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Cognitive dysfunction is a key symptom of ageing and neurodegenerative disorders, such
as Alzheimer’s disease (AD). Strategies to enhance cognition would impact the quality of
life for a significant proportion of the ageing population. The «-klotho protein may protect
against cognitive decline through multiple mechanisms: such as promoting optimal synaptic
function via activation of N-methyl-p-aspartate (NMDA) receptor signalling; stimulating the
antioxidant defence system; reducing inflammation; promoting autophagy and enhancing
clearance of amyloid-3. However, the molecular and cellular pathways by which «-klotho
mediates these neuroprotective functions have yet to be fully elucidated. Key questions
remain unanswered: which form of «x-klotho (transmembrane, soluble or secreted) mediates
its cognitive enhancing properties; what is the neuronal receptor for «-klotho and which
signalling pathways are activated by «-klotho in the brain to enhance cognition; how does
peripherally administered «-klotho mediate neuroprotection; and what is the molecular basis
for the beneficial effect of the VS variant of «-klotho? In this review, we summarise the recent
research on neuronal «-klotho and discuss how the neuroprotective properties of x-klotho
could be exploited to tackle age- and neurodegeneration-associated cognitive dysfunction.

Introduction

Ageing is the primary risk factor for cognitive decline and most neurodegenerative disorders. Cognitive
dysfunction is the major symptom of Alzheimer’s disease (AD), as well as being prominent in other forms
of dementia. Thus, strategies to enhance cognition would impact on the quality of life for a significant
proportion of the ageing population. x-klotho is a key anti-ageing gene: in mice its deficiency results in
premature ageing and short lifespan [1], while its overexpression extends lifespan [2,3]. In humans, a ge-
netic variant of «-klotho is associated with enhanced cognition [3]. In mouse models, «x-klotho protected
against both age-associated decline in cognitive performance and neurodegenerative disease-associated
cognitive dysfunction (reviewed in [4]). These observations have led to «t-klotho being considered as a po-
tential neuroprotective and cognitive-enhancing agent. However, the molecular and cellular mechanisms
underpinning these observations are far from complete.

The klotho (KL) family of genes includes «-klotho, 3-klotho and y-klotho [5], which are all trans-
lated as single-pass transmembrane proteins. x-klotho is highly expressed in the brain and kidney, and to a
lesser extent in other organs [6]. In the periphery, transmembrane x-klotho acts as a co-receptor for FGF23
to increase binding affinity to fibroblast growth factor (FGF) receptors. (3-klotho is predominantly ex-
pressed in the liver, with lower levels present in the gut, kidney and spleen and mediates the activity of other
members of the FGF family, mainly FGF-19 and FGF-21 [7,8]. y-klotho, whose function is ill-defined, is
expressed in the kidney and skin [6,7,9]. In this review, we outline the molecular and cellular properties
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of oc-klotho (referred to hereafter as klotho), its neuroprotective functions and the role of the VS variant in enhancing
cognitive ability. In addition, we highlight critical gaps in our knowledge of the mechanisms by which klotho confers
neuroprotection; gaps which if filled may open new therapeutic approaches to mimic klotho activity in age- and
neurodegeneration-associated cognitive dysfunction.

