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Abstract

:

Main forms of cellular signal transmission are known to be autocrine and paracrine signaling. Several cells secrete messengers called autocrine or paracrine agents that can bind the corresponding receptors on the surface of the cells themselves or their microenvironment. Follistatin and follistatin-like proteins can be called one of the most important bifunctional messengers capable of displaying both autocrine and paracrine activity. Whilst they are not as diverse as protein hormones or protein kinases, there are only five types of proteins. However, unlike protein kinases, there are no minor proteins among them; each follistatin-like protein performs an important physiological function. These proteins are involved in a variety of signaling pathways and biological processes, having the ability to bind to receptors such as DIP2A, TLR4, BMP and some others. The activation or experimentally induced knockout of the protein-coding genes often leads to fatal consequences for individual cells and the whole body as follistatin-like proteins indirectly regulate the cell cycle, tissue differentiation, metabolic pathways, and participate in the transmission chains of the pro-inflammatory intracellular signal. Abnormal course of these processes can cause the development of oncology or apoptosis, programmed cell death. There is still no comprehensive understanding of the spectrum of mechanisms of action of follistatin-like proteins, so the systematization and study of their cellular functions and regulation is an important direction of modern molecular and cell biology. Therefore, this review focuses on follistatin-related proteins that affect multiple targets and have direct or indirect effects on cellular signaling pathways, as well as to characterize the directions of their practical application in the field of biomedicine.
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1. Introduction


Despite the rapid development of biomedical technologies, the search for a new candidate drugs and the selection of informative biomarkers involved in significant biological pathways and interactions underlying some pathological processes remains one of the most compelling problems of modern science, as they are able to affect the correct diagnosis and the subsequent choice of a treatment strategy. Within the framework of the above, follistatin-like proteins seem to be interesting objects, since they belong to the major family of acidic cysteine-rich secreted glycoproteins (SPARC) that are highly homologous in both primary sequence and domain structure to the activin-binding protein, follistatin (FST) [1]. These homologous proteins are involved in the modulation of cell interactions with the extracellular milieu.



Nowadays there are five types of follistatin-like proteins: FSTL1, IGFBP7(FSTL2), FSTL3, FSTL4 and FSTL5, having defined the similarities and differences in the domain of classification that represent their specificity [1,2,3]. Homologues of follistatin are expressed in almost all organ systems and tissues (Figure 1), possess the paracrine and autocrine activity, and the nature of their expression changes depending on the severity of pathological processes, including cardiovascular diseases (CVD) [4,5,6,7,8,9], diseases of the respiratory system [10,11,12,13,14,15,16], cancer progression [17,18,19,20,21,22,23,24] and inflammatory diseases [23,25,26,27,28,29]. According to the level of expression in various tissues, follistatin-like proteins can be conditionally divided into proteins with low, medium and high expression compared to that of follistatin (Figure 1A,B). Recent studies have led to the understanding that these proteins are involved in many intracellular signaling pathways [7,24,30,31,32,33,34]. For this reason, follistatin-like proteins and their encoding genes are promising biomarkers from prognostic and diagnostic points of view. Nevertheless, their physiological role and role in the progression of most pathological processes remains unclear and requires deeper understanding and systematization.



This review summarizes the potential role of follistatin-like proteins in the pathogenesis of CVD, inflammatory reactions, respiratory diseases, cancer and metastasis, and disorders of lipid metabolism and the central nervous system (CNS). These systematizations can give a new impetus for future research, prevention and treatment of a variety of diseases.




2. Molecular Characteristics of Organization and Transcription of Follistatin-Like Protein Genes


Considering the features of transcription of follistatin-like proteins, it should be noted that follistatin itself is a glycoprotein of autocrine origin that is expressed in nearly all tissues of mammals (Figure 1). The alternative splicing of the FST gene leads to the formation of two precursors, either 317 or 344 residues in length, which are post-translationally modified to produce mainlyisoforms [35] (Figure 2).



The first and most studied gene FSTL1 is located on chromosome 3q13.33 in humans and consists of 11 exons. Exons 2 through 11 encode a 308 amino acid protein. The last exon also contains the coding sequence for microRNA-198 (MIR-198). Consequently, the FSTL1 primary transcript serves both as mRNA and as pre-miRNA. Besides, the 3 ‘untranslated region of this gene contains several miRNA-binding sites, three of which (miR-206, miR-32-5p, miR-27a) were involved in the regulation of FSTL1 expression [36].



The gene IGFBP7(FSTL2), which contains five exons, is located on chromosome 4q12 in humans. IGFBP7 mRNA is expressed in a wide range of tissues, including parenchymal organs, gastrointestinal tract, brain, heart, placenta, lungs, skeletal muscles, thymus, prostate, testes, ovaries, etc. (Figure 1). Expression of IGFBP7 mRNA and its subsequent translation are regulated by IGF-I, TGF-β and retinoic acid [37].



The human follistatin-like protein type 3 (FSTL3) gene also contains five exons, spanning 7004 base pairs (bp) on chromosome 19p13 and giving rise to a main transcript of 2525 bp. The first exon encodes a signal peptide, the second exon corresponds to the N-terminal domain, the third and fourth exons determine the follistatin module and the fifth exon forms the C-terminal region rich in acidic L-amino acids [38,39]. It was found that the process of FSTL3 mRNA transcription is stimulated by transforming growth factor (TGF-beta) according to the principle of negative feedback and by activin-A indirectly through proteins of the SMAD family [39]. In a similar study, it was shown that the cytokine GDF9 could suppress the basal and activin-induced expression of FSTL3 in the culture of granulosa cells [40]. Moreover, the FSTL3 promoter identifies sensitive elements to the transcription factor NF-κB, which also stimulates the expression of FSTL3 [41]. Noteworthy is the fact that overproduction of FSTL3 mRNA occurs in some cells in response to induced hypoxia. In this case, the hypoxia-inducible factor 1-alpha (HIF1A) seems to play an important role. In other studies, it was shown that phorbol-12-myristate-13-acetate (PMA) and the combination of 17-beta-estradiol with progesterone increased the transcription from the FSTL3 gene in the culture of human endometrial stromal cells [42].



Recently, new variants of follistatin-like proteins have been discovered: FSTL4 and FSTL5. Now, both these genes and their protein products are characterized much worse than the first three representatives of this large family, which is a certain challenge for the scientific community. It is now obvious that the human gene FSTL4 is located on chromosome 5q31.1 and consists of 16 exons. Moreover, the last exon of this variant also contains the coding sequence for microRNA (MIR-1289-2), as in the case of FSTL1 [39].



FSTL5 was first identified in human brain tissue in the mid-90s. Only 10 years after this event the topology of the gene was studied, and its nucleotide sequence was sequenced. FSTL5 is located in humans on chromosome 4 at locus 4q32.2. The FSTL5 gene sequence includes 4867 bp, which encodes a large protein with a molecular weight of 93 kDa and is composed of 847 amino acid residues. Five splice variants are described for FSTL4 and FSTL5 [39].




3. General Principles of the Structural Organization of Follistatin-Like Proteins


Follistatin and related proteins belong to a wider SPARC family of proteins that share structural and functional similarities [30,31,43,44].



Follistatin-like proteins differ in a similar molecular architecture and domain arrangement as follistatin which itself contains an N-terminal domain and three follistatin domains (FSD1, FSD2, and FSD3) (Figure 2), with a heparin-binding site (HBS) located in FSD1 that promotes binding to extracellular proteoglycans [35]. In addition to signal peptides, domain organization of follistatin-like proteins includes an FSD domain consisting of a cysteine-rich follistatin module (FM) and an evolutionarily conserved Kazal domain (KD), which is characteristic mainly of serine protease inhibitors (Figure 2). The topology of the activin-binding and heparin-binding sites can vary among different representatives of follistatin-like proteins. They can follow either before the FSD, or in the N-terminal region (ND), or after it. Along with the amino-acid-enriched region, the C-terminal part usually contains an immunoglobulin-like domain (Ig) or an area that is homologous to C-like domain of von Willebrand factor (VWFC) (Figure 2) [1,2]. It should be mentioned that these domains of follistatin-like proteins are a characteristic structural element of all proteins of the osteonectin family (SPARC) [30,44,45,46].
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Figure 2. Variety of follistatin-like proteins and their domain organization. SP: signal peptide; ND: N-terminal domain; FSD: Follistatin/Kazal-like domain; EF: a helix-loop-helix structural domain; VWFC: von Willebrand factor type C domain; IGFBP: IGF-binding domain; Ig: immunoglobulin-like domain; CD: C-terminal domain with acidic L-amino acids. The text on the right shows the accepted name of the protein and the number of its constituent amino acids (a.a.) [1,2,30,44,45,46,47]. 
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Despite a specific homology, follistatin-like proteins also have certain differences in the structure of the primary, secondary, or quaternary protein structures. Thus, the structure of FSTL-1 contains a common secretory signal, a follistatin-like domain, a duplicated EF-hand domain, and a VWFC region (Figure 2) [1,2,44]. This protein is found in two differentially glycosylated isoforms with similar functional activity in humans and animals [30,45]. Figure comparison of human and mouse protein sequences shows a high degree of similarity (94.4%) [4,34].



