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Abstract

Klotho is a single-pass transmembrane protein that exerts its biological functions through multiple
modes. Membrane-bound Klotho acts as coreceptor for the major phosphatonin fibroblast growth
factor-23 (FGF23), while soluble Klotho functions as an endocrine substance. In addition to in the
distal nephron where it is abundantly expressed, Klotho is present in the proximal tubule lumen
where it inhibits renal Pi excretion by modulating Na-coupled Pi transporters via enzymatic glycan
modification of the transporter proteins — an effect completely independent of its role as the
FGF23 coreceptor. Acute kidney injury (AKI) and chronic kidney disease (CKD) are states of
systemic Klotho deficiency, making Klotho a very sensitive biomarker of impaired renal function.
In addition to its role as a marker, Klotho also plays pathogenic roles in renal disease. Klotho
deficiency exacerbates decreases in, while Klotho repletion or excess preserves, glomerular
filtration rate in both AKI and CKD. Soft tissue calcification, and especially vascular calcification,
is a dire complication in CKD, associated with high mortality. Klotho protects against soft tissue
calcification via at least 3 mechanisms: phosphaturia, preservation of renal function and a direct
effect on vascular smooth muscle cells by inhibiting phosphate uptake and dedifferentiation. In
summary, Klotho is a critical molecule in a wide variety of renal diseases and bears great potential
as a diagnostic and prognostic biomarker as well as for therapeutic replacement therapy.
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Introduction

Klotho was originally identified as an anti-aging protein (1). In addition to the
transmembrane form, Klotho also exists in a soluble secreted form (2, 3), which can be
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derived from an alternatively spliced transcript or cleaved by the ADAM family of
secretases (4, 5). Hence Klotho can circulate as a soluble protein in body fluids including
blood, urine (6-8) and cerebrospinal fluid (6).

The highest expression of Klotho is in kidney and brain (1, 7, 8), but it is also expressed in
parathyroid gland (9, 10) and heart (11) with less abundance. The multiorgan phenotype
observed in Klotho-deficient (KI ™) mice, including many organs that do not normally
express Klotho, is compatible with the notion that Klotho functions as a humoral factor
exerting biologic function on remote organs. The fact that intravenous injection of Klotho
regulates phosphate (Pi) (8) and potassium excretion (12) further supports its endocrine
actions. We propose that Klotho may function as an endocrine, paracrine and autocrine
substance.

The similarity of the phenotypes between K17~ mice (1) and Fgf23~~ mice is striking (13),
which strongly suggests a common signaling pathway shared by these molecules (14, 15).
Now it is well documented that membrane Klotho functions as coreceptor for fibroblast
growth factor-23 (FGF23), which amplifies and confers specificity of FGF23 action (16—
19). In contrast, soluble Klotho protein functions independently of FGF23 (8) and plays an
important role in modulation of ion transporters or channels (8, 20), antioxidation (21) and
antisenescence (22-25), in addition to simply supporting FGF23 action.

There are several comprehensive reviews addressing the anti-aging effects of Klotho (26,
27), Pi toxicity (26, 28, 29) and kidney ion channels (20). This manuscript will review recent
data on Klotho as a phosphatonin and its role in renoprotection and prevention of soft tissue
calcification.

Klotho: a novel phosphatonin

Hyperphosphatemia is a prominent feature in the KI 7~ mice (1). The restoration of Klotho
levels via genetic manipulation (30), viral-based delivery (31) or recombinant protein
administration (8) successfully normalizes blood Pi level. KI 7~ mice display increased
activity of Na-coupled phosphate (NaPi) cotransport and elevation of NaPi-2a and NaPi-2c
cotransporter proteins compared with wild-type (WT) mice (32). This suggests that the
hyperphosphatemia at least in part is of renal origin.

Although abnormal mineral metabolism in KI7~mice is well documented, the mechanisms
of these derangements are not well illustrated. Numerous studies described novel
mechanisms whereby Klotho controls renal calcium homeostasis (33-35) and renal
potassium channel ROMKZ1 (12), indicating that Klotho may have a broad function in ion
channel regulation (20).

To better understand how Klotho affects Pi transport by the renal proximal tubule, Hu et al
detected Klotho expression in the proximal convoluted tubule in addition to a stronger
expression in the distal convoluted tubule (8). Klotho is found in the proximal tubule cell,
brush border and urinary lumen where phosphate homeostasis resides (8), which provides
direct accessibility to the Na-coupled transporters NaPi-2a, NaPi-2c and Pit2 (36, 37).

