nat. Neurosci. 6, 468–475. doi: 10.1038/nn1041

Maturana, A. D., Nakagawa, N., Yoshimoto, N., Tatematsu, K., Hoshijima, M., and Tanizawa, K. (2011). LIM domains regulate protein kinase C activity: a novel molecular function. Cell. Signal. 23, 928–934. doi: 10.1016/j.cellsig.2011.01.021

Maturana, A. D., Wälchli, S., Iwata, M., Ryser, S., Van Lint, J., and Hoshijima, M. (2008). Enigma homolog 1 scaffolds protein kinase D1 to regulate the activity of the cardiac L-type voltage-gated calcium channel. Cardiovasc. Res. 78, 458–465. doi: 10.1093/cvr/cvn052

Mu, Y., Jing, R., Peter, A. K., Lange, S., Lin, L., and Zhang, J. (2015). Cypher and Enigma homolog protein are essential for cardiac development and embryonic survival. J. Am. Heart Assoc. 4:e001950. doi: 10.1161/JAHA.115.001950

Nakagawa, N., Hoshijima, M., Oyasu, M., Saito, N., Tanizawa, K., and Kuroda, S. (2000). ENH, containing PDZ and LIM domains, heart/skeletal muscle-specific protein, associates with cytoskeletal proteins through the PDZ Domain. Biochem. Biophys. Res. Commun. 272, 505–512. doi: 10.1006/bbrc.2000.2787

Nakano, A., Kato, H., Watanabe, T., Min, K. D., Yamazaki, S., and Asano, Y. (2010). AMPK controls the speed of microtubule polymerization and directional cell migration through CLIP-170 phosphorylation. Nat. Cell Biol. 12, 583–590. doi: 10.1038/ncb2060

Nakatani, M., Ito, J., Koyama, R., Iijima, M., Yoshimoto, N., and Niimi, T. (2016). Scaffold protein enigma homolog 1 overcomes the repression of myogenesis activation by inhibitor of DNA binding 2. Biochem. Biophys. Res. Commun. 474, 413–420. doi: 10.1016/j.bbrc.2016.04.119

Niederlander, N., Fayein, N. A., Auffray, C., and Pomies, P. (2004). Characterization of a new human isoform of the enigma homolog family specifically expressed in skeletal muscle. Biochem. Biophys. Res. Commun. 325, 1304–1311. doi: 10.1016/j.bbrc.2004.10.178

Numata, S., Ueno, S., Iga, J., Yamauchi, K., Hongwei, S., and Hashimoto, R. (2007). Gene expression in the peripheral leukocytes and association analysis of PDLIM5 gene in schizophrenia. Neurosci. Lett. 415, 28–33. doi: 10.1016/j.neulet.2007.01.018

Owusu, D., Pan, Y., Xie, C., Harirforoosh, S., and Wang, K. (2017). Polymorphisms in PDLIM5 gene are associated with alcohol dependence, type 2 diabetes, and hypertension. J. Psychiatr. Res. 84, 27–34. doi: 10.1016/j.jpsychires.2016.09.015

Ozgen, N., Obreztchikova, M., Guo, J., Elouardighi, H., Dorn, G. W., and Wilson, B. A. (2008). Protein Kinase D Links Gq -coupled Receptors to cAMP Response Element-binding Protein (CREB)-Ser133 Phosphorylation in the Heart. J. Biol. Chem. 283, 17009–17019. doi: 10.1074/jbc.M709851200

Pomies, P., Macalma, T., and Beckerle, M. C. (1999). Purification and characterization of an alpha-actinin-binding PDZ-LIM protein that is up-regulated during muscle differentiation. J. Biol. Chem. 274, 29242–29250. doi: 10.1074/jbc.274.41.29242

Qiu, H., Liu, N., Luo, L., Zhong, J., Tang, Z., and Kang, K. (2016). MicroRNA-17-92 regulates myoblast proliferation and differentiation by targeting the ENH1/Id1 signaling axis. Cell Death Differ. 23, 1658–1669. doi: 10.1038/cdd.2016.56

Ren, B., Li, X., Zhang, J., Fan, J., Duan, J., and Chen, Y. (2015). PDLIM5 mediates PKCε translocation in PMA-induced growth cone collapse. Cell. Signal. 27, 424–435. doi: 10.1016/j.cellsig.2014.12.005

Sheng, M., and Sala, C. (2001). PDZ domains and the organization of supramolecular complexes. Annu. Rev. Neurosci. 24, 1–29. doi: 10.1146/annurev.neuro.24.1.1

