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Control of renal phosphate excretion

® Parathyroid hormone

® Other hormone(s) ?




Control of renal phosphate excretion

® Parathyroid hormone

* Phosphatonins ?




Fibroblast Growth Factor 23 (FGF23)
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Structure of FGF23 protein (251 amino acids)
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FGF23 production sites in bone

Bone microscopy picture from Wikipedia




Circulating FGF23 and measurement assays
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(HRP : horseradish peroxidase)

Fukumoto & Yamashita, Bone 2007:40:1190-95




Correlation between plasma cFGF-23 and
iIntact FGF23 in ESRD patients (CAPD pts)
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Correlation of plasma IFGF23
with bioactive FGF23
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FGF receptor 1 activation by FGF23 and Klotho

FGFR1(llic) FGFR1(llic) FGFR1(llic)
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Mutation of the mouse kiotho gene
leads to a syndrome resembling
ageing
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A new gene, termed klotho, has been identified that is involved in the suppression of several ageing phenotypes. A
defect in kiotho gene expression in the mouse results in a syndrome that resembles human ageing, including a short
lifespan, infertility, arteriosclerosis, skin atrophy, osteoporosis and emphysema. The gene encodes a membrane
protein that shares sequence similarity with the p-glucosidase enzymes. The kfotho gene product may function as part
of a signalling pathway that regulates ageing in vivo and morbidity in age-related diseases.

Kuro-o M et al, Nature 1997:390:45-51
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Domain structure and topology
of Klotho ( a-Klotho)

Human Klotho
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Functions of secreted Klotho
- Interaction with FGF23

- Regulation of ion channels
- Regulation of transporters

- ‘ - Regulation of insulin & IGF1

Ix Shedding ‘

ADAM10/17

SS, signal sequence

KL1 & KL2, 15t & 2"d Klotho repeat

TM, transmembrane domain Huang CL, KI 2010
Cleavage by ADAM10 or ADAM117




Mutation of klotho gene inthe mouse

 reduced life expectancy

» decrease of spontaneous activity

o infertility

e skin thinning and atrophy

Mean survival

Control : 600 days

Klotho -/- : 380 days

* high serum phosphorus, calcitriol
* soft tissue calcifications
» osteopenia (low bone turnover)

e atherosclerosis/arteriosclerosis

Kuro-o M et al, Nature 1997:390:45-51




Skeletal phenotypes of klotho  mutant mouse
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Two phenotypes

Osteopetrosis

Elongation of bone trabeculae in epiphyses
of long bones and vertebrae

Osteoporosis

Cortical thinning of diaphyses of long bones

Possible mechanism
Site-specific changes of osteoclast activity
with increase in OPG expression

Kuro-o M et al, Nature 1997:390:45-51




Vascular phenotypes in klotho mutant mice

Atherosclerosis (muscle) Arteriolosclerosis (kidney)

Kuro-o M et al, Nature 1997:390:45-51




Klotho gene overexpression

MEwsSs OF THE WEEK

PHYSIDLOGY

Boosting Gene Extends Mouse lé_ife Span

A proiem named afer the Greek goddess who

wilys o extend a mouse’s natural (e span.
Whereas Isb mice can live abowt 2 vears, muce
engineered 1o overprodusce this protei, cilled
Klotho, have celebrated third birthdays,
Makoto Kuro-o of the University of Texas
Southwestern Medical Center im Dallas and his
colleagues report online m this week's Science
Express ( www.sciencemag.org/cgi/content/
phatmet/1112766), The mutant rodents mepre-
sent a rore case of a single pene substntially
influencing life spanin mammals
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Rare milestane. These rmdee, which overexpress the gene for
Klot ho, hawe colebrated r:l'mir third birthdays

Science 26 Augéjst 2005, Vol 309

into the blood and may act like a hormone.
Males making extra Klotho lived up to
3% longer than normal males, and the

mutant female s survived 20%:
longer than normal counterpars
Az with lab animals coaxed to
have lengthy life spans, the
altered rodents had fertility prob-
lems. They produced about half
the expected number of offspring.