Transgenic Klotho overexpressing mice (Tg-KI) have lower blood Pi, while renal fractional
excretion of phosphorus (FEpnes) is increased, indicating a renal leak of Pi (8). Injection of
soluble Klotho significantly increased FEpnos and decreased blood Pi in the normal rat. This
phosphaturic action is FGF23-independent, as Klotho protein efficiently induces
phosphaturia and leads to hypophosphatemia even in FGF23~~mice (8). The high FEphos IS
proximal in origin as Pi flux is significantly reduced in Tg-KI compared with WT mice,
when a microdissected single proximal convoluted tubule was microperfused in vitro (8).
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The direct action of Klotho was further demonstrated in a kidney proximal tubule cell line
by addition of Klotho in vitro in the absence of FGF23 (8). Furthermore, Klotho inhibited
NaPi cotransport activity in brush border membrane (BBM) vesicles, which is a cell-free
system. NaPi-2a protein in OK cells and total amount of NaPi-2a protein in BBM are not
appreciably decreased by Klotho in vitro in 2 hours (8), suggesting that early inhibition is
not dependent upon modulation of NaPi-2a trafficking, which is the only known pathway of
regulation of NaPi transporters to date (36—39). This represents a novel mechanism of
regulation of NaPi activity. However, Klotho dramatically reduces NaPi-2a abundance in
apical NaPi-2a protein in kidney and OK cells after 4 or more hours in vivo and in vitro,
respectively, indicating that the more sustained effects of Klotho on NaPi involve the
canonical pathway of NaPi-2a internalization (8).

The extracellular domain of Klotho contains 2 tandem repeats with 20%-40% amino acid
identity with members of the glycosidase family including B-glucosidase and has f3-
glucuronidase-like enzymatic activity (1, 40). NaPi-2a is a glycosylated protein (41). The
direct inhibition of NaPi transport by Klotho can be mimicked by recombinant p-
glucuronidase but not by sialidase (8). The inhibitory effect of Klotho is blocked by the B-
glucuronidase inhibitor, D-saccharic acid-1,4-lactone (DSAL) but not the sialidase inhibitor,
deoxy-N-acetyl neuraminic acid (DANA). This puts glucoronate removal as a key
mechanism and raises the question of how this glycan modification alters transport activity.

Klotho shifts NaPi-2a from the full-length form to smaller peptides, and NaPi-2a
deglycosylation promotes its proteolysis (8). While protease inhibitors abolish the
proteolysis, they do not reverse the Klotho-induced inhibition of transport. Those
observations indicate that Klotho-induced deglycosylation is sufficient and that subsequent
proteolysis is not required to suppress Na-dependent Pi transport. Identity of the resident
protease(s) in BBM that mediate(s) this effect remains to be determined.

In summary, Klotho modulates NaPi-2a in a biphasic fashion with dual distinct mechanisms.
It acutely (<4 hours) decreases its intrinsic transport activity via removal of glucuronate,
followed by proteolytic cleavage, and in a second phase (>4 hours) induces changes in cell
surface NaPi-2a (8) (Fig. 1).

Hyperphosphatemia is universally observed in chronic kidney disease (CKD) patients (42,
43) and is a potent predictor of cardiovascular morbidity and mortality (44). Controlling
blood Pi by restriction of intake (45, 46), phosphate binder (47, 48) and more efficient
dialysis (49) all improve clinical outcome in CKD patients. Undoubtedly, lack of the
phosphaturic action of Klotho protein is an important pathogenic factor in CKD, and any
means of restoring Klotho is of potential benefit. This will be addressed further below.

Kindey disease: a state of Klotho deficiency

Among its multiple effects, Klotho has been shown to be a cytoprotective protein that
defends against oxidative stress and ischemia-reperfusion injury (IRI) (21). There is
increasing evidence to suggest a relationship between oxidative stress and aging (50) and
kidney disease (51-55).

