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PREFACE

Fibroblast growth factors (FGFs) have been recognized primarily as autocrine/
paracrine factors that regulate embryonic development and organogenesis. However,
recent studies have revealed that some FGFs function as endocrine factors and regulate
various metabolic processes in adulthood. Such FGFs, collectively called endocrine
FGFs, are comprised of three members (FGF15/19, FGF21, and FGF23: FGF15 is the
mouse ortholog of human FGF19). These endocrine FGFs share a common structural
feature that enables the endocrine mode of action at the expense of the affinity to FGF
receptors (Chapter 1). To restore the affinity to FGF receptors in their target organs, the
endocrine FGFs have designated the Klotho family of transmembrane proteins as obligate
co-receptors (Chapter 2). By expressing Klothos in a tissue-specific manner, this unique
co-receptor system also enables the endocrine FGFs to specify their target organs among
many tissues that express FGF receptors.

The first documented endocrine axis mediated by endocrine FGFs and Klothos
was the FGF23-Klotho system. FGF23 was identified as the gene mutated in patients
with a hereditary phosphate-wasting syndrome (Chapter 3). Functions of FGF23 as a
phosphaturic hormone and a counter-regulatory hormone for vitamin D and parathyroid
hormone are comprehensively discussed in Chapters 4 and 6. On the other hand, Klotho
was originally identified as the gene mutated in mice that inherited a syndrome resembling
human aging associated with abnormal mineral metabolism (Chapter 2). The close
relation between these two seemingly unrelated proteins (FGF23 and Klotho) became
evident when mice lacking FGF23 developed not only abnormal mineral metabolism
but also complex aging-like phenotypes, which are indistinguishable from those seen in
mice lacking Klotho (Chapter 5). In addition to functioning as FGF23 receptor, Klotho
has multiple FGF23-independent activities, which are discussed in Chapters 7 and 9.
An exponential increase in research interests in the FGF23-Klotho endocrine axis has
been observed since their defects turned out to be universal in patients with chronic
kidney disease, which affects more than 10% of total population in developed countries.
Chapters 8, 9 and 10 discuss potential of FGF23 and Klotho as novel diagnostic markers
and therapeutic targets for chronic kidney disease.
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Chapters 11, 12, 13, and 14 overview our current knowledge on FGF19 and FGF21.
Unlike FGF23, FGF19 and FGF21 require BKlotho, another member of the Klotho
family proteins, as their obligate co-receptor. Although their involvement in human
diseases remains to be clarified, FGF19 and FGF21 are hormones indispensable for
metabolic adaptation to feeding and fasting, respectively. In addition, FGF19 is essential
for maintaining bile acid homeostasis and mitogenic. Thus, FGF19 and FGF21 likely
participate in pathophysiology of obesity, diabetes, hypercholesterolemia, gallstone and
cancer and possess potential for novel diagnostic markers and therapeutic targets for
these highly prevalent diseases.

It was a pleasant surprise to know that such major endocrine axes had remained
unrevealed until quite recently. Endocrine FGFs and Klothos will add a new massive
chapter to endocrinology textbooks. I hope this volume help stimulate research interests
in various fields of biomedical science and promote better understanding of these unique
endocrine systems.

Makoto Kuro-o, MD, PhD

Department of Pathology

University of Texas Southwestern Medical Center at Dallas
Dallas, Texas, USA
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CHAPTER 1

THE STRUCTURAL BIOLOGY
OF THE FGF19 SUBFAMILY

Andrew Beenken and Moosa Mohammadi*

Department of Pharmacology, New York University School of Medicine, New York, New York, USA.
*Corresponding Author: Moosa Mohammadi—Email: Moosa. Mohammadi@nyumc.org

Abstract:

The ability of the Fibroblast Growth Factor (FGF) 19 subfamily to signal in an
endocrine fashion sets this subfamily apart from the remaining five FGF subfamilies
known for their paracrine functions during embryonic development. Compared
to the members of paracrine FGF subfamiles, the three members of the FGF19
subfamily, namely FGF19, FGF21 and FGF23, have poor affinity for heparan
sulfate (HS) and therefore can diffuse freely in the HS-rich extracellular matrix to
enter into the bloodstream. In further contrast to paracrine FGFs, FGF19 subfamily
members have unusually poor affinity for their cognate FGF receptors (FGFRs)
and therefore cannot bind and activate them in a solely HS-dependent fashion.
As aresult, the FGF19 subfamily requires o/fklotho coreceptor proteins in order
to bind, dimerize and activate their cognate FGFRs. This klotho-dependency
also determines the tissue specificity of endocrine FGFs. Recent structural and
biochemical studies have begun to shed light onto the molecular basis for the
klotho-dependent endocrine mode of action of the FGF19 subfamily. Crystal
structures of FGF19 and FGF23 show that the topology of the HS binding site
(HBS) of FGF19 subfamily members deviates drastically from the common
topology adopted by the paracrine FGFs. The distinct topologies of the HBS of
FGF19 and FGF23 prevent HS from direct hydrogen bonding with the backbone
atoms of the HBS of'these ligands and accordingly decrease the HS binding affinity
of this subfamily. Recent biochemical data reveal that the aklotho ectodomain
binds avidly to the ectodomain of FGFR1c, the main cognate FGFR of FGF23,
creating a de novo high affinity binding site for the C-terminal tail of FGF23.
The isolated FGF23 C-terminus can be used to effectively inhibit the formation
ofthe FGF23-FGFR 1c-aklotho complex and alleviate hypophosphatemia in renal
phosphate disorders due to elevated levels of FGF23.

Endocrine FGFs and Klothos, edited by Makoto Kuro-o.
©2012 Landes Bioscience and Springer Science+Business Media.



2 ENDOCRINE FGFs AND KLOTHOS
INTRODUCTION: AN OVERVIEW OF FGF-FGFR SIGNALING

The human fibroblast growth factors (FGFs) compose a family of secreted polypeptides
that are encoded by 18 distinct genes (FGF1-FGF10 and FGF16-FGF23). FGFs play
pleiotropic roles in human development and metabolism by binding and activating FGF
receptor tyrosine kinases (FGFRs) thatare encoded by four genes in humans (FGFR 1-4).!-
Based on sequence homology and phylogeny, the eighteen mammalian FGFs are grouped
into five paracrine subfamilies and one endocrine subfamily.*¢ The paracrine subfamilies
include the FGF1 subfamily comprising FGF1, 2; the FGF 7 subfamily comprising FGF3,
7,10, 22; the FGF4 subfamily comprising FGF4, 5, 6; the FGF$§ subfamily comprising
FGFS, 17, 18; and the FGF9 subfamily comprising FGF9, 16, 20. The endocrine-acting
FGF19 subfamily comprises FGF19, 21, 23. The paracrine-acting FGF1, FGF4, FGF7,
FGF8 and FGF9 subfamilies play essential roles in spermatogenesis,”” mesoderm
induction,'®!! somitogenesis,'*!® organogenesis,'”? and pattern formation,?! whereas
the FGF19 subfamily acts in an endocrine fashion to regulate major metabolic processes
including glucose,? lipid, cholesterol and bile acid metabolism,?-* and serum phosphate/
vitamin D homeostasis.?® Based on sequence homology, four additional genes, namely
FGF11-FGF14, have also been considered to be members of the FGF family. Functionally
speaking however, FGF11-FGF14 are not bona fide FGFs as they remain intracellular
and lack key residues necessary for binding to FGFR.?"?*

FGF's share a core homology region of about 120 amino acids consisting of twelve
antiparallel B-strands arranged into three sets of four-stranded p-sheets (Fig. 1A).3 This
globular core domain is flanked by N- and C-terminal regions that are highly divergent
with respect to both length and sequence among FGFs, particularly across subfamilies.’
Moreover, even within some subfamilies the sequence identity at the N-terminus can be
rather limited. The sequence identity of the N-terminal regions of FGF4 and FGF6 is only
36% compared to 69% for their core regions and that of FGF9 and FGF20 is only 38%
compared to 86% for their core regions. Comparison of the crystal structures of several
paracrine FGFsbound to their cognate FGFRs has shown that the FGFR binding specificity/
promiscuity profile of a given FGF is principally dictated by the primary sequence of its
N-terminal region.**-** The structural data have begun to pinpoint the common primary
and secondary structural elements within the N-termini of members of a given subfamily
that explain their overlapping FGFR binding specificity/promiscuity profile.?

The prototypical FGFR is composed of three extracellular immunoglobulin
domains (D1-D3), a transmembrane domain and an intracellular tyrosine kinase
domain.*® (Fig. 1B). Structural studies have shown that ligand binding requires
both D2 and D3 domains.?**’3* The D1 domain and D1-D2 linker, that harbors the
acid box (AB), are dispensible for ligand binding and in fact suppress FGF and HS
binding affinity of the D2-D3 region.**** The specificity of FGFR1-3 for ligand
binding is modulated by alternative splicing of mutually exclusive ‘b’ and ‘¢’
exons in the second half of the D3 domain.*'*> This D3 alternative splicing event
is tissue specific, with the b and ¢ exons being preferentially used in epithelial and
mesenchymal tissues respectively.*3 Importantly, the D3 alternative splicing event
elaborates the number of principal FGFRs from four to seven: FGFR1b, FGFRI1c,
FGFR2b, FGFR2¢c, FGFR3b, FGFR3c, FGFR4. Structural studies have shown that
D3 alternative splicing modulates the FGF binding specificity/promiscuity of FGFRs
by switching the primary sequence of key ligand binding epitopes in D3.%



THE STRUCTURAL BIOLOGY OF THE FGF19 SUBFAMILY 3
HS MODULATES FGF SIGNALING THROUGH MULTIPLE MECHANISMS

A wealth of genetic studies in mice and flies as well as cell-based studies have
established that FGF signaling requires HS.**¢ HS is a highly sulfated linear polymer
ofalternating glucuronate (GlcA) and N-acetylglucosamine (GlcNAc) monosaccharides
thatundergoes heterogenous deacetylation, N-sulfation on GIcNAc, O-sulfation on both
GlcA and GlcNAc, and epimerization on GlcA.* HS impinges on FGF signaling through
multiple mechanisms, including coordination/stabilization of FGF-FGFR binding and
dimerization,* control of FGF gradients in the extraceullular matrix (ECM),’' and
protection of FGFs against thermal instability and proteolytic degradation.’*>?

All FGFs interact with HS, albeit with differing affinities.>* The HBS of all FGFs
is located within the core region and is composed of residues from the 31-f2 loop
and the segment spanning the 10 to $12 strand. FGFRs also interact with HS via
residues from the gA helix, the gA-BA’ loop, the BA’-BB loop, and the B strand.
Structural studies have shown that HS promotes formation of a 2:2:2 FGF-FGFR-HS
cell surface signaling unit in which each ligand binds both receptors in the complex
and the two receptors additionally make contact with one another.’*> (Fig. 2A,B)
Two HS molecules bind in a symmetric fashion to a positively-charged HS-binding
cleft formed from the union of the HBS of the two FGFs and two FGFRs at the
membrane-distal end of the dimer. By simultaneously engaging the HBS of both FGF
and FGFR, HS stabilizes protein-protein contacts both within the 1:1 FGF-FGFR
complex and between the two FGF-FGFR complexes in the dimer. In addition
to promoting FGF-FGFR binding and dimerization, emerging data show that HS
also controls the diffusion and morphogenetic gradients of paracrine FGFs in the
extracellular matrix,”" and that the HS affinity of a ligand ultimately determines
whether that FGF acts in a paracrine or endocrine fashion.*®

Dimerization of the extracellular domains of FGFRs juxtaposes the intracellular
kinase domains, affording them with sufficient opportunity to trans-phosphorylate each
other on the A-loop tyrosines. A-loop tyrosine phosphorylation increases the intrinsic
kinase activity of FGFR kinase by stabilizing the active conformation of the kinase.’’
Activated kinases then further trans-phosphorylate each other on tyrosines within the
C-tail, kinase insert and juxtamembrane regions.** The phosphorylated tyrosines in
the C-tail and juxtamembrane regions of activated FGFR serve as recruitment sites
for SH2 domains of PLCy®"¢* and CRKL,* respectively. In the case of PLCy, this
recruitment serves two purposes: (i) it facilitates phosphorylation of PLCy to increase its
enzymatic activity, (ii) it brings PLCy to the vicinity of its substrate PIP2 in the plasma
membrane. Hydrolysis of PIP2 generates two second messengers: IP3 and DAG that
stimulate Ca* release from intracellular stores and PKC activation respectively.t4¢
In contrast, CRKL is an adaptor protein that lacks intrinsic enzymatic activity.
Recruitment of CRKL to the phosphorylated tyrosine in the juxtamembrane region
of FGFR1 and FGFR2 leads to translocation of associated Rac1/Cdc42 to the plasma
membrane which culminates in cytoskeletal reorganization and cell motility.** Lastly,
activated FGFR phosphorylates FRS20.,%” another adaptor protein that, unlike PLCy
and CRKL, associates constitutively (independently of receptor phosphorylation) with
the juxtamembrane region of FGFR.%7° Phosphorylation of FRS2a by the activated
FGFR generates docking sites for the SH2 domains of the adaptor protein GRB2¢’
and the phosphatase Shp2,”" leading to activation of the Ras-MAPK and PI3K-Akt
pathways (Fig. 1C)."
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Figure 1. An overview of FGF and FGFR structural biology. A, viewed on previous page) FGF1 is
represented as a cartoon. N- and C-termini are labeled and the twelve p-sheets that compose the p-trefoil
core are indicated. B, viewed on previous page) A schematic of FGFR shows its three Ig-like domains.
D1 and the acid box (AB) are involved in autoinhibition, the heparan sulfate binding site (HBS) is
located on D2 and alternative splicing takes place in the latter half of D3. D2 and D3 are necessary
and sufficient for ligand binding. An intracellular kinase domain mediates downstream signaling. C) The
formation of a 2:2:2 FGF:FGFR:HS dimer on the cell surface leads to intracellular transphosphorylation
of the FGFR kinase domains and downstream signaling through PLCy, FRS2a, and CRKL.

PARACRINE FGFs MEDIATE A MESENCHYMAL-EPITHELIAL
SIGNALING LOOP WITHIN TISSUES

Historically, FGFs have been viewed as paracrine factors known for their wide
ranging roles in tissue patterning and organogenesis during embryonic development and
the FGF1, FGF4, FGF7, FGF8 and FGF9 subfamilies fall under this category. Members
of these five FGF subfamilies have significant affinity for HS, limting their diffusion in
the HS-rich ECM and accounting for their paracrine mode of action. Superimposition
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Figure 2. HS-dependent dimerization of the FGF-FGFR complex A) A surface representation of the
FGF2-FGFR1c-heparin ternary complex, PDB ID: 1FQ9. FGF2 is in dark grey, the D2 and D3 domains
of FGFRI1c are in light grey and heparin is represented as sticks in black. B) The complex has been
rotated ninety degrees around an axis parallel to the plane of the page to reveal heparin binding the
HBS in the membrane distal cleft of the complex. C) The boxed region from Figure 2A is expanded
to show the FGF2 residues involved in hydrogen bonding to HS. There a total of 16 hydrogen bonds
between FGF2 and HS. For the sake of clarity, only those three hydrogen bonds mediated by backbone
atoms are shown.

of crystal structures of paracrine FGFs shows that the HBS of paracrine FGFs all adopt
nearly identical topologies. In these FGFs, the two HS binding regions, namely the
B1-p2 loop and the segment spanning 310 to p12, are juxtaposed and form a continuous
positively-charged flat surface 333377376

Structure-based sequence alignment of paracrine FGFs shows that both the length
and the primary sequence of the p1-2 HS-binding loop differ across paracrine FGF
subfamilies. In contrast, with the single exception of FGFS5, the length of the HS binding
segment spanning 310 to 312 is constant among all paracrine FGFs. Notably, all paracrine
FGFs possess a prominent GXXXXGXX(T/S) motifin the HS binding 310-$12 segment.
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This motif, sometimes known as the glycine box,”” plays a key role in imparting the
common conformation of the region between the $10 and 12 strands in paracrine FGFs
(Figs. 3A, 5B,D). The first glycine of this motif makes hydrogen bonds with a conserved
glycine in f3 and the second glycine hydrogen bonds with a fully conserved glycine in 7.
These hydrogen bonds are essential for the formation of the $11 strand. Lastly, the side
chain hydoxyl group of the threonine/serine hydrogen bonds with the backbone of the
second glycine in the GXXXXGXX(T/S) motif. Crystal structures of FGF1 and FGF2 in
complex with heparin oligosaccharides and SOS have demonstrated that both backbone and
side chain atoms of the ligand’s HBS region partake in HS binding.>>8% Likewise, both
sulfate groups and sugar backbone atoms of HS are engaged in FGF binding (Fig. 2C).
The hydrogen bonds between backbone atoms of the HBS with HS are considered to
be a key provider of binding energy, since they should incur less entropic loss upon HS
binding than those hydrogen bonds involving the exposed flexible side chains.
Generally, paracrine FGF subfamilies exhibit tissue-specific expression patterns
and are expressed in either epithelial or mesenchymal compartments within organs. The
epithelially-expressed FGFs typically show specificity for FGFRc isoforms expressed in the
mesenchyme and vice versa, resulting in the establishment of an epithelial-mesenchymal
signaling loop (Fig. 4).8"% It is well documented that FGF7 and FGF10, which are
expressed exclusively in the mesenchyme, specifically activate FGFR2b to mediate the
mesenchymal-to-epithelial signaling required for the development of multiple organs and
glands including lung, thyroid, pituitary, lacrimal and salivary glands.®#¢%° In contrast, the
members of the FGF4, FGF8 and FGF9 subfamilies are expressed in the epithelium and
activate the mesenchymal FGFRc isoforms to govern patterning and morphogenesis of
multiple tissues and organs, including brain, lung, heart, kidney, eye, limb and ear.”20-1-2

ENDOCRINE FGFs REGULATE KEY METABOLIC PROCESSES
IN A KLOTHO-DEPENDENT FASHION

The perception of FGFs as paracrine factors acting mainly during embryonic
development has been overturned by the discovery that members of the FGF 19 subfamily
are humoral factors that regulate key metabolic processes. The involvement of FGF23 in
phosphate homeostasis was discovered simultaneously by clinical studies of autosomal
dominant hypophosphatemic rickets (ADHR) and tumor-induced osteomalacia (T10),
two human phosphate wasting disorders. The ADHR consortium identified mutations
in FGF23 affecting either of two arginines at a RXXR motif that lies at the boundary
between its core region and its 72 residue-long C-terminal tail (Fig. 3A).% Later studies
showed that the ADHR mutations interfered with the natural process of proteolytic
inactivation of FGF23, leading to an increase in the serum concentration of FGF23 that
in turn induces phosphate wasting.’**% Shimada and colleagues showed that FGF23
secreted from the tumors of TIO patients was capable of causing hypophosphatemia.®
FGF21’srole inmetabolism was originally discovered by Kharitonenkov and colleagues
through experiments on FGF2] transgenic mice and murine models of diabetes,” and
FGF19 was first identified as an important regulator of energy metabolism through
studies of FGF19 transgenic rats by Tomlinson and colleagues.?

The endocrine FGFs require a/fklotho proteins as coreceptors in order to exert
their metabolic actions. Klotho proteins are single-pass transmembrane proteins with
an extracellular domain consisting of two tandem glycosidase-like domains, termed
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Figure 3. Sequence alignments of FGFs. A, viewed on previous page. Sequences of human FGF19,
FGF23, FGF21, FGF2, FGF4 and FGF10 are aligned. N- and C-terminal regions of some ligands are
truncated for the sake of presentation. f-sheets are highlighted with grey in the alignment and the
helical secondary structures in FGF19 and FGF23 are highlighted with dark grey. Numerous important
residues are enclosed in boxes to emphasize their importance: the Cys-58 and Cys-70 residues that
support FGF19’s unusual f10-B12 segment structure are boxed, along with other cysteines that form
disulfide bridges; the GXXXXGXX(T/S) motif in the paracrine FGFs is indicated with boxes; the
RXXR motif in FGF23 is also boxed.. B) Orthologs of FGF19, FGF21, FGF23 and FGF2 are aligned
and the f10-B12 segment is shown for the solved structures. FGF23 exhibits greater conservation in
its HBS than do either FGF19 or FGF21. The location of the GXXXXGXX(T/S) motif is indicated
with arrowheads above the alignment of FGF2 orthologs.
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[ FGF4,FGF6],
[ FGF8, FGF17, FGF18],
[ FGF9, FGF16, FGF20 ] FGFR2b

epithelium

Figure 4. Paracrine FGFs mediate an epithelial-mesenchymal signaling loop. Ligands expressed in the
epithelium signal through receptors expressed in the mesenchyme and vice versa.

KL1 and KL2.” FGF19 and FGF21 require fklotho,” ! and FGF23 requires aklotho
in order to bind and activate their cognate FGFRs.!**1 Klotho-dependency restricts
signaling of FGF19 subfamily members to those tissues where klotho proteins are
expressed. aklotho was originally discovered as an aging suppressor gene in mice
and its requirement for FGF23 signaling was inferred from the phenotypic similarity
between FGF23 and aklotho knockout mice.!°1%7 Likewise, mice deficient for FGF15
(the mouse ortholog of human FGF19), fKlotho-knockout mice, and FGFR4 knockout
mice all have overlapping defects in bile acid metabolism, a correlation that facilitated
the identification of Bklotho as a coreceptor for FGF19.!108-110

Each of the FGF19 subfamily members participates in an endocrine signaling axis
that is critical for maintaining homeostasis. The bone-kidney axis mediated by FGF23,
FGFRIc (its main cognate FGFR)'!! and aklotho plays a vital role in serum phosphate
regulation. In response to rising serum phosphate, FGF23 is secreted from bone and
activates FGFR 1 cin the kidney in an aklotho-dependent fashion, 4195111 thus promoting
phosphate excretion and suppressing vitamin D biosynthesis.!!?-118

FGF19, FGFR4 (its main cognate FGFR) and Bklotho are essential components of
an intestine-liver axis that form a postprandial negative feedback loop to regulate bile
acid synthesis and release. FGF19 is secreted from intestinal epithelium in response to
bile acid release into the intestinal lumen upon food intake. %! FGF 19 reaches the liver
via the hepatic portal vein where it activates hepatic FGFR4 in a fklotho-dependent
fashion,’ 1919 thereby suppressing expression of the CYP7A1 gene that encodes the



THE STRUCTURAL BIOLOGY OF THE FGF19 SUBFAMILY 11

rate-limiting enzyme for bile acid synthesis.** Additionally, FGF19 acts to promote
gallbladder filling through FGFRs other than FGFR4.'%

The liver-fat axis mediated by FGF21, FGFRI1c (its main cognate FGFR), and
Bklotho is critical for inducing metabolic adaptation in response to fasting. FGF21 is
secreted from the liver'?! upon fasting,'?*'** and it activates FGFR1c in adipocytes in
a Bklotho-dependent fashion?®9%191192 to stimulate gluconeogenesis, ketogenesis and
fatty acid oxidation,?%!26-128

Interest in the FGF19 subfamily of ligands has been stimulated not only by their
fascinating biology but also by their potential for the treatment of a variety of human
diseases that have placed a major burden on health care. FGF21 agonists hold promise
for the treatment of Type 2 diabetes and obesity.'?* FGF19 antagonists hold promise for
the treatment of hypercholesterolemia, gallstone disorders, hepatocellular carcinoma
and colon cancer. FGF23 has been implicated in the pathogenesis of many congenital
diseases, including FGF23 gain-of-function disorders such as ADHR,” TIO,!3%13!
FGF23 loss-of-function disorders such as familial tumoral calcinosis (FTC),!3% 13
and X-linked hypophosphatemia (XLH),"**!*" a disorder involving increased FGF23
levels that results from loss of function mutations in the metalloproteinase PHEX that
is thought to cleave FGF23 at its RXXR motif. More recently, elevations in FGF23
serum concentration have been correlated with the progression of chronic kidney
disease (CKD)."3¢ FGF23 antagonists could be used to alleviate hypophosphatemia in
inherited and tumor-induced phosphate wasting disorders as well as hypophosphatemia
associated with other conditions such as organ transplantation and parenteral iron
therapy. Conversely, FGF23 agonists could be used to correct hyperphosphatemia in
FTC patients.

The recent crystal structures and biochemical studies of FGF19 and FGF23 have
begun to elucidate the molecular basis for these ligands’ endocrine behavior and the
mechanism of action of their klotho coreceptors. Advances in the structural biology of
FGF23 are already being translated towards the discovery of drugs for renal phosphate
wasting disorders.

Structure-Function Relationships of Endocrine FGFs

Relative to the five paracrine-acting FGF subfamilies, the FGF 19 subfamily exhibits
the least sequence identity amongst its members. The pairwise sequence identity between
the core regions of members of FGF19 subfamily ranges between 33% for FGF21
and FGF23 and 38% for FGF19 and FGF21 (Fig. 3A). In comparison, the identity
between the core regions of members of paracrine FGF subfamilies is significantly
higher and ranges between 88% for FGF9 and FGF16 to 54% for FGF7 and FGF10.
Most of the sequence divergence between FGF19 subfamily members stems from the
HBS regions, namely the $1-p2 loop and the segment between the 310 and 12 strands
of these ligands. The identity between the HBS of FGF19 subfamily members is at
best 13%. Exclusion of the HBS from the alignment improves the identity between
FGF19 subfamily members to above 40%. In paracrine FGFs, however, the degree of
sequence divergence at the HBS region is much less and is comparable with the degree
of divergence in other regions of the trefoil core.

The HBS is the site of greatest divergence between the core regions of FGF19
subfamily ligands and those of other paracrine FGFs. The HS binding segment between
B10 and B12 in endocrine FGFs is shortened and lacks the critical GXXXXGXX(T/S)
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motif, suggesting that this region cannot adopt the same conformation as in paracrine
FGFs. Moreover, the B1-f2 loop of all three members of the FGF19 subfamily is
longer than those of paracrine FGF subfamilies. Consistent with these major primary
sequence divergences between the FGF19 subfamily and other FGF subfamilies, the
crystal structures of FGF 19 alone and of FGF23 bound to the heparin analogue sucrose
octasulfate (SOS)*® revealed that the HBS of FGF19 and FGF23 take on completely
different conformations than that seen in paracrine FGFs. Notably, the conformations
of the HBS seen in these two endocrine FGFs are incompatible with the hydrogen
bonding of HS to backbone atoms in the HBS regions of these endocrine FGFs. This
finding provides a molecular basis for the weak binding of FGF19 subfamily members
for HS and explains the subfamily’s ability to act in an endocrine fashion.

FGF19 Structural Findings

The first crystal structure of FGF19 was reported by the Blundell laboratory.™” In
this structure, the HS binding segment between the 10 and f12 strands is disordered,
leading the authors to suggest that the HBS of FGF19 is inherently flexible. It was
proposed that the HBS region of FGF19 assumes an ordered conformation upon HS
binding and that the entropic penalty associated with HS binding was what caused
the ligand’s reduced HS binding affinity.'*’ In the second FGF19 crystal structure
published 3 years later, however, both FGF19 copies in the asymmetric unit of the
crystal displayed a well ordered p10-f12 region (Fig. 5A). Since the $10-312 region
of these two FGF19 molecules are in different crystal packing environments, it can
be argued that crystal packing did not bias the conformation of the HBS region in the
FGF19 structure.*

As anticipated based on the lack of sequence homology between FGF19 and
paracrine FGFs at the HBS region between 10 to 812, the conformation of this region
deviates completely from the common conformation that is seen in paracrine FGFs. The
Co trace of FGF19 in the region of the HBS begins to diverges from that of paracrine
FGFs at Leu-145 and converges again at Leu-162 (Fig. 5B). Residues 149 to 158 in
the p10-p12 region of FGF19 form an a-helix (a11) that bulges out from the B-trefoil
core. The atypical conformation of the $10-p12 region of FGF19 is accompanied by
other structural differences between FGF19 and paracrine FGFs in the core. In FGF19,
the conserved B3 glycine of paracrine FGFs is replaced by a cysteine (Cys-70). In the
FGF19 structure, Cys-70 forms a disulfide bond with Cys-58 (also unique to FGF19)
in B2 that packs against Leu-145 and Leu-162 at the divergent and convergent ends of
the B10-B12 region. This hydrophobic interaction helps to partially shield the disulfide
bridge from solvent (Fig. 5C).