The IGFBP7 (FSTL2) should be considering separately. It is worth noting that this protein is not taken into account as a full-fledged follistatin-like protein. Although IGFBP7 has a sequence similar to the follistatin module and an activin-binding function, the dominant functional domain here is a region capable of binding with a high affinity to insulin-like growth factor (IGF). This protein–protein complex modulates binding of IGF to corresponding receptors playing roles in the promotion of cell proliferation and the inhibition of cell death (apoptosis). Therefore, this protein is better known as IGFBP7 (IGF binding protein 7) or IGFBP-rP1 (IGF binding protein-related protein 1) [47].



Follistatin-like protein 3 (FSTL3) is one of the most controversial members of this family, which is present in cells in a monomeric glycosylated form. It contains two common modules with follistatin and two Kazal-like domains in its structure, besides the required signal sequence (Figure 2).



In FSTL-4 and -5, structures are found such as Kazal-like domain, only one follistatin-like module, one or two EF-domain and immunoglobulin-like domain, involved in intercellular interactions.




4. Follistatin-Like Proteins and Cellular Signaling


Follistatin is known potently to neutralize activins, members of TGF-β superfamily ligands. In this process, an important role is played by hydrophobic residues within the N-terminal domain that constitute essential activin-binding determinants in the follistatin molecule [38]. On the other hand, this protein does not neutralize BMP receptor interaction, suggesting instead a tripartite complex between ligand, its receptor, and follistatin that might indirectly modulate or even enhance growth factor activity [38]. Follistatin-like proteins, which have a high mutual homology to follistatin, are aimed at interacting with the same pool of receptors (Figure 3). At the same time, the existing features of the primary and spatial structure of these proteins apparently determine the differences in the degree of affinity of the ligand and the receptor, what will be discussed next.



Transgenic models have demonstrated that FSTL1 is involved in a variety of physiological signaling pathways and in a number of pathological conditions [32]. As already mentioned, FSTL1 interacts with numerous receptors of the TGF-β superfamily, among which it is especially necessary to distinguish the type I transforming growth factor beta receptor (TGFBR1) and bone morphogenetic protein receptors (BMP-receptors) [48]. By the way, FSTL1 was initially isolated as TSC-36 (TGF beta stimulated clone 36) [32]. Experiments on coimmunoprecipitation showed that FSTL1 is able to interact with both the BMPRII receptor and the BMP4 factor itself, being its antagonist (Figure 3). It is suggested that FSTL1 interferes with receptor ligands and thereby inhibits BMP signaling.
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Figure 3. Simplified diagram of the main signaling pathways characteristic of follistatin-like proteins (arrows imply activation of the pathway) [7,10,12,21,22,23,24,25,26,27,28,29,30,31,32,49]. 
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FSTL1 has also been shown to interact with disco-interacting protein 2 (DIP2A), toll-like receptor 4 (TLR4), and glycosylphosphatidylinositol (GPI)-anchored protein (CD14) (Figure 3) [32,45,49]. FSTL1 activity can be expressed via the NF-kB signaling pathway: FSTL1 induced gene expression of various cytokines and chemokines associated with NF-kB, including IL-1β, TNFa, IL-6, CXCL8/IL-8, and CCL-2/MCP-1 in monocytes and macrophages. FSTL1 is able to induce a pro-inflammatory response by transmitting IKKb–NF-kB signals (Figure 3) [28]. In addition, several supplementary signaling molecules are an essential part of a number of other important pathophysiological processes, including the anti-inflammatory mechanism. Designated molecules may include AKT1, eNOS, some mitogen-activated protein kinases (MAPK), SMAD, and AMPK-activated protein kinase (Figure 3) [45]. Phosphorylation of SMAD transcription modulators is considered one of the ways in which FSTL1 and its homologues regulate the proliferation of certain cell types.



FSTL3 also interacts indirectly through a myostatin and activin-A with activin type 2 receptors (ActRII) (Figure 3). However, unlike FSTL1, FSTL3 is able directly to block myostatin and activin-A and thereby influence the development of myocytes via the SMAD-dependent mechanism [50,51].



To date, follistatin-like proteins 4 and 5 are the least studied. Meanwhile, overexpression of FSTL5 significantly increases the level of cleaved activated caspases-3, -8, and -9. As FSTL5 is effectively able to activate important proteins of the caspase pathway, it is believed that apoptosis mediated by FSTL5 may be pronounced caspase-dependent [24].



Thus, the degree of involvement of follistatin-like proteins in main steps of cellular signaling indicates an important role performed by these proteins, the full depth of which remains to be discovered by the scientific community. A detailed study of the structure and mechanism of action of follistatin-like proteins will contribute to a better understanding of the features of the development of certain pathological conditions at the molecular level and to the progress in pharmacology and clinical medicine in the future.




5. Biomedical Importance of Follistatin-Like Proteins


5.1. General Biological Significance


The entire range of functions of proteins, which are studied in this article, is not fully understood. However, it can be argued that they are involved in not only the regulation of physiological processes, such as cell repair, proliferation and differentiation, but in the pathological processes of carcinogenesis and metastasis [4,33,52,53,54,55]. Therefore, it can be argued that follistatin-like proteins are promising targets and biomarkers in practical medicine.



The highest concentration of FSTL-1 is achieved in the heart, lungs, and subcutaneous white adipose tissue under physiological conditions [32,33,34,56]. FSTL1 is normally produced in the epicardium accelerating the growth of cardiac myofibrils and stimulating vascular endothelial growth factor. To the best of our knowledge, FSTL1 is able to participate in the regeneration of the heart muscle in mammals, primarily due to the activation of angiogenic factors. Moreover, a contravention of its expression in mice leads to respiratory failure and death within a few hours after birth [4,10,11,32].



FSTL3 expression has also been found in the heart, placenta, gonads, and pancreas. The most studied functions of this polypeptide are the neutralization of the TGF-β family ligands, in most cases with impact on activin-A and myostatin, as well as the suppression of their activity [57]. This activity has a lot in common with that of follistatin. In addition to this, FSTL3 plays an important role in ovary like the follistatin. FSTL3 and the BMPs are known to be involved in the stimulation of cellular differentiation of the estrogen producing granulosa cells during folliculogenesis within the ovary [40].



Currently, FSTL4 and FSTL5 are ‘in the shadows’, since their biological functions and clinical significance are still poorly understood. Meanwhile, the results of few studies indicate the role of this protein in the process of neoplastic transformation and metastasis [58,59]. It should be emphasized that the highest expression values of these proteins occur in some areas of the central nervous system (Figure 1B).



It is worth mentioning that various pathological conditions, including CVD, cancer progression, and systemic autoimmune diseases, are sometimes directly dependent on the expression of some follistatin-like proteins [9,32,34], which will be discussed below.




5.2. Clinical and Diagnostic Importance


5.2.1. Pathologies of the Cardiovascular System


As noted above, FSTL1 is involved in cardiac muscle regeneration in mammals. By acute coronary syndrome and myocardial infarction, the concentration of epicardial FSTL1 transiently increases and returns to normal levels after healing [4]. This information has proved extremely useful in developing innovative approaches to the treatment of cardiovascular complications. Thus, during the application of the collagen “patch”, which was impregnated with recombinant FSTL1, an increase in the concentration of this protein was observed in the affected area of the heart of the model animals. Such manipulations triggered the necessary regeneration processes. This method increased the survival rate in all the studied animals, regardless of the time of applying the “patch” [4,60].



Additionally, recently the effect of FSTL1 injections in cardiac ischemia has been actively studied on the ability to regenerate myocardial cells. Yasuhiro Ogura et al. performed consecutive intravenous injections of FSTL1 in laboratory animals with induced myocardial ischemia in their study. At the same time, there was a rapid growth of muscle fibers and a gradual decrease in the formation of scar tissue. The study found that FSTL1 activated AMP-activated protein kinase (AMPK) and inhibited BMP4. Thus, FSTL1 injections eliminated myocardial damage by inhibiting apoptosis and inflammatory responses [25,61], but patients with chronic heart failure had a high expression of FSTL1, which returned to normal after therapy [28]. This condition may have been associated with vascularization in the affected area, since the expression level of FSTL1 correlates with that of the endothelial cell marker CD31 [5].



Thus, it is obvious that FSTL1 protein with autocrine antihypertrophic signaling mediated by AMP-activated protein kinase has a whole range of physiological properties, the most important of which are protective and regenerative abilities [32,62,63,64,65]. The injection of FSTL1 into the body prevents extensive damage to the heart and malignant vascular remodeling. The deficiency of FSTL1 aggravates cardiovascular pathologies. FSTL1 affects multiple cell-type-specific signaling pathways. Simultaneously, there are data indicating that the severity of various effects may be in a certain dependence on the degree of glycosylation of this protein [32,62,63,64,65,66,67,68].



An interesting fact is that FSTL1 has been shown to affect the function of the Na+/K+ ATPase channel (Atp1a1) (Figure 3). Atp1a1 maintains the cell membrane potential that is critical for nerve impulse conduction in the synaptic system and for the normal functioning of the cardiac conduction system [63].



FSTL3 also plays an important and sometimes controversial role in the cardiovascular system. This protein is activated in heart failure and returns to normal after myocardial recovery [5,7]. The level of FSTL3 increases in heart failure of various etiologies and correlates with some markers of the severe stage of the disease (skeletal α-actin and natriuretic protein (BNP)) [5]. The level of FSTL3 was usually determined in relative units as the change in expression levels of mRNA of target gene in relation to internal reference genes using quantitative real-time RT-PCR. An increased concentration of FSTL3 or their mRNA are often observed in myocardial hypertrophy, preventing the antihypertrophic effects of activin-A, as FSTL3 is its inhibitor [5,8,69,70].