Levels of Klotho protein and transcripts are decreased in kidneys or kidney cell lines by
oxidative stress or IRI (56, 57), angiotensin Il infusion (58, 59) and hypertension (60, 61). In
addition, renal Klotho is decreased in CKD in humans (62) and several experimental animal
models (61, 63, 64). Since the kidney is the major organ of Klotho expression, perhaps it is
not too surprising to find decreased Klotho expression when this organ is severely diseased.
The question is whether there is endocrine Klotho deficiency that can potentially have far-
reaching effects. Until recently, there have been no data on blood Klotho in acute or/and
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chronic kidney disease. Two recent studies reported blood Klotho levels in rodents (65, 66).
Rodents with acute kidney injury (AKI) have rapid and severe reduction of Klotho protein in
blood, kidney and urine, and this reduction is fully reversible upon recovery of kidney
function, indicating that AKI is a transient state of endocrine Klotho deficiency (65).

The mechanism of Klotho down-regulation in AKI is not known. The severe and rapid
decrease may not stem only from reduction of Klotho mRNA, as Klotho transcripts are only
down-regulated to 50% of baseline (65). In addition, Klotho down-regulation occurs before
changes in other markers of kidney damage (Fig. 2) (65). Oxidative stress can decrease
Klotho mRNA and protein in a cultured cell line (67). Tumor necrosis factor (TNF) and
interferon-y (IFN-y) can reduce renal Klotho mRNA and protein (68). Whether increased
TNF and IFN-y in AKI (69) lead to Klotho down-regulation remains to be proven.

The connection between AKI and CKD is complex, and several hypotheses have been
proposed to explain this slow and largely irreversible process. Interventions that retard or
halt progression will be most valuable. End-stage CKD patients (62) and animals (58, 63,
70, 71) have reduced Klotho in kidneys, but there were no data on blood or urine Klotho
until a recent study which showed very low blood, kidney and urine Klotho in CKD mice
and postulated that CKD is a state of “pan-deficiency” of Klotho (66). This study measured
urinary Klotho in CKD patients as a surrogate and found that human CKD patients have
reduced urinary Klotho levels (Fig. 3). More importantly, Klotho deficiency occurs as early
as stage 1 and 2 CKD in patients, and the magnitude of decrease remarkably correlates with
the severity of declined estimated glomerular filtration rate in both rodent and human CKD.
Therefore, urinary Klotho is an extremely sensitive and early marker in CKD, and its decline
parallels loss of kidney function (66). One needs to determine the mechanism(s) of Klotho
down-regulation in AKI and CKD, which may generate treatment modalities to restore
endogenous Klotho expression.

Klotho: a renoprotective protein

Given the extensive animal and some human data, there is no doubt that Klotho levels
closely parallel kidney function, rendering Klotho a useful novel biomarker for presence of
renal disease. However, a much more fundamental question of enormous biologic and
clinical significance is whether Klotho deficiency contributes to the pathogenesis and
complications of kidney disease. If this is true, it will take the utility from the diagnostic and
prognostic straight to therapeutic realms. To this end, Hu and colleagues induced AKI or
CKD in mice with different Klotho levels: lower (heterozygous Klotho haplodeficiency,
KI*/7), normal (WT) and higher levels (transgenic overexpression of Klotho, Tg-KI) (65,
66). In the AKI model, KI*/~ mice have lower Klotho protein levels in plasma, kidney and
urine at baseline, which become undetectable after AKI, as they develop more severe renal
dysfunction. Conversely, Tg-KI mice have higher renal, plasma and urinary Klotho levels at
baseline, and are more resistant to IRI insult compared with WT AKI mice (65). These
results indicate that Klotho deficiency accentuates and Klotho overexpression attenuates
rodent AKI, rendering it more than a mere biomarker. The protective effect of Klotho on
AKI was also shown by Sugiura using adenovirus delivery of the Klotho gene before IRI
(57). In contrast, Hu et al gave recombinant Klotho protein 30-60 minutes after the IRI and
demonstrated attenuation of histologic and functional damage (65). This is of more practical
value because practitioners rarely have the luxury of interfering with AKI prior to the insult.

Currently, supportive renal replacement therapy remains the core of clinical management in
AKI (72). Replacement therapy is unlikely to significantly affect the disease course of AKI
per se, and intensive therapy appears not to consistently or dramatically increase survival
rate or improve long-term outcome (73, 74). The prospect of using Klotho therapeutically in
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reducing kidney damage and promoting kidney recovery could potentially be a seminal
discovery. The mechanisms whereby Klotho protects kidney from injury are not known but
potentially include antioxidation (21, 63), antiapoptosis (23, 56, 57), antisenescence (23, 25)
and angiogenesis (75).