The B1-p2 loop of FGF19 is the longest among the FGFs and extends out from the
B-trefoil core in the same direction as the all helix. In contrast to paracrine ligands
where the B1-p2 loop and B10-B12 segment are juxtaposed and form a contiguous
HBS, in FGF19 there is a spatial separation between the two regions as they do not
engage in any intramolecular interactions (Fig. 5A, 5D).

FGF23 Structural Findings

Attempts to crystallize the full length FGF23 were unsuccessful, likely because
of the flexibility of its (73-amino acid long) C-terminus. The core domain was thus
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p1-p2 loop

Figure 5. The FGF19 structure A) The FGF19 structure, PDB ID: 2P23,% is shown as a surface and as
a cartoon. The B-sheets and o-helix are labeled along with the N- and C-termini of the protein. B) The
HBS of FGF19 is superimposed onto that of FGF2. Both ligands are represented as ribbons, with FGF19
in dark grey and FGF2 in light grey. The atoms of the GXXXXGXX(T/S) motif are marked with dots
in the FGF2 structure and identified. Arrows indicate the positions of the Leu-145 and Leu-162 where
the FGF19 Ca trace diverges from the FGF2 Catrace. C) The FGF19 HBS is shown and the C58-C70
disulfide bridge residues are represented as sticks along with the Leu-162 and Leu-145 residues that
protect them from solvent. D) The FGF2 HBS is shown, the GXXXXGXX(T/S) motif is identified, and
intramolecular contacts between the f1-f2 loop and 10-f12 segment are shown. Asn-36 of the f1-f32
loop interacts with the backbone atom of Arg-129 in the p10-B12 segment and Phe-39 of the B1-f2
region engages in Van der Waals interactions with the backbone of the f10-312 region.

crystallized in complex with SOS (Figs. 6A,B). Consistent with the major primary
sequence divergence at the $10-$12 segment between FGF23 and paracrine FGFs, the
Catrace of FGF23 diverges from that of paracrine FGFs at Leu-138 and converges again
at Pro-153. (Fig. 6C). Predictably, the conformation of this region is also completely
different from that of FGF19 (Fig. 6D) since the two ligands share no homology
in their $10-p12 regions. Like FGF19, FGF23 does not exhibit the f11 strand of
paracrine FGFs and instead PROCHECK assigns a g-helix to the C-terminal region
of the p10-B12 region in FGF23. Again as for FGF19, the altered conformation of the
B10-B12 region in FGF23 is accompanied by changes in other regions of the core.
Compared to paracrine FGFs, FGF23 has a very short $9-810 loop which is needed
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Figure 6. The FGF23 structure A) The FGF23 structure, PDB ID: 2P39,%¢ is shown as a surface and
as a cartoon. The B-sheets and a-helix are labeled along with the N- and C-termini of the protein.
The SOS molecule that is bound to FGF23 is represented as sticks in dark grey. B) An expansion of
the box in Figure 6A showing a close-up of the SOS molecule and the residues in the HBS of FGF23
with which it binds. C) An overlay of the HBS of FGF23 with that of FGF2 showing their divergence.
FGF2 is in light grey and FGF23 is in dark grey. The residues of the GXXXXGXX(T/S) motif are
labeled and the Leu-138 and Pro-153 residues where the FGF23 Ca trace diverges from that of FGF2
are indicated with arrows. D) The FGF19 and FGF23 HBS regions are superimposed, with FGF19
shown in light grey and FGF23 in dark grey.

to accommodate the novel HBS topology of FGF23. Structural analysis shows that
even a one residue insertion in the f9-p10 loop of FGF23 would interfere with the
B10-B12 conformation seen in FGF23. The HBS of FGF23 contains a cleft similar to
that in FGF19 between the 1-p2 loop and 10-12 region (Fig. 6D). The SOS molecule
binds with its sulfated fructose ring facing down into the cleft in the FGF23 HBS and
it engages in hydrogen bonds with Arg-140 and Arg-143 in $10-$12 and Arg-48 and
Asn-49 in f1-p2 (Fig. 6B). Hence, based on the crystal structure these four residues
of FGF23 mediate binding of FGF23 to HS.

THE MOLECULAR BASIS FOR THE FGF19 SUBFAMILY’S KLOTHO
CORECEPTOR REQUIREMENT
Reduced Affinity of FGF19 Subfamily Members for HS

Superimposition of the FGF19 and FGF23 crystal structures onto FGF2 in the
FGF2-FGFR 1 c-heparin ternary complex structure (PDB ID; 1FQ9)* illuminates the impact
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ofthese ligands’ altered HBS topology on their interaction with HS. This superimposition
shows that HS would clash with the HBS of FGF19 and FGF23 if it attempted to bind
to the ligand as it does in paracrine FGFs (Figs. 7A,B). These clashes could be avoided
by translating HS away from the ligands’ core domains, but such a translation would
be detrimental for the HS binding affinity since the backbone atoms of the two ligands
would no longer be able to make direct hydrogen bonds with the N-sulfate group from
4GIeN(S)60(S) or a 2-O-sulfate group from 5IdoA (Fig. 2C). Thus, the altered topology
of the $10-p12 region in FGF19 and FGF23 should impart a major loss in HS binding.
This lowered HS binding affinity is a prerequisite for the endocrine behavior of this
subfamily of ligands since it allows them to diffuse unhindered through the HS-rich
pericellular space and enter the bloodstream.

The orientation of SOS bound to FGF23 is perpendicular to the orientation of SOS
bound to FGF1,% and of heparin oligosaccharides bound to FGF1 and FGF2.5787 This
structural observation further corroborates the notion that HS cannot bind to FGF19
subfamily ligands as it classically binds to paracrine FGFs.

Biochemical experiments have confirmed the conclusions drawn from structural
analysis. Surface plasmon resonance (SPR) experiments showed that FGF19, FGF21
and FGF23 have poor binding to heparin relative to paracrine ligands.*® Moreover, by
mutating FGF19 residues Lys-149 and Arg-157 that based on the FGF19-FGFR-heparin
model are predicted to mediate the residual HS binding, the affinity of FGF19 for heparin
was reduced even further.* Likewise, by mutating residues in FGF23 that were involved
in binding to SOS, the affinity of FGF23 for heparin was further decreased.*® It remains
to be tested if the residual HS binding affinity of the endocrine FGFs still plays a role
in their signaling.

The HS binding segment between 10 and $12 in FGF19 and FGF23 displays two
unique conformations (Fig. 6D), both of which sterically hinder HS from hydrogen
bonding with the backbone atoms of HBS in these ligands (Fig. 7). Structure-based
sequence alignment of FGF21 with FGF19 and FGF23 shows that the $10-312 region of
FGF21 would adopt yet a third unique topology. There is no sequence identity between
the p10-p12 segment of FGF21 and FGF19 and only 11% sequence identity between

Figure 7. Superimposition of heparin onto the FGF19 and FGF23 structures. A) FGF19 is superimposed
onto the FGF2-FGFR 1c-heparin structure (PDB ID: 1FQ9)* and the heparin from that structure is grafted
onto FGF19 to show the clashes that would occur were heparin to attempt to bind FGF19 in the same
fashion as it binds FGF2. B) Similarly for FGF23, heparin is superimposed to reveal the clashes that
would occur were heparin to attempt to bind in a FGF2-like fashion.
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FGF21 and FGF23 at this region (Fig. 3A). These observations raise the question whether
the specific conformation of the HBS of FGF19 subfamily members is important or
whether their HBS needs simply to provide a steric obstacle in any way possible against
HS bonding. If the former were the case, then one would expect an evolutionary pressure
to preserve the sequence of the HBS in the endocrine FGFs.

To address this question, we aligned the orthologs of FGF19, FGF21, FGF23 and
FGF2, a prototypical paracrine FGF (Fig. 3B). The alignments show gaps in the $10-12
region of rat and zebrafish FGF19 and FGF21. FGF19 shows an additional gap in the
B10-B12 of mouse (Fig. 3B). These differences between the sequences of the orthologs
in FGF19 and FGF21 indicate that the specific conformation of their $10-f12 region is
not as critical as it is for FGF23, where the sequence of the protein is more conserved
across the different orthologs and no gaps in the sequence are seen. In contrast to the
endocrine FGFs, the sequence alignment of the FGF2 orthologs shows almost total
identity in the f10-312 region (Fig. 3B), underscoring how important the primary and
secondary structure elements in the HBS are for HS binding to FGF2.

STRUCTURAL BASIS FOR THE SPECIFICITY
AND AFFINITY OF ENDOCRINE FGFs’ BINDING TO FGFR

The principal cognate receptors for the FGF19 subfamily ligands have been well
characterized. FGF23 signaling in the kidney is mediated by FGFR I ¢, since administration
of FGF23 to mice with a conditional knockdown of FGFR 1 in the metanephric mesenchyme
did notinduce hypophosphatemia.''! FGF 19 signaling is mediated by FGFR4, since FGF 15
(the mouse ortholog of human FGF19) could not suppress CYP7A1 activity in FGFR4
knockout mice,'”® FGF19-induced hepatocyte proliferation is driven through FGFR4,!3
and FGFR4- and FGF15-deficient mice both have elevated bile acid pools.'*!1

The crystal structures of FGF19 and FGF23 offer a molecular basis for the receptor
binding specificity of these two ligands. Comparison of the receptor-bound crystal structures
of several paracrine FGFs, including FGF1, FGF2, FGF3, FGF8 and FGF10,33-35373¢
have shown that the extent to which p1 strand pairs with p4 plays a decisive role in the
discrimination of FGFR binding specificity. Compared to p1 of FGF2, the 1 strands
of the FGF7 subfamily are extended two residues N-terminally due to additional strand
pairing with p4. This extension is essential for the ability of the N-termini of FGF7
subfamily members to engage in specific contacts with the alternatively spliced pC’-BE
loop of FGFR2b. Conversely, the N-terminally extended 1 strand of the FGF7 subfamily
clashes with the alternatively spliced loop of FGFR2c, thus actively discouraging binding
of this subfamily to FGFR2c. Interestingly, akin to the FGF7 subfamily, the g1 strand
of FGF19 is extended two residues longer than the 1 strand of the FGF1 subfamily
(Fig. 3A) and the length of the BC'-BE loop of FGFR4, FGF19’s cognate receptor, is the
same length as in FGFR2b—two residues shorter than the corresponding loop in FGFRe
isoforms. Although FGF19 does not bind to FGFR2b, we predict that the lengthened 1
strand of FGF19 confers its specificity for FGFR4. Conversely, the 1 strand of FGF23
is the same length as in FGF2, which is consistent with FGF23’s preference for FGFR1c.

The crystal structures of FGF19 and FGF23 also afford a potential molecular basis
for the poor affinity of these ligands for their cognate FGFRs. SPR, size exclusion and
co-immunoprecipitation data have shown that FGF 19 subfamily members have unusually
low affinity for their cognate FGFRs.3%%101.103-105 Superimposition of FGF23 onto FGF2
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in the FGF2-FGFR 1c-heparin structure (PDB ID: 1FQ9)* shows that substitution of
His-117 in FGF23 for the highly conserved glutamate in the 8 strand of all other FGFs
would lead to a major loss in FGFR binding affinity. In the crystal structure of FGF2 and
other paracrine FGFs complexed with FGFR, this glutamate (Glu-105 in FGF2) makes
direct hydrogen bonds with D3. Indeed, mutation of this glutamate to alanine in FGF2
has been shown to dramatically reduce the binding of the ligand to FGFR.'*

In summary, the structural and biochemical data along with sequence analysis reveal
that FGF19 subfamily members have poor HS and FGFR binding affinity. Consequently,
these FGFs are incapable of binding, dimerizing and activating their cognate FGFRs in a
solely HS-dependent fashion. To overcome these deficiencies the endocrine FGFs must
rely onklotho proteins as coreceptors. Klotho coreceptors act by constitutively associating
with the cognate FGFRs of endocrine FGFs, thereby enhancing the affinity of the FGFR
for endocrine FGFs to levels sufficient for FGFR dimerization and activation.

CHARACTERIZATION OF THE BINDING OF FGF23 TO aKLOTHO

Determining why FGF19 subfamily members depend on klotho coreceptors for
signaling was an important step towards understanding the biology of this interesting
FGF subfamily. The next question to be studied is how the FGF19 subfamily members,
their cognate FGFRs and klotho coreceptor interact to form ternary complexes. Through
a combination of SPR, size exclusion and co-immunoprecipitation experiments, the
nature of FGF23’s binding to FGFR1c and aklotho has been recently investigated.”
First, it was shown that the soluble ectodomains of FGFR1c¢ and oklotho are sufficient
to form a ternary complex with FGF23. The ability to reconstitute the ternary complex
in vitro enabled a thorough characterization of the bimolecular interactions among the
three components of the ternary complex. aklotho ectodomain was shown to bind to the
ectodomain of FGFR 1¢ with high affinity (72 nM). Interestingly, although FGF23 bound
poorly to aklotho ectodomain, it nonetheless bound avidly to a preformed 1:1 complex
of FGFR1c and aklotho ectodomains. Since FGF23 binds poorly to both FGFR1c and
aklotho, these data indicate that in the context of the FGFR 1 c-oklotho complex a de novo
site for FGF23 is generated. Importantly, truncated FGF23 lacking its C-terminal tail
past the RXXR motif is unable to bind a 1:1 binary complex of FGFR1c-oklotho in the
absence of its own C-terminal tail, revealing that the C-terminal tail of FGF23 mediates
binding of FGF23 to this de novo site created at the interface of FGFR 1¢ and aklotho.

Consistent with this finding, a SPR competition assay showed that the C-terminal tail of
FGF23 was able to compete away binding of full length FGF23 from the FGFR 1¢ —aklotho
binary complex. The binding region within the FGF23 C-tail for this de novo site in the
oklotho-FGFR1c binary complex was further narrowed down to the region between
Ser-180 and Thr-200. Accordingly, this fragment was also able to compete away binding
of full length FGF23 from the FGFR 1c-aklotho binary complex, albeit with less potency
than the full C-tail. Consistent with this region serving as a minimal epitope, a FGF23
ligand truncated at Thr-200 was able to elicit similar levels of FRS2a phosphorylation
as the full length ligand.



18 ENDOCRINE FGFs AND KLOTHOS

PHARMACOLOGICAL IMPACT OF STRUCTURAL INSIGHTS INTO
FGF19 SUBFAMILY

To date, the primary treatment for disorders of phosphate wasting has been intravenous
phosphate therapy along with 1,25-dihydroxyvitamin D; to increase phosphate absorption
in the intestine. This relatively primitive therapy sometimes results in side-effects of
over-shoot hyperphosphatemia, and it is also simply ineffective in cases of chronic
phosphate wasting such as occur in XLH.

Thus, the finding that the FGF23 C-terminus effectively inhibits the FGF23 interaction
with FGFR1c-aklotho holds great promise for the development of therapeutics. Developing
pharmacologically active C-terminal peptides, peptidomimetics or organomimetics thereof
would introduce an important new tool for the treatment of phosphate wasting disorders.
This method of inhibition has an advantage over neutralizing FGF23 by antibodies, since
the C-terminal peptide only inhibits the aklotho-specific activity of FGF23, leaving any
potential klotho-independent activity of FGF23 intact. C-terminal peptides thus may
also serve as a useful tool to dissect the aklotho dependent and aklotho independent
functions of FGF23.

These studies of the inhibition of FGF23 activity by a FGF23 fragment produced
through proteolysis are also fascinating at the level of general biological principle. Here, we
observed a hormone being inhibited by the product of its own degradation. Accordingly,
in pathological hyperphosphatemic states such as FTC where serum levels of C-terminal
peptides of FGF23 are high, this C-terminal fragment may be aggravating the disease by
inhibiting any residual function of the full length mutant FGF23 ligand found in FTC.

CONCLUSION

Undoubtedly, solving the crystal structures of the FGF19-FGFR4-gklotho,
FGF21-FGFR1c-Bklotho,and FGF23-FGFR 1 c-aklotho complexes will be the immediate
priority for this fast moving and exciting field. The structure of the FGF23-FGFR 1 c-aklotho
complex should unveil the details of how a de novo site for FGF23’s C-tail is created
when aklotho and FGFR1c¢ ectodomain interact. It would be fascinating to see whether
Bklotho also utilizes the same mechanism as aklotho to promote the signaling of FGF19
and FGF21 through theirrespective cognate receptors, FGFR4 and FGFR 1 ¢c. The structures
of these ternary complexes will also inform us of the determinants of the FGFR binding
specificity/promiscuity of klotho proteins. Biochemically, it will be important to find out
if the residual HS binding affinity of the FGF19 subfamily is still required for signaling.
If this were the case then we could envision the model shown in Figure 8 for how the cell
surface signaling unit of an endocrine FGF might look like. The signaling unit will still
have a 2:2:2 FGF-FGFR-HS dimer at its core that is further stabilized by interactions of
klotho proteins with FGFR and endocrine FGFs.

The discovery that amajor difference in HS binding was responsible for the endocrine
mode of action of the FGF19 subfamily suggested the corollary that subtle differences
in the HS binding affinity of paracrine FGFs may also play a role in distinguishing their
distinct biological activity. Indeed, a recent study has shown that differences in the HS
affinity of two members of the FGF7 subfamily, FGF7 and FGF10, was responsible for
differences in their branching morphogenetic potentials.’' Using a branching morphogenesis
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Figure 8. A proposed model of the FGF23-FGFR1c-heparin-aklotho complex. A) FGF23 is superimposed
onto FGF2 in the FGF2-FGFRI1c-heparin complex (PDB ID:1FQ9)* and is depicted in dark grey.
The FGFRs from 1FQ9 are depicted in a medium tint of grey. Myrosinase (PDB ID: 1E6S),'*
a glycosidase, is used as a model for the two KL domains of aklotho and is depicted in light grey.
B) The FGF23-FGFR1c-heparin-aklotho complex has been rotated 90 degrees to show the HS binding
cleft in the membrane-distal portion of the complex.

assay, it was shown that FGF10 could be transformed into a functional mimic of FGF7
through a single Arg—Val mutation in the FGF10 HBS. This mutation reduced FGF10’s
HS affinity to FGF7-like levels and thus allowed FGF 10 to diffuse through the extracellular
matrix more easily and establish a gradient similar to that made by FGF7. Future studies
should aim to elucidate the extent to which the differing biology of ligands within other
FGF subfamilies can also be accounted for on the basis of their affinities for HS. In which
case, the central role of HS affinity in differentiating the biological functions of FGFs
will not be a feature only of the endocrine FGFs but of all FGFs.
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Abstract: Endocrine fibroblast growth factors (FGFs) have been recognized as hormones that
regulate a variety of metabolic processes. FGF19 is secreted from intestine upon
feeding and acts on liver to suppress bile acid synthesis. FGF21 is secreted from
liver upon fasting and acts on adipose tissue to promote lipolysis and responses
to fasting. FGF23 is secreted from bone and acts on kidney to inhibit phosphate
reabsorption and vitamin D synthesis. One critical feature of endocrine FGFs is that
they require the Klotho gene family of transmembrane proteins as coreceptors to
bind their cognate FGF receptors and exert their biological activities. This chapter
overviews function of Klotho family proteins as obligate coreceptors for endocrine
FGFs and discusses potential link between Klothos and age-related diseases.

INTRODUCTION

In Greek mythology, three daughters of Zeus determine the longevity allocated to
each person atbirth. They are Klotho, Lachesis and Atropos who spins, measures and cuts
the thread of life, respectively. The klotho gene, named after the spinner, was identified
in 1997 as a gene mutated in a mouse strain that exhibited short life span and complex
phenotypes resembling human premature aging syndrome.' This mouse strain (the klotho
mouse) was serendipitously generated as a by-product during an attempt to make transgenic
mice by conventional pronuclear microinjection of recombinant DNA.? Since exogenous
DNA or transgene injected into fertilized mouse eggs is integrated randomly into the
mouse genome, it occasionally disrupts an endogenous mouse gene(s) at the integration
site (insertional mutation), which can result in unexpected phenotypes. The klotho mouse
was one of the transgenic mouse lines that carried an expression construct for Na-proton
exchanger-1,2 but it did not express the transgene and was supposed to be of no use.
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However, this line displayed multiple aging-like phenotypes when homozygous for the
transgene, suggesting that insertional mutation disrupted a gene that might be involved in
the suppression of aging. Analysis of the klotho mouse genome revealed that~10 copies of
the transgene were integrated in tandem at a single locus on chromosome 5 and disrupted
a promoter region of an unknown gene, which later was identified as the klotho gene.'

The klotho gene is composed of 5 exons** and encodes a Type-I single-pass
transmembrane protein of 1,014-amino acid-long. The intracellular domain is short
(10-amino acid-long) and has no known functional domains. The extracellular domain
is composed of two internal repeats, termed KL 1 and KL2, with weak homology to each
other. Each domain has homology to Family 1 glycosidases, including lactose-phlorizin
hydrolase of mammals and B-glucosidases of bacteria and plants.'* These enzymes have
exoglycosidase activity that hydrolyzes B-glucosidic linkage in saccharides, glycoproteins
and glycolipids. However, recombinant Klotho protein did not have p-glucosidase-like
enzymatic activity, probably because critical amino acid residues in putative active centers
of Klotho protein diverge from those conserved in the B-glucosidase family of enzymes. '

The klotho gene is expressed in limited tissues and cell types. The highest expression
is observed in distal convoluted tubules in the kidney and choroid plexus in the brain.!
Lower expression is detected in several endocrine organs such as hypothalamus, pituitary
gland, parathyroid gland,® pancreas, ovary, testis, placenta' and in some non-endocrine
tissues such as inner ear’ and breast epithelial cells.® Klotho gene expression is strongly
suppressed in the klotho mouse due to the insertional mutation at the 5’ flanking region
of the klotho gene.! Thus, the klotho mouse is not a null but a severe hypomorph strain.
A null strain for the klotho gene (Klotho™- mouse) was generated by conventional gene
targeting and exhibited phenotypes identical with those observed in the original klotho
mouse.’ Therefore, the Klotho’- mouse and the original klotho mouse are collectively
described as the Klotho”~- mouse in this chapter.

PHENOTYPES OF KLOTHO- MICE

Klotho”- mice can be obtained from mating pairs of Klotho*~ mice in an expected
Mendelian ratio, indicating that Klotho deficiency does not cause embryonic lethality.
Klotho™- mice appear normal and are indistinguishable from their wild-type littermates
until 3 weeks of age, when they begin to show decreased spontaneous activity and die
prematurely around 9 weeks of age. The aging-like phenotypes of Klotho~- mice include:

Growth arrest. Klotho™- mice stop growing around 4-5 weeks of age and barely gain
body weight after that until they die around 9 weeks of age. Although growth hormone
(GH) producing cells in pituitary gland are small and atrophic,! GH-deficiency is not a
likely cause of growth arrest in Klotho™- mice, because Klotho~- mice do not grow even
after the treatment with human GH."°

Hypogonadotropic hypogonadism. Both males and females of Klotho™~ mice are
infertile.! Testis of Klotho”'- mice exhibits marked atrophy and contains no mature
sperm. Seminiferous tubules are small and spermatogenesis does not progress beyond
the pachytene stage. Female Klotho™~- mice never experience vaginal opening. Their
ovaries and uteri are extremely atrophic. Folliculogenesis does not progress beyond the
secondary stage. No corpus luteum is observed, indicating that ovulation never occurs.
The impaired follicle maturation is not due to a primary defect in the ovary but due to
a defect in pituitary and/or hypothalamus function (hypogonadotropic hypogonadism),
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because (1) expression of lutenizing hormone (LH) and follicular stimulating hormone
(FSH) in pituitary gland is significantly decreased in both males and females in Klotho™
mice, (2) administration of FSH or gonadotropin releasing hormone (GnRH) partially
restore follicular maturation and growth of uteri and (3) ovaries from Klotho™~ mice
can ovulate and function normally when transplanted to wild-type female mice."" These
observations suggest that Klotho is involved in the functional regulation of pituitary
gland and/or hypothalamus that is required for inducing puberty.

Premature thymic involution. Thymus of Klotho™- mice appears normal in size up to
4 weeks of age and thereafter undergoes rapid involution, resulting in invisible thymus by
8 weeks of age.! Because hematopoietic stem cells from Klotho- mice can differentiate
into normal lymphoid cells when transplanted into SCID mice,'? thymopoietic insufficiency
in Klotho™~ mice is not due to an intrinsic defect in lymphohematopoietic progenitors.
Rather, it is due to a defect in thymic epithelial cells that support proliferation and survival
of lymphocytes. This pathophysiology is similar to that observed in thymic involution
associated with normal aging. Thymic involution can be rescued by injection of KGF
(keratinocyte growth factor, a.k.a. FGF7) that induces proliferation of thymic epithelial
cells in Klotho™~ mice as well as in naturally aged wild-type mice.'

Tissue atrophy. In addition to reproductive organs and thymus, skin and intestine
exhibit marked atrophy in Klotho- mice. Histology of the skin shows reduced number of
hair follicles and reduced thickness of dermal and epidermal layers. No subcutaneous fat
is observed.! Histology of the intestine shows reduced thickness of the mucosal layer and
reduced height of intestinal villi.'* Skin and intestine are high-turnover tissues containing
stem cells that continuously regenerate epithelial cells. These highly proliferative cells
can be labeled with nucleoside analog bromodeoxyuridine (BrdU). The number of
BrdU-positive cells is significantly decreased in skin and intestine in K/otho™~ mice,'
suggesting that atrophy of these tissues may be attributed to reduced number and/or
impaired proliferation of stem cells.

Lymphocytopenia. Bone marrow is another highly proliferative tissue besides
skin and intestine. Flow cytometric analysis of bone marrow cells revealed selective
reduction of B-lymphoid lineage cells in Klotho”~ mice.'* B-lymphocytoepenia is one of
the characteristic features in age-related changes in the immune system that potentially
contribute to increased morbidity to infectious diseases in the aged population.'® Because
B-lymphoid lineage cells also give rise to osteoclasts,'® reduction of this lineage cells in
bone marrow may also contribute to bone phenotypes in Klotho'- mice.

Low-turnover osteopenia. Overall bone mineral density (BMD) of leg bones (femur
and tibia) in Klotho™- mice is lower than that in wild-type mice.!” This is primarily due
to decreased cortical bone thickness. Histomorphometric analysis shows significant
decrease in bone formation rate associated with decreased number of both osteoclasts and
osteoblasts. The decrease in bone formation exceeds that in bone resorption, resulting in
anet bone loss. These are characteristic features of low-turnover osteopenia observed in
senile osteoporosis in the aged or metabolic bone disease associated with chronic kidney
disease. In contrast to decreased thickness of cortical bones, trabecular bones are rather
increased in vertebrae and the metaphysis of tibia and femur.!”"* The mechanism by
which Klotho deficiency affects cortical and trabecular bones in a different way remains
to be determined.

Aging lung. Aging lung is defined as age-related morphological and functional changes
ofthelung, including alveolar enlargement, decreased elastic recoil and increased residual
volume.?® These features are also observed in pulmonary emphysema, but by definition,
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pulmonary emphysema must be accompanied by alveolar wall destruction. Histological
analysis of the lung of Klotho”- mice shows progressive emphysematous changes including
destruction of alveolar walls, enlargement of air spaces and reduction of elastic recoil.”!
Thus, the lung phenotype of Klotho~ mice is consistent with pulmonary emphysema.
In addition to these histological changes, the respiratory function of Klotho™- mice is
also consistent with emphysema characterized by increased compliance and expiratory
time.?? A mathematical model suggests that the pattern of alveolar destruction in Klotho™~
mice is consistent with a random destruction caused by a systemic factor(s) rather than
a correlated destruction caused by a local factor(s) such as smoking.”*> However, some
investigators did not observe alveolar wall destruction®? and concluded that the lung
phenotype of Klotho- mice was not pulmonary emphysema but aging lung. It is possible
that whether or not alveolar wall destruction takes place in Klotho”- mice may depend
on age, genetic background and/or environmental factors.