5.2.2. Pathologies of the Respiratory System


FSTL1 influences lung tissue as it is expressed in most types of mesenchymal cells [12]. A decrease in FSTL1 in mice has been shown to result in respiratory failure leading to postnatal mortality. Moreover, inactivation of the FSTL1 gene leads to a contravention of the formation of the cartilaginous base of the respiratory tract. This is manifested by a stop in development and a decrease in the total number of formed semicircles of the tracheal trunk [71]. According to some data, FSTL1 is necessary not only for the formation of tracheal cartilage, but also for the processes of alveolar maturation [11,12].



Proteomic analysis of sputum from patients with asthma showed that FSTL1 is one of the most expressed proteins [32,72,73]. In addition, the level of FSTL1 production correlates negatively with lung function parameters and positively with markers of airway remodeling [32].



It has also been demonstrated in mouse models that FSTL1 acts as a reliable BMP-4 antagonist in the processes that control the development of lung tissue [10,11,12,71]. FSTL1 regulates some important signaling pathways, such as BMP, SHH, WNT, and FGF. This regulation is observed in the development of lung smooth muscle and related diseases, including pulmonary artery hypertension [11,74,75].



It was also found that laboratory mice showing low FSTL1 expression parameters were prone to spontaneous development of emphysema. Microcomputer tomography scans revealed that these mice had increased lung volume and decreased lung density. Collectively, these data indicate that a decrease in the FSTL1 expression was a sufficient condition for the development of a histological, functional, and radiological picture of emphysema [76].



FSTL3 is extensively expressed by human respiratory epithelial cells at both the RNA and protein levels. FSTL3 is capable of binding the activin-A protein and is involved in many inflammatory processes in the body. Normally, FSTL3 performs a protective role, preventing airway remodeling. In some patients with asthma, a deficiency in the epithelial expression of FSTL3 leads to an increase in the proportion of activin-A and, consequently, to the activation of airway fibroblasts and further progression of fibrosis [13,14,77].




5.2.3. Carcinogenesis


The participation of follistatin-like proteins has been noted in the processes of tumor development and metastasis. The expression of FSTL1 is reduced in various types of cancer, such as cancer of the prostate, ovary, endometrium, pancreas, kidney, nasopharyngeal carcinoma and lung adenocarcinoma in comparison with healthy tissue [17,18,19,23,32,44,78,79,80,81,82,83,84,85,86]. It should be underlined that FSTL1 plays a key role in lung organogenesis; however, its activity decreases during the development and progression of lung cancer. Decreased levels of FSTL1 have been found in various tumors compared to normal tissues and have been associated with poor clinical prognosis in patients with ovarian cancer, non-small cell lung cancer, especially with lung adenocarcinoma [20,32,78].



Contrarily, increased expression of FSTL1 as opposed to healthy tissue was observed in brain cancer, castration-resistant prostate cancer, in most cases of hepatocellular carcinoma (HCC), squamous cell carcinoma of the head, neck, and esophagus [32,79,83].



To date, the complexity and variety of mechanisms underlying tumor development do not allow us to form a complete picture of the role of FSTL1 in the development and progression of cancer. Apparently, the tissue tropism of the tumor cell line is the determining factor in the different, sometimes opposite effect of FSTL1.



Numerous studies have shown that changes in the expression of IGFBP7 (FSTL2) are also observed in various types of cancer, including HCC, breast cancer, gastrointestinal cancer, prostate cancer, and many others. It has been suggested that IGFBP7 acts primarily as a tumor suppressor, since its expression is reduced in neoplastic tissues of various types of cancer, including liver tumors [87]. However, subsequent studies did not support this hypothesis. For instance, in a recently published article Huang et al. showed that the level of serum IGFBP7 in esophageal squamous cell cancer cells is consistently higher than in healthy cells. This can serve as a potential biomarker in diagnosis [88].



FSTL3 is also involved in the regulation of tumor development [21,22,89,90]. For example, upregulation of FSTL3 has been observed in invasive breast cancer. Overexpression of this protein may promote the proliferation of tumor cells due to the antagonism of endogenous activators [21]. FSTL3 expression is increased in non-small cell lung cancer. Such overexpression of FSTL3 may promote proliferation and metastasis in this type of cancer, while knockdown of FSTL3 plays the opposite role [22].



Previous studies have clearly shown that the FSTL5 protein is suppressed in HCC cells, while its expression correlates with a good prognosis in patients. In vitro and in vivo results demonstrate inhibition of HCC growth by FSTL5. It is pointed out that a similar effect is possible by stimulating caspase-dependent apoptosis of HCC cells and regulation of proteins of the Bcl-2 family, bypassing the direct effect on the cell cycle. By contrast, FSTL5 correlates with a poor prognosis in medulloblastoma and colorectal cancer [58,59]. Therefore, FSTL5 could be a potential target for the treatment and prognosis of several types of cancer. However, a more detailed interpretation of the molecular mechanism requires further research and data systematization [24].




5.2.4. Inflammatory Process


The role of FSTL1 in inflammatory processes has been studied in several laboratory models and can be as pro-inflammatory as anti-inflammatory [32,91].



High FSTL1 levels are found in many systemic autoimmune diseases, such as rheumatoid arthritis, osteoarthritis, and Sjogren’s syndrome [26,28,29,32,92].



The functions of FSTL1 during the inflammatory process are dual. During the acute period, these proteins act as an anti-inflammatory factor, but they have a pro-inflammatory effect in chronic diseases. This can be explained by the activation of various signaling pathways. Initially, FSTL1 binds the DIP2A receptor and prevents the degradation of tissue proteins by matrix metalloproteinases (MMP) (Figure 3). Subsequently, FSTL1 activates the inflammatory response via the TLR4/CD14 pathway, activates the AMPA pathways, and inhibits the BMP signaling pathways [4,23,32,93,94]. However, additional endogenous or exogenous factors, which may be involved in the regulation, should not be excluded.



For instance, association of the severity of rheumatoid arthritis with the ability of FSTL1 to activate the signaling pathways MAPK, JAK/STAT3, and NF-kB and increase the secretion of metalloproteinases 1, 3, and 13 was shown in the article of Ni et al. [95]. At the same time, the concentration of FSTL1 in the biological fluids of patients with rheumatoid arthritis is positively correlated with the severity of the disease. Therefore, this protein can be considered simultaneously as a diagnostic marker and a promising pharmacological target for the prevention and treatment of complications of rheumatoid arthritis.



The FSTL3 level in patients with autoimmune diseases correlated with the scale of the severity of radiological changes in rheumatic diseases (Kellgren–Lawrence scale) [96,97].



Circulating FSTL3 is associated with renal function in both patients with chronic nephritis and patients with acute renal dysfunction. Recently, FSTL3 was hypothesized to be eliminated by the kidneys and might counteract adverse activin/myostatin signaling observed in renal dysfunction [98].



It is worth noting that an increase in the concentration of FSTL3 is observed in the blood serum and placenta in a serious multisystem pathological condition such as preeclampsia, which occurs in the second half of pregnancy. Meanwhile, the degree of FSTL3 involvement in the pathogenesis of this disease is still dubious [27].




5.2.5. Pathologies of Osteo- and Myohistogenesis


Since FSTL1 is a BMP inhibitor, changes in its concentration affect the development of bone tissue pathologies. Complete inactivation of FSTL1 leads to skeletal defects in the embryonic development of mice. Deletion of the FSTL1 gene resulted in both decrease in the size of the bones and their incorrect location [10].



Considering the above mentioned, an interesting fact is the ability of FSTL3 to suppress osteoclast differentiation by binding to disintegrin and metalloproteinase-12 (ADAM12), modulate insulin sensitivity, influence adipose tissue homeostasis, and bind BMP proteins. Apparently, FSTL3 is directly involved in the formation and strengthening of bone tissue during physical activity. Exercise increases the expression of FSTL3 mRNA and protein in osteoblasts, and deletions of the FSTL3 gene lead to a loss of mechanosensitivity, mechanical strength, and exercise-induced bone formation. It should be mentioned that FSTL3 regulates muscle mass, since it is an antagonist of myostatin which is a muscle growth inhibitor [50].



Results from a recent study associate variation of FSTL5 expression in prehypertrophic chondrocytes with lower limb malformations and congenital rotational foot deformity [99].




5.2.6. Pathologies of Lipid and Carbohydrate Metabolism


FSTL1 is actively expressed in adipose tissue by preadipocytes and adipocytes. This protein induces inflammatory reactions in adipocytes and macrophages and suppresses insulin signaling in adipocytes [100,101]. Martin Horak et al. showed in their study that overweight and moderate obesity are associated with increased levels of FSTL1 primarily due to its pro-inflammatory action during chronic mildly inflammatory condition [102]. On the other hand, pathological and severe obesity decreased FSTL1 levels due to a continuous increase in the number of matured adipocytes and other associated factors [102,103,104]. In addition, the secretion of FSTL1 may be regulated by hyperinsulinemia and free fatty acids [105,106,107].



FSTL3 levels are also increased in obese patients and are positively correlated with total fat mass and the amount of the hormone leptin secreted by adipocytes from adipose tissue. FSTL3 levels increase in response to TNF-a, but not IL-6. This suggests that TNF-a is an inflammatory factor that determines the increase in systemic levels of FSTL3 [57,108,109].