In addition to AKI, one also needs to examine the vast number of patients with chronic
Klotho deficiency in CKD. Again, one poses the question, is Klotho a mere biomarker, or is
it pathogenic? Results from several laboratories using different CKD animal models support
a beneficial effect of Klotho on CKD. Viral delivery of the Klotho gene leads to better
maintenance of kidney function, a decrease in urinary protein and amelioration of
tubulointerstitial changes induced by chronic angiotensin Il infusion (58). Restoration of
Klotho in immune-mediated glomerulonephritis through an overexpressing Klotho gene
could suppress oxidation, decrease kidney damage and increase survival (63). Furthermore,
viral delivery of Klotho decreases blood pressure, improves kidney histology and inhibits
oxidation in spontaneous hypertensive rats (60).

Another study used a CKD model generated by uninephrectomy plus contralateral IR1 and
showed that KI*/~ CKD mice have hypertension, anemia, decreased creatinine clearance,
increased proteinuria and much more severe interstitial fibrosis and glomerular sclerosis
compared with WT CKD mice. Conversely, all changes are much attenuated in the Tg-KI
CKD mice (8). It is clear in animals that Klotho is a renoprotective agent

Klotho: guardian against soft tissue calcification in CKD

Hyperphosphatemia can accelerate CKD complications such as hyperparathyroidism,
osteodystrophy and cardiovascular calcification (42, 76-78), and control of blood Pi
ameliorates these dire conditions (79-82). The fact that CKD-associated vascular
calcification in KI7~and WT mice is almost eliminated in Tg-KI mice supports the
paradigm that Klotho suppresses the ectopic calcification (30). Klotho has been shown to
modulate the vascular endothelium and induce relaxing of vasculature (61, 83-86).

While there is abundant calcification in the multiple organs of both WT and KI*/~CKD
mice, Tg-KI CKD animals have very few or no calcification (66). Calcium content is higher
in the aortas and kidneys of CKD than sham, in both WT and KI*/~mice. This increase is
ameliorated by overexpression of Klotho (66). When soft tissue calcium content is analyzed
as a function of plasma creatinine (Cr) and Pi levels, the calcium content is positively
correlated with plasma Pi and Cr, which is not a surprise (Fig. 4). As mentioned above, Tg-
KI CKD mice have better, KI*/~mice worse, kidney function compared with WT CKD
mice. Elevation of parathyroid hormone (PTH) in WT CKD mice is blunted by Klotho
overexpression and worsened by Klotho deficiency. Hence, amelioration of CKD per se and
with milder secondary hyperparathyroidism can be a potential factor for less severe soft
tissue calcification when Klotho levels are maintained (Fig. 5).

One determinant of soft tissue calcification is plasma Pi concentration. Both KI*/~and WT
animals with CKD have higher levels of blood Pi. In contrast, Tg-KI CKD mice do not show
much hyperphosphatemia (66). Since Klotho is a potent phosphaturic substance, a second
mechanism by which Klotho decreases soft tissue calcification is by lowering plasma
phosphate levels through promotion of phosphaturia (Fig. 5).

Figure 4 clearly shows that for a given plasma Pi and Cr concentration, Tg-KI mice have the
lowest soft tissue calcium, KI*/~ the highest, with WT somewhere in between (66).
Therefore, differences in plasma Pi or Cr, although important, are not sufficient to explain
the different levels of ectopic calcification in the various Klotho backgrounds. This pattern
of change strongly suggests that Klotho has a direct protective effect on soft tissue
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calcification above and beyond that of the renal effects of phosphaturia and preservation of
glomerular filtration discussed previously. How does Klotho act on the vasculature?

The Na-coupled Pi transporters Pitl and Pit2 are key modulators for Pi influx into vascular
smooth muscle cells (VSMCs) and play a pathogenic role in vascular calcification (87-90).
Up-regulation of Runx2, a marker of osteoblast-like phenotype, and down-regulation of
SM22, a marker of contractile smooth muscle cell, are typically seen in vascular calcification
(87-92). Pit1, Pit2 and Runx2 mRNA are increased and SM22 is decreased in KI~~, while
overexpression of Klotho has the opposite effect. Klotho may control the balance between
differentiation and dedifferentiation of VSMCs (66). CKD induces a similar pattern as
Klotho deficiency, and Klotho overexpression completely blocked the changes induced by
CKD. One limitation of in vivo studies is that they do not provide evidence of direct Klotho
effect on Pit expression and VSMC differentiation.