Neurodegeneration. Cognitive function of Klotho”-mice is impaired as determined by
novel-object recognition and conditioned-fear tests.>* Hippocampus neurons of Klotho'-
mice exhibit increased apoptosis and increased oxidative damages to lipid and DNA.
Furthermore, treatment of Klotho”~ mice with an antioxidant a-tocopherol improves
cognitive function, attenuates oxidative damage and reduces apoptosis in hippocampus.
In addition, anterior horn cells (AHCs) in the spinal cord are degenerated in Klotho™-
mice. This is similar to the finding observed in patients with amyotrophic lateral sclerosis
(ALS) with motor neuron degeneration. AHCs of Klotho~- mice show significant decrease
in cytoplasmic RNA, ribosomes and rough endoplasmic reticulum and accumulation of
neurofilaments as those of ALS patients.? Recent studies have established that increased
oxidative stress is a common mechanism underlying many neurodegenerative disorders
including Alzheimer’s disease, Parkinson’s disease and ALS.? These observations suggest
that Klotho protein may be involved in the regulation of oxidative stress?” and protect
neurons from oxidative damage.

Hearing disorder. Klotho expression is detected in the stria vascularis and spiral
ligament of the inner ear. Although no morphological abnormalities are observed in
the inner ear of Klotho’~ mice, they have significantly higher threshold for auditory
brainstem response than wild-type mice, indicating the existence of hearing disorder.’
Function of Klotho in the inner ear and mechanism behind the hearing disorder remains
to be determined.

Vascular calcification. Klotho™- mice develop severe vascular calcification in aorta
and arteries in the kidney. Vascular calcification occurs in the media with little or no
intimal thickening or accumulation of foam cells. Thus, these vascular changes are not
atherosclerosis but Ménckeberg-type arteriosclerosis often observed in the aged as well
as in patients with diabetes and chronic kidney disease in humans.! Vascular calcification
is primarily caused by dysregulated phosphate and vitamin D homeostasis due to Klotho
deficiency, whichisrelevant to fundamental function of Klotho protein and discussed later.

Aging phenotypes not observedin Klotho™- mice. There is no report thus far indicating
that Klotho™- mice have an increased incidence of malignant tumors or increased amyloid
plaques or neurofibrillary tangles in the brain, which are common features of human aging.

Itshould be noted that Klotho- mice develop multiple phenotypes commonly observed
innaturally aged wild-type mice in an accelerated manner (decreased spontaneous activity,
thymic involution, B lymphocytopenia, decreased BrdU-positive cells in hair follicles,
etc.), suggesting that the aging process itself may be accelerated in Klotho”'- mice. In
addition, they develop phenotypes never observed in aged mice but commonly observed
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in aged humans (vascular calcification, osteopenia, hypogonadism, etc). Thus, Klotho'-
mice may be viewed not only as a mouse model of accelerated aging but also as a mouse
model of human premature aging syndromes. K/otho~~ mice have been used as one of the
best characterized mammalian models for human aging that manifests multiple aging-like
phenotypes in a single individual.

KLOTHO PROTEIN FUNCTION

The clue to understanding of Klotho protein function was the fact that mice lacking
fibroblast growth factor-23 (FGF23) exhibited phenotypes identical to those observed
in Klotho”- mice.”® FGF23 is a bone-derived hormone and was originally identified as
the gene mutated in autosomal dominant hypophosphatemic rickets (ADHR), a rare
hereditary disorder that exhibits renal phosphate wasting and defects in bone mineralization
(discussed in detail in Chapter 3).? Patients with ADHR carry mutations in the FGF23
gene that confer resistance to proteolytic degradation of FGF23 protein.®® As a result,
blood FGF23 levels are inappropriately high in ADHR patients. FGF23 acts on kidney
to induce phosphate excretion into urine (phosphaturia) and suppress synthesis of
1,25-dihydroxyvitamin D; (calcitriol or active form of vitamin D) (discussed in detail
in Chapters 3 and 4), which explain why ADHR patients develop phosphate-wasting
phenotypes including hypophosphatemia and defects in bone mineralization.

To understand physiological roles of FGF23, mice lacking FGF23 were generated
by targeted gene disruption.’! As expected, Fgf23-~ mice developed phosphate retention
phenotypes. Specifically, Fgf23-~ mice exhibited hyperphosphatemia due to impaired
renal phosphate excretion and hypervitaminosis D (high serum calcitriol levels), which
also increased serum calcium levels. As a result, Fgf23”- mice developed extensive
ectopic calcification of various soft tissues, most notably in blood vessels. In addition to
these predictable phenotypes, Fgf23-~ mice unexpectedly developed multiple aging-like
phenotypes as observed in Klotho™~ mice, including short life span, hypogonadotropic
hypogonadism, multiple organ atrophy and emphysematous lung.** On the other hand,
Klotho- mice had been known to exhibit high serum levels of phosphate, calcium and
calcitriol.” The striking similarity in phenotypes displayed by Figf23-~ mice and Klotho™
mice raised the possibility that FGF23 and Klotho might function in an identical signal
transduction pathway.

Because FGF23 has very low affinity to any known FGF receptors (FGFRs),*
identity of physiological receptors for FGF23 was unclear until it was reported in 2006
that Klotho protein functions as an obligate coreceptor for FGF23.% Klotho protein forms
a constitutive binary complex with FGF receptor-1¢ (FGFRI1c), -3¢ (FGFR3c¢) and -4
(FGFR4) on the cell surface. When bound to Klotho, these FGFRs acquire the ability to
bind to FGF23 with high affinity.?®** Thus, FGF23 requires Klotho to bind and activate
cognate FGFRs. These observations were reconfirmed later by several laboratories.>>>" The
fact that Klotho functions as the obligate coreceptor for FGF23 explains why Fgf23~-mice
and Klotho™- mice exhibit identical phenotypes. Also, the fact that Klotho is expressed
primarily in kidney explains why FGF23 can identify kidney as its target organ among
many other tissues that express FGFRs. The bone-kidney endocrine axis mediated by
FGF23 and Klotho has emerged as an indispensable machinery for maintaining phosphate
homeostasis, because defects in either hormone (FGF23) or receptor (Klotho) result in
hyperphosphatemia in mice'2"* and in humans.*
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PHOSPHATE HOMEOSTASIS

Our knowledge on endocrine regulation of phosphate homeostasis has advanced
enormously since the discovery of FGF23 and Klotho. Ten years ago, vitamin D (calcitriol)
and parathyroid hormone (PTH) were two major phosphate-regulating hormones.
Calcitriol is primarily secreted from kidney and acts on intestine to increase absorption
of phosphate and calcium from diet. When reduction of serum calcium level is detected
by calcium-sensing receptor in parathyroid gland, PTH is secreted and acts on kidney
to promote calcitriol synthesis. Thus, PTH increases absorption of both calcium and
phosphate from intestine. However, PTH does notinduce anet positive phosphate balance,
because PTH induces phosphaturia at the same time. Calcitriol in turn suppresses PTH
production and secretion, thereby closing anegative feedback loop. This parathyroid-kidney
endocrine axis mediated by PTH and calcitriol was the sole established mechanism for
phosphate homeostasis at that time.

The discovery of FGF23 and Klotho has transformed this traditional view and added
new dimensions to the endocrine regulation of phosphate homeostasis (Fig. 1). When
phosphate is in excess, FGF23 is secreted from bone and acts on kidney where Klotho
is expressed. FGF23 promotes phosphaturia and suppress calcitriol synthesis, thereby
inducing negative phosphate balance. On the other hand, calcitriol induces FGF23
expression in bone,* indicating the existence of a negative feedback loop between bone
(FGF23) and kidney (calcitriol). Importantly, parathyroid gland is one of the few organs

Bone

FGE23

= > Vitamin D

Parathyroid Kidney
Klotho Klotho

Figure 1. Phosphate-regulating hormones. FGF23 is secreted from bone and acts on kidney and
pararthyroid gland where Klotho is expressed to suppress vitamin D and PTH, respectively. Vitamin
D and PTH in turn increases FGF23 expression in bone.
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that express Klotho endogenously, suggesting that parathyroid is also a target organ of
FGF23. Infact, FGF23 acts on parathyroid gland to suppress PTH production and secretion.®
PTH may stimulate FGF23 production and/or secretion, because parathyroidectomy
significantly reduces serum FGF23 level in rats.* Thus, another feedback loop may exist
between bone (FGF23) and parathyroid (PTH). The discovery of FGF23 and Klotho has
identified novel endocrine axes between bone, intestine, parathyroid gland and kidney
that coordinately regulate phosphate homeostasis.

A POTENTIAL LINK BETWEEN PHOSPHATE AND AGING

Several laboratories successfully rescued multiple aging-like phenotypes observed in
Fgf23--miceand/or Klotho~- mice by manipulating serum levels of phosphate, calcium and/
or calcitriol using various genetic and dietary interventions (Table 1) (also see Chapter 5).
First, disruption of the Cyp27b1 gene rescued many phenotypes in Fgf23-~ mice*? and
Klotho”- mice.** The Cyp27b1 gene encodes 1a-hydroxylase, the enzyme that converts
inactive vitamin D (25-hydroxyvitamin D;) to active vitamin D (calcitriol). Disruption
of the Cyp27b1 gene depleted calcitriol, resulting in low blood phosphate and calcium
levels. Vitamin D deficient diet also induced similar conditions and rescued Fgf23-~
mice and Klotho™- mice as well.” Second, disruption of vitamin D receptor (VDR) also
rescued Fgf23-~ phenotypes.* VDR-- mice exhibited low blood phosphate and calcium
levels, but serum calcitriol levels were increased due to end-organ resistance. Third,
disruption of the Slc34al gene (encoding Type 2a sodium phosphate cotransporter or
Npt2a) rescued not only hyperphosphatemia but also multiple aging-like phenotypes in
Klotho™- mice.* Npt2a is expressed on the brush border membrane of renal proximal
tubules in rodents and mediates phosphate reabsorption in kidney. Thus, inactivation
of Npt2a abolished phosphate reabsorption in the kidney and reduced serum phosphate
levels. Renal phosphate-wasting induced compensatory increase in serum calcitriol
levels to maximize phosphate absorption from intestine. Because calcitriol also increases
calcium absorption from intestine, disruption of Npt2a resulted in low phosphate, high
calcitriol and high calcium in blood. Low phosphate diet also induced similar conditions
and rescued Figf23-- and Klotho™- phenotypes.*# Thus, it is low serum phosphate levels,
but not calcium or calcitriol, that is consistently associated with the rescue of aging-like
phenotypes in Fgf23-- and Klotho- mice. These observations have raised the possibility

Table 1. Interventions that rescue phenotypes of Figf23-~ mice and/or Klotho™- mice

and resulting changes in serum phosphate, vitamin D and calcium levels

Serum Levels

Interventions for Rescue Phosphate Vitamin D Calcium
Low phosphate diet ! i 1
Low vitamin D diet I’ | I
la-hydroxylase knockout | | !
Vitamin D receptor knockout ! 1 I
Na-phosphate cotransporter Type 2a knockout | i 1
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that phosphate is responsible for the aging-like phenotypes.*” Although phosphate is an
essential nutrient, it can be toxic when overloaded to the cell.

Several lines of indirect evidence also support the potential link between phosphate
and aging. (1) Phosphate restriction extends life span in yeast.**** (2) Transgenic mice
that over-express Klotho have longer life span and lower serum phosphate levels due to
higher renal phosphate excretion than wild-type mice.** (3) Serum phosphate levels
inversely correlate with longevities of various mammalian species.**24) Epidemiological
studies indicated that every 1.0 mg/dl increase in serum phosphate level was independently
associated with 23% increase in all-cause mortality even when serum phosphate is within
normal range.*®* The mechanism by which phosphate affects aging processes remains to
be determined.

SECRETED KLOTHO

The extracellular domain of Klotho protein is clipped on the cell surface by
membrane-anchored proteases, including ADAM10, ADAM17 and BACE1°*% and
released into blood, urine and cerebrospinal fluid.***¢ Thus, Klotho protein exists in
two forms; membrane Klotho and secreted Klotho. Membrane Klotho functions as the
obligate coreceptor for FGF23. However, secreted Klotho is unable to function as a decoy
receptor for FGF23, because it is the Klotho-FGFR complex, but not FGFR or Klotho
alone, that can bind to FGF23 with high affinity. In addition, unlike membrane Klotho,
secreted Klotho cannot efficiently support FGF23-induced activation of FGF signaling,?
although secreted Klotho and FGF23 indeed forms ternary complexes with FGFR in
vitro.’” Then, what is the function of secreted Klotho? Function of secreted Klotho, if
any, must be independent of FGF23.

Recent studies have demonstrated that secreted Klotho functions as a humoral
factor that regulates activity of several ion channels, ion transporters and growth factor
receptors on the cell surface. Specifically, secreted Klotho protein activates calcium
channel TRPVS (transient receptor potential cation channel, subfamily V, member 5)3%
and potassium channel ROMKI1 (potassium inwardly-rectifying channel, subfamily
J, member 1), whereas secreted Klotho inhibits Npt2a (Type 2a Na-phosphate
cotransporter).’! These seemingly promiscuous activities of secreted Klotho may stem
from its putative enzymatic activity as glycosidase. Recently, it was reported that secreted
Klotho protein might have sialidase activity and removed terminal sialic acids from
sugar chains of multiple cell-surface ion channels, including TRPV5 and ROMKI1, to
alter their cell-surface abundance’®° (see Chapter 7). Removal of terminal sialic acids
from N-linked glycans exposes underlying galactose residues. Terminal galactose is a
ligand for galectin-1, a lectin abundant in extracellular matrices. Thus, secreted Klotho
induces interaction between galectin-1 and glycans on TRPVS, thereby trapping TRPVS
on the cell surface and increasing the number of cell-surface TRPVS. As a result,
TRPVS5-mediated calcium current is increased.® ROMK 1 -mediated potassium current is
also increased by the same mechanism.* On the other hand, secreted Klotho decreases
the number of cell-surface Npt2a.’' Klotho-mediated modification of N-linked glycans
on cell-surface Npt2a not only attenuates its transporter activity but also promotes its
internalization and proteolytic degradation, thereby reducing cellular phosphate uptake
in renal proximal tubular cells.
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Secreted Klotho, when applied to cultured cells, suppresses activation of insulin/IGF-1
receptor,®> although the precise mechanism remains to be determined. Klotho~- mice are
hypoglycemic and extremely sensitive to insulin.***' 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.*® These observations are consistent
with the ability of Klotho to inhibit activation of insulin/IGF-1 receptor. It is possible
that secreted Klotho may modify N-linked glycans on insulin/IGF-1 receptors, which
inhibits their activity and/or alters cell surface abundance. Of note, it has been known that
treatment of cultured cells with bacterial sialidase induces insulin resistance.®? In addition,
transgenic mice that over-express a membrane-anchored sialidase (NEU3) develop
glucose intolerance due to increased insulin resistance.®> These observations suggest a
potential link between insulin resistance and removal of cell surface sialic acids. The
ability of secreted Klotho to inhibit insulin/IGF-1 signaling may partly contribute to the
anti-aging properties of Klotho, since accumulating genetic evidence has indicated that
moderate inhibition of insulin-like signaling pathway is one of the evolutionarily conserved
mechanisms for suppressing aging.*

Secreted Klotho is also reported to bind to Wnt3 and inhibit activation of canonical
Wnt signaling induced by Wnt3, which may contribute to reduced number of stem cells
in the skin and intestine in K/otho”- mice.'* Thus, secreted Klotho protein has emerged
as a novel endocrine regulator of glycoprotein function on the cell surface.

BKLOTHO

The Bklotho gene was identified in 2000 based on sequence similarity with the klotho
gene.® The pklotho gene also encoded a single-pass transmembrane protein, but tissue
distribution of pKlotho was very different from that of Klotho. pKlotho was expressed
predominantly in liver and white adipose tissue. At that time, there was no clue to fKlotho
protein function. Five years later, mice lacking fKlotho were generated.® gKlotho™- mice
were grossly normal in appearance, but they exhibited increased bile acid synthesis due
to increased expression of the Cyp7al gene, which encodes the rate-limiting enzyme of
bile acid synthesis in the liver. These phenotypes are reminiscent of those observed in
mice lacking FGFR4% or FGF15.% FGF15 is expressed primarily in intestinal epithelial
cells. FGF15 expression and secretion are increased in response to bile acid released into
the intestinal lumen. Secreted FGF15 enters portal circulation and reaches to the liver,
where it down-regulates expression of the Cyp7al gene to close a negative feedback loop
for bile acid synthesis® (see Chapter 10). FGFR4 is the most abundant FGFR isoform
in the liver. These observations have led us to hypothesize that fKlotho may form a
binary complex with FGFR4 to function as the obligate coreceptor for FGF15. Three
groups independently demonstrated that this was indeed the case.®”! pKlotho forms a
binary complex with FGFR4 and is required for FGF19 (the human ortholog of mouse
FGF15) to bind FGFR4 with high affinity and exert its biological activity. This explains
why defects in FGF15, FGFR4, or fKlotho result in identical phenotypic consequences
(increased bile acid synthesis in the liver).

BKlotho also forms a binary complex with FGFRIc to function as the obligate
coreceptor for FGF21.72 FGF21 was originally identified as a liver-derived hormone
that stimulates glucose uptake in adipocytes™ (see Chapter 11). Unlike insulin, FGF21
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increases glucose uptake through increasing expression of glucose transporter-1 and
therefore requires several hours to exert this activity. Recent studies have revealed that
FGF21 can mediate many other metabolic processes, including promotion of lipolysis
in white adipose tissue and ketogenesis in the liver.”” Furthermore, FGF21 can induce
torpor in mice, a short-term hibernation state in which animals can save energy by
reducing physical activity and body temperature.” All these changes can be regarded as
an adaptation for fasting and in fact, FGF21 expression is induced by fasting.”

Although both FGF19 and FGF21 require fKlotho for high affinity binding to
FGFR1c and FGFR4, they differ in the ability to activate FGFR4; FGF19 can signal
through both pKlotho-FGFR1c¢ and fKlotho-FGFR4 complexes, whereas FGF21 can
signal only through the fKlotho-FGFR 1¢ complex and not through the Klotho-FGFR4
complex.®” Because liver predominantly expresses FGFR4, FGF21 cannot activate
FGF signaling in the liver, even though FGF21 indeed binds to the pKlotho-FGFR4
complex.® This may prevent FGF21 from acting as an autocrine factor in the liver. In
contrast, FGF21 can act specifically on white adipose tissue where FGFR 1 and Klotho
are co-expressed.® These studies have established a novel concept that tissue-specific
expression of the Klotho gene family members determines target organs of endorine
FGFs (Fig. 2). This may represent a new mechanism for regulating ligand-receptor
interaction in target organs. The Klotho gene family (Klotho and pKlotho) may have
evolved in the regulation of tissue-specific activity of the endocrine FGFs (FGF15/19,
FGF21 and FGF23).

(A) Klotho-mediated endocrine axes (B) pKlotho-mediated endocrine axes

B Bile acid synthesis §

PKlotho FGF21
—> @ FGF23 FGFR4 &
Bone / \ T l
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y
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Figure 2. Endocrine axes mediated by the FGF and Klotho families. A) Klotho-mediated endocrine
axes. FGF23 is secreted from bone and acts on kidney and parathyroid gland where Klotho and
FGFR1c/3c/4 are co-expressed. FGF23 suppresses phosphate reabsorption and vitamin D (calcitriol)
synthesis in the kidney. FGF23 also suppresses PTH expression and secretion in parathyroid gland. B)
pKlotho-mediated endocrine axes. FGF15/19 is secreted from intestine upon feeding and acts on liver
where pKlotho and FGFR4 are co-expressed. FGF15/19 suppresses bile acid synthesis in the liver.
FGF21 is secreted from liver upon fasting and acts on white adipose tissue (WAT) where fKlotho
and FGFRI1c are co-expressed. FGF21 promotes lipolysis and glucose uptake in WAT. Reprinted
with permission from Kuro-o M, Trends Endocrinol Metab 2008; 19:239-245. ©2008 Elsevier.
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KLPH

A third member of the Klotho gene family, the Klph gene, was also identified based
on amino acid sequence similarity with Klotho.” The Kilph gene also encodes a single-pass
transmembrane protein and is expressed in kidney and adipose tissues and most notably,
in eyes.”” KLPH protein binds to FGFR1b, Ic, 2¢ and 4. When expressed in HEK293
cells, KLPH supported activation of FGF signaling by FGF19.”” Targeted disruption of
the KIph gene in mice will provide insights into its physiological function.

NUCLEAR RECEPTOR REGULATION OF ENDOCRINE FGFs

Another important feature of endocrine FGFs is that their expression is primarily
regulated by nuclear receptors and lipophyoic ligands (Fig. 3).

The FGF23-Klotho system. Administration of calcitriol (active form of vitamin D)
increases expression of FGF23 in the bone in a vitamin D receptor (VDR) dependent
manner, leading to increase in serum levels of FGF23 in mice.* FGF23 secreted from bone
acts on kidney to suppress Cyp27b1 and increase Cyp24 expression.**”8™ The Cyp27b1
gene encodes 1o-hydroxylase that synthesizes calcitriol, whereas the Cyp24 gene encodes
24-hydroxylase that inactivates calcitriol.** Therefore, FGF23 reduces serum calcitriol
levels, which in turn suppresses FGF23 expression in the bone and closes a negative
feedback loop in the regulation of vitamin D homeostasis.” This also explains why
Fgf23-- and Klotho™~ mice have paradoxically high levels of serum calcitriol despite the
fact that their blood phosphate and calcium levels are elevated.

The FGF'15/19-BKlotho system. Expression of FGF15/19 (FGF15 is the mouse ortholog
of human FGF19) is regulated by bile acid and its nuclear receptor FXR (farnesoid X
receptor) in the small intestine.®!83 In the initial step of enterohepatic circulation, bile
acid released into intestinal lumen enters intestinal epithelial cells and binds to FXR. The
ligand-bound FXR forms a heterodimer with retinoid X receptors (RXRs) and functions as
atranscription factor that transactivates expression of FGF15/19. FGF15/19 secreted from
intestine then acts on the liver via the BKlotho-FGFR4 complex to suppress expression
of the Cyp7al gene.®® Because the Cyp7al gene encodes the rate-limiting enzyme in
the cascade of bile acid synthesis from cholesterol, suppression of Cyp7al expression by
FGF15/19 closes a negative feedback loop in the regulation of bile acid homeostasis. It
is possible that FGF15/19 may be indirectly involved in cholesterol metabolism through
regulating bile acid homeostasis.*

The FGF21-BKlotho system. Expression of FGF21 in the liveris regulated by peroxisome
proliferator-activated receptor-o. (PPAR).>*PPARa, when bound to it ligands (fatty acids),
forms a heterodimer with RXR and binds to PPARa-response elements in the promoter
region of the FGF21 gene to increase FGF21 expression. Because PPARa is activated
upon fasting, expression of FGF21 mRNA in the liver and serum levels of FGF21 are
increased upon fasting as well.”” PPARa. is required to induce metabolic adaptation in the
liver and other tissues in response to fasting, which includes promotion of gluconeogenesis,
ketogenesis and fatty acid oxidation.’**® The ability of PPARa to induce these fasting
responses is largely mediated by FGF21, because knockdown of FGF21 in the liver results
in impaired ketogenesis and fatty acid oxidation in fasted mice.®
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Figure 3. Feedback loops of the endocrine axes mediated by FGFs and Klothos. Left) The
bone-kidney endocrine axis. Active form of vitamin D (calcitriol) binds to vitamin D receptor
(VDR). The ligand-bound VDR forms a heterodimer with retinoid X receptor (RXR) and functions
as a transcription factor that increases expression of FGF23 in osteocytes. FGF23 activates FGFRI1c,
3c and/or 4 bound by Klotho in renal tubular cells and suppress expression of the CYP27BI gene
and increases expression of the CYP24 gene, thereby reducing serum calcitriol levels. Center) The
intestine-liver endocrine axis. Bile acid binds to farnesoid X receptor (FXR). The ligand-bound
FXR forms a heterodimer with RXR and functions as a transcription factor that increases
expression of FGF19 in intestinal epithelial cells. FGF19 activates FGFR4 bound by pKlotho in
hepatocytes and suppresses expression of the CYP7A41 gene and reduces bile acid synthesis in the
liver. Right) The liver-WAT (white adipose tissue) endocrine axis. Fatty acids bind to peroxisome
proliferator-activated receptor oo (PPARa). The ligand-bound PPARa forms a heterodimer with
RXR and functions as a transcription factor that increases expression of FGF21 in hepatocytes.
FGF21 activates FGFR1c bound by pKlotho in adipocytes and promotes lipolysis. A CYP gene(s)
regulated by the FGF21-fKlotho system in adipocytes remains to be identified. Reprinted with
permission from Kuro-o M, Trends Endocrinol Metab 2008; 19:239-245. ©2008 Elsevier.

CONCLUSION

Discovery of Klotho has unveiled the molecular mechanism by which endocrine
FGFs exert their specific biological activity in their target organs. It has also identified
novel endocrine axes with conserved feedback loop structure that is composed of
lipophylic ligands (vitamin D, bile acid, fatty acids), nuclear receptors (VDR, FXR,
PPARa) and cytochrome P450 family enzymes (Cyp27bl, Cyp24, Cyp7al). These
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endocrine axes mediated by endocrine FGFs and Klothos have opened a new research
field in endocrinology, which potentially provides new insights into physiology and
pathophysiology of multiple metabolic processes, including mineral metabolism, bile
acid metabolism and fatty acid metabolism.
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Abstract:

Fibroblast growth factor 23 (FGF23) is part ofa previously unrecognized hormonal
bone-parathyroid-kidney axis, which is modulated by 1,25(OH),-vitamin D
(1,25(0OH),D), dietary and circulating phosphate and possibly PTH. FGF23
was discovered as the humoral factor in tumors that causes hypophosphatemia
and osteomalacia and through the identification of a mutant form of FGF23
that leads to autosomal dominant hypophosphatemic rickets (ADHR), a rare
genetic disorder. FGF23 appears to be mainly secreted by osteocytes where its
expression is up-regulated by 1,25(OH),D and probably by increased serum
phosphate levels. Its synthesis and secretion is reduced through yet unknown
mechanisms that involve the phosphate-regulating gene with homologies to
endopeptidases on the X chromosome (PHEX), dentin matrix protein 1 (DMP1)
and ecto-nucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1). Consequently,
loss-of-function mutations in these genes underlie hypophosphatemic disorders
that are either X-linked or autosomal recessive. Impaired O-glycosylation of
FGF23 due to the lack of UDP-N-acetyl-alpha-D-galactosamine:polypeptide
N-acetylgalactosaminyl-transferase 3 (GALNT3) or due to certain homozygous
FGF23 mutations results in reduced secretion of intact FGF23 and leads to familial
hyperphosphatemic tumoral calcinosis. FGF23 acts through FGF-receptors and the
coreceptor Klotho to reduce 1,25(0OH),D synthesis in the kidney and probably the
synthesis of parathyroid hormone (PTH) by the parathyroid glands. It furthermore
synergizes with PTH to increase renal phosphate excretion by reducing expression
of the sodium-phosphate cotransporters NaPi-Ila and NaPi-Ilc in the proximal
tubules. Loss-of-function mutations in these two transporters lead to autosomal
recessive Fanconi syndrome or to hereditary hypophosphatemic rickets with
hypercalciuria, respectively.

Endocrine FGFs and Klothos, edited by Makoto Kuro-o.
©2012 Landes Bioscience and Springer Science+Business Media.
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INTRODUCTION

Identification of the genetic causes of rare familial disorders of renal phosphate
handling has provided, over the past decade, important novel insights into the regulation
of mammalian phosphate homeostasis. This chapter will provide an update on the current
knowledge of the pathophysiology, the clinical presentation, diagnostic evaluation and
therapy of FGF23-dependent and -independent disorders of phosphate homeostasis and
tissue mineralization.