Experimental knockout of the FSTL3 gene did not lead to a noticeable decrease in muscle mass, or the cross-sectional area of muscle fibers, but significantly increased glucose tolerance and enhanced insulin sensitivity. This is probably due to in the increased pancreatic island number and size, suggesting a role of FSTL3 in glucose homeostasis [108]. In addition, it is likely that the effect of some follistatin-like proteins on glucose levels may be FoxO1-dependent (Figure 3).



Thus, adipose tissue and glucose level can make a significant contribution to the regulation of FSTL3. This suggestion is confirmed by the fact that women with a higher percentage of fat and an increased level of leptin have high expression of this protein [110,111,112,113,114].




5.2.7. Pathologies of Central Nervous System


FSTL1 plays a role in the regulation of synaptic transmission and pain threshold. It is secreted by sensory afferent axons. FSTL1 activates the presynaptic α1 subunit of Na+/K+-ATPase, which leads to membrane hyperpolarization and inhibition of neurotransmitter release. Loss of FSTL1-dependent activation of Na+/K+-ATPase leads to increased synaptic transmission and sensory hypersensitivity (Figure 3) [31,45,115]. FSTL1 is activated during neuroinflammation, while an increased FSTL1 level correlates with a decrease in the concentrations of proinflammatory cytokines (TNF-α, IL-1b, and IL-6) [26,116]. However, FSTL1 can also play a dual role in the inflammatory process in the central nervous system: pro- and anti-inflammatory [26,31,45,115,117].



The pro-inflammatory effect of FSTL1 is only a small step in the overall mechanism in which this protein also exerts a powerful anti-inflammatory effect through the activation of the MAPK/pERK1/2 signaling pathway at an early stage of inflammation [26]. Further study of the signaling pathways involved in the expression of FSTL1, as well as their cross-interactions, may provide a potentially new therapeutic approach to the treatment of certain neuropathic diseases.



Interestingly, the level of expression of the FSTL5 gene is higher in the brain and spinal cord compared to other organs. A more detailed study shows limited expression of the FSTL5 gene in the olfactory system. Based on this fact, FSTL5 may be considered to be involved in the perception and processing of olfactory information [118]. Therefore, a detailed study of FSTL5 expression in pathological processes of the central nervous system will provide a better understanding of the mechanism of their occurrence and development.






6. Conclusions


The expression of follistatin-like proteins is observed in almost all organs and systems of the human and animal body. Widespread distribution of these proteins may have both positive and negative effects.



First, it is necessary to highlight the positive effect of FSTL1 on the processes of regeneration of the heart muscle, which may have prospects not only in the diagnostics, but also in the creating effective drugs based on this protein in the future. In addition, further study of the role of FSTL1 and IGFBP7 in the development of inflammatory processes and cell malignancy opens up prospects for their practical utilization. For example, they can be used as pharmacological agents in various pathological conditions, such as obesity, neuroinflammation and some types of cancer.



FSTL3 can find application in pathologies of the musculoskeletal and respiratory systems due to its ability to bind to representatives of the TGF-β superfamily such as myostatin and activin-A. Besides, the level of FSTL3 expression itself can act as a diagnostic biomarker reflecting the dynamics of bone tissue formation in healthy people and patients with metabolic disorders. A better understanding of the role of activin-A/FSTL3 signaling in lung fibrosis may lay the foundations for new therapeutic approaches to the treatment and prevention of airway remodeling in asthma and other bronchopulmonary diseases.



FSTL5 is also capable of firmly entering medical practice as a potential target and predictive molecular marker for the diagnosis, treatment and prognosis of HCC and colorectal cancer. Overexpression of FSTL5 positively correlated with a good prognosis in HCC patients, since it reliably inhibited the growth of HCC by stimulating caspase-dependent cell apoptosis and regulating proteins of the Bcl-2 family.



To sum up, follistatin-related proteins and their encoding gene sequences can be designated not only as informative diagnostic biomarkers but also as promising candidates for the development of new methods of treatment for a number of socially significant diseases.







Author Contributions


D.V.G., O.K.P. conceived this review; O.K.P., D.V.G. wrote the manuscript; V.G.K. supervised and approved the final version. All authors have read and agreed to the published version of the manuscript.




Funding


The work was done in the framework of the Russian Federation fundamental research program for the long-term period for 2021–2030.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tortoriello, D.V.; Sidis, Y.; Holtzman, D.A.; Holmes, W.E.; Schneyer, A.L. Human follistatin-related protein: A structural homologue of follistatin with nuclear localization. Endocrinology 2001, 142, 3426–3434. [Google Scholar] [CrossRef]

	



Li, X.; Li, L.; Chang, Y.; Ning, W.; Liu, X. Structural and functional study of FK domain of Fstl1. Protein Sci. 2019, 28, 1819–1829. [Google Scholar] [CrossRef] [PubMed]

	



Stamler, R.; Keutmann, H.T.; Sidis, Y.; Kattamuri, C.; Schneyer, A.; Thompson, T.B. The structure of FSTL3.activin A complex. Differential binding of N-terminal domains influences follistatin-type antagonist specificity. J. Biol. Chem. 2008, 283, 32831–32838. [Google Scholar] [CrossRef]

	



Wei, K.; Serpooshan, V.; Hurtado, C.; Diez-Cuñado, M.; Zhao, M.; Maruyama, S.; Zhu, W.; Fajardo, G.; Noseda, M.; Nakamura, K.; et al. Epicardial FSTL1 reconstitution regenerates the adult mammalian heart. Nature 2015, 525, 479–485. [Google Scholar] [CrossRef]

	



Lara-Pezzi, E.; Felkin, L.E.; Birks, E.J. Expression of Follistatin-Related Genes Is Altered in Heart Failure. Endocrinology 2008, 149, 5822–5827. [Google Scholar] [CrossRef]

	



Sanchis-Gomar, F.; Perez-Quilis, C.; Lucia, A. Overexpressing FSTL1 for Heart Repair. Trends Mol. Med. 2016, 22, 353–354. [Google Scholar] [CrossRef] [PubMed]

	



Roh, J.D.; Hobson, R.; Chaudhari, V.; Quintero, P.; Yeri, A.; Benson, M.; Xiao, C.; Zlotoff, D.; Bezzerides, V.; Houstis, N.; et al. Activin type II receptor signaling in cardiac aging and heart failure. Sci. Transl. Med. 2019, 11, eaau8680. [Google Scholar] [CrossRef]

	



Shimano, M.; Ouchi, N.; Nakamura, K.; Oshima, Y.; Higuchi, A.; Pimentel, D.R.; Panse, K.D.; Lara-Pezzi, E.; Lee, S.-J.; Sam, F.; et al. Cardiac myocyte-specific ablation of follistatin-like 3 attenuates stress-induced myocardial hypertrophy. J. Biol. Chem. 2011, 286, 9840–9848. [Google Scholar] [CrossRef]

	



Peters, M.M.C.; Meijs, T.A.; Gathier, W.; Doevendans, P.A.M.; Sluijter, J.P.G.; Chamuleau, S.A.J.; Neef, K. Follistatin-like 1 in Cardiovascular Disease and Inflammation. Mini Rev. Med. Chem. 2019, 19, 1379–1389. [Google Scholar] [CrossRef]

	



Sylva, M.; Li, V.S.; Buffing, A.A.; van Es, J.H.; van den Born, M.; van der Velden, S.; Gunst, Q.; Koolstra, J.H.; Moorman, A.F.; Clevers, H.; et al. The BMP antagonist follistatin-like 1 is required for skeletal and lung organogenesis. PLoS ONE 2011, 6, e22616. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Liu, Y.; Li, X.; Zhao, J.; Geng, Y.; Ning, W. Follistatin like-1 (Fstl1) is required for the normal formation of lung airway and vascular smooth muscle at birth. PLoS ONE 2017, 12, e0177899. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Liu, Y.; Yang, Z.; Ning, W. Cell type specific expression of Follistatin-like 1 (Fstl1) in mouse embryonic lung development. J. Mol. Histol. 2018, 49, 399–409. [Google Scholar] [CrossRef]

	



James, R.G.; Reeves, S.R.; Barrow, K.A.; White, M.P.; Glukhova, V.A.; Haghighi, C.; Seyoum, D.; Debley, J.S. Deficient Follistatin-like 3 Secretion by Asthmatic Airway Epithelium Impairs Fibroblast Regulation and Fibroblast-to-Myofibroblast Transition. Am. J. Respir. Cell Mol. Biol. 2018, 59, 104–113. [Google Scholar] [CrossRef]

	



Reeves, S.R.; Kolstad, T.; Lien, T.Y.; Elliott, M.; Ziegler, S.F.; Wight, T.N.; Debley, J.S. Asthmatic airway epithelial cells differentially regulate fibroblast expression of extracellular matrix components. J. Allergy Clin. Immunol. 2014, 134, 663–670. [Google Scholar] [CrossRef]

	



Liu, Y.; Liu, T.; Wu, J.; Li, T.; Jiao, X.; Zhang, H.; Zhao, J.; Wang, J.; Liu, L.; Cao, L.; et al. The Correlation between FSTL1 Expression and Airway Remodeling in Asthmatics. Mediat. Inflamm. 2017, 2017, 7918472. [Google Scholar] [CrossRef]