Males appeared more affected
by Klotho than females did. Their
blood, unlike that of females, con-
tamead mors msulim than normal
mice This suprested that the nole
i ants were !|-1.:I1Ti."|-'|.h ol resistant
i I:I'l.‘-'-l.ll:l!!l a h"_g-'l.".".l!"lt-l.'ﬂ'lh m exireme
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Klotho & fibroblast growth factor-23 (FGF23)

FGF-23 gene deletion : klotho-like phenotype




FGF23-/- mice : similar phenotype as kl-/- mice
Aorta calcification in FGF23-/- vs wild-type mice on regular diet

A, Alizarin Red-S stain
C, von Kossa stain

Genotype: WT KO
Diet: Regular Regular

Stubbs JR et al, JASN 2007;18:2116-24




FGF23-/- mice : similar phenotype as kl-/- mice
Nephrocalcinosis in FGF23-/- vs wild-type mice on regular diet

B, Alizarin Red-S stain

Genolype
Diet

Stubbs JR et al, JASN 2007;18:2116-24




Physiological roles of FGF23 and Klotho

® FGF23 + Klotho : obligatory partners

® Main target organs, actions and interactions




Endocrine regulation of Pi homeostasis

Parathyroids
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Endocrine regulation of P homeostasis

10 years ago
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Klotho & fibroblast growth factor 23 (FGF23)

® Klotho, an obligatory partner of FGF23 ?

® Does Klotho exert FGF23 independent actions ?




Direct regulation of Pi homeostasis by Klotho
Independent of FGF23

E, effect of recombinant mouse klotho vs vehicle on renal NaPi-2a in vitro
F, effect of klotho vs vehicle on plasma and urinary Pi in FGF23-/- mice
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Hu MC et al, FASEB J 2010;24:3438-50




Direct Klotho effect on proximal tubule NaPi-2a

1) Klotho enzyme deglycosylates NaPi-2a protein in BBM
2) NaPi-2a protein is degraded by resident proteases in BBM
3) NaPi-2a protein is internalized from BBM to intracellular pool

Proximaltubularlumen

Phosphaturia

Hu MC et al, FASEB J 2010;24:3438-50




FGF23 and Klotho : roles In disease states

® States of FGF23 dysregulation

® Increase in FGF23 and decrease in Klotho in CKD




FGF23 dysregulation and disease states

Diseases owing to dysregulation of FGF23

Human diseases Cause
Increased FGF23 activity
A-linked hypophosphatemia PHEX mutation

Autosomal dominant hypophosphatemic rickets C FGF23 mutation )

Autosomal recessive hypophosphatemic rickets/osteomalacia DMP7T mutation
McCune-Albright syndrome GNAST mutation
Osteoglophonic dysplasia FGFR1 mutation

Epidermal nevus syndrome FGFR3 mutation

Tumor-induced osteomalacia C FGF23-producing tumor D

Decreased FGF23 activity
Familial tumoral calcinosis GALNT3 or FGF23 or KL mutation

Razzaque M, Nat Rev Endocrinol 2009;5:611-619




Increase In serum FGF-23
with reduction of kidney function

Gutierrez et al, JASN 2005:16:2205-15



Cubic spline functions of the associations
of eGFR with log FGF23 and log PTH
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Decrease In urinary Klotho excretion
with reduction of kidney function
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Downregulation of Klotho mRNA expression in

parathyroid tissue of patients with CKD
(hyperplastic parathyroid glands ; CKD stages 2-5)
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Depressed expression of klotho and FGFR1
In parathyroid tissue of hemodialysis patients
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FGF23 and Klotho interaction
with Ca, PI, calcitriol and PTH in CKD-MBD

Chronic kidney disease
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Quntio2 i Independent
Qa4 : association of
high FGF-23
with mortality
iIn HD patients
(FGF-23 level

qguartiles)
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Adjusted Adjusted

Quartile 1 Reference Reference Reference :
Quartile2 1.5 (0.9-2.7) 1.7 (0.8-3.2) 1.6 (0.8-3.3) Gutierrez OM et al, NEJM