AUTOSOMAL DOMINANT HYPOPHOSPHATEMIC RICKETS
(ADHR, OMIM 193100)

Genetics of ADHR

In 1971 Bianchine et al described a small family, in which male-to-male transmission
suggested an autosomal dominant form of hypophosphatemic rickets (ADHR, for a full
list of abbreviations see Table 1).! Subsequently, Econs and McEnery identified a large
family, in which numerous members are affected by ADHR.? The authors were able to
map the disorder to a locus on chromosome 12p13,* which ultimately allowed identification
of the genetic mutation leading to this rare inherited form of hypophosphatemia.* The
incidence of ADHR is unknown; thus far, only a few families have been described in which
hypophosphatemia follows an autosomal dominant trait.** ADHR thus appears to be much
less frequent than X-linked hypophosphatemia (XLH), which affects approximately 1:20,000
births.” The ADHR patients described to date carry a heterozygous mutation in fibroblast
growth factor 23 (FGF23, chromosome 12p13.3) at amino acid positions 176 or 179, a site
for cleavage by subtilisin-like proptein convertases (SPC)*® (Fig. 1). Although the exact
mechanism is unknown, it appears that ADHR mutations enhance resistance towards SPC
leading to deminished intracellular cleavage of intact FGF23. The resulting secretion of
inappropriate amounts of biologically active FGF23 suggests that the identified amino acid
changes are “gain-of-function” mutations, which lead to renal phosphate wasting, possibly
combined with an abnormal feed-back regulation of FGF23 synthesis, as discussed below.

The phosphaturic action of FGF23 requires the coreceptor alpha Klotho (KL, also
see below). A genetic defect leading to a disorder resembling ADHR has recently been
reported in a single sporadic case of hypophosphatemia.® The patient, a 13 month old girl,
presented with rickets due to excessive renal phosphate excretion and hyperparathyroidism
and cytogenetic studies revealed a de novo chromosomal translocation with the breakpoint
being located adjacent to the gene encoding KL. As a result, plasma levels of soluble KL
and KL-associated beta-glucuronidase activity were increased, along with increased levels
of immunoreactive FGF23. It remains uncertain, however, whether the elevated levels of
FGF23 and/or PTH are solely responsible for the increased urinary excretion of phosphate,
or whether the elevated levels of soluble Klotho contribute to the abnormal renal handling
of this mineral.

FGF23 Synthesis and Secretion

The mainsources of FGF23 are osteocytes and osteoblasts in the skeleton, but low levels
of uncertain biological significance can be detected in the ventrolateral thalamic nucleus,
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Table 1. Abbreviations

Key-Term/
Acronym Definition

GALNT3 UDP-N-Acetyl-a-D-Galactosamine:Polypeptide N-Acetylgalactosaminyl-
transferease, isoform 3 appears to be important for O-glycosylation of FGF23

FGF23 Fibroblast growth Factor 23

KL Alpha Klotho

PHEX Phosphate-regulating gene with Homologies to Endopeptidases on the
X chromosome

FGF23 Fibroblast Growth Factor 23

DMP1 Dentin Matrix Acidic Phosphoprotein 1

MEPE Matrix extracellular phosphoprotein

FGFR Fibroblast Growth Factor Receptor

ARHP Autosomal Recessive Hypophosphatemia

HHRH Hereditary Hypophosphatemic Rickets with Hypercalciuria

PTHRI1 PTH/PTHrP Receptor

VDR Vitamin D receptor, forms heterodimer with RXR

HFTC Hyperphosphatemic Familial Tumoral Calcinosis

XLH X-linked Dominant hypophosphatemia

ADHR Autosomal Dominant Hypophosphatemic Rickets

SLC34 Solute Carrier Family 34 (sodium-phosphate cotransporter) (also referred to

as NaPi-II or NPT2), members 1 (NaPi-I1a) and 3 (NaPi-Ilc) are expressed in
the proximal renal tubule, member 2 (NaPi-1Ib) is expressed in the intestine

CYP27BI 1-alpha-hydroyxylase, vitamin D-activating enzyme, which is expressed in
the renal proximal tubule

TRPV Transient receptor potential cation channel, subfamily V, members 5 and 6 are
calcium-selective

PMCA plasma membrane Ca®* ATPase

Pit-2 Solute Carrier Family 20 (sodium-phosphate cotransporter), member 2

the thymus, the small intestine and the heart.” FGF23 synthesis is stimulated by dietary
phosphate!'*'? and the application of 1,25(OH)2D."*!* Conversely, the phosphate-regulating
gene with homologies to endopeptidases on the X chromosome (PHEX), dentin matrix
protein 1 (DMP1) and ecto-nucleotide pyrophosphatase/phosphodiesterase 1(ENPP1)
appear to have an important role in suppressing FGF23 synthesis. PHEX and DMP1 were
shown to be genetically up-stream of FGF23, as the lack of either of these two proteins leads
to anup-regulation of FGF23 expression inbone, most likely through indirect mechanisms.
After cleavage of the signal sequence comprising 24 amino acids and O-glycosylation by
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalactosaminyl-transferase
3 (GALNT3), mature FGF23(25-251) is secreted into the circulation. O-glycosylation of
FGF23 occurs in the 162-228 region'® and this posttranslational modification, which may
involve residue 178, appears to protect FGF23 from cleavage by subtilisin-like proprotein
convertases as shown with recombinant peptides in vitro.'” O-glycosylation is also essential
for secretion and processing of intact FGF23 in CHO cells.!”!® Furthermore, in HEK293
cells, expression of GALNTS3 is stimulated by extracellular phosphate and suppressed by
extracellular calcium and 1,25(OH)2D." This suggests that GALNT3 may be an important
component of an as-of-yet incompletely understood circuit regulating FGF23 secretion in
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Figure 1. Known mutations in FGF23. Human mutations leading to hyperphosphatemic tumoral calcinosis
Type 2 (HFTC2, red) are located in the first half of the FGF23 molecule. These impair, directly or
indirectly, O-glycosylation (solid arrows) in the second half of FGF23 and thereby prevent secretion
of intact FGF23. Human FGF23 mutations leading to autosomal dominant hypophosphatemic rickets
(ADHR, green) change the subtilisin-furin cleavage motif RXXR in amino acid positions 176-179 (blue
box) and lead to increased secretion and stability of FGF23 that is independent of O-glycosylation. A
color version of this figure is available online at http://www.landesbioscience.com/curie.

vivo, which may be disrupted by ADHR mutations. The two FGF23 amino acid residues
that are mutated in patients affected by ADHR, R176 or R179, constitute, as mentioned
above, the site for cleavage by subtilisin/furin-like endopeptidases. Just like O-linked
glycosylation of residue T178 in wild-type FGF23,"” mutation of either residue 176 or
179 appears to protect FGF23 against intracellular proteolytic cleavage and degradation,®
leading to the secretion of intact FGF23, although it remains unclear, how production of
the ADHR mutant escapes feed-back regulation by phosphate and 1,25(OH),D.

FGF23 Mode of Action

The phosphaturic actions of FGF23 require KL as a coreceptor. Consequently,
a homozygous inactivating KL mutation was shown to lead to FGF23 resistance in
a patient with familial hyperphosphatemic tumoral calcinosis Type 3 (HFTC3, see
below)?! and mice that are null for K1, the murine ortholog of KL, show a corresponding
phenotype.??* Immunoprecipitation experiments, surface plasmon resonance (SPR)
spectroscopy and functional assays measuring the mitogenic response of BaF3 cells
or activation of the MAPK-pathway in HEK293 cells have shown that KL, a protein
with a single membrane-spanning domain, forms a ternary complex with FGF23 in
conjunction with FGFR1¢ and other FGF receptors.?** Recent work using neutralizing
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anti-FGF23 antibodies indicates that the N-terminal portion of FGF23 interacts with
FGFR1c, while the C-terminus binds to KL and both interactions appear to be important
for bioactivity in vitro and in vivo.”® Low affinity binding of FGF23 to FGFRIc
and other FGF receptors in the absence of KL has been shown to occur in vitro.?”*
However, this coreceptor appears to be essential for high-affinity binding of FGF23 to
the receptor and its phosphate-regulating effects in vivo. The ablation of either FGFR3
or FGFR4, individually or in combination, was unable to rescue the hyp phenotype in
mice suggesting that these two FGF receptors are not involved in mediating the renal
effects of FGF23.%

The site of FGF23 action in the kidney is still controversial. While FGF23 decreases
NPT2a and NPT2c expression®** and CYP27BI1 activity in the proximal tubules,***¢ the
coreceptor KL is expressed mainly in the distal tubules. In addition, mice injected with
recombinant FGF23 show phosphorylation of MAPK and an up-regulation of the early
growth-response gene 1 (Egr-1) in the distal tubules.’” These findings suggest either
that FGF23 uses a noncanonical signal-transduction pathway in the proximal tubules or
that it induces the secretion of an “intermediary phosphatonin” from the distal tubules,
which acts in a paracrine fashion on the proximal tubules. KL may furthermore have
ligand-independent actions by regulating expression of the calcium channels TRPV53®
and the potassium channel ROMK in the distal tubules.*

Although the transgenic overexpression of soluble KL can prolong the life span
of mice,**° no data on FGF23 levels or mineral ion homeostasis have been reported to
date in these animals. Increased FGF23 levels in the patient described by Brownstein
et al (see above) suggests that KL may interfere with the normal feed-back inhibition of
FGF23 synthesis and/or secretion; however, the exact mechanism of hypophosphatemia
in this patient remains unclear.

Clinical Findings in ADHR

Chronic hypophosphatemia in ADHR can lead to abnormal bone growth
and mineralization, i.e., rickets in growing children and osteomalacia in adults.
As in nutritional rickets, osteoid is undermineralized, leading to a blurring of the
microtrabecular architecture and pseudo-fractures (Looser zones) on radiographs. The
clinical consequences of rickets or osteomalacia in children or adults, respectively, are
bone pain and impaired mechanical properties of the affected bones leading to deformities
of the lower extremities, often leading to characteristic wind-swept deformities. Lack
of chondrocyte apoptosis in the growing skeleton furthermore leads to an expansion
of the epiphyses in children, giving rise to swollen wrists and rachitic rosary.*' Serum
biochemical findings indicative ofrickets and osteomalacia include elevated bone-specific
alkaline phosphatase, osteocalcin, procollagen, pyridinoline cross-links as well as
N- and C-telopeptides.*** Chronic hypophosphatemia also leads to muscle weakness,
which when compared to the effects on the skeleton, is less well understood and may
be related to the role of phosphate in intracellular signal transduction and synthesis of
ATP or creatine phosphate.***

While rickets or osteomalacia can be observed to variable degrees in all
hypophosphatemic disorders, including ADHR, subtle butimportant differences can guide
the differential diagnostic and therapeutic decisions. When compared to other types of
hypophosphatemicrickets, ADHR appears to have a quite variable clinical phenotype. The
kindred described by Econs et al can be divided into two subgroups. Group 1 consisted
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of nine female patients who presented with renal phosphate-wasting during adolescence
and adulthood. These individuals presented with bone pain, weakness and insufficiency
fractures, but without deformities of the lower extremities. Group 2 consisted of nine
male and female patients, with onset of symptoms, including bone deformities, during
childhood. Two of these nine individuals lost the renal phosphate-wasting defect later in
life, which is consistent with observations in the affected members of two other unrelated
kindreds, in which five of eight carriers of a heterozygous, “activating” FGF23 mutation
had lost the renal phosphate-wasting defect later in life.>® Enthesopathies, which refer to
painful or indolent mineral deposits near the insertion sites of tendons usually at the spine
and lower extremities, can occur in patients with XLH, ADHR, or autosomal recessive
hypophosphatemia (ARHP) (see below) and are readily identified on radiographs.** The
development of these lesions may involve FGFR3 and Klotho, which are expressed in
fibrocartilage cells of the entheses.* Dental cysts or dental dysplasia, respectively, were
described in patients with XLH and ADHR, but these abnormalities do not appear to be
as common in ADHR as in XLH.?* Likewise, midfacial hypoplasia and frontal bossing
may also be observed in ADHR.*> Although these findings may be related to the severity
ofhypophosphatemia, therapy with 1,25(OH),D and phosphate supplements often cannot
reverse or prevent these changes. Thus, local effects of FGF23 excess and activation of
canonical FGF receptor signaling (Klotho-independent) or other factors up-stream of
FGF23 may play a role.*4

Diagnostic Evaluation of ADHR and Other Disorders of Phosphate Homeostasis

The clinical presentation of ADHR and other hypophosphatemic disorders includes
renal phosphate wasting, leading to rickets and/or osteomalacia and abnormal vitamin D
metabolism. The diagnosis therefore depends on careful evaluation of phosphate
homeostasis, which can be challenging since serum phosphate concentrations are
influenced by the time of day, relationship to meals and age of the subject and none of
the methods for determination of tubular phosphate reabsorption are entirely satisfying.
To determine the cause of abnormal serum phosphate levels in a patient, who has normal
parathyroid and renal function, we generally first assess his or her tubular reabsorption
for phosphate (%TRP). For this purpose the patient is asked to collect a 3-hour timed
urine for measurement of phosphate and creatinine along with the corresponding serum
parameters after 8 hours of fasting. %TRP is calculated according to Formula 1 and the
tubular maximum ofreabsorption for phosphate (TmP/GFR) is derived from anomogram,
which was devised by Walton and Bijvoet*” to correct for the nonlinear relationships of
%TRP and TmP/GFR when %TRP is higher 80%.

Formula 1: %TRP = 100x(1 - (U-P x S-creat)/(S-P x U-creat)) using timed 3-hour
urine and blood creatinine and phosphate concentrations

TmP/GFR reflects the threshold of the serum phosphate concentration above which
phosphate is no longer fully reclaimed from the glomerular filtrate in the proximal
tubules. While the TmP/GFR derived from the Walton and Bijvoet nomogram is
generally sufficient in adults, the nomogram does not accommodate the higher normal
range of serum phosphate values in newborns and toddlers.*® Thus, calculating TP/
GFR provides a more accurate assessment of renal phosphate handling in the pediatric
population*” (Formula 2).
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Formula 2: TP/GFR = S-P - (U-P x S-creat/U-creat), using simultaneous urine and
blood creatinine and phosphate concentrations

Inappropriately low %TRP in the setting of hypophosphatemia is suggestive of a
proximal renal tubular defect as the underlying cause, which can be further classified by
determining the patient’s vitamin D status: In patients with ADHR, %TRP and 1,25(OH),D
levels are concordantly (inappropriately) reduced, suggesting excess FGF23 activity.
In contrast, appropriately elevated 1,25(OH),D levels suggest an FGF23-independent,
renal tubular defect leading to abnormal serum phosphate levels, which can for example
be seen in hereditary hypophosphatemic rickets with hypercalciuria (HHRH).>® If
hypophosphatemia occurs without an obvious increase in urinary phosphate excretion,
nutritional deficiencies, malabsorption, or liver disease should be considered; inrare cases,
a primary intestinal defect involving reduced NPT2b expression has been described in
pulmonary alveolar microlithiasis (PAM)’! (see Table 2).

Excess production of 1,25(OH),D due to FGF23-independent hypophosphatemia
may lead to increased absorption of calcium in the gut, resulting in hypercalciuria and
some suppression of PTH production. Measuring the levels of 1,25(0OH),D and PTH, as
well as serum and urinary calcium, may therefore help to distinguish FGF23-dependent
from FGF23-independent forms of hypophosphatemia. It is important to keep in mind
that vitamin D deficiency and secondary hyperparathyroidism may mask the findings as
described for HHRH and serum and urinary studies need to be repeated after repletion
of vitamin D stores.*

Measurement of FGF23 Levels

Circulating FGF23 levels can be determined from EDTA plasma or serum using several
commercially available enzyme-linked immunometric assays.**** The intact FGF23 assay
(referred to as iIFGF23 assay) uses antibodies directed against N-terminal and C-terminal
portions of the peptide for capture and detection, respectively (Kainos, Tokyo, Japan). In
contrast, the C-terminal FGF23 assay (referred to as cFGF23 assay) (Immutopics, Inc., San
Clemente, CA) uses two antibodies directed against distinct epitopes within the C-terminal
region of FGF23 and thus detects intact FGF23 as well as C-terminal fragments. Both assays
can help establish the diagnosis of FGF23-dependent disorders of phosphate homeostasis,
when FGF23 levels are elevated above the normal range or are inappropriately normal.>>-
They can also help establishing the diagnosis of FGF23-dependent hypophosphatemic
disorders suchas HHRH or Fanconi syndrome, albeit with significant differences in sensitivity,
which is currently best for the iFGF23 assay.**>’ The measurement of FGF23 with both
assays can help establish the diagnosis of tumoral calcinosis (HFTC), since homozygous
inactivating mutations in GALNT3 (HFTC1) or FGF23 (HFTC2) result in low levels of
intact FGF23, yet often significant elevations of C-terminal FGF23 fragments while both
intact and C-terminal FGF23 are elevated in HFTC3 (see below for details).?!-5%-¢

Treatment of ADHR

The clinical course of ADHR is usually comparable to mild forms of XLH, which will be
described in more detail below. As aresult phosphate and 1,25(OH),D supplementation are
oftenrequired only during skeletal growth in childhood and adolescence. These therapeutic
interventions provide symptomatic relieve and improves the bone abnormalities, but are
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Table 2. Serum biochemical findings in disorders of phosphate homeostasis

Parameter Hypophosphatemia Hyperphosphatemia
FGF23- FGF23- FGF23- FGF23-
dependent independent deficient resistant

Acquired TIO, postrenal Posthepatectomy  NA NA
transplant

Inherited XLH, ADHR, HHRH, Fanconi HFTCI, 2 HFTC3

ARHP, OGD, with
OSD, FD/MAS,  hypercalciuria

NF1+2
S-Ca NL NL NL to HIGH NL to HIGH
S-PTH NL to HIGH NL to LOW NL to LOW NL to HIGH
S-1,25(0H),D  NL to LOW HIGH HIGH HIGH
U-Ca NL to LOW HIGH NL to HIGH NL to HIGH
S-pP LOW LOW HIGH HIGH
S-FGF23 NL to HIGH LOW to NL LOW HIGH
U-P HIGH HIGH LOW LOW
Current Rx: Phosphate and Phosphate Phosphate Phosphate
1,25(0OH),D replacement binders, binders,
replacement only acetazolamide acetazolamide

usually unable to normalize serum phosphate levels. Treatment can be complicated by the
development of secondary hyperparathyroidism, hypercalciuriaand nephrocalcinosis.*4¢
Thus, treatment needs to be monitored carefully for these complications and the use of
calcium-sensing receptor agonists such as cinacalcet, which has been successfully used
to normalize parathyroid hormone secretion and to reduce the magnitude of phosphaturia
in XLH patients,®"*> may have a role in ADHR as well. We prefer potassium-containing
phosphate supplements over sodium-containing phosphate supplements since the former
seem to induce less sodium-related phosphaturia, although formal studies to support this
practice are still missing. Thiazide diuretics may be helpful in slowing the progression
of nephrocalcinosis.®® Anti-FGF23 antibodies hold promise to become a therapeutic
option for humans with ADHR since treatment has been successful in hyp mice, which
like patients with ADHR have high circulating FGF23 levels.?*%

OTHER DISORDERS OF RENAL PHOSPHATE EXCRETION
Acquired Hypophosphatemic Disorders: Tumor Induced Osteomalacia (T10)

Tumor-induced osteomalacia (TIO), also referred to as oncogenic osteomalacia
(OOM),* is an acquired disorder of FGF23 excess,* or possibly FGF7 excess.®” Tumors
secreting the phosphaturic factor are usually benign mixed connective tissue tumors.
Other factors such as matrix extracellular protein (MEPE)® or secreted frizzled related
protein 4 (sFRP4)® were also isolated from TIO tumors and may contribute to the
abnormal regulation of renal phosphate handling.”” Tumor-induced osteomalacia is a
relatively rare condition, with only slightly more than one hundred cases described in
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the literature to date.®® Drezner reviewed 120 cases of tumor-induced osteomalacia and
identified four distinct morphologic patterns:' primitive-appearing, mixed connective tissue
tumors;? osteoblastoma-like tumors;* non-ossifying fibroma-like tumors; and* ossifying
fibroma-like tumors. Hypophosphatemia was also described in patients with widespread
fibrous dysplasia of bone, neurofibromatosis and linear nevus sebaceous syndrome
(see further below) and concurrent with breast carcinoma, prostate carcinoma, oat cell
carcinoma, small cell carcinoma, multiple myeloma and chronic lymphocytic leukemia.
Proof of a causal relationship has been that removal of the tumor resulted in appropriate
biochemical and radiographic improvements; however, since most cases were reported
before the discovery of FGF23 (and of MEPE and sFRP-4), the phosphaturic factor
secreted by these previously reported tumors has not been determined. The tumors are
frequently located in the visceral scull or in the tendons of hands and feet and may only
be a few millimeters large and indolent. They commonly escape detection by physical
exam and computed tomography scans and may require more sensitive techniques for
localization including whole-body octreotide-scans,” PET-CT scans using ['*F]-FDG,
or [*®*Ga]-DOTANOC?” as tracers. Selective vein sampling’* can permit localization,
even in individuals with only mildly elevated circulating FGF23 levels.””” Therapy
consists of surgical tumor excision, once its location has been revealed, which usually
results in normalization of serum phosphate levels within 24 hrs. In those patients, where
localization of the tumor is impossible or if tumor resection is incomplete, symptomatic
therapy, as described in more detail above, should be continued.

Other Acquired Syndromes of Renal Phosphate Wasting

Another increasingly recognized acquired syndrome of renal phosphate wasting
is postrenal transplant hypophosphatemia, which often cannot be attributed to tertiary
hyperparathyroidism alone.’®” Bhan et al® and Pande et al®' recently showed that
posttransplant hypophosphatemia correlates inversely with serum FGF23 levels and
coined the term “tertiary hyperphosphatoninism” due to persistent production of FGF23,
which persists longer than would be expected from the half-life of the hormone.$
Hypophosphatemia in the setting of inappropriate renal phosphate excretion has also
been recognized with severe burn-injuries®>* and after partial hepatectomy,® although
these forms of hypophosphatemia appear to be independent of FGF23.%6%7

INHERITED HYPOPHOSPHATEMIC DISORDERS OTHER THAN ADHR
(SEE FIG. 2)

X-Linked Autosomal Hypophosphatemia (XLH, OMIM 307800)

XLH, the most common form of hypophosphatemia, was first recognized by Albright
and coworkers in 1937.%8 Lack of male-to-male transmission was observed by Winters
in 1958,* which suggested an X-linked mode of inheritance. Using a positional cloning
approach, the genetic defect was ultimately identified in 1995% and a large number of
different loss-of-function mutations in PHEX, phosphate-regulating gene with homologies
to endopeptidases on the X chromosome, have since been reported.’’ Deletion of the Phex
gene in hyp-mice leads to increased FGF23 gene transcription in osteocytes resulting



50 ENDOCRINE FGFs AND KLOTHOS

Parathyroids

ADHR
HFTC3

ARFS
HHRH

Gut Kidneys

Figure 2. Disorders of phosphate homeostasis. FGF23 expression in bone is up-regulated by an increase
in dietary phosphate intake and by 1,25(OH),D and down-regulated, through yet unknown mechanisms,
by PHEX, DMP1, ENPP1 and probably several additional proteins. FGF23 acts through one or more
FGF receptors, with Klotho as coreceptor, to inhibit renal phosphate re-absorption and to decrease
circulating 1,25(OH),D levels and possibly to inhibit PTH secretion by the parathyroid glands (dashed
line). The net effect of these PTH-dependent actions is a decrease in serum phosphate levels, yet an
increase in serum 1,25(OH),D levels. 1-alpha hydroxylase activity is also up-regulated by low serum
phosphate levels and down-regulated by increased serum calcium and phosphate levels and by increased
FGF23 levels. 1,25(0OH),D acts through VDR/RXR heterodimers to enhance the intestinal absorption of
phosphate and to stimulate FGF23 synthesis and secretion by osteocytes; it furthermore inhibits PTH
synthesis and secretion by the parathyroid glands. The net 1,25(OH),D effect is an increase in serum
phosphate levels. The disorders affecting phosphate homeostasis are indicated in green. Please see the text for a
detailed description. A color version of this figure is available online at http://www.landesbioscience.com/curie.

in elevated circulating levels of FGF23 and thus renal phosphate wasting,’>*3 which is
similar to findings in human XLH patients.**>* It was therefore concluded that PHEX may
be involved in the feed-back regulation of FGF23 secretion,” which may explain why
males and females are equally affected, although the exact mechanism remains unclear.

Although some patients have normal growth, most XLH patients show stunted
growth despite treatment with phosphate and active vitamin D analogs.”> Additional
clinical features include craniosynostosis, frontal bossing and mid-facial hypoplasia as
described above.*# Owen et al recently examined female monozygotic twins with a
documented PHEX mutation; one twin had overt XLH with hypophosphatemia leading
to abnormal growth and rickets, while the other displayed normal renal phosphate
handling, normal growth and no evidence for rickets. The authors suggested that
nonrandom expression of the normal PHEX allele in critical tissues may be responsible
for the discordant XLH phenotype.*

As outlined above for ADHR, treatment of XLH consists of oral phosphate
supplementation and active vitamin D analogs, which provides symptomatic relieve and
improves the bone abnormalities, butis usually unable to normalize serum phosphate levels.
Treatment may be complicated by the development of secondary hyperparathyroidism,
hypercalciuria and nephrocalcinosis*“® and needs to be monitored carefully for these
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complications. The calcium-sensing receptor agonist cinacalcet has been successfully used
to normalize parathyroid hormone secretion and to reduce the magnitude of phosphaturia
in XLH patients, who had developed severe secondary or tertiary hyperparathyroidism. -6
However, parathyroidectomy may ultimately be required, which results generally in
improved phosphatemic control, although the postoperative course may be complicated
by severe hungry bone syndrome.®” Thiazide diuretics may be helpful in slowing the
progression of nephrocalcinosis.® Replacement of the membrane-anchored PHEX with
a soluble form of PHEX did not prove effective to reverse hypophosphatemia in hyp
mice, while treatment with anti-FGF23 antibodies has been successful in these animals
and holds promise to become a therapeutic option for humans with XLH.?*** Growth
hormone therapy was reported to improve linear growth in some patients, although it
remains unclear, whether the observed improvements were in part attributable to an
increase in tubular reabsorption of phosphate during growth hormone treatment.*®

Autosomal Recessive Hypophosphatemia (ARHP, OMIM 241520)

ARHP is caused by homozygous, presumably loss-of-function mutations in
DMP1%!'% or in ecto-nucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1).!01:102
Intact DMP1 is cleaved into a 35 and a 57 kDa fragment, possibly by bone morphogenic
protein 1 (BMP1),'” which, in turn, is activated by a complex consisting of the subtilisin
propeptide convertase SPC2 and the co-activator 7B2.!%* Transgenic over-expression of
the C-terminal 57 kDa DMP1 fragment is both necessary and sufficient to rescue the
bone phenotype (and probably the hypophosphatemia resulting from increased FGF23
secretion) of DMP1-null mice.!® This DMP1 fragment appears to have nuclear effects,
which are required to prevent excess FGF23 secretion, renal phosphate wasting and
hypophosphatemia.!® Thus, the C-terminal fragment may be required for suppression and/
or feed back regulation of FGF23 gene transcription and/or FGF23 secretion.” ENPP1
is a membrane-bound ecto-enzyme responsible for the generation of the mineralization
inhibitor pyrophosphate (PP1).!% Loss-of function mutations in this enzyme are the cause
of generalized arterial calcifications of infancy (GACI),'*”'% which was associated in some
patients with mild hypophosphatemia.'® Recently, two groups identified homozygous
loss-of-function mutations in ENPP1 in kindreds with hypophosphatemic rickets due to
FGF23-dependent renal phosphate-wasting.!°"!2 Further evaluation of the phenotypic
expression of ENPP 1 mutations indicated that members of the same kindred, carrying the
same homozygous mutation can present either with arterial calcifications or with rickets.
Furthermore, subtle changes, i.e., mild hypophosphatemia was observed in individuals
with GACI and thickening of the cardiac valves in individuals with rickets were observed,
suggesting the presence of modifiers (genetic or environmental) that underlie the variable
expressivity of the disorders. The cause of FGF23 excess may be directly related to lack
of PPi production, or due to accumulation of precursors, such as ATP in the extracellular
space. However, presence of mild hyperphosphatemia in individuals suffering from
hypophosphatasia, which is caused by loss-of-function mutations in the PPi-degrading
enzyme, namely tissue nonspecific alkaline phosphatase (TNALP),''? suggests that PPi
may directly or indirectly suppress FGF23 production.