	



Miller, M.; Beppu, A.; Rosenthal, P.; Pham, A.; Das, S.; Karta, M.; Song, D.J.; Vuong, C.; Doherty, T.; Croft, M.; et al. Fstl1 promotes asthmatic airway remodeling by inducing oncostatin M. J. Immunol. 2015, 195, 3546–3556. [Google Scholar] [CrossRef]

	



Liu, Y.; Tan, X.; Liu, W.; Chen, X.; Hou, X.; Shen, D.; Ding, Y.; Yin, J.; Wang, L.; Zhang, H.; et al. Follistatin-like protein 1 plays a tumor suppressor role in clear-cell renal cell carcinoma. Chin. J. Cancer 2018, 37, 2. [Google Scholar] [CrossRef] [PubMed]

	



Ding, T.; He, X.Z.; Xu, X.L.; Xu, H.Y.; Zhou, C.X.; Wang, Y.J. Expression of serum FSTL-1 in bone metastasis of prostate cancer and its clinical implication. Natl. J. Androl. 2014, 20, 1090–1092. [Google Scholar]

	



Chan, Q.K.; Ngan, H.Y.; Ip, P.P.; Liu, V.W.; Xue, W.C.; Cheung, A.N. Tumor suppressor effect of follistatin-like 1 in ovarian and endometrial carcinogenesis: A differential expression and functional analysis. Carcinogenesis 2009, 30, 114–121. [Google Scholar] [CrossRef]

	



Zhang, Y.; Xu, X.; Yang, Y.; Ma, J.; Wang, L.; Meng, X.; Chen, B.; Qin, L.; Lu, T.; Gao, Y. Deficiency of Follistatin-Like Protein 1 Accelerates the Growth of Breast Cancer Cells at Lung Metastatic Sites. J. Breast Cancer 2018, 21, 267–276. [Google Scholar] [CrossRef]

	



Razanajaona, D.; Joguet, S.; Ay, A.-S.; Treilleux, I.; Goddard-Leon, S.; Bartholin, L.; Rimokh, R. Silencing of FLRG, an antagonist of activin, inhibits human breast tumor cell growth. Cancer Res. 2007, 67, 7223–7229. [Google Scholar] [CrossRef]

	



Gao, L.; Chen, X.; Wang, Y.; Zhang, J. Up-Regulation of FSTL3, Regulated by lncRNA DSCAM-AS1/miR-122-5p Axis, Promotes Proliferation and Migration of Non-Small Cell Lung Cancer Cells. Onco Targets Ther. 2020, 13, 2725–2738. [Google Scholar] [CrossRef]

	



Chiou, J.; Su, C.Y.; Jan, Y.H.; Yang, C.J.; Huang, M.S.; Yu, Y.L.; Hsiao, M. Decrease of FSTL1-BMP4-Smad signaling predicts poor prognosis in lung adenocarcinoma but not in squamous cell carcinoma. Sci. Rep. 2017, 7, 9830. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Dai, L.; Zhang, J.; Zhang, Y.; Lin, Y.; Cheng, L.; Tian, H.; Zhang, X.; Wang, Q.; Yang, Q.; et al. Follistatin-like protein 5 inhibits hepatocellular carcinoma progression by inducing caspase - dependent apoptosis and regulating Bcl-2 family proteins. J. Cell Mol. Med. 2018, 22, 6190–6201. [Google Scholar] [CrossRef]

	



Ogura, Y.; Ouchi, N.; Ohashi, K.; Shibata, R.; Kataoka, Y.; Kambara, T.; Kito, T.; Maruyama, S.; Yuasa, D.; Matsuo, K.; et al. Therapeutic Impact of Follistatin-Like 1 on Myocardial Ischemic Injury in Preclinical Models. Circulation 2012, 126, 1728–1738. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, K.Y.; Liu, Y.; Han, Y.G.; Li, J.K.; Jia, J.L.; Chen, B.; Yao, Z.X.; Nie, L.; Cheng, L. Follistatin-like protein 1 suppressed pro-inflammatory cytokines expression during neuroinflammation induced by lipopolysaccharide. J. Mol. Histol. 2017, 48, 63–72. [Google Scholar] [CrossRef]

	



Xie, J.; Xu, Y.; Wan, L.; Wang, P.; Wang, M.; Dong, M. Involvement of follistatin-like 3 in preeclampsia. Biochem. Biophys. Res. Commun. 2018, 506, 692–697. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Wei, J.; Zhao, Y.; Zhang, Y.; Han, Y.; Chen, B.; Cheng, K.; Jia, J.; Nie, L.; Cheng, L. Follistatin-like protein 1 promotes inflammatory reactions in nucleus pulposus cells by interacting with the MAPK and NFκB signaling pathways. Oncotarget 2017, 8, 43023–43034. [Google Scholar] [CrossRef]

	



Li, D.; Wang, Y.; Xu, N.; Wei, Q.; Wu, M.; Li, X.; Zheng, P.; Sun, S.; Jin, Y.; Zhang, G.; et al. Follistatin-like protein 1 is elevated in systemic autoimmune diseases and correlated with disease activity in patients with rheumatoid arthritis. Arthritis Res. Ther. 2011, 13, R17. [Google Scholar] [CrossRef]

	



Brekken, R.A.; Sage, E.H. SPARC, a matricellular protein: At the crossroads of cell–matrix communication. Matrix Biol. 2001, 19, 815–827. [Google Scholar] [CrossRef]

	



Chen, S.; Zou, Q.; Wang, K.; Chen, Y.; Kuang, X.; Wu, W.; Guo, M.; Cai, Y.; Li, Q. Regulation of SPARC Family Proteins in Disorders of the Central Nervous System. Brain Res. Bull. 2020, 163, 178–189. [Google Scholar] [CrossRef]

	



Mattiotti, A.; Prakash, S.; Barnett, P.; van den Hoff, M.J.B. Follistatin-like 1 in development and human diseases. Cell. Mol. Life Sci. 2018, 75, 2339–2354. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Shen, H.; Xu, M.; Liu, O.; Zhao, L.; Liu, S.; Guo, Z.; Du, J. FRP inhibits ox-LDL-induced endothelial cell apoptosis through an Akt-NF-{kappa}B-Bcl-2 pathway and inhibits endothelial cell apoptosis in an apoE-knockout mouse model. Am. J. Physiol. Endocrinol. Metab. 2010, 299, E351–E363. [Google Scholar] [CrossRef] [PubMed]

	



Sylva, M.; Moorman, A.F.; van den Hoff, M.J. Follistatin-like 1 in vertebrate development. Birth Defects Res. C Embryo Today 2013, 99, 61–69. [Google Scholar] [CrossRef] [PubMed]

	



Castonguay, R.; Lachey, J.; Wallner, S.; Strand, J.; Liharska, K.; Watanabe, A.E.; Cannell, M.; Davies, M.V.; Sako, D.; Troy, M.E.; et al. Follistatin-288-Fc Fusion Protein Promotes Localized Growth of Skeletal Muscle. J. Pharmacol. Exp. Ther. 2019, 368, 435–445. [Google Scholar] [CrossRef] [PubMed]

	



Prakash, S.; Mattiotti, A.; Sylva, M.; Mulder, B.J.M.; Postma, A.V.; van den Hoff, M.J.B. Identifying pathogenic variants in the Follistatin-like 1 gene (FSTL1) in patients with skeletal and atrioventricular valve disorders. Mol. Genet. Genom. Med. 2019, 7, e567. [Google Scholar] [CrossRef] [PubMed]

	



Jin, L.; Shen, F.; Weinfeld, M.; Sergi, C. Insulin Growth Factor Binding Protein 7 (IGFBP7)-Related Cancer and IGFBP3 and IGFBP7 Crosstalk. Front. Oncol. 2020, 10, 727. [Google Scholar] [CrossRef] [PubMed]

	



Sidis, Y.; Tortoriello, D.V.; Holmes, W.E.; Pan, Y.; Keutmann, H.T.; Schneyer, A.L. Follistatin-related protein and follistatin differentially neutralize endogenous vs. exogenous activin. Endocrinology 2002, 143, 1613–1624. [Google Scholar] [CrossRef] [PubMed]

	



Atlas of Genetics and Cytogenetics in Oncology and Haematology. Available online: http://AtlasGeneticsOncology.org (accessed on 1 August 2021).