Molecular properties of kiotho

Proteolytic processing of klotho

The x-klotho gene is located on chromosome 13 and is translated into a single pass type 1 integral membrane protein.
The klotho protein has a short intracellular domain (11 amino acids), a transmembrane domain (21 amino acids) and
a large extracellular domain (980 amino acids; Figure 1A). The extracellular domain contains two repeat sequences
of ~440 amino acids each, termed the KL1 and KL2 domains. The 135-kDa transmembrane protein can be prote-
olytically cleaved in the juxtamembrane stalk region to produce a 130-kDa soluble, shed form of klotho (referred to
here as soluble klotho but sometimes in the literature as shed klotho; Figure 1A,B). This cleavage in the juxtamem-
brane stalk, known as the x-cleavage, is carried out by a disintegrin and metalloproteinase domain-containing protein
(ADAM) 10 and/or ADAM17 [10]. A second cleavage, known as the (3-cleavage, occurs between the KL1 and KL2
domains and is likely carried out also by ADAM10 or ADAM17. The deletion of the o-cleavage site results in re-
duced «- and {3-cleavage products, suggesting that the «-cleavage mainly occurs prior to the 3-cleavage [11,12]. It
is unclear whether the intact KL1 and KL2 domains in the transmembrane and soluble forms of klotho have differ-
ent properties to the individual KL1 and KL2 domains produced following (3-cleavage. However, it should be noted
that the [3-cleavage appears to be a minor event (Figure 1B,C) and in most cells and body fluids the 130-kDa form is
the predominant form of soluble klotho. The transmembrane klotho is also cleaved by the (3-site amyloid precursor
protein (APP) cleaving enzyme 1 (BACE1) to generate a soluble form, and the transmembrane and cytosolic stub re-
sulting from either ADAM or BACE1 cleavage is subject to intramembrane proteolysis by the presenilin-containing
y-secretase complex [13]. Such multistep proteolytic processing involving shedding of the ectodomain by an ADAM
protease or BACE1 and then intramembrane proteolysis by the y-secretase complex is a common feature of many
cell surface transmembrane proteins, including APP and notch [14]. The x-klotho gene encodes another isoform de-
rived through alternative mRNA splicing of exon 3; a secreted form of 70-kDa, which contains the KL1 sequence with
an additional unique C-terminal sequence of 15 amino acids [15] (Figure 1A-C). The secreted and soluble forms of
klotho are found in the cerebrospinal fluid (CSF), blood and urine [16,17]. As discussed below for klotho, a key issue
with proteins that exist in multiple forms due to post-transcriptional processing, is to assign a particular function to
a particular form.

Does klotho have glycosidase activity?

The KL1 and KL2 domains have sequence similarity to glycosidases and have been reported to possess glycosidase
activity, cleaving sialic acid from the carbohydrate chains attached to glycoproteins. For example, the glycosidase
action of klotho on the calcium channels TRPC subfamily V member (TRPV) 5 and TRPV6 appears to allow their
binding to galectin-1, leading to their clustering and retention on the plasma membrane, with a resultant increase in
calcium channel activity [18,19]. However, the recent crystal structure of the extracellular domain of klotho revealed
that both the KL1 and KL2 domains lack a key catalytic glutamate and have major conformational differences in
the loops surrounding the catalytic pocket as compared with catalytically active glycosidases; differences that are
incompatible with an intrinsic glycosidase activity [20]. Similar substitutions of key active site residues in 3-klotho
also indicate that this protein cannot function as an active glycosidase [21]. Thus, it is unlikely that klotho itself
has glycosidase enzymatic activity but more likely that the KL domains bind sugars on glycoproteins or glycolipids
promoting protein—protein or protein-lipid interactions, respectively.

Klotho in the brain

In the brain, the highest level of klotho expression is in the choroid plexus, although klotho is also expressed in
several other brain regions, including the hippocampus, cortex, cerebellum, striatum, substantia nigra, olfactory bulb
and medulla [22,23]. Klotho is mainly expressed in both neurons and oligodendrocytes. Klotho expression in the
brain starts in utero and continues to increase into adulthood [24,25]. However, klotho expression is reduced in the
aged brain in monkeys, rats and mice [26] and in the CSF of humans [27]. The importance of klotho in healthy
central nervous system (CNS) function was identified through klotho-deficient mice, where there were significantly
fewer Purkinje cells in the cerebellum [1], diminished axonal transport [28] and cognitive impairment [29]. Klotho is
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Figure 1. The different forms of x-klotho

