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Abstract 
The Klotho gene encodes a single-pass transmembrane protein that is detected only in limited tissues such as kidney and brain. How can a transmembrane protein expressed in limited tissues like Klotho regulate systemic aging? The klotho gene encodes a single-pass transmembrane protein that forms a complex with multiple fibroblast growth factor (FGF) receptors and functions as an obligatory co-receptor for FGF23, a bone-derived hormone that induces negative phosphate balance. Defects in either Klotho or FGF23 gene expression cause not only phosphate retention but also a premature-aging syndrome in mice, unveiling a potential link between phosphate metabolism and aging. In addition, the extracellular domain of Klotho protein is clipped on the cell surface and secreted into blood stream, potentially functioning as an endocrine factor. The secreted Klotho protein has a putative sialidase activity that modifies glycans on the cell surface, which may explain the ability of secreted Klotho protein to regulate activity of multiple ion channels and growth factors including insulin and IGF-1. Secreted Klotho protein also protects cells and tissues from oxidative stress through a mechanism yet to be identified. Thus, the transmembrane and secreted forms of  Klotho protein have distinct functions, which may collectively affect aging processes in mammals.
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The klotho gene encodes a single-pass transmembrane protein.  Klotho protein exists in two forms. One is the transmembrane form expressed primarily in renal tubular cells, and the other is the secreted form circulating in the blood by action of proteases enzymes .
Function of Klotho protein. The transmembrane Klotho forms a complex with FGF receptor (FGFR) and functions as a co-receptor for FGF23 and plays a crucial role in the regulation of phosphate and vitamin D metabolism in the kidney. On the other hand, the secreted form with the entire extracellular domain.

4.1. Function of the transmembrane form of Klotho

4.1.1. Regulation of phosphate metabolism 

Recent studies have identified FGF23 as a novel endocrine factor that lowers blood phosphate and vitamin D levels [33–35]. FGF23 is secreted from osteocytes in response to high blood phosphate and vitamin D levels [36]. FGF23 acts on kidney to 1) induce phosphaturia . As a result, FGF23 reduces serum 1,25-dihydroxyvitamin D3, which in turn reduces phosphate absorption from intestine. Thus, FGF23 induces a negative phosphate balance by functioning as a phosphaturic hormone as well as a counter-regulatory hormone for vitamin D [35, 37, 38].

FGF23 and Klotho may function in a common signal transduction pathway.

The fact that Klotho functions as an obligatory co-receptor for FGF23 indicates that organs that express Klotho are potential target organs for FGF23, because most tissues express one or more FGF receptor isoforms.

4.2. Function of the secreted form of Klotho

The transmembrane form of Klotho protein functions as a co-receptor for FGF23 when it forms a complex with FGF receptors on the cell surface. However, the secreted from of Klotho protein cannot function as a soluble receptor for FGF23. Thus, the secreted Klotho protein has emerged as a novel endocrine regulator of glycoprotein function on the cell surface.

4.2.2. Suppression of insulin/IGF-1 signaling 

Klotho-deficient mice are hypoglycemic and extremely sensitive to insulin [21, 47]. In contrast, Klotho-overexpressing transgenic mice are moderately resistant to insulin and IGF-1, although they maintain normal fasting blood glucose levels and are not diabetic [22]. These observations suggest that Klotho may inhibit the insulin/IGF-1 signaling pathway. 
The ability of Klotho to inhibit insulin/IGF-1 signaling may be associated with anti-aging properties of Klotho, since numerous lines of genetic evidence indicate that moderate inhibition of insulin-like signaling pathway is one of the evolutionarily conserved mechanisms for suppressing aging 

4.2.3. Suppression of oxidative stress 

Activation of insulin/IGF-1 signaling increases activity of a serine-threonine kinase Akt, which in turns transcription factors. FOXOs up-regulate expression of multiple target genes, including antioxidant enzymes such as catalase and mitochondrial manganese-superoxide dismutase (SOD2) [85]. Catalase and SOD2 detoxify harmful reactive oxygen species (ROS) hydrogen peroxide and superoxide, respectively, and reduce oxidative stress. 
Thus, activation of FOXOs by inhibiting insulin/IGF-1 signaling can increase cellular protection against oxidative stress and may contribute to the suppression of aging.

.

4.2.4. Nitric oxide production 

Klotho deficiency causes a reduction of NO synthesis in vascular endothelial cells [90]. Consistent with this finding, Klotho-deficient mice exhibit impaired angiogenesis, which is dependent on endothelium-derived NO [91]. 

4.2.6. Klotho as a suppressor of breast cancer 

clinical and laboratory data indicate a critical role for insulin/IGF-1 signaling in breast cancer. Notably: 
1) increased serum insulin levels are associated with adverse prognosis in breast cancer [101];
 2) High circulating IGF-1 levels are associated with increased risk of pre-menopausal breast cancer [102]; and 
3) Inhibition of insulin/IGF-1 signaling inhibits growth of breast cancer cells [103]. Since secreted Klotho protein inhibits activation of insulin/IGF-1 receptors, Klotho may function as a suppressor of breast cancer. 
In addition, several lines of experimental evidence support the notion that Klotho functions as a tumor suppressor. 
1) Forced expression of Klotho in breast cancer cell lines reduces their proliferation. 5) Inhibition of IGF-1 signaling by Klotho increased expression of CCAAT/enhancer-binding proteins (C/EBP) 
Klotho may be a suppressor of breast cancer. It remains to be determined whether the anti-breast cancer activity of Klotho depends primarily on its ability to suppress IGF-1 signaling or on other unknown mechanisms.

4.2.7. Human KLOTHO gene polymorphism and mutations 

A functional variant of human Klotho protein contains six sequence variations Interestingly, heterozygotes for this variant have advantage for longevity, while homozygotes are disadvantageous for survival, because homozygotes are significantly under-represented in the aged [105]. In contrast, heterozygotes have longer life span than wild-types in multiple populations, suggesting that the KLOTHO gene variation affects human life span. In addition, homozygosity of this variant is associated with traditional cardiovascular risk factors including low high-density lipoprotein cholesterol and high systolic blood pressure and newly identified as an independent risk factor for stroke and early-onset coronary artery disease. In contrast, heterozygosity is associated with lower risk for stroke and coronary artery disease, which is consistent with its association with long life span [106, 107]. In addition to this KLOTHO variant, several single-nucleotide polymorphisms (SNPs) are associated with bone mineral density [108–111], glucose metabolism [112], and cognitive function [113]