When VSMCs are grown in vitro, Klotho inhibits Na-dependent Pi infux and minimizes the
mineralization induced by high ambient Pi (66). The up-regulation of Runx2 and down-
regulation of SM22 by high Pi are reversed by recombinant Klotho, suggesting that Klotho
directly blocks Pi-induced dedifferentiation of A10 (66). Taken together, the data indicate
that Klotho bestows its anticalcification effect via at least 3 potential mechanisms:
phosphaturia, preservation of kidney function and a direct effect on the vascular smooth
muscle (Fig. 5).

Conclusion

AKI induces transient but severe renal and endocrine Klotho deficiency, while CKD is a
sustained state of systemic Klotho deficiency. Klotho is not merely a sensitive and early
biomarker of kidney disease, but also plays a pathogenic role in kidney disease progression,
disturbed mineral metabolism and vascular calcification in CKD. Early administration of
exogenous Klotho protein or enhancement of endogenous Klotho could improve kidney
function in both AKI and CKD. The potential utility of Klotho in clinical practice is at least
twofold. First, Klotho could serve as an early and sensitive biomarker of kidney diseases.
Second, Klotho supplementation may provide a novel therapy to treat AKI by limiting
damage and promoting recovery and to treat CKD by slowing progression as well as
preventing and reversing complications.
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Fig. 1.

Proposed model of how Klotho regulates NaPi-2a in the apical membrane of the renal
proximal tubule. Klotho functions acutely as a direct extracellular enzyme deglycosylating
NaPi-2a protein and/or a putative regulatory protein (black) to reduce transport activity (no.
1 in fgure). the deglycosylated NaPi-2a is sensitized to resident protease(s) in brush border
membrane (BBM) and is proteolytically degraded (no. 2). Several hours later,
deglycosylated NaPi-2a protein is endocytosed from BBM into the intracellular pool (no. 3).
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Fig. 2.

Proposed model of Klotho effect on acute kidney injury. Ischemia-reperfusion injury (IRI)
down-regulates Klotho by 3 hours after injury (no. 1). IRI causes kidney damage (no. 2).
Damaged tubules further decrease Klotho expression (no. 3). Reduced Klotho renders
kidney more prone to further damage (no. 4).
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Fig. 3.

Urinary Klotho protein in chronic kidney disease (CKD) patients normalized to creatinine in
spot samples from 13 normal volunteers and 40 CKD patients. For measurement of urinary
Klotho protein, 4-ml fresh urine was concentrated to 0.2 ml through Amicon ultra-4 filters
with 100-kDa cutoff. Concentrated urines (with identical urine creatinine) along with
recombinant murine Klotho (rMKI) protein of known concentration were subject to
immunoblot. Klotho protein concentrations in urine samples were quantifed using the rMKI
as a standard curve (66). *p<0.05; **p<0.01, vs. normal subjects by 1-way ANOVA
followed by Student-Newman-Keuls test.
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Fig. 4.

Correlation of calcium content in the kidneys, hearts and aortas in sham and chronic kidney
disease (CKD) mice. Calcium content was assayed using o-cresolphthalein complexone
(OCPC) in the kidney, heart and aortas of sham and CKD mice at different genetic Klotho
levels: KI*/~ (light gray) and Tg-KI (black gray) and their wild-type (WT) littermates (dark
gray). For given concentration of blood creatinine (Cr) or phosphate (Pi) (vertical dotted
line) KI*/~ (light gray) mice have the highest, and Tg-KI (black) the lowest and their WT
littermates (dark gray) intermediate levels of Ca content in soft tissues.
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Fig. 5.

Proposed model of potential effects of Klotho on the kidney progression and vascular
calcification in chronic kidney disease (CKD). Klotho protects the vasculature against
calcification in CKD probably by 3 actions: slowing progression of CKD (no. 1);
maintenance of normophosphatemia through induction of phosphaturia (no. 2); direct
inhibition of phosphate (Pi) infulx into vascular smooth muscle cells (VSMCs), which in
turn suppresses the dedifferentiation of VSMCs (no. 3). Ca x P = calcium x phosphorus
product; PtH = parathyroid hormone.
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