(A) The «-klotho gene produces a single pass type | transmembrane protein with a short intracellular domain (11 amino acids),
a transmembrane domain (21 amino acids) and a large extracellular domain (980 amino acids). The extracellular domain con-
tains two homologous repeats termed KL1 and KL2. The transmembrane form is shed from the membrane by the action of
ADAM10/17 («x-cut), within the sequence LGSGTLGRF to produce soluble klotho. The second cleavage site (3-cut), also carried out
by ADAM10/17, is between the KL1 and KL2 domains, within the sequence PPLPENQPL. The secreted form of klotho is produced
by alternative splicing of the mRNA with a premature stop codon in exon 3, producing only the KL1 domain with an additional 15
amino acids at the C-terminus; with the sequence changing from DTTLSQFTDLNVYLW to SQLTKPISSLTKPYH. The secreted form
is directly secreted from the cell. The klotho-VS polymorphism is located in the KL1 domain and is therefore present in all three
forms of «-klotho. (B,C) HEK293 cells were stably transfected with the cDNAs encoding full-length transmembrane human klotho,
soluble klotho or secreted klotho. Lysates (B) and media (C) were collected and immunoblotted with antibody LS-C500248. In the
cell lysate full-length klotho migrates at 135 kDa, while in the media it migrates at 130 kDa due to its proteolytic shedding. The
soluble and secreted forms of klotho migrate at 130 and 70 kDa, respectively, and are detected in both the cell lysate and media.
In the media secreted klotho appears as two forms likely due to proteolytic processing.
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also required for the proliferation and maturation of adult hippocampal neural progenitor cells [30], oligodendrocyte
maturation and myelin integrity [31].

The choroid plexus contains epithelial cells with tight junctions and supports the CNS by producing CSF and
growth factors, as well as providing a gateway for the entry of immune cells into the CNS (reviewed in [32]). By
analogy with the kidney which produces soluble klotho for the blood circulation, the choroid plexus likely produces
soluble and secreted klotho for the CSF [23]. Selective knockout of klotho in the choroid plexus of mice revealed
the importance of choroid plexus-produced klotho [33]. Expression of the cytokine response factors, intracellular
adhesion molecule 1 (ICAM1) and interferon regulatory factor 7 (IRF7) was increased in the choroid plexus of a
Flox/Cre klotho knockout mouse model [33]. This suggests that klotho plays a regulatory role in the expression
of inflammation-related genes. In the same model, decreased production of klotho in the choroid plexus caused
enhanced macrophage infiltration into the CNS and promoted activation of microglia [33].

Cell surface receptors for klotho

The atomic structure of a 1:1:1 ternary complex of the extracellular domain of klotho, the FGFR1c¢ ligand-binding
domain and FGF23 has been determined, revealing that klotho functions as an on-demand scaffold protein that
promotes FGF23 signalling [20]. Most of the known roles of the FGF/klotho complex are in the renal tubules of
the kidney where it aids phosphate regulation, vitamin D metabolism and the reabsorption of other ions [34]. The
FGF/klotho complex also has a role in mediating cardiovascular homoeostasis via cardiomyocytes [35].

As the expression of klotho is limited to a few cell types, yet the protein affects the function of several
non-klotho-expressing systems, it is likely that the soluble and secreted forms act as circulating hormones or lig-
ands. However, the identity of the receptor(s) for the soluble and secreted forms of klotho remain unclear. Recently,
klotho has been highlighted as a metabolic coupler between neurons and astrocytes [36]. Insulin acts upon neurons
to stimulate the production and secretion of klotho which in turn stimulates astrocytic aerobic glycolysis and lactate
release via FGF receptor 1 (FGFR1) and extracellular signal-regulated kinase 1/2 (Erk1/2) activation [36]. There is
also a case for a potential klotho receptor on endothelial cells as they express FGFRs to which circulating klotho may
bind to form a complex to activate signalling pathways [37]. However, there is little evidence that FGF23 is active in
the brain (reviewed in [23]).