Treatment of ARHP is currently symptomatic and relies, like the treatment of XLH
and ADHR, on oral phosphate supplementation and repletion of 1,25(OH),D to prevent
the development of hyperparathyroidism. In the future, it may be possible to treat these
groups of patients with monoclonal, inactivating antibodies against FGF23.
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Hereditary Hypophosphatemic Rickets with Hypercalciuria
(HHRH, OMIM 241530)

HHRH is arare disorder with autosomal recessive inheritance that was first described
in 1985 in a large consanguineous Bedouin kindred.’® Unlike patients with XLH,
individuals affected by HHRH do not develop dental abscesses or craniofacial abnormalities
(i.e., craniosynostosis, frontal bossing, scaphocephaly, Chiari I malformation)''"!"? and
different from patients affected by XLH, ADHR and ARHR, HHRH patients show
suppressed or low-normal FGF23 levels.'”® This reduction in FGF23, combined with
the hypophosphatemia, contributes to the compensatory increase in the plasma level
of 1,25(0OH),D typically observed in HHRH. This appropriate rise in the concentration
of the biologically active form of vitamin D results in absorptive hypercalciuria, the
cardinal feature that distinguishes HHRH from most other Mendelian hypophosphatemic
disorders. Measurement of 1,25(OH),D and urinary calcium excretion are thus essential
for establishing the diagnosis of HHRH, although both may be normal, if vitamin D
deficiency and/or secondary hyperparathyroidism are present.”

HHRH is caused by homozygous or compound heterozygous loss-of-function
mutations in NaPi-1Ic/SLC34A3.""*115 Expressivity can be quite variable and may be
affected like in other hypophosphatemic forms of rickets by vitamin D status. Some
heterozygous individuals may have an increased urinary calcium excretion and occasionally
some of the above biochemical features of HHRH, while bone changes are generally
missing. Likewise, individuals with two mutated SLC34A3 alleles can initially present
with renal stones alone even in the absence of clinical symptoms associated with rickets
or osteomalacia.?!1¢

In contrast to patients with XLH, ADHR or ARHP, who are usually treated with
multiple daily doses of oral phosphate and high doses of calcitriol (i.e.,1,25(OH),D),
the effective therapy of individuals affected by HHRH consists of oral phosphate
supplementation alone. The prescription of biologically active vitamin D analogs is
contraindicated and may lead to hypercalcemia, hypercalciuria, nephrocalcinosis and
possibly renal insufficiency.>!1¢

Hypophosphatemia with Osteoporosis and Nephrolithiasis Due to NaPi-IIa
(OMIM 612286) or NHERF-1 Mutations (OMIM 604990)

Prieetal investigated a heterogeneous group of patients with idiopathic hypercalciuria,
osteoporosis and renal stones. Using a candidate gene approach they found in 2 of 20
individuals heterozygous for nonsynonymous SNPs in NaPi-1la/SLC34A1."7 Consistent
with their findings, Lapointe et al identified additional heterozygous mutations in other
patients affected by calcium nephrolithiasis and a renal phosphate leak.!'® These latter
NaPi-Ilamutations did not lead to functional abnormalities of sodium-dependent phosphate
cotransport, when tested in vitro. In contrast, Prie et al presented experimental in vitro
evidence for dominant negative effects of the NaPi-11a/SLC34A 1 alterations on proximal
renal tubular phosphate reabsorption; these findings, however, were challenged by others. '
The same group more recently identified heterozygous, nonsynonymous amino acid
changes in NHERF-1; three different changes were identified in 7 of 94 individuals with
idiopathic hypercalciuria, osteoporosis and renal stones.'*® However, two of those amino
acid changes are listed in the NCBI dbSNP database as low frequency polymorphisms,'?!
raising the possibility that these are either not contributing to the clinical and laboratory
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findings in the investigated cohort or that these changes may lead more frequently to
hypophosphatemia, albeit without readily appreciated clinical abnormalities. Further
studies are thus required to prove that mutations in NaPi-Ila or NHERF-1 are indeed
responsible for idiopathic hypercalciuria, osteoporosis and renal stones.

Autosomal Recessive Fanconi Syndrome (ARFS)

In 1988, Tieder et al described a consanguineous Arab kindred with childhood
rickets and defective proximal tubular handing of phosphate, amino acids and glucose
consistent with renal Fanconi syndrome.!?* Distinct from other forms of Fanconi, their
patients also had elevated 1,25(OH),D levels and absorptive hypercalciuria. Recently,
homozygosity mapping of this kindred showed linkage of the disease to chromosome
5q35.1-3 and subsequent sequence analysis of the SLC34A 1/NaPi-I1a gene in the linked
interval revealed a homozygous duplication g.2061 2081dup (p.I1154 V160dup).'®
Expression of the mutant NaPi-1la protein in Xenopus oocytes and Opossum kidney cells
showed complete loss-of-function and lack of membrane insertion, respectively. The two
patients described in the 1988 report, who are now 39 and 43 years old, continue to have
low TmP/GFR and their FGF23 and PTH levels were recently shown to be low-normal
(despite impaired renal function), suggesting that their hypophosphatemia is FGF23- and
PTH-independent. However, their previously documented absorptive hypercalciuria due
to increased 1,25(OH),D levels, had normalized in the setting of vitamin D deficiency.
Although symptoms of rickets were present in childhood, both patients have been
relatively asymptomatic during adulthood and discontinued phosphate supplementation.
Both homozygous carriers developed CKD Stage 2-3 in their 30s, which is in contrast to
the other familial hypophosphatemia disorders described above. Heterozygous carriers
of p.I154 V160dup had normal renal function and no evidence for renal phosphate
leak or proximal tubulopathy, arguing strongly against dominant negative effects of
the mutant NaPi-Ila. However, it is still possible that intracellular accumulation of the
mutant transporters in homozygous carriers may be involved in the pathogenesis of their
proximal tubular defect, since no comparable abnormalities were observed in mice that
are null for the murine ortholog of NaPi-Ila.'** %

Other Inherited Forms of Renal Phosphate Wasting

Osteoglophonic dysplasia (OGD, OMIM166250) is an autosomal dominant disorder
caused by activating missense mutations in the gene encoding fibroblast growth factor
receptor-1 (FGFR1).126127 Affected individuals may develop hypophosphatemia and renal
phosphate wasting due to an increased production of FGF23.12%12 Other clinical features
include those seen in other syndromes that are caused by fibroblast growth factor receptor-1
mutations, such as craniosynostosis, midfacial hypoplasia, prognatism and rizomelic
chondrodysplasia. In addition, individuals affected by OGD have symmetrical radiolucent
metaphyseal defects, which may be the source of their excess FGF23 production, although
direct histological evidence to support this hypothesis is to date lacking.

Opsismodysplasia (OSD, OMIM 258480)'*° is an autosomal recessive skeletal
dysplasia that is characterized by a delay in epiphyseal ossification, platyspondyly,
metaphyseal cupping, resulting in brachydactyly with short metacarpals and phalanges.
The genetic defect is unknown. Like OGD, opsismodysplasia can go along with FGF23
excess leading to renal phosphate wasting.'*!
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Linear nevus sebaceous syndrome (LNSS)/epidermal nevus syndrome (ENS)
(OMIM163200) is characterized by sebaceous nevi, often in the face, abnormalities of the
central nervous system, ocular anomalies, including coloboma and skeletal defects.!3>13
Most patients with LNSS or ENS carry mosaic FGFR3 mutations.'* Some patients develop
hypophosphatemic rickets'*”** and recently some nevi were shown to secrete FGF23 thus
providing an explanation for the underlying renal phosphate wasting.!*-'*! However, it is
unknown whether the FGFR3 mutations alone or additional unknown somatic mutations
lead to the increase in FGF23 production and thus renal phosphate-wasting.

Fibrous dysplasia (FD)/McCune Albright syndrome (MAS) (OMIM 174800) is
caused by somatic activating missense mutations in the alpha subunit of the stimulatory
G-protein (encoded by GNAS)."*>1% The classical triad of MAS includes polyostotic
FD, café-au-lait spots and precocious puberty. However, a number of other endocrine
disorders such as thyrotoxicosis, pituitary gigantism and Cushing syndrome are often
present as well.'** The nonmineralizing bone lesions of FD/MAS may secrete FGF23,
which can lead to hypophosphatemic rickets or osteomalacia.'*'*® FGF23-mediated
hypophosphatemia can also be observed in Jansen’s metaphyseal chondrodysplasia (OMIM
156400), which is caused by heterozygous activating PTH/PTHrP receptor mutations
and may be, like in FD/MAS, a consequence of agonist-independent activation of the
cAMP/PKA signaling pathway.'* Finally, hypophosphatemia leading to osteomalacia
has been described in some individuals with neurofibromatosis 1 and 2,'°%!5! although
the mechanism remains to be clarified.

HYPERPHOSPHATEMIC DISORDERS
Hyperphosphatemic Familial Tumoral calcinosis, HFTC (OMIM 211900)

Tumoral calcinosis is a clinically and genetically heterogeneous group of disorders
first described by Giard (1898)'? and then by Duret (1899).3* Tumoral calcinosis is
characterized by calcium-phosphate deposits in different tissues, but osteogenic cells
and matrix formation are absent, which distinguishes this disorders from heterotopic
ossification. For the purpose of this chapter, the hyperphosphatemic forms of familial
tumoral calcinosis shall be classified as Type 1-3 (HFTC1-3), which all follow an autosomal
recessive mode of inheritance and all furthermore show inappropriately enhanced renal
tubular absorption of phosphate leading to hyperphosphatemia as a common laboratory
feature. The activity of renal 1-alpha-hydroxylase is increased resulting in elevated serum
1,25(0OH),D levels and thus increased intestinal absorption of calcium (and phosphate),
suppression of parathyroid hormone production and hypercalciuria. The increased serum
calcium-phosphate product results in the characteristic abnormal tissue mineralization
observed in tumoral calcinosis.

Ectopic tissue mineralization in HFTC is often seen in juxtraarticular muscular and
subcutaneous tissues. Patients with tumoral calcinosis often also show dental pulp stones,
which may lead to a complete obliteration of the dental pulp cavities. Other clinical
features, which may constitute the only clinical evidence for tumoral calcinosis, can
include eye-lid calcifications, vascular calcifications and/or nephrocalcinosis. There can
also be mineralization of the juxtaarticular bone marrow cavities, however, the remaining
skeleton often shows low bone mineral density due to a mineralization defect, which at
the moment is only poorly understood.!>*!
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Familial tumoral calcinosis Type 1 (HFTC1)is caused by homozygous loss-of-function
mutations in the gene encoding UDP-N-acetyl-alpha-D-galactosamine: polypeptide
N-acetylgalactosaminyl-transferase 3 (GALNT3).°%!% GALNT3 is responsible
for O-glycosylation and proper secretion of intact FGF23."” Patients with HFTC1
characteristically have low or undetectable intact, but increased C-terminal FGF23
levels. HFTC1 is allelic with the hyperostosis-hyperphosphatemia syndrome (HSS;
OMIM 610233). Patients affected by HSS show, besides the characteristic biochemical
abnormalities in serum and urine, recurrent albeit transient painful swellings of the long
bones and associated radiographic findings that are consistent with periosteal reaction and
cortical hyperostosis.'*”!*® Similar or identical GALNT3 mutations thus can lead to HSS
(bone abnormalities without skin involvement) or to HFTC1, but the genetic modifiers
responsible for these differences in disease presentation are currently unknown.

HFTC2 is caused by mutations affecting both alleles of FGF23, which reduce the
circulating levels of bioactive intact FGF23, just like in HFTC1 (Fig. 1).!5¢!% C-terminal
FGF23 fragments are secreted, however and high levels of this fragment are often
detected in the circulation.®® The mechanism by which HPTC2 mutations may lead to
loss-of-function of FGF23 is unclear. Consistent with the patients’ low circulating intact
FGF23 levels, we recently showed that HEK293 or COS-7 cells expressing FGF23 with
proline at position 129 ([P129]FGF23) (or with other mutations identified in HFTC2
patients), secrete the intact hormone only poorly into the medium. Interestingly, total
lysates of HEK293 or COS-7 cells expressing [P129]FGF23 (and other FGF23 mutants)
revealed a 25 kDa form of FGF23 that was also detected in cells expressing wild-type
FGF23. However, in contrast to cells expressing wild-type FGF23, a 32 kDa protein
species was missing in cells expressing FGF23 mutants.

The 32 kDa protein species of FGF23 is detected with antibodies raised against
N-terminal and C-terminal portions of FGF23. Thus full-length FGF23 is larger than
predicted from the primary amino acid sequence of mature FGF23(25-251). This suggested
that wild-type FGF23 is modified and that this modification is absent in patients carrying
one of the FGF23 mutations leading to tumoral calcinosis. Enzymatic deglycosylation of
wild-type FGF23 suggested that the modification consists of O-linked glycans (Fig. 3A)
and that these modifications are absent in [P129]FGF23 (Fig. 3B) as well as in [G71]
FGF23 and [F129]FGF23, other mutant forms of FGF23 that cause tumoral calcinosis.
These findings suggest that a similar mechanism, namely lack of O-glycosylation,
underlies the poor secretion observed of these FGF23 mutants. Both, HFTC1 (GALNT3
mutations) and HFTC2 (FGF23 mutations), thus appear to be disorders of abnormal
O-glycosylation of FGF23.

The mechanism by which the FGF23 mutations identified in HFTC2 lead to impaired
O-glycosylation of FGF23 remains unclear. However, previous reports have indicated
that O-glycosylation occurs within the C-terminal portion of FGF23, i.e., the 168-228
region,'s while all HFTC2 mutations identified to date reside in the N-terminal portion
of FGF23; some of these mutations furthermore do not affect potential O-glycosylation
sites (H41Q,'* Q54K)."! Thus, HFTC2 mutations likely cause misfolding, which may
delay or impair O-glycosylation, as previously suggested.®!>

The lack of O-glycosylation can be the consequence or the cause of poor secretion
of the mutant FGF23 by HEK293 cells; the former scenario would likely result in the
secretion of large quantities of an unmodified 25 kDa FGF23 into the medium of cells
transfected with plasmids encoding the mutant forms of FGF23. However, even after
concentrating 50-fold the conditioned medium from HEK293 expressing the mutant FGF23,
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the 25 kDa protein species could not be detected. Instead, small amounts of the 32 kDa
protein species were observed in concentrated medium, indicating that O-glycosylation
can occur, albeit inefficiently for FGF23 mutants and that these mutants can be secreted
once glycosylated (Fig. 3C).

Recently, a 13 year-old girl with a disorder resembling HFTC1 and HFTC2, was
reported, who had extremely high circulating levels of intact and C-terminal FGF23.*!
Radiographs of the patient showed osteopenia, patchy sclerosis in the hands, feet, long
bones and calvaria, intracranial calcifications and calcifications of the dura and carotid
arteries. Interestingly and distinct from the first two forms of HFTC, she had elevated
PTH levels due to four-gland parathyroid hyperplasia. Very high circulating levels of
intact FGF23 had also been observed in mice that are null for klotho (KL), the coreceptor
for FGF23 (see above). The authors therefore decided to analyze the gene encoding KL,
which led to the discovery of a homozygous missense mutation in the second putative
beta-glycosidase domain that is presumably inactivating, leading to end-organ resistance
to FGF23.%!

Like humans with HFTC, mice that are null for FGF23,16216 GALNT3,'%* KL?? suffer
from hyperphosphatemia and increased 1,25(OH),D levels due to the loss of biologically
active FGF23 or due to end-organ resistance to FGF23, respectively. Consistent with
an increased intestinal absorption of calcium from the gut, mice with these genetic
modifications also display mild hypercalcemia, suppressed PTH levels and hypercalciuria.
The resulting increase in the calcium-phosphorus product in each of these disorders is
thought to cause the characteristic tissue calcifications. The homozygous ablation of
Npt2a,'* the VDR,'®* or CYP27B1!% rescues the serum-biochemical abnormalities of
FGF23-null mice and the homozygous ablation of CYP27B1 was also shown to rescue
the klotho-null mice.'® Likewise, diets low in phosphate or low in vitamin D'Y” can
normalize the changes in mineral ion homeostasis of FGF23- and klotho-null animals,
although mineralization defects in the skeleton may persist.'>*!162168

Heterozygous carriers of the genetic mutations that cause HFTC1-3 may have mildly
abnormal blood chemistries,'>® but do not develop significant calcified lesions and they
do not require specific treatment. Treatment of homozygous individuals currently relies
on minimizing the intestinal absorption of phosphate through appropriate binders such
as aluminum hydroxide or sevelamer® and on inhibiting renal phosphate reabsorption
with acetazolamide;'® in one study treatment with PTH was temporarily able to induce
phosphaturia.'” In the future, patients affected by HFTC may be treated with calcilytic
agents thatreduce the activity of the calcium-sensing receptor and thus stimulate endogenous
PTH secretion'”! or with recombinant FGF23, if this becomes available for use in humans.

CONCLUSION

FGF23 was identified initially as the hypophosphatemic factor that is abundantly
expressed in TIO tumors and that is mutated in individuals affected by ADHR. This
phosphaturic hormone was subsequently found to be readily detectable in the circulation
of healthy individuals and research over the past years strongly suggests that it is an
important regulator of normal phosphate homeostasis. Dysregulation of FGF23 occurs
in more than 13 acquired and inherited disorders of phosphate homeostasis and it is
emerging as a predictor of disease progression in chronic kidney disease and of mortality
of incident and long-term dialysis patients. Further investigations are required to
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understand the regulation of FGF23 expression through changes in dietary intake and/
or serum phosphate levels and through PTH and 1,25(OH),D. It will also be important

to
ki
to

understand which FGF receptors mediate the actions of FGF23 in parathyroids and
dney and how PHEX, DMP1, ENPP1 and most likely several other proteins contribute
the regulation of FGF23 synthesis and secretion.
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CHAPTER 4

EVIDENCE FOR FGF23 INVOLVEMENT

IN A BONE-KIDNEY AXIS REGULATING
BONE MINERALIZATION AND SYSTEMIC
PHOSPHATE AND VITAMIN D HOMEOSTASIS
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Abstract: Bone is involved in the maintenance of phosphate and vitamin D homeostasis via
its production and secretion of FGF23 and serves as a reservoir for the storage and
release of calcium and phosphate into the circulation. Alterations in mineralization
of extracellular matrix and the remodeling activities of the skeleton are coupled
to the kidney conservation of phosphate and production of 1,25(OH)2D via the
regulation of FGF23 production by osteocytes through yet-to-be defined locally
derived factors. In addition, FGF23 production is regulated by 1,25(OH)2D in a
feedback loop where FGF23 stimulate Cyp24 mediated degradation of 1,25(OH)2D
that serves to protect the organism from the toxic effects of vitamin D excess. In
this chapter, we will review the regulation and function of FGF23.

INTRODUCTION

Coordination of calcium and phosphate homeostasis involves absorption of these
minerals by the intestine, influx and efflux of calcium and phosphate from bone and their
kidney excretion or reabsorption. Traditionally, the regulation of calcium and phosphate
homeostasis has been viewed from the perspective of the PTH/vitamin D axis, where
1,25(0OH),D predominate effect is to increase gastrointestinal calcium and phosphate
aborption, and PTH principal function is to maintain serum calcium levels by increasing
1,25(OH),D production and calcium reabsorption by the kidney and calcium and phosphate
efflux from bone by stimulating bone remodeling. The discovery of FGF23, which
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suppresses 1,25(0OH),D levels via effects on the kidney to stimulate Cyp24 mediated
degradation and suppress Cyp27bl-mediated production, and inhibits renal phosphate
reabsorption, has lead to an expansion of the PTH/Vitamin D axis to include another
hormonal axis that functions as a counter regulatory pathway to suppress 1,25(OH),D
production and enhance renal phosphate secretion. FGF23 is predominately produced
by osteocytes in bone, which places it in an optimal place to coordinate renal phosphate
handling with bone mineralization and turnover (Fig. 1). Our understanding of FGF23
biology is derived from comparative analyses of hereditary diseases involving mutations
of essential bone factors such as Phex, a transmembrane endopeptidase and Dmpl1, an
extracellular matrix SIBLING protein. Most of these diseases are characterized by bone
mineralization disorders, rickets, increased bone production of FGF23 and subsequent
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Figure 1. Regulation and function of FGF23. Local and systemic factors regulate FGF23 expression
principally in osteocytes in bone. Circulating FGF23 targets koltho/FGFR complexes in a limited number
of tissues, including kidney, PTG, choroid plexus and pituitary. The main physiological functions of
FGF23 are to inhibit renal phosphate reabsorption and 1,25(OH),D production by the kidney.
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hypophosphatemia and abnormal vitamin D metabolism (XLH, ARHR). However, other
disorders (McCune Albright syndrome, CKD) affecting the degree of bone remodeling
and leading to different bone phenotypes are also associated with an elevation of
FGF23 levels, suggesting that the status of bone mineralization and remodeling actually
regulates FGF23 production. The precise mechanism in bone that regulate FGF23 are
currently being elucidated. To date, it appears that Phex and Dmpl are both essential
and interconnected players in the local regulation of FGF23 production. Recent studies
also propose the FGFs/FGFreceptor pathway as an important step in the signalization
cascade. This chapter reviews the well-known and emerging functions of FGF23 and its
regulation in response to bone modification signals.

EVOLVING INSIGHTS INTO SKELETAL FUNCTIONS
Bone Remodeling

Bone is a dynamic load bearing organ that creates the framework of the human
body. Bone structural integrity is maintained due to a constant remodeling of the
bone matrix, which consists of an iterative cycle of removal of mineralized tissue by
the osteoclast-mediated resorption followed by its replacement with new collagenous
matrix (osteoid) by osteoblast-mediated bone formation. After a delay of several days,
osteoid undergoes mineralization. During the mineralization process, a subset of the
osteoblasts become embedded in the matrix forming osteocytes that have dendrite-like
cytoplasmic extensions forming a canalicular (neural-like) network inside the mineralized
matrix. Osteocytes function as sensors and effectors maintaining skeletal homeostasis.
Mineralization of osteoid is a regulated process representing a balance between inorganic
factors, such as the local phosphate and pyrophosphates, which respectively promote
and inhibit hydroxyapatite formation as well as extracellular matrix proteins that either
facilitate or impede the mineralization process. Autocrine, paracrine and hormonal factors
as well as physical and chemical processes regulate the overall remodeling process.

Bone, a Target for Systemic and Local Factors Regulating Mineral Metabolism

In addition to its scaffolding function, bone is a metabolically active organ that
participates in mineral metabolism. The traditional view is that bone is a mineral reservoir,
where calcium and phosphate move in and out bone from a poorly described exhalable
pool, from the area surrounding osteocytes (called osteolysis) and from osteoclast-mediated
resorptive sites. In this conceptualization, calcium and phosphate are in equilibrium with
the systemic milieu under steady state and the influx and efflux of calcium and phosphate
from bone is under control of both passive physiochemical forces and active cellular
processes, such as systemic hormones and mechanical/local factors. An example of
physiochemical effects is metabolic acidosis, which leads to a net loss of bone mineral.
The best example an endocrine network involving bone is the PTH-Vitamin D axis. In
response to hypocalcemia, the Parathyroid Gland (PTG) increases the production and
secretion of PTH, which targets the renal distal tubule to decrease renal calcium excretion
and the proximal tubule to inhibit phosphate reabsorption and to stimulate 1,25(OH),D
production. Action of 1,25(OH),D on the small intestines increases active calcium and
phosphate transport.? PTH also has direct effects on bone via PTH receptors in osteoblasts,
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resulting in increased calcium and phosphate efflux from the exchangeable bone fluid
compartment® and through RANKL-dependent, osteoclast-mediated bone resorption of
mineralized bone.* The direct kidney and bone effects of PTH, along with the concomitant
actions of 1,25(0OH),D, restore serum calcium levels to normal (Fig. 2A). The phosphaturic
actions of PTH offset vitamin D—mediated gastrointestinal phosphate absorption® and
PTH-dependent phosphate efflux from bone,’ thereby preventing the development of
hyperphosphatemia. A dramatic clinical example of the contribution of bone remodelling
to systemic calcium and phosphate homeostasis is “hungry bone syndrome”, where an
acute lowering of PTH by parathyroidectomy in patients with hyperparathyroidism leads
to hypocalcemia and hypophoshatemia due to rapid uptake of the calcium and phosphate
into bone matrix as remodelling shifts from a bone resorption to a formation phase. A more
recent example is that fat through leptin controls bone mass by a hypothalamic relay and
sympathetic nervous system.® Other hormones such as estrogens and androgens, thyroid
hormone and glucocorticoids, as well as the sympathetic nervous system target receptors
in bone to coordinate calcium and phosphate flux in response to systemic alterations in
mineral homeostasis. Finally, malignant processes such as multiple myeloma or metastatic
diseases that cause increased bone resorption can lead to hypercalcemia through release
of calcium from bone.

Bone as an Endocrine Organ

A new concept that has emerged is that bone is an endocrine organ that releases
hormones that communicate with other organs to control systemic homeostasis. At
present, FGF23 and osteocalcin are two known hormones secreted by cells in the
osteoblast lineage that act systemically to respectively coordinate mineral homeostasis'
and energy metabolism.°

FGF23, the Prototypic Bone Derived Hormone

FGF23 is a ~32 kDa protein with an N-terminal FGF-homology domain and a novel
71 amino acid C-terminus.” FGF23 is grouped with FGF19 (mouse FGF15) and FGF217#
subfamily that, in contrast to the paracrine and heparin-dependent functions of canonical
FGFs,’ actas hormones.' FGF23 is produced in cells in the osteoblast lineage, principally
the osteocyte in some diseases of FGF23 excess, such as hereditary hypophosphatemic
disorders and mainly in peritrabecular osteoblasts in other disorders, such as McCune
Albrights Hereditary Osteodystrophy and osteitis fibrosa in chronic kidney disease.
FGF23 targets organs that co-express FGFR/Klotho complexes,'!? including the kidney,
parathyroid gland, pituitary gland and choroid plexus.'? a-Klotho is a Type I membrane,
B-glycosidase-like protein, which binds to FGFRs and the C-terminus of FGF23'*!5 to
permit heparin independent activation of FGFRs by FGF23. The principal target for
FGF23 is the kidney, where this hormone has phosphaturic effects that are mediated
by inhibition of renal phosphate reabsorption and serves as a counter-regulatory factor
that inhibits 1,25(OH),D production.!"'>!¢ Excess FGF23 causes hypophosphatemia via
inhibition of solute carrier family 34, member 1—-dependent (SLC34A1-dependent) and
SLC34A2-dependent phosphate transport (also known as sodium phosphate cotransporter 2
[NPT2a] or NaPi-Ilaand NPT2c or NaPi-Ilc, respectively). Excess FGF23 also suppresses
1,25(0OH),D via inhibition of 25-hydroxyvitamin D-1a~hydroxylase (CYP27B1) that is
converted to 1,25(OH),D and stimulation of 24-hydroxylase (CYP24) that inactivates
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1,25(0OH),D in the proximal tubule of the kidney.!™?° Although the biological actions of
FGF23 are in the proximal tubule, the precise segments of the kidney and receptors that
mediate the renal response to FGF23 are not entirely clear. Ex vivo studies of proximal
tubular segments or cell lines derived from proximal tubules have produced variable results
of FGF23-mediated inhibition of sodium-dependent phosphate transport.'>?' The highest
expression of Klotho-FGF receptor complexes are in the distal tubule,'* suggesting a distal
to proximal feedback mechanism. Although initial studies that excluded individual effects
of FGFR3 and FGFR4 and by default implicated FGFR1 and the proximal tubule as the
principal target in kidney for FGF23 {Liu, 2008 #4165}, we have found that combined
loss of FGFR 3 and 4 partially correct the Hyp phenotype. Thus, FGFR 1, 3 and 4 may act
in concert to mediate the effects of FGF23 on the kidney.