	



Shi, F.T.; Cheung, A.P.; Huang, H.F.; Leung, P.C. Growth differentiation factor 9 (GDF9) suppresses follistatin and follistatin-like 3 production in human granulosa-lutein cells. PLoS ONE 2011, 6, e22866. [Google Scholar] [CrossRef] [PubMed]

	



Bartholin, L.; Guindon, S.; Martel, S.; Corbo, L.; Rimokh, R. Identification of NF-kappaB responsive elements in follistatin related gene (FLRG) promoter. Gene 2007, 393, 153–162. [Google Scholar] [CrossRef]

	



Wang, H.Q.; Takebayashi, K.; Tsuchida, K.; Nishimura, M.; Noda, Y. Follistatin-related gene (FLRG) expression in human endometrium: Sex steroid hormones regulate the expression of FLRG in cultured human endometrial stromal cells. J. Clin. Endocrinol. Metab. 2003, 88, 4432–4439. [Google Scholar] [CrossRef]

	



Bradshaw, A.D. Diverse biological functions of the SPARC family of proteins. Int. J. Biochem. Cell Biol. 2012, 44, 480–488. [Google Scholar] [CrossRef] [PubMed]

	



Viloria, K.; Munasinghe, A.; Asher, S.; Bogyere, R.; Jones, L.; Hill, N.J. A holistic approach to dissecting SPARC family protein complexity reveals FSTL-1 as an inhibitor of pancreatic cancer cell growth. Sci. Rep. 2016, 6, 37839. [Google Scholar] [CrossRef] [PubMed]

	



Chaly, Y.; Hostager, B.; Smith, S.; Hirsch, R. Follistatin-like protein 1 and its role in inflammation and inflammatory diseases. Immunol. Res. 2014, 59, 266–272. [Google Scholar] [CrossRef] [PubMed]

	



Murphy-Ullrich, J.E.; Lane, T.F.; Pallero, M.A.; Sage, E.H. SPARC mediates focal adhesion disassembly in endothelial cells through a follistatin-like region and the Ca(2+)-binding EF-hand. J. Cell Biochem. 1995, 57, 341–350. [Google Scholar] [CrossRef]

	



Gu, H.F.; Gu, T.; Hilding, A.; Zhu, Y.; Kärvestedt, L.; Ostenson, C.G.; Lai, M.; Kutsukake, M.; Frystyk, J.; Tamura, K.; et al. Evaluation of IGFBP-7 DNA methylation changes and serum protein variation in Swedish subjects with and without type 2 diabetes. Clin. Epigenetics 2013, 5, 20. [Google Scholar] [CrossRef]

	



Chaly, Y.; Hostager, B.; Smith, S.; Hirsch, R. The Follistatin-like Protein 1 Pathway Is Important for Maintaining Healthy Articular Cartilage. ACR Open Rheumatol. 2020, 2, 407–414. [Google Scholar] [CrossRef] [PubMed]

	



Kudo-Saito, C.; Ishida, A.; Shouya, Y.; Teramoto, K.; Igarashi, T.; Kon, R.; Saito, K.; Awada, C.; Ogiwara, Y.; Toyoura, M. Blocking the FSTL1-DIP2A Axis Improves Anti-tumor Immunity. Cell Rep. 2018, 24, 1790–1801. [Google Scholar] [CrossRef] [PubMed]

	



Nam, J.; Perera, P.; Gordon, R.; Jeong, Y.H.; Blazek, A.D.; Kim, D.G.; Tee, B.C.; Sun, Z.; Eubank, T.D.; Zhao, Y. Follistatin-like 3 is a mediator of exercise-driven bone formation and strengthening. Bone 2015, 78, 62–70. [Google Scholar] [CrossRef]

	



Smith, R.C.; Lin, B.K. Myostatin inhibitors as therapies for muscle wasting associated with cancer and other disorders. Curr. Opin Support. Palliat. Care 2013, 7, 352–360. [Google Scholar] [CrossRef]

	



Oshima, Y.; Ouchi, N.; Sato, K.; Izumiya, Y.; Pimentel, D.R.; Walsh, K. Follistatin-like 1 is an Akt-regulated cardioprotective factor that is secreted by the heart. Circulation 2008, 117, 3099–3108. [Google Scholar] [CrossRef]

	



Ouchi, N.; Oshima, Y.; Ohashi, K.; Higuchi, A.; Ikegami, C.; Izumiya, Y.; Walsh, K. Follistatin-like 1, a secreted muscle protein, promotes endothelial cell function and revascularization in ischemic tissue through a nitric-oxide synthase-dependent mechanism. J. Biol. Chem. 2008, 283, 32802–32811. [Google Scholar] [CrossRef] [PubMed]

	



Trojan, L.; Schaaf, A.; Steidler, A.; Haak, M.; Thalmann, G.; Knoll, T.; Gretz, N.; Alken, P.; Michel, M.S. Identification of metastasis-associated genes in prostate cancer by genetic profiling of human prostate cancer cell lines. Anticancer Res. 2005, 25, 183–191. [Google Scholar] [CrossRef]

	



Sundaram, G.M.; Common, J.E.; Gopal, F.E.; Srikanta, S.; Lakshman, K.; Lunny, D.P.; Lim, T.C.; Tanavde, V.; Lane, E.B.; Sampath, P. ‘See-saw’ expression of microRNA-198 and FSTL1 from a single transcript in wound healing. Nature 2013, 495, 103–106. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Zhou, S.; Smas, C.M. Downregulated expression of the secreted glycoprotein follistatin-like 1 (Fstl1) is a robust hallmark of preadipocyte to adipocyte conversion. Mech. Dev. 2010, 127, 183–202. [Google Scholar] [CrossRef] [PubMed]

	



Brandt, C.; Pedersen, M.; Rinnov, A.; Andreasen, A.S.; Møller, K.; Hojman, P. Obesity and low-grade inflammation increase plasma follistatin-like 3 in humans. Mediat. Inflamm. 2014, 22, 364209. [Google Scholar] [CrossRef] [PubMed]

	



Remke, M.; Hielscher, T.; Korshunov, A.; Northcott, P.A.; Bender, S.; Kool, M.; Westermann, F.; Benner, A.; Cin, H.; Ryzhova, M.; et al. FSTL5 is a marker of poor prognosis in non-WNT/non-SHH medulloblastoma. J Clin. Oncol. 2011, 29, 3852–3861. [Google Scholar] [CrossRef]

	



Schmit, S.L.; Schumacher, F.R.; Edlund, C.K.; Conti, D.V.; Raskin, L.; Lejbkowicz, F.; Pinchev, M.; Rennert, H.S.; Jenkins, M.A.; Hopper, J.L.; et al. A novel colorectal cancer risk locus at 4q32.2 identified from an international genome-wide association study. Carcinogenesis 2014, 35, 2512–2519. [Google Scholar] [CrossRef]

	



Walter, H.; Jianliang, X.; Jiong-Wei, W.; Jaya, K.P. Modulation of TJP1 Expression to Regulate Regeneration of Heart Cells. Patent WO-2018052374-A1, 22 March 2018. [Google Scholar]

	



Maruyama, S.; Nakamura, K.; Papanicolaou, K.N.; Sano, S.; Shimizu, I.; Asaumi, Y.; van den Hoff, M.J.; Ouchi, N.; Recchia, F.A.; Walsh, K. Follistatin-like 1 promotes cardiac fibroblast activation and protects the heart from rupture. EMBO Mol. Med. 2016, 8, 949–966. [Google Scholar] [CrossRef]

	



Xi, Y.; Gong, D.W.; Tian, Z. FSTL1 as a Potential Mediator of Exercise-Induced Cardioprotection in Post-Myocardial Infarction Rats. Sci. Rep. 2016, 6, 32424. [Google Scholar] [CrossRef]

	



Prakash, S.; Borreguero, L.J.J.; Sylva, M.; Flores Ruiz, L.; Rezai, F.; Gunst, Q.D.; de la Pompa, J.L.; Ruijter, J.M.; van den Hoff, M.J.B. Deletion of Fstl1 (Follistatin-Like 1) From the Endocardial/Endothelial Lineage Causes Mitral Valve Disease. Arterioscler. Thromb. Vasc. Biol. 2017, 7, e116–e130. [Google Scholar] [CrossRef]

	



Shimano, M.; Ouchi, N.; Nakamura, K.; van Wijk, B.; Ohashi, K.; Asaumi, Y.; Higuchi, A.; Pimentel, D.R.; Sam, F.; Murohara, T.; et al. Cardiac myocyte follistatin-like 1 functions to attenuate hypertrophy following pressure overload. Proc. Natl. Acad. Sci. USA 2011, 108, E899–E906. [Google Scholar] [CrossRef]

	



Yang, W.; Duan, Q.; Zhu, X.; Tao, K.; Dong, A. Follistatin-Like 1 Attenuates Ischemia/Reperfusion Injury in Cardiomyocytes via Regulation of Autophagy. Biomed. Res. Int. 2019, 2019, 9537382. [Google Scholar] [CrossRef]

	



Tanaka, K.; Valero-Muñoz, M.; Wilson, R.M.; Essick, E.E.; Fowler, C.T.; Nakamura, K.; van den Hoff, M.; Ouchi, N.; Sam, F. Follistatin like 1 regulates hypertrophy in heart failure with preserved ejection fraction. JACC Basic Transl. Sci. 2016, 1, 207–221. [Google Scholar] [CrossRef]

	



Zhang, W.; Wang, W.; Liu, J.; Li, J.; Wang, J.; Zhang, Y.; Zhang, Z.; Liu, Y.; Jin, Y.; Li, J.; et al. Follistatin-like 1 protects against hypoxia-induced pulmonary hypertension in mice. Sci. Rep. 2017, 7, 45820. [Google Scholar] [CrossRef] [PubMed]

	



El-Armouche, A.; Ouchi, N.; Tanaka, K.; Doros, G.; Wittköpper, K.; Schulze, T.; Eschenhagen, T.; Walsh, K.; Sam, F. Follistatin-like 1 in chronic systolic heart failure: A marker of left ventricular remodeling. Circ. Heart Fail. 2011, 4, 621–627. [Google Scholar] [CrossRef] [PubMed]

	