In HeLa cells and human embryonic kidney (HEK) cells, soluble klotho was reported to bind with a K4 of 3 uM to
mono-sialogangliosides, which are highly enriched in the outer leaflet of cholesterol-rich lipid rafts [38]. Binding of
soluble klotho to gangliosides modulated lipid raft organisation and inhibited lipid raft-dependent phosphoinositide
3-kinase (PI3K) signalling [38]. This implies that soluble klotho interacts with a raft-based protein or protein complex,
possibly mediated by low-affinity interaction between the KL domains on klotho and mono-sialogangliosides on the
membrane. However, in the brain, the cell surface receptors for klotho remain to be determined. Are there different
receptors for the soluble and secreted forms of klotho? Are the receptors localised to one specific cell type in the
brain? Unbiased screening approaches using the soluble and secreted forms of klotho as ligands will help answer
these questions regarding the identity of the receptors for klotho in neurons and other cells of the CNS. Identificaton
of the receptor(s) for klotho in the brain will aid in clarifying the potential molecular signalling pathways that the
protein is involved in.

Signalling pathways modulated by klotho
Various signalling pathways have been reported to be activated by klotho, including PI3K/Akt, Erk1/2, Ask1/p38
mitogen-activated protein kinase (MAPK), protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), those
linked to the insulin and insulin-like growth factor (IGF)-1 receptors and Wntl [23,39,40]. For example, overex-
pression of the soluble form of klotho has been shown to suppress insulin/IGF-1 signalling in mice [2]. In the pe-
riphery, soluble klotho modulated PI3K/Akt signalling causing changes in calcium homoeostasis in cardiomyocytes
[41] and decreased the abundance of transient receptor potential cation channels (TRPCs) 6 and TRPC3 on the
surface of podocytes via inhibition of PI3K-dependent exocytosis [42]. Recently, soluble klotho has been shown to
down-regulate Orai-mediated store-operated Ca** entry via PI3K-dependent signalling [43]. Klotho is also involved
in regulation of cation channels such as Ca’* and K* [18]. For example, the purported sialidase activity of soluble
klotho was observed to increase the abundance of K* channels at the surface of non-neuronal cells via N-glycan
modification [44].

In human neuroblastoma SH-SY5Y cells exposed to amyloid-[3, recombinant soluble klotho treatment led to
down-regulation of Wntl, up-regulation of phosphorylated cyclic AMP response element binding protein (pCREB),
and up-regulation of nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1) expression [45].
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Again in SH-SY5Y cells, expression of klotho blocked the thapsigargin-induced phosphorylation of the ER stress
markers PERK and eukaryotic initiation factor 2« (eIF2x) [46]. Recombinant soluble klotho regulated several sig-
nalling proteins in rat oligodendrocytes in vivo and in a human oligodendrocytic cell line, including Wnt, nuclear
factor k-light-chain-enhancer of activated B cells (NFkB), p53, Akt and Erk [31,47].

In rat primary hippocampal neurons soluble klotho increased phosphorylation of PI3K/Akt and Erk [48]. In con-
trast, up-regulation of klotho, through expression of the transmembrane form, in the brain of senescence-accelerated
prone (SAMP) 8 mice, an accelerated ageing model, decreased PI3K/Akt and Forkhead box class O1 (FoxO1) phos-
phorylation [49]. In transgenic mice, klotho overexpression significantly protected dopaminergic neurons against
oxidative stress, in part by modulating the activation of Askl/p38 MAPK [50]. From these limited published studies
it is clear that there are still significant gaps in our understanding of the signalling pathways modulated by klotho in
the brain.

In addition, several of the above studies are compounded by models in which klotho gene expression is increased
which will increase the levels of transmembrane, soluble and secreted forms, thus making it difficult to distinguish
which form of klotho is activating which signalling pathway (assuming that the various forms of klotho bind to
separate receptors and/or modulate different signalling pathways). Studies either with recombinant forms of klotho
or using viral vectors to selectively express a particular form of klotho, combined with single-cell RNA sequencing,
will help to clarify the relative contribution of the different forms of klotho in modulating key signalling pathways in
defined target cells in the brain.