Quartile3 2.5 (1.4-4.4) 3.0 (1.6-5.8) 45 (2.2-9.4) 2008; 359: 584-92
Quartile 4 3.4 (1.9-5.9) 3.6 (1.9-6.9) 5.7 (2.6—12.6)




Survival of chronic hemodialysis patients
according to serum FGF-23 quartiles
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Plasma FGF23 is an independent factor of

relative mortality risk  (CRIC study; 3879 CKD patients)
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Normal and pathologic responses to FGF -23
as a function of klotho — a simplified scheme

| FGF-23 |

Klotho sufficiency Klotho deficiency

Tissue-specific function Nonspecific function

Physiologic response Pathologic response

Urinary Pi excretion Organ dysfunction

Regulation of mineral balance Influence on survival

After Razzaque MS, 2008, modified




Klotho, FGF23 and life span

® Role on longevity in humans ?




Association of functional variant KL-VS of Klotho
gene with longevity in general population

P<0.026
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Arking DE et al, Circ Res 2005;96:412-8




Klotho gene overexpression
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Boosting Gene Extends Mouse lé_ife Span

A proiem named afer the Greek goddess who

wilys o extend a mouse’s natural (e span.
Whereas Isb mice can live abowt 2 vears, muce
engineered 1o overprodusce this protei, cilled
Klotho, have celebrated third birthdays,
Makoto Kuro-o of the University of Texas
Southwestern Medical Center im Dallas and his
colleagues report online m this week's Science
Express ( www.sciencemag.org/cgi/content/
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into the blood and may act like a hormone.
Males making extra Klotho lived up to
3% longer than normal males, and the

mutant female s survived 20%:
longer than normal counterpars
Az with lab animals coaxed to
have lengthy life spans, the
altered rodents had fertility prob-
lems. They produced about half
the expected number of offspring.

Males appeared more affected
by Klotho than females did. Their
blood, unlike that of females, con-
tamead mors msulim than normal
mice This suprested that the nole
i ants were !|-1.:I1Ti."|-'|.h ol resistant
i I:I'l.‘-'-l.ll:l!!l a h"_g-'l.".".l!"lt-l.'ﬂ'lh m exireme

-




Eternal life

Adam and Eve

Lucas Cranach the Elder

Galleria degli Uffizi, Florence
1528

(http//www.abcgallery.com/C/cranach/crana
ch66.html)




Klotho ablation converts FGF -23 transgenic phenotype
to Klotho -deficient phenotype in mice

Y

Bai X et al, AJP-Endocr Metab 2009:296:E79-88




Klotho ablation converts FGF -23 transgenic phenotype
to Klotho -deficient phenotype in mice
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Absence of association between serum FGF23 and
bone mineral density in chronic HD patients
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Absence of association between serum FGF23 and
cross -laps or bone alk. P ’'tase in chronic HD patients
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Urefa et al, KI 2008;73:102-7




The future ?

® Prolonged survival

® Long survival with high quality of life




Klotho gene variant rs577912 is associated with inc  reased
RR of mortality in chronic hemodialysis patients

FIGURE 1A-1D
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Increase in serum FGF23 after a single IV iron dose
(918 mg) IN medical outpatients (GFR > 60 ml/min)
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Decrease in serum calcitriol after a single IV iron
dose (918 mg) In medical outpatients (GFR > 60 ml/min)
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Schouten BJ et al, JCEM 2009:94:2332-7




Serum cFGF-23 as a function of eGFR In
patients with early CKD (MDRD 4-variable formula)
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Correlation between serum phosphorus and
FGF-23 In chronic hemodialysis patients
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FGF-23 induces p -ERK1/2 signalling in distal tubular cells
at sites of positive Klotho staining

P-ERK1/2

Farrow EG et al, JASN 2009;20:955-60




Association between elevated serum FGF23 and
calcium-mediated PTH suppression in HD patients
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Tissue calcification in Klotho-/- mice and in CKD mi ce
In assoclation with reduced humoral and tissue klot ho
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Hu MC et al, JASN 2011;22:124-136




Rat VSMC calcification depending on phosphate
and klotho concentration in vitro
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