Smith, M. A., Hoffman, L. M., and Beckerle, M. C. (2014). LIM proteins in actin cytoskeleton mechanoresponse. Trends Cell Biol. 24, 575–583. doi: 10.1016/j.tcb.2014.04.009

Steinberg, G. R., and Kemp, B. E. (2009). AMPK in health and disease. Physiol. Rev. 89, 1025–1078. doi: 10.1152/physrev.00011.2008

Su, Y., Hiemstra, T. F., Yan, Y., Li, J., Karet, H. I., and Rosen, L. (2017). PDLIM5 links kidney anion exchanger 1 (kAE1) to ILK and is required for membrane targeting of kAE1. Sci. Rep. 7:39701. doi: 10.1038/srep39701

Swynghedauw, B. (1999). Molecular mechanisms of myocardial remodeling. Physiol. Rev. 79, 215–262. doi: 10.1152/physrev.1999.79.1.215

Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined factors. Cell 126, 663–676. doi: 10.1016/j.cell.2006.07.024

Tamura, N., Ohno, K., Katayama, T., Kanayama, N., and Sato, K. (2007). The PDZ–LIM protein CLP36 is required for actin stress fiber formation and focal adhesion assembly in BeWo cells. Biochem. Biophys. Res. Commun. 364, 589–594. doi: 10.1016/j.bbrc.2007.10.064

Tanaka-Okamoto, M., Hori, K., Ishizaki, H., Hosoi, A., Itoh, Y., and Wei, M. (2009). Increased susceptibility to spontaneous lung cancer in mice lacking LIM-domain only 7. Cancer Sci. 100, 608–616. doi: 10.1111/j.1349-7006.2009.01091.x

Te Velthuis, A. J. W., and Bagowski, C. P. (2007). PDZ and LIM domain-encoding genes: molecular interactions and their role in development. Sci. World J. 7, 1470–1492. doi: 10.1100/tsw.2007.232

Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel, J. J., and Marshall, V. S. (1998). Embryonic stem cell lines derived from human blastocysts. Science 282, 1145–1147. doi: 10.1126/science.282.5391.1145

Thonberg, H., Fredriksson, J. M., Nedergaard, J., and Cannon, B. (2002). A novel pathway for adrenergic stimulation of cAMP-response-element-binding protein (CREB) phosphorylation: mediation via alpha1-adrenoceptors and protein kinase C activation. Biochem. J. 364, 73–79. doi: 10.1042/bj3640073

Thum, T., Gross, C., Fiedler, J., Fischer, T., Kissler, S., and Bussen, M. (2008). MicroRNA-21 contributes to myocardial disease by stimulating MAP kinase signalling in fibroblasts. Nature 456, 980–984. doi: 10.1038/nature07511

Ueki, N., Seki, N., Yano, K., Masuho, Y., Saito, T., and Muramatsu, M. (1999). Isolation, tissue expression, and chromosomal assignment of a human LIM protein gene, showing homology to rat enigma homologue (ENH). J. Hum. Genet. 44, 256–260. doi: 10.1007/s100380050155

Vallenius, T., Luukko, K., and Makela, T. P. (2000). CLP-36 PDZ-LIM protein associates with nonmuscle alpha-actinin-1 and alpha-actinin-4. J. Biol. Chem. 275, 11100–11105. doi: 10.1074/jbc.275.15.11100

Wang, D., Fang, J., Lv, J., Pan, Z., Yin, X., and Cheng, H. (2019). Novel polymorphisms inPDLIM3 andPDLIM5 gene encoding Z-line proteins increase risk of idiopathic dilated cardiomyopathy. J. Cell. Mol. Med. 23, 7054–7062. doi: 10.1111/jcmm.14607

Wang, K., Owusu, D., Pan, Y., and Xie, C. (2016). Bayesian logistic regression in detection of gene–steroid interaction for cancer at PDLIM5 locus. J. Genet. 95, 331–340. doi: 10.1007/s12041-016-0642-1

Wei, X., Zhang, Y., Yu, S., Li, S., Jiang, W., and Zhu, Y. (2018). PDLIM5 identified by label-free quantitative proteomics as a potential novel biomarker of papillary thyroid carcinoma. Biochem. Biophys. Res. Commun. 499, 338–344. doi: 10.1016/j.bbrc.2018.03.159

Xia, H., Winokur, S. T., Kuo, W. L., Altherr, M. R., and Bredt, D. S. (1997). Actinin-associated LIM protein: identification of a domain interaction between PDZ and spectrin-like repeat motifs. J. Cell Biol. 139, 507–515. doi: 10.1083/jcb.139.2.507