Effect of polymorphic variants of klotho on cognition

The most common klotho variant, KL-VS (which stands for klotho with valine and serine substitutions) consists
of six single nucleotide polymorphisms (SNPs) that are always found together: three SNPs are in introns and do
not alter splicing, the SNP at nucleotide 1155 causes no change in amino acid, while the other two SNPs result in
the amino acid substitutions F352V and C370S, which are located in the KL1 domain and therefore occur in all
forms of klotho (Figure 1A) [51-53]. In a transient transfection assay in HeLa cells, when incorporated into the
secreted form of klotho, the F352V mutation on its own reduced by 6-fold the secretion of klotho, whereas the C370S
mutation on its own increased by 2.9-fold the amount of klotho secreted [52]. The double mutation exhibited an
intermediate phenotype (1.6-fold increase in secretion), providing an example of intragenic complementation in cis
by human SNPs [52]. The KL-VS variant also increased klotho levels in sera of humans [3]. When incorporated
into the transmembrane form of klotho, the F352V mutation on its own reduced proteolytic shedding in HEK293
cells, whereas the C370S mutation or the VS double mutation did not alter shedding of the protein compared with
wildtype [51]. The F352V mutation led to a shorter half-life, but again this was attenuated in the VS variant [51].
When overexpressed the VS variant had more monomeric and less dimeric klotho, was a better binding partner for
FGFR1, enhanced FGFR heterodimerisation and thus FGF23 signalling [51].

KL-VS homozygosity is associated with a reduced lifespan [52,54] and decreased cognitive function [55]. Whereas,
heterozygosity for the KL-VS allele has been shown to protect against age-associated cognitive decline [55,56]. Fur-
thermore, the KL-VS genetic variant of klotho was associated with enhanced cognition in three independent human
cohorts and in a meta-analysis [3]. Such observations have prompted investigation into KL-VS allele status and the in-
cidence of neurodegenerative disease. In individuals over 60 years, the KL-VS haplotype was associated with reduced
risk of AD in the presence of apolipoprotein (Apo) Ee4 [57]. KL-VS heterozygosity in ApoEe4 individuals reduced
the risk of progressing to mild cognitive impairment or AD, alongside increased amyloid-f3 levels in the CSF and
reduced amyloid-3 on positron emission topography scans [57]. The higher levels of amyloid-{3 in the CSF may be
due to enhanced clearance from the brain. In ApoEe4 individuals with the KL-VS variant the amyloid-3 burden did
not exceed that of ApoEe4 negative individuals, suggesting heterozygosity of the VS haplotype may protect against
ApoEe4-associated AD onset [58]. In a study of over 200 older adults, total tau and phosphorylated tau levels and cog-
nitive deficits were reduced in KL-VS heterozygotes compared with non-carriers [59]. Heterozygosity of the KL-VS
allele was correlated with a greater volume in the right dorsolateral prefrontal cortex ({fDLPFC) and an enhanced ex-
ecutive function [55]. The rDLPFC is vulnerable to pathology and atrophy in AD [60]. Whereas KL-VS homozygosity
was associated with a smaller rDLPFC volume and decreased executive function. Further investigation revealed that
higher systemic klotho, via KL-VS heterozygosity, predicted greater connectivity between the rDLPFC to functional
networks throughout the brain, including the anterior cingulate cortex and the right middle frontal gyrus [61]. In
a separate study, individuals with KL-VS heterozygosity, relative to non-carriers, had slower cognitive decline and
greater right frontal lobe volumes but also smaller white matter volumes and shorter survival [62]. Longitudinal cog-
nitive trajectories indicated that KL-VS heterozygosity has an advantage in very late life, leading to the suggestion
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that the genotype-survival advantage of the KL-VS allele is age-dependent and mediated through differential cogni-
tion and brain volume [62]. Recently, no association of the KL-VS heterozygosity was found with cognition or brain
structure in children and adolescents [56]. Other studies have assessed the KL-VS haplotype with cognitive ability in
the same individuals from age 11 and again at age 79 [54]. From these various studies KL-VS heterozygosity appears
to be protective in later life against age-related and neurodegeneration-associated cognitive decline, although the un-
derlying molecular and cellular mechanisms by which this double mutation in klotho brings about these beneficial
properties have yet to be understood.