FGF23 also targets FGFR-Klotho complexes in the PTG,?? but the physiological effects
of FGF23 remains controversial.'** On the one hand, there is clinical evidence that excess
FGF23 stimulates PTH secretion,'? as evidence by the strong association between elevated
FGF23 levels and the severity of hyperparathyroidism in CKD. On the other hand, FGF23 has
been shown to suppress PTH mRNA expression in vitro and decrease serum PTH in vivo.*

In addition, FGF23 is produced in the ventrolateral thalamic nucleus and may target
the choroid plexus, which expresses FGFR-Klotho complexes, as well as sodium-dependent
phosphate transporters. Since there is a gradient for phosphate between the Cerebral Spinal
Fluid (CSF) and serum (with the phosphate concentration being significantly lower in the
CSF), itistempting to speculate that FGF23 may also regulate CSF phosphate concentrations.
Another potential target of FGF23 is the pituitary gland, where upregulation of early response
gene expression has been observed in response to acute FGF23 administration to mice.
FGF23 null mice have severe growth retardation, suggesting that FGF23 may regulate
pituitary function. There is controversy as to whether bone itself is a target for FGF23.
Klotho, which is required for FGF23 actions, is not expressed in bone and the observed
changes in bone in states of high and low FGF23 appear to be secondary to changes in
serum phosphate and 1,25(0OH),D levels. However, recent studies may have identified that
FGF23 suppresses differentiation and matrix production in osteoblasts cultures.” FGF23
may also impact upon glucose homeostasis, thymus function, growth and aging.*** At
present, however, it appears that many of these abnormalities associated with FGF23
deficiency in tissues lacking Klotho represent secondary effects of elevated 1,25(OH),D
and hyperphosphatemia, rather than direct effects of FGF23 on these organs.?-! In addition
to these canonical effects mediated by FGFR-Klotho complexes, it has been suggested that
high concentrations of FGF23, such as that observed in CKD, may have broader, nonspecific
actions to activate FGFRs independent of membrane bound Klotho. Currently, there is no
direct evidence for such off-target effects of FGF23.

GENETIC DISORDERS DEFINE FGF23 FUNCTION
Excess of FGF23

Several hereditary and acquired disorders are mediated by FGF23 leading to a
common phenotype characterized by hypophosphatemia due to renal phosphate wasting

and inappropriately normal 1,25(OH),D levels for the degree of hypophosphatemia,
rickets/osteomalacia and the absence of hypercalciuria.
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Hereditary hypophosphatemic disorders caused by a primary increase in circulating
levels of FGF23 include:

« autosomal dominant hypophosphatemic rickets (ADHR; MIM 193100),
* autosomal recessive hypophosphatemic rickets (ARHR; MIM 241520),
*  X-linked hypophosphatemic rickets (XLH; MIM 307800),

«  osteoglophonic dysplasia (OGD; MIM 166250).

There is a single report of a patient with hypophosphatemic rickets and hyper-
parathyroidism (HRH; MIM pending).*> HRH differs from the others disorders described
here in that hyperparathyroidism is a predominant feature.

Whereas the clinical features of ADHR, ARHR, XLH, OGD and HRH are caused by
excess FGF23, the mechanisms whereby FGF23 levels are increased differ between these
disorders. ADHR is caused by mutations (R176Q and R179W) in the RXXR furinlike
cleavage domain of FGF23 that impairs proteolytic inactivation of FGF23 333 Interestingly,
some small integrin-binding ligand N-linked glycoproteins (SIBLINGs) can participate
or even be the cause of these pathological disorders. ARHR is caused by inactivating
mutations in DMP1,*** a member of the SIBLING family of extracellular matrix protein
that augments mineralization.”’” Loss of DMP] results in increased transcription of
FGF23 by osteocytes.*® Tumor-induced osteomalacia, or oncogenic osteomalacia, is a
paraneoplastic syndrome of renal phosphate wasting, aberrant vitamin D metabolism and
osteomalacia that is associated with elevated FGF23 levels.**** The proximate cause of
increased FGF23 production is not known, but this disorder is associated with increased
levels of MEPE, another rmember of the SIBLING family and sFRP4, which may regulate
PHEX and DMP1 metabolism, respectively.*” XLH is caused by inactivating mutations
in PHEX*'* on the X chromosome. Loss of PHEX also leads to increased expression of
FGF23 by osteocytes.* Mutant Phex in Hyp mice (murine homologous for X-Linked
Hypophosphatemic rickets) induces an intrinsic bone mineralization defect associated
with the increased production of FGF23 by the bone and hypophosphatemia. OGD is
an autosomal dominant bone dysplastic disorder caused by activating mutations in the
FGFRI gene, suggesting FGFR 1 may regulate FGF23 expression in bone and/or the renal
handling of phosphate.* HRH also has elevated FGF23 levels, but the primary genetic
abnormality is a translocation causing elevated circulating levels of Klotho.??

Deficiency in FGF23

In contrast, deficiency of FGF23 results in the opposite renal phenotype, consisting of
hyperphosphatemiaand elevated production of 1,25(OH),D 2628304647 Hyperphosphatemic
familial tumoral calcinosis (HFTC; MIM 211900) is a rare autosomal recessive disorder
characterized by hyperphosphatemia, normal or elevated 1,25(OH),D levels, soft-tissue
calcifications and typically massive lobulated periarticular calcifications levels.*® In
addition, Figf23-null mice have soft tissue calcifications, severe growth retardation,
abnormalities of bone mineralization and a shortened lifespan.?”-**3° To date there have
been three different mutations identified as leading to either decreased bioactive circulating
FGF23 levels or end-organ resistance to FGF23. These include mutations of the genes
encoding FGF23,% Klotho* and GalNAc transferase 3 (GALNT3),” a Golgi-associated
enzyme that O-glycosylates a furin-like convertase recognition sequence in FGF23.%!
Missense mutations of FGF23 impair its secretion, leading to inadequate circulating
levels of this phosphaturic factor.*® Mutations of GALNT3 destabilize FGF23, resulting
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in a low-intact serum FGF23 levels but high levels of biologically inactive C-terminal
FGF23 fragments. A mutation in the gene coding for Klotho (H193R) results in decreased
Klotho expression and reduced FGF23-Klotho-FGFR complex formation and to end-organ
resistance to FGF23.% In mice, inactivating mutations or deletion of K/ results in end-organ
insensitivity to FGF23, whichis characterized by hyperphosphatemia, elevated 1,25(OH),D
levels, early mortality and soft-tissue calcifications, %% a phenotype that resembles
that of Fgf23-null mice.**

PHYSIOLOGICAL FUNCTIONS OF FGF23

Since both extremes of hypophosphatemia and hyperphosphatemia have negative
biological effects,’>* it is not surprising that adaptive mechanisms have evolved to protect
organisms from hypophosphatemiaand hyperphosphatemia. The PTH-Vitamin D axis has
long held the position of a phosphate regulating pathway, but the regulation and function
of PTH are more consistent with its principal biological role in maintaining calcium
homeostasis (Fig. 2A). In the kidney there is threshold for phosphate reabsorption in
the tubules, such that phosphate above a specific concentration is excreted in the urine.
While PTH regulates the tubular threshold for phosphate, other circulating factors, called
phosphatonins, have been postulated to regulate phosphate homeostasis under conditions
not explained by alteration in PTH or other regulators of renal tubular phosphate handling.
FGF23 is the first bone fide phosphatonin to be characterized. Three major physiological
functions of FGF23 have been recognized thus far.

A Counter Regulatory Hormone for 1,25(OH),D

Surprisingly, of the potential systemic factors that might be expected to regulate
FGF23 expression, such as calcium, phosphate, PTH and 1,25(OH),D, only 1,25(0OH),D
has been shown to regulate FGF23 production (Fig. 2B). In this regard, 1,25(OH),D
directly stimulates FGF23 expression in osteocytes via a vitamin D response element
(VDRE) inthe Fgf23 promoter.' Since FGF23 targets the kidney to suppress1,25(OH),D
production, 1,25(OH),D stimulation of FGF23 closes a feedback loop.'® In the setting
of excess 1,25(0OH),D, which also reduces PTH levels, FGF23-mediated phosphaturia
helps prevent potential hyperphosphatemia from enhanced 1,25(OH),D-dependent
gastrointestinal phosphate absorption and diminished PTH-mediated phosphaturia.
1,25(0OH),D may also indirectly regulate FGF23 expression. In this regard, selective
deletion of the vitamin D receptor (VDR) in cartilage produces an unidentified
chondrocyte-derived inhibitor of FGF23 transcription.’” Thus, FGF23’s ability to
enhance phosphate excretion and suppress 1,25(0OH),D production may have evolved
to protect an organism from vitamin D intoxication.'®

Regulation of Parathyroid Gland Function?

FGF23 targets FGFR-Klotho complexes in the PTG,? but the physiological effects of
FGF23 remains controversial.'** On the one hand, there is clinical evidence that excess
FGF23 stimulates PTH secretion,'? as evidence by the strong association between elevated
FGF23 levels and the severity of hyperparathyroidism in chronic kidney disease (CKD).
On the other hand, FGF23 has been shown to suppresses PTH mRNA expression in
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vitro and decreases serum PTH in vivo.* There is also controversy about how or if PTH
regulates the circulating level of FGF23. PTH does not appear to directly stimulate FGF23
production, since PTH does not stimulates FGF23 in osteoblasts in vitro'® or in mice® in
the setting of normal renal function. Also, FGF23 is not elevated in patients with primary
hyperparathyroidism.”® However, the PTH-cyclinD1 transgenic mouse model of primary
hyperparathyroidism has elevated FGF23 levels that decreased after parathyroidectomy.*
There is also potential cross-talk between PTH and FGF23 through the indirect mechanism
of PTH stimulation of 1,25(OH),D.¢!

Given that FGF23 is a “phosphaturic hormone”, it is expected to be regulated by serum
phosphate. Extracellular phosphate, however, does not appear to directly stimulate FGF23
mRNA levels or FGF23 gene promoteractivity in osteoblastic cultures.'® Although phosphate
loading in mice increases FGF23 levels,® evidence of the importance of dietary phosphate in
regulating FGF23 levels in humans is also conflicting.*%* Phosphate may regulate FGF23
certain pathological circumstances such as CKD, where elevations in FGF23 compensate
for the reduced renal clearance of phosphate and the degree of FGF23 elevation correlates
with the severity of hyperphosphatemia.’® The stimulus for increased FGF23 in CKD is not
known, but the pattern of FGF23 expression in bone is distinct from hereditary disorders of
FGF23 excess, suggesting other regulatory pathways, possibly from the kidney to close the
bone-kidney axis loop. In addition, metabolic acidosis is another setting where phosphate
appears to regulate FGF23. In this regard, low levels of FGF23 can be restored to normal
after oral phosphate therapy in chronic metabolic acidosis.®

Pathways controlling serum calcium may also regulate FGF23. In this regard, elevated
FGF23 level is associated with both low calcium intake in the absence of vitamin D
deficiency;* whereas suppression of FGF23 is observed in response to the hypocalcemic
hormone calcitonin in patients with tumor-induced osteomalacia.®®$” However, neither
extracellular calcium nor PTH directly stimulate FGF23 promoter activity in osteoblasts,'®
suggesting that their effects may also be indirect or that the response to PTH might be
different according to the short vs long term exposure to PTH. We also know that the bone
remodelling status varies according to the intermittent vs continuous exposure to PTH. This
reinforces the hypothesis that FGF23 levels are regulated by the bone remodelling status
and that PTH might indirectly regulate FGF23 through local bone remodelling factors.

FGF23 Coordinates Bone Mineralization/Turnover and Renal Phosphate
Handling

The other function of FGF23 appears to be to serve as the “primary” phosphaturic
hormone in a bone-kidney axis to coordinate renal phosphate handling with bone
mineralization and possibly bone remodeling activity (Fig. 2C). The possibility that
bone is an endocrine organ that secretes FGF23 to coordinate renal phosphate handling
to match bone mineralization and turnover has arisen from the study of XLH and ARHR
and metabolic bone diseases associated with elevated FGF23.26:35:68.69

PHEX Regulation of FGF23

XLH is caused by mutations of PHEX, or Phosphate regulating gene with homologies
to endopeptidases on the X chromosome, a member of the endothelin-converting enzyme
family that leads to increased FGF23 gene transcription. Conditional deletion of Phex in
the osteoblast lineage in vivo is sufficient to reproduce the Hyp phenotype, suggesting
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bone is the main source of FGF23.” How Phex mutations lead to increased Fgf23 gene
transcription in bone is not clear and the relative importance of Fgf23 production by
osteoblasts and osteocytes is not known.

Although an initial study suggested that Phex processes FGF23,”" subsequent studies
failed to establish Phex-dependent cleavage of FGF23.3*472 Screening of substrate
phage libraries by us and others have identified that Phex cleaves small peptides,’ but
failed to identify a physiologically relevant substrate for Phex.”? The ASARM peptide,
a motif in MEPE and Dmpl, is substrate for Phex in vitro’ and additional data suggest
that accumulation of ASARM as a consequence of inactivation of Phex can impair
mineralization.” Although we have shown that ASARM binds to and inhibits Phex
activity against a synthetic substrate in vitro,* it is unlikely that ASARM from MEPE is
responsible for stimulating FGF23 in Hyp, since ablation of MEPE fails to alter FGF23
expression in Hyp mice.”

In the osteoblastic lineage Phex and FGF23 expression are not fully concordant.
FGF23 is markedly increased in terminally differentiation osteoblasts embedded in
mineralization nodules, equivalent of an osteocyte embedded in bone,*'** whereas Phex
is expressed in osteoblasts and osteocytes. Thus, Phex deficiency is necessary, but not
sufficient to stimulate FGF23 (a functional Phex is missing in osteoblasts of Hyp mice, but
osteoblasts do not upregulate FGF23 expression until they differentiate into osteocytes).?
The importance of additional Fgf23 stimulating factors is illustrated by the paradox that
restoration of Phex in transgenic mice using heterologous promoters fails to rescue the
elevated FGF23 expression.”””

DMP1 Regulation of FGF23

The breakthrough in understanding FGF23 transcriptional regulation in bone came
through the comparative analysis of the Hyp mouse homologue of XLLH and dentin matrix
acidic phosphoprotein 1 (Dmp1) null mice. Ablation of Dmp1, an extracellular matrix
SIBLING protein that regulates mineralization, markedly stimulates the transcription
of FGF23 by osteocytes in mice, leading to the discovery that ARHR is caused by
inactivating mutations of DMP1.** DMP1 is a multifunctional protein localized to the
dendrites of osteocytes and its main function is to act as a nucleator of mineralization.
Dmpl is also reported translocate to the nucleus to regulate gene transcription,® however,
we have excluded this mechanism for increased Fgf23 transcription in Dmp1 null mice,
since overexpression of Dmpl fails to regulate the Fgf23 promoter. DMP1 contains
an RGD domain for integrin binding, an ASARM peptide (which might allow DMP1
to bind to PHEX), a large number of acidic domains, an N-terminal site for binding to
MMP9, sites for casein kinase-2—mediated phosphorylation and conserved cleavage
sites for bone morphogenetic protein 1/Tolloid-like MMPs (BMP1/Tolloid-like MMPs)
and cathepsin B. DMP1 exists as a latent protein that is cleaved into 37-kDa and 57-kDa
fragments by BMP1 or cathepsin B. The highly phosphorylated C-terminal 57-kDa
fragment functions as a nucleator for mineralization. The NH,-terminal fragment
from DMP1 is a proteoglycan with a chondroitin sulfate chain attached through Ser74
that binds to proMMP-9 and may sequester growth factors.®> Recent studies indicate
that FGF23 is increased in callus during fracture healing, consistent with local matrix
derived FGF23 stimulating factors.*

We have excluded several potential mechanisms whereby loss of Dmp1l or Phex
leads to increased FGF23 expression in osteocytes. For example, PHEX does not cleave
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DMP1, indicating that other enzymes are required for DMP1 processing.’* Similarly,
ASARM in Dmp1 cannot be responsible for elevations of FGF23 since ablation of Dmp1
leads to increased FGF23 in Dmpl null mice. Impaired differentiation of osteocytes,
an explanation for Dmpl-dependent regulation of Fgf23 proposed by others, cannot
be the reason for increased Fgf23 expression, since Fgf23 is not upregulated in earlier
stages of the osteoblast lineage. Rather, assessment of bone marrow stromal cultures and
explantation of either Hyp®> or Dmp1 null bone*® into wild-type mice demonstrates that
the high expression of FGF23 in osteocytes is an intrinsic/local effect caused by the loss
of either Phex or Dmpl. Moreover, there is strong evidence that the proximate cause
of increased FGF23 expression in osteocytes in Hyp and Dmp1 null mice is intrinsic
to the bone milieu and is mediated by the presence of unknown matrix-derived FGF23
stimulatory factors that are increased as a consequence of either Phex or Dmp1 mutations.
In addition, FGFR1-dependent signaling pathways have emerged as important regulator
of FGF23 expression in osteocytes. In this regard, OsteoGlophonic Dysplasia (OGD), an
autosomal dominant bone dysplastic disorder caused by activating mutations in FGFR1,
also has hypophosphatemia and elevated FGF23 levels.*

PHEX and DMP1-Dependent Defect in Mineralization: A Comparative Analysis

PHEX and DMP1 are both produced by osteoblasts and osteocytes,?*4* where they
control the mineralization of extracellular matrix, thereby providing signaling pathways
for coordinating bone phosphate accretion with renal phosphate conservation through
the regulation of Fgf23. Inactivation of Phex leads to two fundamental abnormalities in
osteoblasts/osteocytes, 1) elevations of FGF23, which leads to hypophosphatemia and
decreased 1,25(OH),D production and increments in a putative mineralization inhibitor
called Minhibin, that leads to an intrinsic defect in the mineralization of extracellular
matrix that is independent of phosphate.® Inactivation of either Phex or Dmp1 in mice
results in nearly identical increments in FGF23 production by osteocytes and overlapping
phenotypes characterized by hypophosphatemia, aberrant vitamin D metabolism and
rickets/osteomalacia.?***8# Aplation of FGF23 corrects these abnormalities in both
Phex-and Dmp1-deficient mice.***” However, restoring phosphate and 1.25(OH),D serum
levels in Hyp does not completely correct the mineralization defect.®

FGF23-dependent hypophosphatemia contributes to impaired mineralization in
Hyp and Dmp1 null mice, but we know that the increase in FGF23 levels is not the only
cause for bone mineralization defects even if recent studies suggest that FGF23 may
also have direct effects on bone to inhibit mineralization.”® Indeed, we failed to detect
Klotho expression in bone on microarray analysis, consistent with the failure to detect
Klotho transcripts in bone by RT-PCR.”! FGF23 also failed to stimulate FGF23 promoter
activity in cultured osteoblasts. Consequently, it is unlikely that putative direct actions of
FGF23 are mediated by FGFR-Klotho-dependent mechanisms. Rather, bone explantation
studies indicate that an intrinsic defect in mineralization of extracellular matrix persists
in Phex mutant mice, even when phosphate is normalized.® In Dmp1-null mice, the
absence of the nucleation and mineral propagation functions of DMP1 likely contribute
to the defective mineralization.’”*? Indeed, Colla-3.6 promoter-mediated overexpression
of Dmp1 in osteoblast lineage is sufficient to rescue the increased Fgf23 expression and
bone phenotype in Dmp1 null mice.®** The mechanism whereby Phex mutations lead to
impaired mineralization is less clear. Phex gene restoration in Hyp mice only partially
corrects the bone phenotype and does not have any impact on the hypophosphatemia.””’
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PHEX does not cleave DMPI, indicating that other enzymes are required for DMP1
processing.®* Another possibility is that the ASARM peptides derived from Mepe regulate
mineralization in Hyp, since the ASARM peptides accumulate in Hyp bone™ and deletion
of MEPE in Hyp leads to increased mineralization of osteoblasts ex vivo.” One of the
reason for ASARM accumulation in Hyp bone is that Phex is able to bind ASARM”
and to cleave it™* in normal condition. Moreover, Hyp bone is characterized by elevated
proteolytic activity that is associated with the increased production of an ASARM peptide
from MEPE and DMP1 and the administration of cathepsin inhibitors improves bone
mineralization in Hyp mice, without correcting FGF23 expression or hypophosphatemia,
indicating the separate regulation of hypophosphatemia and mineralization by PHEX.*
However, deletion of MEPE from Hyp mice fail to rescues the rickets or osteomalacia,
suggest that other factors may be important in mediating the intrinsic mineralization
defect resulting from PHEX mutations.”

Gene expression profiling in Hyp bone also identified several previously unrecognized
abnormalities in factors regulating mineralization in Hyp bone. For example, we found
that the expression of matrix Gla-protein (Mgp), a inhibitor of mineralization,”**® was
increased in Hyp bone. Thrombospondin 4 (Thbs4) is also markedly increased in Hyp
bone as well as Hyp-derived cultured osteoblasts. Thbs4 is a member of the group B
thrombospondin family of extracellular matrix glycoproteins containing heparin- and
calcium-binding sites, as well as binding sites for collagens I, II, III and V, laminin-1,
fibronectin and matrilin-2. Thbs4 is known to be expressed in osteogenic tissues,””*® but
its physiological function in bone has not been established. However, the observations
that ablation of the related Thbs3 results in accelerated endochondrial ossification” and
over expression of Thbsl inhibits mineralization in osteoblast cultures,'® suggest that
increased Thbs4 in Hyp osteoblasts may play a role in the intrinsic mineralization defect.
We found that carbonic anhydrase 12 (Car12)and 3 (Car3) as well as the sodium-dependent
citrate transporter (Slc13a5), are decreased in Hyp bone. Car12 and Car 3 are members
of the family of zinc metalloenzymes that catalyze the reversible hydration of carbon
dioxide to bicarbonate and thereby have the potential to influence mineralization and
osteoclast function by regulating the pH in the local milieu. While little is known about
the membrane bound Carl2 in bone, Car2, a cytosolic member of this family causes
autosomal recessive osteopetrosis via disruption of osteoclast function.'”! The reduction of
Slc13a5 might lead to local increases in citrate levels, which could impair mineralization,
as well as deprive the cell of citrate necessary for energy metabolism in Hyp bone. With
regards to known regulators of mineralization, we found no significant changes in Dmp1,
Enppl and Tnap in Hyp bone. Ank (1.7) and Enpp6 (1.7) were respectively increased
and decreased in Hyp bone.

Integrative Model Explaining PHEX and DMP1 Regulation of FGF23

Based on our current understanding of PHEX and DMP1 structure and function,
we proposed a model that outlines a possible mechanism for local regulation of FGF23
expression in osteocytes by PHEX and DMP1. The model predicts that in wild-type
bone DMP1 and PHEX suppress FGF23 transcription, possibly through sequestration of
putative FGF23 stimulating factors. The model also predicts that Dmp1 binds to Phex via
its ASARM motif and integrins via its RGD sequence located in the 57 kDa C-terminal
fragment to form a PHEX-DMP1-integrin “ternary complex”, required for suppression
of FGF23 transcription. Recent studies found that avp3 integrins bind to FGF1 leading
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to FGFR activation.'” The ASARM motif in SIBLING protein MEPE binds to PHEX
and inhibit its activity'®!** and DMP1, which also contains the ASARM motif, inhibits
PHEX activity, providing indirect evidence for DMP1-PHEX interactions. The C terminus
of DMP1, which contains RGD integrin-binding and ASARM domains, is sufficient to
rescue the phenotype of DmpI-null mice,'” suggesting that this region holds the key to
understanding FGF23 regulation.

In contrast, inactivating mutations of PHEX and DMP1 increase FGF23 expression
in this model via indirect effects mediated by the production and accumulation in the
bone matrix of an unidentified PHEX substrate or interacting protein that acts as an
FGF23-stimulating factor. We know that DMP1 is not a PHEX substrate. Impaired
processing of DMP1 by other enzymes, such as BMP1, would also be predicted stimulate
FGF23, by creating a functional DMP1-deficient state equivalent to Dmp/-null mice.
Regardless, loss of PHEX or DMP1 result in the production or increased bioavailability
of'an unknown, local, bone-derived “FGF23 stimulating factor” or less likely an intrinsic
cellular defect, leading to increased FGF23.

FGFRI1 and possible paracrine/autocrine effects of other members of the FGF family
may be a proximal signal mediating the effects of PHEX and DMP1 mutations. First,
activating mutations of FGFR 1 are associated with increased FGF23.% Second, microarray
analysis of Hyp bone and Fgf23 promoter analysis have identified FGF-dependent
regulation of Fgf23 transcription. Third, FGF have phosphaturic effects. For example,
FGF2issynthesized by osteoblasts, deposited in extracellular matrix and exerts autocrine or
paracrine effects to inhibit osteoblastic differentiation, ' also causes hypophosphatemia, %’
possibly through stimulation of FGF23. The phosphaturic effects of FGF7 might also be
mediated via FGFR stimulation of FGF23.!% Other putative phosphatonins, such as MEPE
and secreted frizzled-related protein 4 (sFRP4) are also incorporated in this model. For
example, MEPE actions may be mediated by binding of the ASARM peptide to PHEX
and inhibition of its activity.®*% sFRP4 might inhibit BMP1-mediated processing of
DMPI, leading to elevated FGF23 levels.

Evidence That Bone Turnover Regulates FGF23 Production

Several studies report elevation of FGF23 levels in association with primary alterations
in bone remodelling. In case of low bone turnover, the hypothesis would predict that when
bone resorption and formation activities are so reduced that there is almost no replacement of
the existing mineralized matrix and therefore limited capacity for bone to buffer phosphate.
Under these circumstances the continuous intake of phosphate creates a need for increasing
phosphate excretion to avoid hyperphosphatemia that is met by increased FGF23 production
by bone. A recent study supports the idea that the degree of bone turnover regulates FGF23
production by bone. In this study, low bone remodelling induced by antiresorptive agents,
was associated with increased FGF23 circulating levels.”® On the other hand, low bone
turnover caused by low PTH levels in Gem?2 knockout mice are associated with low serum
FGF23 levels. This might be explained by the dual effect of loss of PTH to inhibit bone
remodeling and decrease 1,25(OH),D levels, the later which are necessary for maintaining
FGF23 levels.' Idiopathic Phosphate Diabetes (IPD) leading to male osteoporosis have
normal serum phosphate but low FGF23 serum levels.!” Thus, the relationship between
low bone remodelling and FGF23 levels is not always concordant.

In case of high bone turnover, the replacement rate of the existing matrix is such
that no time is allowed to the resulting phosphate release to be buffered by bone and that
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existing reserves in phosphate are being released in excess.!"® Two different high bone
turnover bone disease are associated with elevated FGF23 levels. The McCune-Albright
syndrome (MIM 174800), also called Polyostotic Fibrous Dysplasia (PFD), is caused by a
mosaicism for postzygotic activating mutations in the guanine nucleotide binding protein,
alpha stimulating gene (GNAS!). This syndrome is characterized by the replacement of the
medullary bone by fibrodysplastic tissue, together with hypophosphatemia and elevated
circulating FGF23 levels in some patients.!!® Also, in Chronic Kidney Diseases (CKD),
FGF23 levels are markedly increased and its actions to decrease CYP27B1 and increase
CYP24 lead to diminish calcitriol levels and contributes to the development of secondary
hyperparathyroidism.!!! In addition, parathyroidectomy is associated with reduced FGF23
levels in patients with renal failure, suggesting that PTH-mediated high bone turnover may
lead to increased FGF23 prodution. The pattern of FGF23 expression in CKD, unlike the
osteocytic predominance observed in hereditary hypophosphatemic disorders is located in
peritrabeular osteoblasts. The common feature between McCune Albright syndrome and
CKD is that both have excessive bone turnover mediated by activation of Gas. FGF23
producing mesenchymal tumours causing Tumour-Induced Osteomalacia (TIO) may
represent an benign neoplasia that produces FGF23 in a mesenchymal cell lineage.''? Also,
fracture healing is associated with an increase in FGF23 mRNA expression, particularly in
osteoblasts and granulation tissue in the fracture callus. Whether increased FGF23 expression
in these “high turnover” disorders is through a common pathway is not known. Osteoblasts
express PTHreceptors and addition of PTH or PTHrP to primary osteoblast cultures increases
FGF23 expression.' In vivo, PTH(1-34) treatment increases FGF23 levels as well as bone
turnover in some studies.*® Other studies, however, found that administration of PTH to
mice in doses resulting in increased bone remodeling resulted in a reduction of FGF23.5 In
addition, 1,25(OH),D deficient mice (1alpha hydroxylase knock-out) display increased PTH,
increased bone formation but undetectable FGF23 which revoques the hypothesis that PTH
directly regulates FGF23 production.’® Since the direct effects of PTH on FGF23 remain
controversial, the origin of FGF23 in mesenchymal lineages and the diversity of clinical
states leading to increased FGF23, suggests that special cells emerge during high turnover
states that produce FGF23. Multiple myeloma which leads to increased bone resorption is
associated with increased FGF23 levels may be an example of this mechanism. Chronic
metabolic acidosis which causes increased bone resorption and impaired mineralization
is also associated with increased circulating FGF23 levels and fractional excretion of
phosphate.® FGF23 serum levels in senile or postmenopausal osteoporosis, in which bone
resorption is also enhanced, has not yet been evaluated.