Oshima, Y.; Ouchi, N.; Shimano, M.; Pimentel, D.R.; Papanicolaou, K.N.; Panse, K.D.; Tsuchida, K.; Lara-Pezzi, E.; Lee, S.J.; Walsh, K. Activin A and follistatin-like 3 determine the susceptibility of heart to ischemic injury. Circulation 2009, 120, 1606–1615. [Google Scholar] [CrossRef]

	



Panse, K.D.; Felkin, L.E.; López-Olañeta, M.M.; Gómez-Salinero, J.; Villalba, M.; Muñoz, L.; Nakamura, K.; Shimano, M.; Walsh, K.; Barton, P.J.; et al. Follistatin-like 3 mediates paracrine fibroblast activation by cardiomyocytes. J. Cardiovasc. Transl. Res. 2012, 5, 814–826. [Google Scholar] [CrossRef]

	



Geng, Y.; Dong, Y.; Yu, M.; Zhang, L.; Yan, X.; Sun, J.; Qiao, L.; Geng, H.; Nakajima, M.; Furuichi, T.; et al. Follistatin-like 1 (Fstl1) is a bone morphogenetic protein (BMP) 4 signaling antagonist in controlling mouse lung development. Proc. Natl. Acad. Sci. USA 2011, 108, 7058–7063. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Liu, Y.; Miller, M.; Cao, L.; Zhao, J.; Wu, J.; Wang, J.; Liu, L.; Li, S.; Zou, M.; et al. Autophagy plays a role in FSTL1-induced epithelial mesenchymal transition and airway remodeling in asthma. Am. J. Physiol. Lung Cell Mol. Physiol. 2017, 313, L27–L40. [Google Scholar] [CrossRef]

	



Henkel, M.; Partyka, J.; Gregory, A.D.; Forno, E.; Cho, M.H.; Eddens, T.; Tout, A.R.; Salamacha, N.; Horne, W.; Rao, K.S.; et al. FSTL-1 attenuation causes spontaneous smoke-resistant pulmonary emphysema. Am. J. Respir. Crit. Care Med. 2020, 201, 934–945. [Google Scholar] [CrossRef]

	



Dong, Y.; Geng, Y.; Li, L.; Li, X.; Yan, X.; Fang, Y.; Li, X.; Dong, S.; Liu, X.; Li, X.; et al. Blocking follistatin-like 1 attenuates bleomycin-induced pulmonary fibrosis in mice. J. Exp. Med. 2015, 212, 235–252. [Google Scholar] [CrossRef] [PubMed]

	



Miller, M.; Esnault, S.; Kurten, R.C.; Kelly, E.A.; Beppu, A.; Das, S.; Rosenthal, P.; Ramsdell, J.; Croft, M.; Zuraw, B.; et al. Segmental allergen challenge increases levels of airway follistatin-like 1 in patients with asthma. J. Allergy Clin. Immunol. 2016, 138, 596–599.e4. [Google Scholar] [CrossRef] [PubMed]

	



Vlahos, R. FSTL-1: A New Player in the Prevention of Emphysema. Am. J. Respir. Crit. Care Med. 2020, 201, 886–888. [Google Scholar] [CrossRef]

	



Schneyer, A.; Schoen, A.; Quigg, A.; Sidis, Y. Differential Binding and Neutralization of Activins A and B by Follistatin and Follistatin Like-3 (FSTL-3/FSRP/FLRG). Endocrinology 2003, 144, 1671–1674. [Google Scholar] [CrossRef]

	



Chiou, J.; Chang, Y.C.; Tsai, H.F.; Lin, Y.F.; Huang, M.; Yang, C.J.; Hsiao, M. Follistatin-like Protein 1 Inhibits Lung Cancer Metastasis by Preventing Proteolytic Activation of Osteopontin. Cancer Res. 2019, 79, 6113–6125. [Google Scholar] [CrossRef] [PubMed]

	



Voutsadakis, I.A. A role for Follistatin-like protein 1 (FSTL1) in colorectal cancer. Ann. Transl. Med. 2020, 8, 155. [Google Scholar] [CrossRef]

	



An, J.; Wang, L.; Zhao, Y.; Hao, Q.; Zhang, Y.; Zhang, J.; Yang, C.; Liu, L.; Wang, W.; Fang, D.; et al. Effects of FSTL1 on cell proliferation in breast cancer cell line MDA-MB-231 and its brain metastatic variant MDA-MB-231-BR. Oncol. Rep. 2017, 38, 3001–3010. [Google Scholar] [CrossRef]

	



Jin, X.; Nie, E.; Zhou, X.; Zeng, A.; Yu, T.; Zhi, T.; Jiang, K.; Wang, Y.; Zhang, J.; You, Y. Fstl1 Promotes Glioma Growth Through the BMP4/Smad1/5/8 Signaling Pathway. Cell Physiol. Biochem. 2017, 44, 1616–1628. [Google Scholar] [CrossRef] [PubMed]

	



Hao, Y.; Baker, D.; Ten Dijke, P. TGF-β-Mediated Epithelial-Mesenchymal Transition and Cancer Metastasis. Int. J. Mol. Sci. 2019, 20, 2767. [Google Scholar] [CrossRef]

	



Zhao, Y.; Ou, Q.; Deng, Y.; Peng, J.; Li, C.; Li, J.; Zhao, Q.; Qiu, M.; Wan, D.; Fang, Y.; et al. Determination of follistatin-like protein 1 expression in colorectal cancer and its association with clinical outcomes. Ann. Transl. Med. 2019, 7, 606. [Google Scholar] [CrossRef]

	



Gu, C.; Wang, X.; Long, T.; Wang, X.; Zhong, Y.; Ma, Y.; Hu, Z.; Li, Z. FSTL1 interacts with VIM and promotes colorectal cancer metastasis via activating the focal adhesion signalling pathway. Cell Death Dis. 2018, 9, 654. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Huang, S.; Yao, Y.; Chen, J.; Li, J.; Xiang, X.; Deng, J.; Xiong, J. Follistatin-like 1 (FSTL1) is a prognostic biomarker and correlated with immune cell infiltration in gastric cancer. World J. Surg. Oncol. 2020, 18, 324. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, X.; Xiao, X.; Huang, T.; Du, C.; Wang, S.; Mo, Y.; Ma, N.; Murata, M.; Li, B.; Wen, W.; et al. Epigenetic inactivation of follistatin-like 1 mediates tumor immune evasion in nasopharyngeal carcinoma. Oncotarget 2016, 7, 16433–16444. [Google Scholar] [CrossRef] [PubMed]

	



Kreidl, E.; Öztürk, D.; Metzner, T.; Berger, W.; Grusch, M. Activins and follistatins: Emerging roles in liver physiology and cancer. World J. Hepatol. 2009, 1, 17–27. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Hong, C.; Peng, Y.; Yang, S.; Huang, L.; Liu, C.; Chen, L.; Chu, L.; Xu, L.; Xu, Y. The Diagnostic Value of Serum IGFBP7 in Patients with Esophageal Squamous Cell Carcinoma. J. Cancer 2019, 10, 2687–2693. [Google Scholar] [CrossRef] [PubMed]

	



Panagiotou, G.; Papakonstantinou, E.; Vagionas, A.; Polyzos, S.A.; Mantzoros, C.S. Serum Levels of Activins, Follistatins, and Growth Factors in Neoplasms of the Breast: A Case-Control Study. J. Clin. Endocrinol. Metab. 2019, 104, 349–358. [Google Scholar] [CrossRef] [PubMed]

	



Couto, H.L.; Buzelin, M.A.; Toppa, N.H.; Bloise, E.; Wainstein, A.J.; Reis, F.M. Prognostic value of follistatin-like 3 in human invasive breast cancer. Oncotarget 2017, 8, 42189–42197. [Google Scholar] [CrossRef]

	



Campfield, B.T.; Eddens, T.; Henkel, M.; Majewski, M.; Horne, W.; Chaly, Y.; Gaffen, S.L.; Hirsch, R.; Kolls, J.K. Follistatin-like protein 1 modulates IL-17 signaling via IL-17RC regulation in stromal cells. Immunol. Cell Biol. 2017, 95, 656–665. [Google Scholar] [CrossRef]

	



Li, W.; Alahdal, M.; Deng, Z.; Liu, J.; Zhao, Z.; Cheng, X.; Chen, X.; Li, J.; Yin, J.; Li, Y.; et al. Molecular functions of FSTL1 in the osteoarthritis. Int. Immunopharmacol. 2020, 83, 106465. [Google Scholar] [CrossRef]

	



Wilson, D.C.; Marinov, A.D.; Blair, H.C.; Bushnell, D.S.; Thompson, S.D.; Chaly, Y.; Hirsch, R. Follistatin-like protein 1 is a mesenchyme-derived inflammatory protein and may represent a biomarker for systemic-onset juvenile rheumatoid arthritis. Arthritis Rheum. 2010, 62, 2510–2516. [Google Scholar] [CrossRef] [PubMed]

	



Clutter, S.D.; Wilson, D.C.; Marinov, A.D.; Hirsch, R. Follistatin-like protein 1 promotes arthritis by up-regulating IFN-gamma. J. Immunol. 2009, 182, 234–239. [Google Scholar] [CrossRef]

	



Ni, S.; Li, C.; Xu, N.; Liu, X.; Wang, W.; Chen, W.; Wang, Y.; van Wijnen, A.J. Follistatin-like protein 1 induction of matrix metalloproteinase 1, 3 and 13 gene expression in rheumatoid arthritis synoviocytes requires MAPK, JAK/STAT3 and NF-κB pathways. J. Cell Physiol. 2018, 234, 454–463. [Google Scholar] [CrossRef] [PubMed]