The klotho SNP G395A is located in the promoter region and confers a higher affinity for transcription factors
compared with wildtype, so was hypothesised to be a functional variant [63]. The G395A polymorphism is associ-
ated with reduced cognitive impairment in people over 90 years of age, as assessed by the mini-mental status ex-
amination (MMSE) [64]. The MMSE score indicated no difference in populations between 60 and 79 years with the
G395A polymorphism, however, the intelligence quotient level was enhanced [65]. These data suggest that the G395A
polymorphism also may be cognitively protective in older people only.

Neuroprotective effects of klotho

Despite the lack of information regarding the cell surface receptors and signalling pathways for klotho in the brain,
studies with transgenic mice overexpressing the klotho gene have shed light on the neuroprotective properties of
klotho and, when crossed with mouse models of neurodegenerative diseases, have highlighted the potential benefi-
cial effect arising from enhancing klotho expression in such disorders (summarised in Figure 2). In transgenic mice
that overexpress klotho throughout the body, the mice performed better in multiple tests of learning and memory
than control mice [3]. Elevated klotho enhanced long-term potentiation, a form of synaptic plasticity widely stud-
ied as a cellular model for learning and memory. This effect of klotho to enhance cognition was via stimulus of the
N-methyl-p-aspartate (NMDA) receptor subunit GIluN2B [3]. Klotho-overexpressing mice had increased GluN2B
synaptic expression in both the hippocampus and the frontal cortex [3]. Klotho elevation also increased expression
of FOS, which is involved in memory consolidation and increased by NMDA receptor activation [3]. In wildtype
mice, adenovirus expression of secreted klotho resulted in enhanced learning and memory 6 months after a single
adenovirus injection into the CNS [66]. Viral expression of secreted klotho in the cortical area 1 (CA1) region of the
hippocampus improved performance on the object recognition test and enhanced hippocampal synaptic transmis-
sion [67]. When klotho overexpressing transgenic mice were crossed with human APP transgenic mice, a model that
displays AD-like pathology and behavioural deficits, the increased klotho levels ameliorated the cognitive deficits
seen in the human APP transgenic mice, independently of amyloid- (3 accumulation [68]. In the klotho/human APP
transgenic mice, GluN2B was enriched in post-synaptic densities and NMDA receptor-dependent synaptic plasticity
in the hippocampus was enhanced [68].

Oxidative stress has long been implicated in ageing-related cognitive impairment in both old experimental animals
and aged humans [69]. For example, oxidative damage to the synapse in the cerebral cortex and hippocampus during
ageing contributes to the deficit of cognitive functions [70] and increased oxidative stress was associated with cogni-
tive decline in a healthy population [71]. Oxidative stress contributed to the ageing-associated cognitive impairment
in klotho mutant mice [29] and klotho knockout mice had a generalised increase in the global burden of oxidative
stress in the CNS [2], indicating that klotho exerts antioxidant effects in the brain. Furthermore, lentivirus-mediated
up-regulation of the transmembrane form of klotho improved ageing-related memory deficits and reduced oxidative
stress in senescence-accelerated mice [49]. Rat primary hippocampal neurons treated with soluble klotho were pro-
tected against glutamate-induced and amyloid- 3-induced oxidative damage, in part through regulation of the redox
system via Akt-dependent induction of the thioredoxin/peroxiredoxin system [48]. Recently, recombinant soluble
klotho was found to protect SH-SY5Y human neuroblastoma cells against amyloid-3 toxicity through decreasing
reactive oxygen species and increasing superoxide dismutase activity [45]. In addition, klotho reduced multiple in-
flammatory markers, NFkB, interleukin-1f3 and tumour necrosis factor-o« (TNF-«), in cells exposed to amyloid-f3
[45].