CONCLUSION

Bone metabolism is integrated with the gastrointestinal tract and kidney to maintain
mineral homeostasis. Bone is both responsive to physiochemical and hormones, such as
PTH and 1,25(OH),D, that regulate mineral metabolism and is also a source of FGF23,
which targets the kidney and parathyroid gland to modulate phosphate 1,25(OH),D and PTH
levels. Thus, inaddition to its function as a storage compartment of minerals in equilibrium
with systemic milieu, bone, through its hormonal actions of FGF23, actually regulates the
systemic milieu to adjust serum phosphate and 1,25(OH),D levels in response to the bone
remodelling/mineralization state and vitamin D status. In normal physiological conditions,
a healthy skeleton with normal buffering capacity and adequate remodelling activity,
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basal physiological levels of FGF23 would contribute to the equilibrium between bone
phosphate flux, renal phosphate reabsorption and 1,25(OH),D-mediated gastrointestinal
phosphate absorption. However, when there is a primary defect in bone mineralization,
in which extracellular phosphate is not deposited into the collagenous matrix, FGF23
would be increased to increase the loss of phosphate in the urine to re-establish systemic
phosphate homeostasis. Similarly, in states of primary reductions in bone remodelling
status, in which bone resorption and formation activities are so reduced that the phosphate
buffering capacity of bone is impaired, FGF23 would be increased to shunt the phosphate
from bone deposition to kidney excretion.!'* The other extreme of bone remodelling,
characterized by large release of phosphate from bone resorption in excess of that which
can be redeposited into existing matrix, might also lead to increased FGF23-mediated
phosphate wasting."'* FGF23-mediated coordination of bone metabolism and systemic
phosphate homeostasis provides an important physiological pathway to prevent the
potential adverse effects of hyperphosphatemia and also to protect the organism from
the potential toxic effects of excess vitamin D. Many questions remain regarding FGF23
regulation and function. Given the severity of the phenotypes of having too little or too
much FGF23 in animal models, it is likely that alterations of FGF23 are clinical relevant
in a variety of human diseases. If so, FGF23 levels may be an important biomarkers and
agents that either stimulate or inhibit FGF23-mediated effects might be therapeutically
useful in respectively managing disorders caused by FGF23 deficiency and excess.
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Abstract:

The molecular interactions of fibroblast growth factor 23 (FGF23), klotho and
vitamin D coordinate to regulate the delicate phosphate levels of the body. Vitamin
D can induce both FGF23 and klotho synthesis to influence renal phosphate balance.
In the presence of klotho, FGF23 protein gains bioactivity to influence systemic
phosphate homeostasis. Experimental studies have convincingly shown that in the
absence of klotho, FGF23 is unable to regulate in vivo phosphate homeostasis.
Furthermore, genetic inactivation of FGF23, klotho or both of the genes have resulted
in markedly increased renal expression of 1-alpha hydroxylase [1a(OH)ase] and
concomitant elevated serum levels of 1,25, dihydroxyvitamin D [1,25(OH),D] in
the mutant mice. Vitamin D can induce the expression of both FGF23 and klotho
while, FGF23 can suppress renal expression of 1a(OH)ase to reduce 1,25(0OH),D
activity. In this brief chapter, I will summarize the possible in vivo interactions of
FGF23, klotho and vitamin D, in the light of recent mouse genetics studies.

INTRODUCTION

Phosphate is a widely distributed mineral ion and is an essential component of bone.
Phosphate is also important for cell signaling, energy metabolism, nucleic acid synthesis
and the maintenance of acid-base balance (urinary buffering).!? The intestinal absorption,
skeletal resorption and renal reabsorption coordinate to regulate physiologic phosphate
balance.* Diseases affecting intestine, bone orkidney can lead to impaired phosphate balance.
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More than 70% of phosphate consumed through food is absorbed from the upper part
of the intestine, while the excessive amount is mostly cleared out of the body through the
kidneys. Phosphate transport in the enterocytes (intestine) and in the proximal epithelial
cells (kidney) is mostly mediated by the sodium-phosphate (NaPi) cotransporter family
proteins (NaPi-2a, NaPi-2b and NaPi-2c). Parathyroid hormone (PTH), vitamin D and
FGF23 can directly or indirectly regulate NaPi transporter activities to control phosphate
metabolism. PTH canreduce phosphate reabsorption in the proximal tubular epithelial cells
by reducing NaPi-2a and NaPi-2c activities through facilitating internalization of NaPi
transporter proteins from the apical side of the epithelial cells.® Phosphate transport across
the proximal tubular epithelial cells is partly driven by a high extracellular sodium gradient,
which is believed to be maintained by the membrane-associated Na,K-ATPase.”” PTH
can also mobilize phosphate from the bone into the bloodstream, possibly by enhancing
osteoclastic bone resorption. Intestinal phosphate absorption, on the other hand, can
be influenced by vitamin D through modulating the activities of NaPi-2b transporters.
The active regulation of phosphate homeostasis is an evolving area of research and our
understanding of such regulation is significantly enhanced by the identification of the
potent phosphatonin: FGF23.'%!!

FGF23

FGF23 is a ~30 kDa protein that is proteolytically processed to smaller N-terminal
(~18 kDa) and C-terminal (~12 kDa) fragments. FGF23 can not only induce urinary
phosphate excretion, but can also influence systemic vitamin D activity by suppressing
the renal expression of 1a(OH)ase.'? Animal studies using FGF23 transgenic mice have
shown to reduce serum levels of 1,25(OH),D."*!* FGF23 overproducing mice develop
hypophosphatemia due to the increased renal excretion of phosphate. Similar to the animal
studies, gain-of-function mutations ofthe FGF23 gene, in patients with autosomal-dominant
hypophosphatemic rickets (ADHR), are associated with excessive urinary phosphate
wasting, leading to the development of rickets;'! these mutations prevent the proteolytic
cleavage of the FGF23 protein and the net effect enhances FGF23 activity in ADHR
patients. In contrast to the increased activity of FGF23 in ADHR patients, decreased
activity of FGF23 due to loss-of-function mutations in the FGF23 gene in patients with
familial tumoral calcinosis (FTC), usually develop hyperphosphatemia and ectopic
calcification.!> Of particular clinical importance, FGF23-mediated renal regulation of
phosphate homeostasis is severely impaired in patients with chronic kidney disease (CKD),
where despite increased serum levels of FGF23, patients develop hyperphosphatemia.

FGF23 AND CKD

Patients with advanced stages of CKD have elevated serum levels of FGF23, perhaps
duetodecreasedrenal clearance.!'® Despite increased serum levels of FGF23, CKD patients
develop hyperphosphatemia and inability of FGF23 to restore the phosphate balance in
CKD patients can trigger development of secondary hyperparathyroidism. Moreover,
Calcitriol therapy in patients with CKD may also contribute to increased serum levels
of FGF23."” Experimental studies have shown that both phosphate and 1,25(OH),D can
independently increase circulating FGF23 levels.'® Patients with CKD usually have low
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levels of 1,25(0OH),D and since FGF23 can suppress vitamin D activity, the increased
FGF23 levels in patients with CKD may, in turn reduce vitamin D activity to facilitate
the development of compensatory secondary hyperparathyroidism.'

Increased serum levels of FGF23 have shown to be associated with an increased
mortality of CKD patients undergoing hemodialysis.?’ Furthermore, a correlation between
elevated serum FGF23 levels and an increased rate of left ventricular hypertrophy is also
reported in CKD patients.?!*? Additional experimental studies will determine whether such
association is merely an epiphenomenon or a clinically important phenomenon. K/otho
knockout mice mimic certain biochemical aspects of CKD patients.*?* For instance,
klotho knockout mice are hyperphosphatemic despite significantly higher serum levels
of FGF23 with shorter lifespan.??® More importantly, the early, sudden death of klotho
knockout mice is due to cardiac malfunction.”’” Determining whether FGF23 toxicity may
induce the cardiac anomalies to contribute early mortality of klotho knockout mice may
explain the pathologic role of increased serum FGF23 levels in patients with CKD.*

KLOTHO

Klotho is a Type 1 membrane protein’ and can be released into the circulatory system
as the “secreted form” when the short transmembrane domain is removed. A recent study
has suggested that A Disintegrin And Metalloproteinases (ADAM)-10 and ADAM-17
are capable of cleavage klotho from the plasma membrane to induce klotho shedding.?
Klotho is mostly expressed in the kidney (distal convoluted tubules), the parathyroid
gland and the choroid plexus in the brain.* The klotho knockout mice have increased
renal expression of Na-Pi-2a and Na-Pi-2¢ protein with concomitant hyperphosphatemia.
Furthermore, klotho knockout mice have increased renal expression of 1a(OH)ase with
elevated serum levels of 1,25(OH),D. Such serum biochemical changes in klotho knockout
mice, along with other physical morphological and molecular changes are identical to
those found in Fgf23 knockout mice.” The identical phenotypes of these two mutant
mice led to the discovery of klotho as an essential cofactor in FGF23 signaling pathways.

FGF23 SIGNALING

FGF23 can bind to multiple FGF receptors, including FGFR 1¢c, FGFR3c and FGFR4
and activate downstream signaling events to exert diverse biological functions.’*3?
Subsequent studies have claimed that FGFR1 is the principal mediator of FGF23 effects
in vivo.**3* FGF23 has much higher affinity towards FGF receptors in the presence
of klotho. Klotho can increase the phosphorylation of FGF receptor substrate-2a. and
p44/42 mitogen-activated protein kinase (MAPK) and AKT in response to the exogenous
treatment with recombinant FGF23 protein.'** The binding of the FGF23-klotho-FGF
receptor complex can activate downstream events by inducing phosphorylation of signal
kinase proteins’'3235-38 to initiate the phosphate lowering actions of FGF23, which is
partly mediated through the reduced activity of NaPi-2a and 1a(OH)ase in the proximal
tubular epithelial cells. Recent studies, using mouse genetics as an in vivo tool, have
convincingly shown that klotho is essential for FGF23-mediated regulation of systemic
phosphate homeostasis.***
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IN VIVO IMPORTANCE OF KLOTHO IN FGF23 FUNCTION

FGF23 transgenic mice develop hypophosphatemia due to severe urinary phosphate
wasting. In similar lines of studies, genetic restoration of systemic actions of human
FGF23 in Fgf23 knockout mice can reverse hyperphosphatemia to hypophosphatemia.'*
Likewise, serum phosphate levels are significantly reduced following bioactive FGF23
injection into either wild-type or Fgf23~- mice.* On the contrary, the injection of bioactive
FGF23 protein into either klotho”~ mice or Figf23~/klotho~~ double knockout mice did
not change the serum phosphate levels,* implying that without klotho, FGF23 is unable
to regulate phosphate homeostasis.

The PHEX, (a phosphate-regulating gene that is homologous to the endopeptidases
of the X-chromosome) mutation leads to an increased serum accumulation of FGF23,
causing severe hypophosphatemia due to excessive urinary phosphate loss in the
mutant mouse [hypophosphatemic (Hyp) mouse] and in the human diseases [X-linked
hypophosphatemia: (XLH) patients]. The inactivation of klotho in Hyp mice resulted
in hyperphosphatemia in Hyp/klotho double mutant mice, even though double mutant
mice have markedly increased serum levels of FGF23.* Therefore FGF23-mediated
hypophosphatemic phenotypes of Hyp mice are a klotho-dependent process.**? In a
similar line of study, hypophosphatemic phenotypes of FGF23 transgenic mice can be
reversed by genetic inactivation of klotho functions, reemphasizing the fact that klotho is
indispensable in FGF23-mediated regulation of phosphate homeostasis.** In accord with the
animal studies, ahomozygous loss-of-function mutation in the human K/otho gene resulted
in severe hyperphosphatemia even though the affected patient has elevated serum FGF23
levels.* Together, both human and animal studies provide compelling evidence of essential
role of klotho in the FGF23-mediated regulation of systemic phosphate homeostasis and
imply that klotho may be a potential therapeutic target to manipulate FGF23-mediated
hypophosphatemic diseases.?** Therapeutic manipulation of FGF23-klotho axis may,
not only influence serum phosphate balance, but also can affect vitamin D homeostasis.

VITAMIN D AND FGF23-KLOTHO AXIS

1,25(0OH),D is the active metabolite of vitamin D, that is formed in the kidney through
hydroxylation by the enzyme 1a(OH)ase.” Manipulating renal 1a(OH)ase enzyme activity,
can therefore influence the 1,25(0OH),D activity. 1,25(OH),D can induce expression of both
FGF23 and klotho and increase renal phosphate wasting to reduce serum phosphate levels,
whileitcanalsoinfluence increased intestinal phosphate absorption to increase serum phosphate
levels. However, it is important to mention that in normal healthy conditions, coordinated
interplay of different organ system help keep the phosphate balance within normal levels. In
abnormal conditions, as in klotho knockout mice, a markedly increase renal expression of
the Io(OH)ase gene results in elevated serum 1,25(OH),D levels.* Such increased serum
levels of 1,25(OH),D are associated with abnormal soft tissue and vascular calcifications in
klotho™~ mice, mostly due to increased serum levels of calcium and phosphate (Fig. 1).474
Suppressing vitamin D activity from klotho” mice can reduce both serum calcium and
phosphate levels in klotho™~/1o(OH)ase”~ double knockout mice. Such changes in serum
parameters in klotho~~/1o(OH)ase”~ mice can completely eliminate extensive vascular and
soft tissue calcifications that are consistently found in the klotho~ mice (Fig. 1).4
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Studies have found that both klotho~- mice and klotho~-/NaPi2a”- double knockout mice
have high serum calcium and 1,25(OH),D levels. As for serum phosphate, klotho™~ mice
have hyperphosphatemia, while klotho~~/NaPi2a”- mice have hypophosphatemia. Despite
significantly higher serum 1,25(OH),D levels, the soft tissue and vascular calcification were
reduced or eliminated in klotho™/NaPi2a”~ double knockout mice.”’ This result suggests
the presence of a 1,25(OH),D-independent calcification process that can be driven by
elevated serum phosphate levels.” In the similar line of observation, it appears likely that
the complete elimination of soft tissue and vascular calcifications in klotho~~/1o(OH)ase™~
mice, may be the consequence of low serum levels of phosphate (Fig. 1).

CONCLUSION

Systemic phosphate homeostasis is tightly controlled by a limited number of essential
molecules, including FGF23, klotho and vitamin D. Studies have shown that 1,25(OH),D
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Figure 1. Klotho knockout (KO) mice (klotho™-) exhibit extensive renovascular calcification by 6 weeks
of age and such calcification is completely eliminated in klotho~~/1a(OH)ase”~ double knockout (DKO)
mice. Note that hyperphosphatemia, observed in klotho”~ mice, is reduced in klotho”~/1a.(OH)ase”~ DKO
mice. Similar reduction of serum calcium level is also noted in DKO mice.
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can induce the expression of FGF23 in osteocytes through a vitamin D response element
(VDRE) that is present in the FGF23 promoter.® It is possible that 1,25(OH),D-mediated
production of FGF23, in turn, can suppress 1a(OH)ase synthesis to reduce 1,25(OH),D
production and can thereby form a feedback loop to maintain vitamin D homeostasis. As
mentioned, complex in vivo genetic studies have shown that inactivation of FGF23-klotho
axis in mice lead to the development of hypervitaminosis D, while elimination of vitamin
D activity from mice can reduce serum FGF23 levels. Of relevance, serum FGF23
level is extremely high in klotho~- mice while almost undetectable in klotho~~/1a(OH)
ase”~ mice, again suggesting that vitamin D is a potent in vivo regulator of FGF23.%
The overlapping phenotypes of Figf23, klotho and Fgf23/klotho double knockout mice
suggest that a limited number of molecules form the biological network to coordinately
regulate mineral ion balance (Fig. 2). These mouse genetic studies provide the basis
for the development of new therapeutic strategies to minimize the complications that
arise from mineral ion imbalance. Further studies will determine whether monitoring
the level of FGF23-klotho axis may help in defining the patients at risk for developing
skeletal and vascular complications in patients with CKD and in assessing the response
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Figure 2. Simplified schematic outline showing how some of the essential molecules regulate mineral
ion metabolism.”® Note that vitamin D plays a crucial role in fine-tuning calcium and phosphate
balance by interacting with both FGF23 and klotho. FGF23 can help in renal phosphate clearance by
influencing NaPi transporter activities, while klotho can help in renal calcium retention by affecting the
calcium-selective channel, TRPVS5 activities. Please note that most of the FGF23-mediated functions
are klotho dependent, while klotho has FGF23 independent functions.
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to conventional and selective therapies. Fine-tuning the limitation of existing therapy,
by manipulating FGF23-klotho axis, to reduce the disease burden will be a challenging
yet clinically gratifying attempts to reduce the sufferings of patients.*'-*!-52
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Abstract: Klotho and fibroblast growth factor 1 (FGFR1) are expressed not only in FGF23’s
classical target organ, the kidney, but also in other organs such as the parathyroid.
FGF23 acts on the parathyroid to decrease PTH mRNA and serum PTH levels.
It does this by activating the MAPK pathway. In chronic kidney disease there
are very high levels of serum FGF23 together with increased serum PTH levels,
implying resistance of the parathyroid to the action of FGF23. This has been
shown in parathyroid tissue surgically removed from dialysis patients as well as
in experimental models of uremia to be due to down-regulation of klotho-FGFR1
expression in the parathyroid. Moreover, the parathyroids of rats with advanced
uremia do not respond to administered FGF23 by activation of the MAPK pathway
or inhibition of PTH secretion. Therefore, there is down-regulation of parathyroid
klotho-FGFR1 in CKD which correlates with the resistance of the parathyroid to
FGF23. A further subject of great interest in this field is the effect of PTH to directly
increase FGF23 expression by osteoblast like cells in culture and the observations
that parathyroidectomy prevents and corrects the increased serum FGF23 level
of experimental CKD as well as decreases FGF23 in patients with CKD. There is
therefore a negative feedback loop between bone and the parathyroid.

INTRODUCTION

Administered FGF23 orexcess endogenous FGF23, either due to mutations thatrender
FGF23 catalytically stable or tumors that secrete FGF23, result in hypophosphatemia
and a decrease in serum 1,25(OH), vitamin D;."* Conversely, mice or humans with
decreased levels of FGF23 or with genetic deletion of Klotho, the coreceptor essential
for FGF23 function, have hyperphosphatemia and increased serum 1,25(OH), vitamin D;
levels.*> Congenital human FGF23 deficiency results in tumoral calcinosis and may be
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either due to mutations in the gene coding for FGF23 itself or for a gene involved in the
glycosylation of FGF23. In both instances the FGF23 is unstable and rapidly degraded.
Mice with genetic deletion of FGF23 exhibit the same serum biochemistry as mice with
deletion of Klotho.¢ In addition, klotho mRNA and protein were shown to be expressed at
a far greater concentration in the kidney than in any other organ. It was therefore obvious
that FGF23’s action was determined by the presence of its receptor the Klotho-FGFR1c
heterodimer, in the renal distal tubule and it remained to be explained how a distal tubule
receptor transduces its signal to the proximal tubule.” However, Klotho was shown to be
expressed not only in the kidney but also in other organs.

Takeshita et al generated klotho-null mice with a reporter gene system (kl-geo).t
Homozygous k/-geo mice showed characteristic age-associated phenotypes that were
almost identical to those of k//kl mice. In the kl-geo mice, klotho expression was
recognized exclusively in the kidney, in the sinoatrial node region of the heart, the
parathyroid and choroid plexus. FGF23 binds to the Klotho-FGFR1¢ heterodimer and
activates the MAPK signal transduction pathway.*° In the kidney this results in decreased
NaPi2a activity and resultant phosphaturia as well as inhibition of the 25(OH) vitamin
D la(OH)ase, CYP27B1, leading to decreased levels of serum 1,25(OH), vitamin D.
In the heart klotho”- mice were shown to have sino-atrial conduction defects although
no known physiological and pharmacological role of FGF23 on cardiac function has
been shown. In the choroid plexus klotho has a role in calcium transfer mediated by
Na+*/K*-ATPase. The expression of klotho in the parathyroid was unexpected and
therefore of particular interest.

EFFECT OF FGF23 ON THE PARATHYROID

Transgenic mice with FGF23 driven by the $-actin promoter showed all the biochemical
and skeletal phenotypes seen in patients with autosomal dominant hypophosphatemic
rickets (ADHR) or tumor induced osteomalacia, diseases that are due to marked increases
in mutant or intact FGF23."1® These mice had decreased serum calcium and 1,25(OH),
vitamin D levels which would be expected to increase PTH secretion. However, PTH
levels were decreased.!! Three other studies with genetic manipulation of FGF23 showed
increased serum PTH levels.!*!* In two of these studies the increase in serum PTH was
attributed to the decrease in serum 1,25(OH), vitamin D.'>!

EXPRESSION OF KLOTHO IN THE PARATHYROID"

Immunoblots with antiKlotho antibody showed Klotho expression in rat
microdissected parathyroid.”> There was no expression of Klotho protein in the
thyroid and liver. Quantitative RT-PCR for Klotho mRNA showed high expression in
parathyroid and kidney with negligible expression in thyroid, duodenum and liver and
no expression at all in the spleen. Immunohistochemistry confirmed the localization of
Klotho to the parathyroid and not the surrounding thyroid tissue and also showed the
presence of FGFR1 in the parathyroid tissue. These results show that the parathyroid
expresses the FGFR-Klotho receptor complex and suggest that the parathyroid is a
target organ for FGF23.
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FUNCTIONAL EFFECT OF FGF23 ON PTH EXPRESSION"

Tostudy the effect of FGF23 on parathyroid functionrats were injected intraperitoneally
(ip) with full-length FGF23 harboring ADHR mutations (FGF23R176QR17Q) The ADHR
mutations were introduced to inhibit proteolytic inactivation of FGF23 and to increase
its half-life. As a negative control we injected FGF23*, an FGF23 variant lacking
C-terminal residues past the '"'RXXR!” cleavage site for furin-like proteases.'® This
C-terminal truncation inactivates FGF23 by abrogating binding to Klotho.'¢ FGF23R!76¢/
RITQ or FGF23° were injected by daily ip injections for 5 days. Serum biochemistry
showed the expected decrease in 1,25(OH),-vitamin D levels in the FGF23RI76QRI79Q
treated rats. There was also a significant decrease in serum phosphorus with no significant
changes in serum calcium. Importantly, serum PTH was decreased after FGF23R176QR179Q
when compared to FGF23< or saline. FGF23RI76QRI7Q 3]g0 led to a marked decrease in
PTH mRNA levels as measured by Northern blot and quantified by qRT PCR. FGF23
acts on the Klotho-FGFR through the MAPK pathway in cells transfected with Klotho
as well as in the kidney as shown by an increased phosphorylation of ERK1/2 (4;17).
FGF23RI76QRITQ Jed to an increase in phospho-ERK 1/2 in the parathyroid gland indicating
activation of the MAPK pathway in the FGF23 treated rats.

Short-term experiments defined the FGF23 signal transduction in the parathyroid
and its effect on PTH secretion. FGF23RI76QRI?Q decreased serum PTH at 10 and
30 min when given intravenously (iv) and after 40 min and 24 h when given ip.
Wild type FGF23 without the R176Q/R179Q mutation also decreased serum PTH.
FGF23R176QRI7Q decreased PTH mRNA levels at 40 min as shown by qRT PCR. Therefore,
FGF23 decreases PTH secretion and mRNA levels in short term experiments.

FGF23 ACTIVATES MAPK IN THE PARATHYROID'

To show that the MAPK pathway is required for the FGF23 effect on PTH secretion
we used the MAPK inhibitor, U0126. We devised a novel method where FGF23 was
given intravenously and the inhibitor U0126 was added topically. Rat parathyroid glands
were exposed and submerged in PBS without or with the ERK1/2 inhibitor (U0126)
immediately followed by iv injection of FGF23 or HEPES carrier. Serum PTH levels
were increased by U0126 at 5 and 20 minutes. FGF23 decreased serum PTH levels at 20
min in the absence of the inhibitor, as before. Importantly, U0126 prevented the FGF23
induced decrease in serum PTH. To separate the direct effects of the MAPK inhibitor
from other humoral factors we then performed in vitro studies.

In the absence of a parathyroid cell-line, we studied the direct action of FGF23
on in vitro organ cultures of rat parathyroids. Microdissected parathyroid glands were
incubated in a medium with FGF23RI76QRITQ or FGF23¢r, Egr-1 mRNA levels at 10
min were increased in the parathyroids incubated with FGF23R176QRI7T9Q FGF23RIT6QRITQ
significantly decreased PTH secretion at 20, 40 and 60 minutes compared to FGF23¢
control. We next studied the effect of the MAPK inhibitor U0126 on PTH secretion in
response to FGF23. U0126 prevented the effect of FGF23 to decrease PTH secretion
in parathyroid glands in vitro. Therefore, FGF23 acts directly on the parathyroid to
activate the MAPK pathway and decrease PTH secretion and gene expression both in
vivo and in vitro.'s
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FGF23 ACTS ON BOVINE PARATHYROID CELLS TO DECREASE PTH
AND INCREASE 25(0OH) VITAMIN D 1a HYDROXYLASE EXPRESSION

Krajisnik et al'® incubated bovine parathyroid cells in primary culture with FGF23.
They observed a rise in Egr-1 mRNA 1 h after FGF23(R176Q) treatment. In contrast,
there was decrease in PTH mRNA 12 h after FGF23(R176Q) treatment, indicative of a
late response gene. Their data show a direct effect of FGF23 on PTH expression. They
also showed that FGF23 increased 25(OH) vitamin D 1o hydroxylase (CYP27B1) mRNA
levels in the parathyroid cells and the resultant increased levels of parathyroid 1,25(OH),
vitamin D may then act in an autocrine fashion to decrease PTH gene transcription.

FGF23 DECREASES SERUM PTH LEVELS IN TRANSGENIC MICE
EXPRESSING THE HUMAN PTH GENE

Lavi-Moshayoff et al generated transgenic mice with the human gene (hPTH)
expressed in the mouse parathyroid, using a bacterial artificial chromosome (BAC)
containing the hPTH gene within its 144 kb chromosomal region (hPTH Tg mice)."
The BAC construct maintains the native hPTH gene surrounding sequences and isolates
it from positional effects. The transgenic mice had normal levels of serum mouse PTH
(mPTH) in addition to both intact and bioactive hPTH. Recombinant ip FGF23 led to a
decrease in serum mPTH in wt mice and in serum hPTH in the hPTH Tg mice, similar
to the reported decrease in serum PTH in rats and mice after FGF23.">%° In the hPTH
Tg mice there was a decrease in serum calcium and but change in serum Pi. The FGF23
signaling is conserved from mouse to man in the parathyroid.

FGF23 IN CHRONIC KIDNEY DISEASE (CKD)

In CKD there are markedly elevated levels of both FGF23 and PTH.?! This finding
implies resistance of the parathyroids to FGF23 in renal failure. The increase in serum
FGF23 is found in early CKD?* and at least in Stage 4 CKD? it precedes the decrease
in serum 1,25(OH),D that was found in a large cohort of CKD patients to be the earliest
change in mineral metabolism parameters.?* The decrease in serum 1,25(OH),D is
considered an important factor in the pathogenesis of secondary hyperparathyroidism?
although in mice with selective deletion of the VDR in the parathyroid there were only
moderate increases in serum PTH.?® The increased FGF23 levels in renal failure patients
correlates with the progression of the renal failure,?”?® the prediction of the development
of secondary hyperparathyroidism,” as well as the mortality in patients starting dialysis.*
Therefore, it is important to understand the mechanisms that prevent the parathyroid from
responding to the high levels of FGF23 in uremia.