Yamazaki, T., Wälchli, S., Fujita, T., Ryser, S., Hoshijima, M., and Schlegel, W. (2010). Splice variants of Enigma homolog, differentially expressed during heart development, promote or prevent hypertrophy. Cardiovasc. Res. 86, 374–382. doi: 10.1093/cvr/cvq023

Yan, Y., Tsukamoto, O., Nakano, A., Kato, H., Kioka, H., and Ito, N. (2015). Augmented AMPK activity inhibits cell migration by phosphorylating the novel substrate Pdlim5. Nat. Commun. 6:6137. doi: 10.1038/ncomms7137

Yuda, A., Lee, W. S., Petrovic, P., and McCulloch, C. A. (2018). Novel proteins that regulate cell extension formation in fibroblasts. Exp. Cell Res. 365, 85–96. doi: 10.1016/j.yexcr.2018.02.024

Zhao, T., Liu, Y., Wang, P., Li, S., Zhou, D., and Zhang, D. (2009). Positive association between the PDLIM5 gene and bipolar disorder in the Chinese Han population. J. Psychiatry Neurosci. 34, 199–204.

Zheng, M., Cheng, H., Banerjee, I., and Chen, J. (2010). ALP/Enigma PDZ-LIM Domain Proteins in the Heart. J. Mol. Cell Biol. 2, 96–102. doi: 10.1093/jmcb/mjp038


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Huang, Qu, Ouyang, Zhong and Dai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		An Overview of the Cytoskeleton-Associated Role of PDLIM5



		INTRODUCTION



		THE PDLIM5 GENE AND ITS EXPRESSION, AND THE STRUCTURE AND DISTRIBUTION OF PDLIM5



		The PDLIM5 Gene



		The Expression, Structure, and Distribution of PDLIM5







		THE DIFFERENTIAL ROLES OF PDLIM5 IN VARIOUS ORGAN SYSTEMS



		The Role of PDLIM5 in the Nervous System



		PDLIM5 in the Heart and Skeletal Muscle



		Physiological Roles of PDLIM5 in the Heart



		The Role of PDLIM5 in Cardiovascular Diseases







		The Role of PDLIM5 in Tumor



		The Role of PDLIM5 in Other Diseases







		THE RELATIONSHIP BETWEEN PDLIM5 AND INTEGRINS, AND ITS POTENTIAL ROLE IN THE REGULATION OF STEM CELL DIFFERENTIATION



		PROBLEMS AND PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Physiology

An Overviewof the
Cytoskeleton-Associated Role
of PDLIM5









OPS/images/fphys-11-00975-t001.jpg
Protein

Protein kinase
A PKA)
a-actinin

Myotiin
L-type calcium
channel

YAP

Protein kinase
C (PKQ)

Protein kinase
D1 (PKD1)

CREB

D2

N-type Ca2+
channels
AMP activated
protein kinase
KAE1

Domain Functions

PDZ

PDZ

PDZ
PDZ

PDZ

um

um

um

um

/

Protein kinase

Sarcomere Z-line protein

Sarcomere Z-line protein
Calcium channels in
myocytes
Transcriptional
co-activator

Protein kinase
Protein kinase
CAMP related

transcription factors
Differentiation inhibitor

N-type calcium channels
in nervous system
Protein kinase

Kidney anion exchanger 1

References

Linetal,, 2013

Nakagawa et al., 2000;
Ito et al., 2013

Ito et al., 2013
Maturana et al., 2008

Elbediwy et al., 2018

Kuroda et al., 1996;
Maturana et al., 2011

Maturana et al., 2008

Ito et al., 2015

Lasorella and lavarone,
2006; Nakatani et al.,
2016

Maeno-Hikichi et al.,
2003

Yan et al., 2015; Liu
etal, 2017

Suetal, 2017





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-11-00975-t002.jpg
Related signaling Disease and development

pathways

RAS-ERK
AMPK

/

/

/

PKC-B
MicroRNA-17~92

TGF-p/Smad

e T T T 4

Papillary thyroid carcinoma
Prostate cancer

Gastric cancer
non-small cell carcinoma

Cancer associated with steroid use

Heart development
Cardiomyocyte hypertrophy

Pulmonary hypertension

Dilated Cardiomyopathy
Bipolar disorder
Depressive disorder
Schizophrenia

Alcohol dependence, type 2
diabetes, and hypertension

References

Wei et al., 2018
Koutros et al., 2013;
Liuetal., 2017
Lietal, 2015

Edlund et al., 2012
Wang et al., 2016
Nakagawa et al., 2000
Yamazaki et al., 2010;
Bang et al., 2014
Chen etal., 2015;
Cheng et al., 2016
Cheng et al., 2010
Zhao et al., 2009

Liu et al., 2008
Numata et al., 2007
Owusu et al., 2017