In APP/PS1 mice intracerebral overexpression of full-length klotho cDNA by lentivirus injection ameliorated
amyloid-3 burden, neuronal and synaptic loss, and the cognitive deficits observed in this model of AD [72]. The
klotho treatment significantly inhibited NACHT (neuronal apoptosis inhibitory protein, MHC class II transcrip-
tion activator, incompatibility locus protein, and telomerase-associated protein), LRR (leucine-rich repeat) and PYD
domain containing protein 3 (NLRP3) inflammasome and the subsequent transformation of microglia to the M2
type that may enhance microglia-mediated amyloid-f3 clearance [72]. In addition, klotho knockdown in primary
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Figure 2. Reported neuroprotective effects of klotho in cell culture and mouse models

Overview of the reported neuroprotective effects resulting from the overexpression of full-length or secreted klotho, or the admin-
istration of recombinant soluble klotho, in mouse models and administration of recombinant soluble klotho in cell culture models.

See text for details including the uncertainty with several of the reported effects. Adapted from [23].

human choroid plexus epithelial cells impaired their ability to transport amyloid-3 [72]. Also, in APP/PSI mice, in-
tracerebroventricular injection of a lentiviral vector encoding klotho ameliorated the cognitive deficit and AD-like
pathology in mice 3 months later [73]. Klotho-induced autophagy activation and protein kinase B/mammalian target
of rapamycin inhibition, suggesting that up-regulation of klotho in the brain promotes the autophagic clearance of
amyloid-(3 and protects against cognitive deficits [73]. From these various studies, klotho appears to convey neu-
roprotection against cognitive decline through multiple mechanisms: (i) promoting optimal synaptic function via
activation of NMDA receptor signalling; (ii) stimulating the antioxidant defence system; (iii) reducing inflammation;
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(iv) promoting autophagy and (v) enhancing amyloid clearance. However, further work is required to validate many
of these findings and to determine which are the key mechanisms responsible for the cognitive-enhancing effects of
klotho in vivo.

Approaches to increase klotho levels in the brain

Notwithstanding the limited knowledge of how klotho mediates neuroprotection and cognitive enhancement, the
above observations (summarised in Figure 2) have led to the klotho pathway being considered as a potential thera-
peutic target for enhancing cognitive function [74]. As discussed above, overexpression of klotho using genetic ap-
proaches have provided convincing evidence that increasing klotho in the brain can enhance cognition and potentially
reverse the cognitive-decline associated with ageing and AD. Several of these studies [3,49,68] have increased klotho
expression throughout the body, so it is not clear whether the effects observed are due to increasing klotho in the
CNS or the periphery. Targeted viral vector administration of klotho to discrete regions in the CNS has shown that
klotho has direct beneficial actions on cells in the brain [66,67,73]. However, such genetic approaches in increasing
klotho would be problematic in humans.

An alternative approach is to administer recombinant forms of klotho. This is exemplified in the study where
soluble klotho administered peripherally induced cognitive enhancement and neural resilience in young, aged and
transgenic «-synuclein mice [75]. This occurred through activation of the NMDA receptor subunit GluN2B with
resultant enhancement of NMDA receptor-dependent synaptic plasticity [75]. Selective blockade of GluN2B subunits
with the highly specific antagonist Ro 25-6981 abolished this acute effect of soluble klotho [75]. An intriguing aspect
of this study was the ability of the peripherally administered klotho to cause an effect in the brain without seeming
to cross the blood-brain barrier (BBB) [75]. This raises the possibility that the peripherally administered klotho may
be acting in the cerebrovasculature, possibly directly on endothelial cells or other components of the neurovascular
unit (pericytes, astrocytes), which then signal to the nearby neurons. Clearly, further work is required to validate the
ability of peripherally administered klotho to activate NMDA receptors in the brain without crossing the BBB.