	



Runhua, M.; Qiang, J.; Yunqing, S.; Wenjun, D.; Chunsheng, W. FSTL3 Induces Lipid Accumulation and Inflammatory Response in Macrophages and Associates with Atherosclerosis. J. Cardiovasc. Pharmacol. 2019, 74, 566–573. [Google Scholar] [CrossRef]

	



Liu, G.; Chen, S.; Deng, S.; Ma, X.; Hao, Y.; Bu, G. Association of follistatin-like 3 concentrations in serum and synovial fluid with the radiographic severity of knee osteoarthritis. Int. J. Clin. Exp. Med. 2015, 8, 18884–18888. [Google Scholar] [PubMed]

	



Kralisch, S.; Hoffmann, A.; Klöting, N.; Bachmann, A.; Kratzsch, J.; Stolzenburg, J.U.; Dietel, A.; Beige, J.; Anders, M.; Bast, I.; et al. FSTL3 is increased in renal dysfunction. Nephrol. Dial. Transplant. 2017, 32, 1637–1644. [Google Scholar] [CrossRef] [PubMed]

	



Khanshour, A.M.; Kidane, Y.H.; Kozlitina, J.; Cornelia, R.; Rafipay, A.; De Mello, V.; Weston, M.; Paria, N.; Khalid, A.; Hecht, J.T.; et al. Genetic association and characterization of FSTL5 in isolated clubfoot. Hum. Mol. Genet. 2021, 29, 3717–3728. [Google Scholar] [CrossRef]

	



Fan, N.; Sun, H.; Wang, Y.; Wang, Y.; Zhang, L.; Xia, Z.; Peng, L.; Hou, Y.; Shen, W.; Liu, R.; et al. Follistatin-Like 1: A Potential Mediator of Inflammation in Obesity. Mediat. Inflamm. 2013, 2013, 752519. [Google Scholar] [CrossRef]

	



Fang, D.; Shi, X.; Lu, T.; Ruan, H.; Gao, Y. The glycoprotein follistatin-like 1 promotes brown adipose thermogenesis. Metabolism 2019, 98, 16–26. [Google Scholar] [CrossRef]

	



Horak, M.; Kuruczova, D.; Zlamal, F.; Tomandl, J.; Bienertova-Vasku, J. Follistatin-Like 1 Is Downregulated in Morbidly and Super Obese Central-European Population. Dis. Mark. 2018, 2018, 4140815. [Google Scholar] [CrossRef]

	



Yang, S.; Dai, H.; Hu, W.; Geng, S.; Li, L.; Li, X.; Liu, H.; Liu, D.; Li, K.; Yang, G.; et al. Association between circulating follistatin-like-1 and metabolic syndrome in middle-aged and old population: A cross-sectional study. Diabetes Metab. Res. Rev. 2020, 27, e3373. [Google Scholar] [CrossRef]

	



Lee, S.Y.; Kim, D.Y.; KyungKwak, M.; HeeAhn, S.; Kim, H.; Kim, B.J.; Koh, J.M.; Rhee, Y.; HwaKim, C.; HyunBaek, K.; et al. High circulating follistatin-like protein 1 as a biomarker of a metabolically unhealthy state. Endocr. J. 2019, 66, 241–251. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Zhang, T.; Mokou, M.; Li, L.; Li, P.; Song, J.; Liu, H.; Zhu, Z.; Liu, D.; Yang, M.; et al. Follistatin-like 1 as a novel adipo-myokine related to insulin resistance and physical activity. J. Clin. Endocrinol. Metab. 2020, 105, dgaa629. [Google Scholar] [CrossRef] [PubMed]

	



Ouchi, N.; Parker, J.L.; Lugus, J.J.; Walsh, K. Adipokines in inflammation and metabolic disease. Nat. Rev. Immunol. 2011, 11, 85–97. [Google Scholar] [CrossRef] [PubMed]

	



Prieto-Echagüe, V.; Lodh, S.; Colman, L.; Bobba, N.; Santos, L.; Katsanis, N.; Escande, C.; Zaghloul, N.A.; Badano, J.L. BBS4 regulates the expression and secretion of FSTL1, a protein that participates in ciliogenesis and the differentiation of 3T3-L1. Sci. Rep. 2017, 7, 9765. [Google Scholar] [CrossRef] [PubMed]

	



Brown, M.L.; Bonomi, L.; Ungerleider, N.; Zina, J.; Kimura, F.; Mukherjee, A.; Sidis, Y.; Schneyer, A. Follistatin and follistatin like-3 differentially regulate adiposity and glucose homeostasis. Obesity 2011, 19, 1940–1949. [Google Scholar] [CrossRef] [PubMed]

	



Brandt, C.; Hansen, R.H.; Hansen, J.B.; Olsen, C.H.; Galle, P.; Mandrup-Poulsen, T.; Gehl, J.; Pedersen, B.K.; Hojman, P. Over-expression of Follistatin-like 3 attenuates fat accumulation and improves insulin sensitivity in mice. Metabolism 2015, 64, 283–295. [Google Scholar] [CrossRef]

	



Perakakis, N.; Kokkinos, A.; Peradze, N.; Tentolouris, N.; Ghaly, W.; Tsilingiris, D.; Alexandrou, A.; Mantzoros, C.S. Follistatins in glucose regulation in healthy and obese individuals. Diabetes Obes. Metab. 2019, 21, 683–690. [Google Scholar] [CrossRef]

	



Allen, D.L.; Cleary, A.S.; Speaker, K.J.; Lindsay, S.F.; Uyenishi, J.; Reed, J.M.; Madden, M.C.; Mehan, R.S. Myostatin, activin receptor IIb, and follistatin-like-3 gene expression are altered in adipose tissue and skeletal muscle of obese mice. Am. J. Physiol. Endocrinol. Metab. 2008, 294, E918–E927. [Google Scholar] [CrossRef]

	



Perakakis, N.; Mougios, V.; Fatouros, I.; Siopi, A.; Draganidis, D.; Peradze, N.; Ghaly, W.; Mantzoros, C.S. Physiology of Activins/Follistatins: Associations with Metabolic and Anthropometric Variables and Response to Exercise. J. Clin. Endocrinol. Metab. 2018, 103, 3890–3899. [Google Scholar] [CrossRef]

	



Wang, X.; Shi, L.; Han, Z.; Liu, B. Follistatin-like 3 suppresses cell proliferation and fibronectin expression via p38MAPK pathway in rat mesangial cells cultured under high glucose. Int. J. Clin. Exp. Med. 2015, 8, 15214–15221. [Google Scholar]

	



Mukherjee, A.; Sidis, Y.; Mahan, A.; Raher, M.J.; Xia, Y.; Rosen, E.D.; Bloch, K.D.; Thomas, M.K.; Schneyer, A.L. FSTL3 deletion reveals roles for TGF-beta family ligands in glucose and fat homeostasis in adults. Proc. Natl. Acad. Sci. USA 2007, 104, 1348–1353. [Google Scholar] [CrossRef]

	



Li, K.-C.; Zhang, F.-X.; Li, C.-L.; Wang, F.; Yu, M.-Y.; Zhong, Y.-Q.; Zhang, K.H.; Lu, Y.J.; Wang, Q.; Ma, X.L.; et al. Follistatin-like 1 Suppresses Sensory Afferent Transmission by Activating Na+, K+-ATPase. Neuron 2011, 69, 974–987. [Google Scholar] [CrossRef] [PubMed]

	



Kukes, V.G.; Olefir, Y.V.; Romanov, B.K.; Prokofiev, A.B.; Parfenova, E.V.; Boldyreva, M.A.; Goroshko, O.A.; Parfenova, O.K.; Gazdanova, A.A.; Demchenkova, E.Y. The Mechanism of Action of Follistatin-like Protein-1 (FSTL-1). Bull. Sci. Cent. Expert Eval. Med. Prod. 2019, 9, 256–260. [Google Scholar] [CrossRef]

	



Yang, Y.; Liu, J.; Mao, H.; Hu, Y.A.; Yan, Y.; Zhao, C. The expression pattern of Follistatin-like 1 in mouse central nervous system development. Gene Expr. Patterns 2009, 9, 532–540. [Google Scholar] [CrossRef] [PubMed]

	



Masuda, T.; Sakuma, C.; Nagaoka, A.; Yamagishi, T.; Ueda, S.; Nagase, T.; Yaginuma, H. Follistatin-like 5 is expressed in restricted areas of the adult mouse brain: Implications for its function in the olfactory system. Congenit. Anom. 2014, 54, 63–66. [Google Scholar] [CrossRef]








[image: Biomedicines 09 00999 g001a 550][image: Biomedicines 09 00999 g001b 550] 





Figure 1. (A) Follistatin-like proteins with high tissue-specific expression compared to follistatin (according to the HPA RNA-seq normal tissues project data annotated in the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/, accessed on 1 August 2021)) (RPKM—a normalized unit of transcript expression in reads per kilobase per million of mapped reads). (B) Follistatin-like proteins with medium or low tissue-specific expression compared to follistatin (according to the HPA RNA-seq normal tissues project data annotated in the National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/, accessed on 1 August 2021)) (RPKM—a normalized unit of transcript expression in reads per kilobase per million of mapped reads). 
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