Another approach is to use small molecules to pharmacologically increase the expression of all forms of klotho
or to selectively increase the soluble or secreted forms. In SAMPS8 mice, the compound ligustilide elevated levels
of klotho in the serum and choroid plexus, and reduced memory deficits and neuron loss [76]. Ligustilide inhib-
ited the IGF1 pathway and induced FoxO1 activation, in addition to up-regulating klotho expression, in HEK293T
cells [76]. Similarly, tetrahydroxystilbene glucoside was identified through studies on SAMP8 mice as increasing
lifespan and increasing the level of neural klotho [77]. Using the klotho promoter to drive expression of luciferase,
high-throughput screening was used to identify small molecules that promote klotho transcription [78]. FGF23 sig-
nalling assays and phosphorylation of Erk were assessed to determine that the increased klotho expression resulted in
a functional change [78]. Whether any of the hits identified through this screen have progressed into in vivo studies
has yet to be reported. In addition, it remains to be determined whether the gene-enhancing effects of ligustilide,
tetrahydroxystilbene glucoside or other compounds identified through such genetic screens act solely via klotho or
through activation of multiple genes.

Pharmacologically promoting the proteolytic shedding of transmembrane proteins can have beneficial effects, for
example, promoting the shedding of the prion protein through activation of ADAM10 with carbachol or acitretin re-
duces the binding and cytotoxicity of amyloid- 3 oligomers [79]. The proteolytic shedding of klotho can be stimulated
with insulin [11] or the muscarinic agonist carbachol acting via activation of ADAM10 (Figure 3), indicating that it is
feasible to increase the level of soluble klotho through pharmacologically enhancing ADAM10 and/or ADAM17 ac-
tivity. As activation of ADAM10 also promotes the shedding of APP and increases the level of neuroprotective soluble
APPo fragment [80], in addition to reducing the toxicity of amyloid-3 oligomers through promoting the shedding
of the prion protein [79], this approach would lead to neuroprotection through multiple routes. However, as both
ADAM10 and ADAM17 have numerous other substrates, including some involved in tumourigenesis, activation of
these proteases as a therapeutic approach has been questioned [81].

Finally, non-invasive and non-pharmacological approaches have been reported to increase klotho. A recent study
showed blood klotho concentrations were increased after 2 weeks of moderate intensity training in men [82] and
even after a single bout of high-intensity exercise [83,84]. The effect of diet on the expression of klotho has also been
investigated. A low-calorie, high-protein diet significantly increased klotho expression in the brain of old rats and
enhanced performance in the object recognition memory test [85]. However, such approaches as changes in exercise
and diet will have multiple effects in the body, so linking a beneficial effect on cognition directly to alterations in
klotho levels will be challenging.

8 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 3. The muscarinic agonist carbachol promotes the shedding of klotho through activation of ADAM10

SH-SY5Y cells stably expressing klotho were incubated for 24 h with the muscarinic agonist carbachol (10 M) and the selective
ADAM10 inhibitor GI254023X (20 uM) as indicated. (A) Lysates and media were then prepared and immunoblotted for klotho with
ab154163. (B) Quantitation of the amount of klotho in the media with the untreated cells set to 100%. Data are presented as mean
+ SEM, n=4, Mann-Whitney test. * = P<0.05.

Concluding remarks

There is a growing body of evidence for klotho having cognitive-enhancing properties from genetic studies on the
KL-VS variant to experiments directly increasing the level of klotho in the brain. However, several important ques-
tions on the mechanisms by which klotho acts remain unanswered. For example, which form of klotho (transmem-
brane, soluble or secreted) mediates its cognitive enhancing properties? Can the different forms substitute each other?
What is the identity of the receptor(s) in the brain for the soluble and secreted forms of klotho and which signalling
pathway(s) is activated by them in the brain to enhance cognition? What is the molecular basis for the beneficial
effect of the heterozygous VS variant of klotho? Is it a gain of function, a loss of function or both? Given that KL-VS
homozygosity appears to be detrimental, would too much klotho or overstimulation of its signalling pathways have
toxic effects or be counterproductive to enhancing cognition? How does peripherally administered klotho mediate
neuroprotection? Does it cross the BBB or act on non-neuronal cells in the neurovascular unit? Once more details
are uncovered on the molecular and cellular mechanisms of action of the soluble and secreted forms of klotho in the
brain, more targeted approaches to mimic the actions of klotho may be realised which will enable us to exploit its
neuroprotective properties to tackle age- and neurodegeneration-associated cognitive dysfunction.
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