THE MECHANISM OF THE RESISTANCE TO FGF23
IN THE PARATHYROID?*

We have recently reported that a decrease in Klotho-FGFR1 expression and signal
transduction may explain the resistance of the parathyroid to FGF23 in CKD.3! Quantitative
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immunohistochemistry and RT-PCR using laser capture RNA retrieval showed that
Klotho and FGFRI1 protein and mRNA levels were decreased in parathyroid sections of
rats with adenine high Pi diet induced advanced CKD. Moreover, recombinant FGF23
failed to decrease serum PTH or activate the MAPK pathway in parathyroids of rats
with advanced CKD. In parathyroid organ culture, FGF23 decreased secreted PTH and
PTH mRNA levels in control or early CKD rats but not in advanced CKD. Therefore, in
advanced experimental CKD, there is a decrease in parathyroid Klotho and FGFR1 mRNA
and protein levels. This decrease corresponds with the resistance of the parathyroid to
FGF23 in vivo, which is sustained in parathyroid organ culture in vitro. We propose that
the increased levels of FGF23 fail to decrease PTH levels in established CKD because
of a down-regulation of its receptor heterodimer complex Klotho-FGFRIc.

In addition the laboratory of Rodriguez et al also studied the effect of FGF23 on
parathyroid function in normal and uremic hyperplastic parathyroid glands.’” Their
results showed that in normal parathyroids, the effect of FGF23 was not constrained to
a decrease in PTH production but also caused an increase in parathyroid calcium sensing
receptor (CaR) and vitamin D receptor (VDR) expression. By contrast, in hyperplastic
parathyroid glands, from rats with experimental CKD due to 5/6 nephrectomy, FGF23 did
notreduce PTH production and did not affect CaR and VDR expression. Cell proliferation
was reduced by FGF23 in normal but not in hyperplastic parathyroid glands. In normal
parathyroids, FGF23 induced phosphorylation of ERK 1/2 akey cell signal which mediated
the action of FGF23. However, FGF23 failed to activate ERK 1/2 pathway in hyperplastic
parathyroid glands. There was also a low expression of FGF23 receptor (FGFR1) and
Klotho protein in uremic hyperplastic parathyroid glands, which may explain the lack
of response to FGF23. They concluded that in hyperparathyroidism secondary to renal
failure, the parathyroid cells have low expression of FGFR1 and Klotho, which makes
the parathyroid cells resistant to the inhibitory effect of FGF23.

In human parathyroid tissue Fukugama’s laboratory has also shown a decrease in
expression of klotho-FGFR1 in secondary hyperparathyroidism.*? Komaba et al examined
the expression of Klotho and FGFR1 in surgically excised parathyroid glands of uremic
patients.’? Compared with normal tissue, the expression of Klotho and FGFR1 decreased
significantly in hyperplastic parathyroid glands, particularly in glands with nodular
hyperplasia. This result suggests that the depressed expression of the Klotho—-FGFRI1c
complex in hyperplastic glands may explain the resistance to extremely high FGF23
levels in uremic patients.’>*

Together, the results from these three laboratories demonstrate that the resistance
of the parathyroid to FGF23 in experimental CKD is due to down-regulation of the
Klotho-FGFRI1 receptor.

THE MECHANISM OF THE INCREASED FGF23 LEVELS IN CKD

We have recently reported that PTH increases FGF23 expression in bone and causes
the high FGF23 levels in CKD. Parathyroidectomy (PTX) both prevented and corrected
the high FGF23 levels in adenine high Pi induced CKD rats.*® The adenine diet led to an
increase in FGF23 mRNA levels. Minipump infusion of PTH increased serum FGF23
and mRNA levels. Finally, we demonstrated a direct effect of PTH on bone by using
osteoblast-like UMR106 cells. PTH increased FGF23 mRNA. Therefore, we showed
that PTH increases FGF23 expression in vivo and in vitro. The effect of PTX to prevent



FGF23 AND THE PARATHYROID 97

and correct the increased FGF23 demonstrates the importance of PTH in the regulation
of FGF23 levels. They also show that the high FGF23 levels in CKD are at least in part
due to hyperparathyroidism and the direct action of PTH on bone to increase FGF23
expression. Inamouse model of primary hyperparathyroidism, PTH-cyclin D1 transgenic
mice had higher serum FGF23 concentration than wild-type mice.** The serum FGF23
levels significantly and directly correlated with serum PTH and calcium levels and inversely
correlated with phosphate levels. Serum FGF23 levels decreased in the transgenic mice
after parathyroidectomy together with the decrease in serum calcium. Therefore, PTH
and/or calcium correlated with changes in serum FGF23 levels in this model.** There is
also a clinical correlate that illustrates the complexity of the relationship between PTH
action, calcium and FGF23. In a patient with an activating mutation of the PTH/PTHrP
receptor, namely Jansen’s metaphyseal chondrodysplasia, serum FGF23 concentrations
were found to be markedly and persistently elevated despite hypophosphatemia and
normal 1,25D levels.* This observation suggested that serum FGF23 could be governed
by activation of the PTH/PTHrP receptor in bone. However, the patient also had a high
serum calcium which itself increases serum FGF23 levels.*

These observations point to a bone-parathyroid axis where the effect of FGF23
to suppress PTH expression, represents one arm of a novel endocrinologic feedback
loop." The second arm of this loop is the effect of PTH to increase serum FGF23 levels.

CONCLUSION

The klotho-FGFR1 complex is expressed in the parathyroid and FGF23 binds
to this receptor complex to activate the MAPK pathway and thereby decrease PTH
expression. In CKD there is a down-regulation of klotho and FGFR1 in the parathyroid
and a decreased ability of FGF23 to activate the parathyroid MAPK pathway both
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Figure 1. Interrelationships amongst calcium, phosphate, vitamin D, FGF23 and PTH.
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in vivo and in vitro. In CKD there are very high serum levels of both FGF23 and
PTH. In addition to the effect of FGF23 to decrease the renal synthesis of 1,25(OH),
D; which itself would increase parathyroid gland activity and serum PTH, there is
evidence that PTH itself acts on bone to increase FGF23 mRNA and serum levels.
Therefore, FGF23 decreases serum PTH and PTH increases serum FGF23, a classic
endocrine feedback loop (Fig. 1). In CKD the effect of PTH on bone to increase FGF23
expression is maintained but FGF23 is no longer able to suppress the synthesis and
secretion of PTH.
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Abstract: Klotho is an anti-aging protein predominantly expressed in the kidney, parathyroid
glands and choroid plexus of the brain. Klotho exists in two forms, a membrane form
and a soluble secreted form. Recent studies show that the secreted Klotho possess
sialidase activity and regulates several ion channels via the activity. Removal of
terminal sialic acids from N-glycan chains of the epithelial Ca** channel TRPV5 and
the renal K+ channel ROMK by secreted Klotho exposes the underlying disaccharide
galactose-N-acetylglucosamine, a ligand for galectin-1. Binding to galectin-1 at
the extracellular surface prevents internalization and leads to accumulation of the
channels on the plasma membrane. Future studies will investigate whether secreted
Klotho regulates cell-surface expression of other membrane glycoproteins via the
same mechanism.

INTRODUCTION

Klotho is an anti-aging protein predominantly expressed in the distal tubules of
kidney, parathyroid glands and choroid plexus of the brain. Klotho deficient mice
exhibit multiple phenotypes resembling human aging.! In support of its function in aging
suppression, overexpression of Klotho increases life span in mice.? Klotho protein is
a Type-1 membrane polypeptide with a large amino-terminal extracellular domain, a
membrane-spanning domain and a short intracellular carboxyl terminus.' The extracellular
domain of Klotho is cleaved by the protease ADAMI10 and secreted into blood, urine
and cerebrospinal fluid.>*
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HOMOLOGY WITH THE FAMILY 1 GLYCOSIDASES
AND THE GLUCURONIDASE ACTIVITY OF KLOTHO

The extracellular domain consists of two internal repeats, each shares amino acid
sequence homology to family 1 glycosidases.!” Two highly conserved glutamate residues
are critical for the enzymatic activities of family 1 glycosidases.** One acts asanucleophile,
the other as an acid-base catalyst. In Klotho, these two glutamate residues, however, are
replaced by an asparagine at the acid-base catalyst position in the first internal repeat and
analanine or a serine at the nucleophile position in the second internal repeat, respectively.

Tohyama et al first examined the enzymatic activity of the secreted extracellular
domain of Klotho.” Using artificial substrates, they found that secreted Klotho exhibits
weak enzymatic activity toward p-glucuronic acids. The enzymatic activity is quite
modest compared to the purified bovine liver $-glucuroniase (73 pmol/h/ug for Klotho
vs 1940 pmol/h/ug for liver B-glucuronidase). Nonetheless, the enzymatic activity of
Klotho toward artificial substrates is competitively inhibited by some natural steroid
B-glucuronides. Tohyama et al concluded that secreted Klotho is a novel g-glucuronidase
and that steroid p-glucuronides are potential candidate natural substrates of Klotho.
Glucuronylation increases the water solubility of substances and enhances their excretion
by the kidney. It was suggested that secreted Klotho may be involved in the clearance
of steroids or related substrates.

SIALIDASE ACTIVITY AND REGULATION OF ION CHANNELS
BY SECRETED KLOTHO

Chang et al reported that treatment with secreted Klotho increases cell-surface
abundance ofthe epithelial Ca?* channel TRPV 5.8 Mutation ofthe single asparagine residue
responsible for N-linked glycosylation of the channel prevents the regulation by secreted
Klotho. They found that purified bovine liver f-glucuronidase also regulates TRPVS and
a specific inhibitor of B-glucuronidase prevents klotho regulation of the channel. Chang
et al concluded that the action of Klotho on TRPVS is through hydrolysis of glucuronic
acids from TRPVS. Glucuronic acids, though may be sugar moieties of cell-membrane
protein in the form of heparin sulfate proteoglycans,’ are extremely uncommon moieties
of N-glycan chains of membrane glycoproteins such as TRPV5 channels.'*!?

Cha et al recently provided compelling evidence that the effect of secreted Klotho
on TRPVS5 is mediated by a sialidase activity, rather than a glucuronidase activity.'* The
complex type N-glycan chains of glycoproteins consist of up to 4 branches initiated by
the attachment of N-acetylglucosamine to underlying a3 or a6 mannose via 2, f4 or
B6-linkage (Fig. 1).!%!112 Galactose is then added to N-acetylglucosamine forming the
disaccharide galactose-N-acetylglucosamine, or N-acetyllactosame (LacNAc). Sialic
acids often cap the terminal galactose residues of the N-glycan of glycoproteins via either
a2,3- or a2,6-glycosidic linkage.'* Enzymes responsible for synthesis of these glycosidic
bonds are named a.2,3- and a2,6-sialyltransferase, respectively.”> Cha et al showed that
secreted Klotho does notregulate TRPV 5 expressed in Chinese hamster ovary (CHO) cells
that do not contain endogenous a.2,6-sialyltransferase. Forced expression of recombinant
a2,6-sialyltransferase, but not a2,3-sialyltransferase, confers the regulation of TRPVS
by secreted Klotho. These results showed that secreted Klotho exhibits sialidase activity
specific for a2,6-linked sialic acids. Cha et al also showed that treatment by purified liver
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Figure 1. Structure of the typical complex type tetra-antennary N-glycans. See text for details.
N-acetyllactosamine (LacNAc) is the ligand for galectins. Multiple LacNAc repeats may be present
in the 6 branch (formed from underlying a6-mannose), thereby increasing the affinity of N-glycans
for galectins. Mgat5, 1,6 N-acetylglucosaminyltransferase V, is responsible for synthesis of the (6
N-acetylglucosamine linkage on the a6-mannose; Mgat4a, 33,4 N-acetylglucosaminyltransferase IVa, is
responsible for synthesis of the 4 N-acetylglucosamine linkage on the a3-mannose. Altered expression
of these enzymes changes the number of branches of N-glycans and the number of LacNAc they carry,
thus affecting binding of glycoprotein to galectin lattice on the cell surface. See text for specific examples
of conditions/diseases that alter the expression of these enzymes.

B-glucuronidase increases TRPVS expressed in a human embryonic kidney (HEK) cell
line but not in CHO cells. Forced expression of recombinant a2,6-sialyltransferase in
CHO cells also conferred the increase of TRPVS by p-glucuronidase. Thus, the effect of
purified liver B-glucuronidase on TRPVS is due to off-target action toward sialic acids.

Cha et al further elucidated the mechanism of increase of cell surface abundance of
TRPVS by secreted Klotho.!'* Galectins are animal lectins that bind galactose-containing
ligands.' Many galectins are secreted and present on the extracellular surface. Galectin-1
is ubiquitously expressed and binds LacNAc and «2,3-sialylated LacNAC, but not
a2,6-sialylated LacNAc.'” Cha et al found that knockdown of endogenous galectin-1 in
HEK cells or extracellular application of antibody against galectin-1 prevents the increase
of TRPVS abundance by secreted Klotho. Moreover, secreted Klotho has no effect on
TRPVS5 when coexpressed with a dominant-negative dynamin mutant. Thus, removal
of a2,6-sialic acids from N-glycan chains exposes underlying LacNAc for binding to
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galectin-1. This binding prevents TRPVS from internalization via a dynamin-dependent
process, leading to accumulation of channels on the cell surface (Fig. 2). It was further
reported by Cha et al that secreted Klotho mediates removal of terminal sialic acids
from N-glycans of the renal K* channel ROMK and increases cell-surface abundance
of the channel.'® Interestingly, though internalization of ROMK and TRPVS are both
dynamin-dependent, different pathways are involved. Internalization of ROMK occurs
via clathrin-coated vesicles whereas TRPV6 via caveolae.'”? Thus, the mechanism
by which secreted Klotho increases cell-surface abundance of membrane proteins by
enhancing galectin-N-glycan interaction and preventing internalization is independent
of the mechanism of membrane retrieval.

CONTROL OF THE RESIDENT TIME OF MEMBRANE GLYCOPROTEINS
VIA GALECTIN-N-GLYCAN INTERACTION

Binding to extracellular galectins via N-glycan chains has emerged as an important
mechanism for regulation of cell-surface abundance of membrane glycoproteins, such
as immune cells, surface receptors, cytokine receptors and glucose transporters.'*-1221:22
Clustering of T-cell receptors (TCRs) by antigen presentation is critical for the
activation of T-cells. Binding of TCRs via LacNAc to galectin-3 lattice at the cell
surface restricts TCRs recruitment to the site of antigen presentation. It was reported
that reduction of LacNAc in the N-glycans of TCRs caused by mutational deficiency

Lattice formation
P

# Sialic acid *
O Galactose

Klotho Galectin-1
@ Mannose ? ?? T{ ? ?? ’% ?? ?

LacNAc :
m N-Acetyl-
glucosamine
*
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Figure 2. Mechanism for increase of cell surface abundance of ion channels by secreted Klotho. See text
for details. LacNAc (N-acetyllactosamine) is a ligand for galectin-1. 02,6-linked sialic acids prevent
binding of LacNAc to galectin-1. Removal of sialic acids from N-glycan of TRPVS5 and ROMK channels
by secreted Klotho allows LacNAc binding to galectin-1, preventing endocytosis of the channels.
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of B1,6-N-acetylglucosaminyltransferase V (Mgat5), an enzyme that initiates 1,6
branching from a6-mannose (see Fig. 1), leads to increased T-cells activation in mice
and likely increased susceptibility to autoimmune diseases.'® Conversely, upregulation
of Mgat5 increases the number of LacNAc in the N-glycans of cytokine receptors, such
as epidermal growth factor and transforming growth factors receptors and enhances cell
surface retention of the receptors by binding to galectin-3."" This modulation of cytokine
receptors via Mgat5-mediated N-glycan processing underlies increased cell proliferation
in some tumors.

Glut-2 glucose transporter in pancreatic § cells plays an important role in mediating
glucose-induced insulin release by the pancreatic islets.® The density of Glut-2 in f cells
is also modulated by the galectin-mediated retention mechanism. Ohtsubo et al reported
that feeding high fat diet in mice downreguates the expression of glycosyltransferase
Magt4a, which is one of two enzymes that synthesize the 4 N-acetylglucosamine linkage
on the a3-mannose (see Fig. 1).2! A decrease in Mgatda reduces the half life of Glut-2
on the cell surface owing to the decrease in the number of LacNAc and in the binding
of transporters to galectin.

In contrast to the above examples of regulation of synthesis and branching of
N-glycans by affecting glycosyltransferases in the Golgi, secreted Klotho targets mature
glycoproteins already at the cell surface and acting from the outside of cell. This action
of Klotho represents a novel mechanism for regulation of cell surface glycoproteins.

REGULATION OF ION CHANNELS BY SECRETED KLOTHO VIA OTHER
MECHANISMS

Secreted Klotho is a pleiotropic hormone.?* Besides its ability to modify N-glycan,
secreted Klotho interacts with fibroblast growth factor (FGF) receptors and modulates the
affinity for ligands®~¢ and interferes with intracellular signaling of insulin and insulin-like
growth factor.? More recently, Cha et al found that secreted klotho decreases cell-surface
abundance of TRPC6,”” a Ca®*-permeant channel important in the regulation of cardiac
and renal glomerular function.” This effect on TRPC6 is opposite to that on TRPVS and
ROMK channels and not mediated by the sialidase activity of Klotho.?” The regulation
of TRPC6 by secreted Klotho requires the presence of serum, suggesting that it may be
mediated by an effect of Klotho to antagonize serum growth factors. Precise mechanisms
by which secreted Klotho may regulate TRPC6 by antagonism of serum factors remain
to be investigated.

ROLE OF REGULATION OF TRPV5 BY SECRETED KLOTHO
IN THE OVERALL ANTI-AGING FUNCTION OF KLOTHO

Recent evidence indicates that premature aging of Klotho deficiency is related to
deranged phosphate metabolism.” Mice lacking FGF-23, a bone-derived hormone that
promotes renal phosphate excretion, have phenotypes identical to Klotho-deficient mice,
including hyperphosphatemia, elevated 1,25-vitamin D; and premature aging.* Membrane
Klotho interacts with FGF receptors to form high affinity coreceptors for FGF23.226
Activation of FGFR-Klotho coreceptor complexes by FGF23 in the proximal tubule
of the kidney suppresses the synthesis of 1,25-vitamin D;.*! 1,25-vitamin D; increases



REGULATION OF ION CHANNELS BY SECRETED KLOTHO 105

Ca’ and phosphate absorption from gastrointestinal tract. The absolute requirement of
Klotho for FGFR function explains why klotho deficiency and FGF23 deficiency cause
the same phenotypes. Additionally, secreted Klotho regulates phosphate metabolism by
inhibiting renal phosphate reabsorption via Na*-coupled phosphate transporters in an
FGF23-independent mechanism.? Thus, Klotho deficiency causes hyperphosphatemia by
increasing intestinal phosphate absorption and increasing renal phosphate reabsorption.
Hyperphosphatemia in Klotho deficient mice promotes vascular calcification and among
otherthings leading to organ senescence. In support ofthis idea, dietary phosphate restriction
prevents vascular calcification and rescues premature aging in Klotho-deficient mice.?-3!
Thus, the life-extending effect of Klotho may be, at least partly, related to its ability to
promote renal phosphate excretion and inducing negative phosphate metabolism. Negative
phosphate metabolism over time, however, leads to bone diseases. The stimulation of
TRPVS5 and renal Ca? reabsorption by secreted Klotho will promote positive Ca’ balance
and help preventing bone diseases from negative phosphate balance.

CONCLUSION AND FUTURE PERSPECTIVES

Emerging evidence indicates that secreted Klotho functions as a paracrine and
endocrine hormone. As a paracrine hormone, Klotho secreted from distal tubules of the
kidney working from the luminal side ( = urinary space) increases cell surface abundance
of the Ca? channel TRPV5 and K* channel ROMK in the distal renal tubules. These
effects underlie an important function of Klotho in stimulation of Ca** reabsorption and
K secretion in the kidney.!®323 As an endocrine hormone, secreted Klotho decreases cell
surface expression of TRPC6 present in the heart and the kidney glomeruli. Upregulation
of TRPC6 is implicated in the pathogenesis of pathological cardiac hypertrophy and
glomerular proteinuria.*** Future studies will investigate whether secreted Klotho is
protective for pathological cardiac hypertrophy and glomerular proteinuria. Finally, it would
be interesting to investigate whether secreted Klotho regulates cell-surface expression
of other membrane glycoproteins and whether it occurs via the sialidase activity or via
other pleiotropic effect of secreted Klotho.
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Abstract: Chronic kidney disease (CKD) is a growing public health epidemic that is associated
with a markedly increased risk of cardiovascular mortality. Disordered mineral
metabolism and particularly, disordered phosphorus metabolism appears to be a
contributing factor. Fibroblast growth factor 23 (FGF23) regulates phosphorus and
vitamin D metabolism. Its levels increase progressively beginning in early CKD,
presumably as a physiological adaptation to maintain normal serum phosphate
levels or normal phosphorus balance. FGF23 promotes phosphaturia and decreases
production of calcitriol. Recent studies suggest that increased FGF23 is associated
with mortality, left ventricular hypertrophy, endothelial dysfunction and progression
of CKD. These results were consistently independent of serum phosphate levels.
At the very least, FGF23 is emerging as a novel biomarker that may help identify
which CKD patients might benefit most from aggressive management of disordered
phosphorus metabolism. It is also possible that markedly increased FGF23 levels in
CKD could contribute directly to tissue injury in the heart, vessels and kidneys, an
exciting question that is sure to be the topic of intense investigation in the near future.

INTRODUCTION: BURDEN OF CHRONIC KIDNEY DISEASE

Chronic kidney disease (CKD) is a growing public health epidemic that is estimated
to affect 13% of the US adult population, or approximately 26 million Americans and far
more patients worldwide."? The disease accounts for more than 24% of annual Medicare
expenditures.’ The growing burden of CKD reflects the impact of the rapidly increasing
prevalence of diabetes and hypertension, which account for more than 50% of all adult
cases of end stage renal disease requiring dialysis.* Indeed, the 30% increase in prevalence
of CKD over the past decade has prompted the U.S. Renal Data System (USRDS) to issue
for the first time a separate report documenting the magnitude of CKD in addition to its
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annual dialysis report: The USRDS 2008 Annual Data Report: Atlas of Chronic Kidney
Disease and End-Stage Renal Disease.*

Although the overwhelming economic and medical impact of the growing dialysis
population (Stage 5 CKD: >350,000) is widely recognized, >13 million people suffer
from CKD Stages 3 or 4 which are risk factors for cardiovascular disease (CVD)
mortality."?* Indeed, besides progression of renal failure to the point that dialysis or
kidney transplantation is required for survival, the most common and morbid adverse
outcomes of CKD is CVD, including high rates of atherosclerosis, myocardial infarction,
peripheral vascular disease, stroke, extensive arterial calcification with increased vascular
stiffness, left ventricular hypertrophy and congestive heart failure.®’

The tightrelationship between CVD and CKD stems partly from their sharing acommon
set of risk factors such as diabetes and hypertension. New-onset CVD events are more
common in all stages of CKD than in the general population and the outcomes related to these
events are worse in CKD patients than in the general population. Furthermore, the presence
of CVD is associated with more progressive CKD. In addition to these shared pathways,
CKD appears to be an independent risk factor for CVD: the presence of CKD confers even
greater risk than would be expected after taking into account the high frequency of traditional
CVD risk factors.*'® This suggests the presence of additional, CKD-specific, CVD risk
factors with disordered mineral metabolism among the most hotly investigated candidates.

Regardless of the mechanisms, based on the known disease-multiplying
interrelationships between CKD and CVD, it is not surprising that patients with CKD
are more likely to die than they are likely to develop end stage kidney failure requiring
dialysis oratransplant.!! The observation of dramatically increased risk of CVD in patients
with CKD has fueled renewed emphasis on earlier diagnosis of CKD through widespread
screening of at-risk populations, earlier intervention against traditional CVD risk factors
in CKD patients and the search for new, CKD-specific risk factors to target for future
interventions aimed at improving renal and cardiovascular outcomes.

Overview of Normal Kidney Function and Pathophysiology of CKD

CKD cantargeteither of the two main structural components of the nephron, the glomeruli
or tubules. Water, electrolytes and minerals are freely filtered through the glomerulus after
which the tubules reabsorb desirable molecules and allow waste products to escape into the
urine for excretion. The tubules can also secrete additional waste products to concentrate
their excretion in the urine. The normal composition of a urinary component is that which
maintains a normal amount of the substance in the blood stream. For example, in the setting
of phosphorus loading, there is a marked increase in urinary phosphate excretion thereby
maintaining normal phosphorus balance (also true for sodium, potassium and water loading).
Conversely, when deprived of phosphorus, the fraction of filtered phosphate that is reabsorbed
increases such that the kidney maintains normal body balance by conserving phosphate.

In the setting of CKD in which there is a progressive reduction in glomerular filtration,
the kidney adapts by augmenting the filtration rate in the remaining nephrons, also known as
hyperfiltration.'? This helps maintain normal levels of serum creatinine despite reduced GFR,
which can often obscure the diagnosis of early CKD. Additional homeostatic compensations
in the tubules help maintain normal serum concentrations of sodium, potassium, calcium,
phosphorus and normal water balance. However, over the long term hyperfiltration and its
underlying mechanism of increased glomerular capillary pressure results in further injury
to the remaining nephrons and thus progression of CKD if left untreated.'>!*
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The primary measurement of renal function is the glomerular filtration rate (GFR).
Normal GFR is 120 ml/minute but normal values can vary by age, gender and race.’” GFR
can be calculated directly using iothalamate, iohexol or inulin clearance but these strategies
are mostly used exclusively in the research setting. In clinical practice, 24 hour urine
collections can be used to measure creatinine clearance, which is highly correlated with
GFR. However, this approach is cumbersome and fraught with incorrect collections (too
short or too long) that can under- or overestimate GFR.!!” For these reasons and given the
need to screen large numbers of patients in an era when the time for clinical encounters is
progressively shortening, 24 hour collections are now generally discouraged. The current
recommendation is to screen for CKD using GFR estimating equations that incorporate spot
measurements of serum creatinine and the patients’ age, gender and race, most commonly,
using the Modification of Diet in Renal Disease (MDRD) equation.'® The estimated GFR
(eGFR)hasalsoreplaced isolated assessments of serum creatinine levels, which dramatically
underestimate the presence and severity of CKD, particularly early in its course when the
opportunity for improved outcomes is greatest but most dependent on early diagnosis.'®

Definition and Staging of CKD

A work group established by the National Kidney Foundation, the Kidney Disease
Outcome Quality Initiative (KDOQI), was convened to standardize the nomenclature
of CKD so that clinical care of CKD patients could be improved through stage-specific
standardization of care.' The group defined CKD by the presence of either: (1) a
sustained reduction in eGFR <60 mL/min/1.73 m? for more than 3 consecutive months;
or (2) normal eGFR (>60) but evidence of chronic kidney injury (>3 months duration),
either a structural or functional abnormality. For the latter, two examples (among many)
include the presence of proteinuria, or the finding of multiple cysts underlying autosomal
dominant polycystic kidney disease. Regardless of which definition is used to identify
CKD in an individual patient, staging of CKD into 5 stages is defined solely on the basis
of eGFR (Table 1): Stage 1, eGFR > 90; Stage 2, eGFR 60-89; Stage 3, eGFR 30-59;
Stage 4, eGFR 15-29; and Stage 5, eGFR <15 mL/min/1.73 m?

Table 1. Stages of CKD'*

Stage 1 CKD Slightly diminished function; Kidney damage with normal or relatively
high eGFR (>90 mL/min/1.73 m?). Kidney damage is defined as patho-
logic abnormalities or markers of damage, including abnormalities in
blood or urine test or imaging studies.

Stage 2 CKD Mild reduction in eGFR (60-89 mL/min/1.73 m?) with kidney damage.
Kidney damage is defined as pathologic abnormalities or markers of dam-
age, including abnormalities in blood or urine test or imaging studies.

Stage 3 CKD Moderate reduction in eGFR (30-59 mL/min/1.73 m?).

Stage 4 CKD Severe reduction in eGFR (15-29 mL/min/1.73 m?) Preparation for
renal replacement therapy

Stage 5 CKD Established kidney failure (¢GFR <15 mL/min/1.73 m?, or permanent
renal replacement therapy (RRT)
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Complications of CKD

CKD is a systemic disease that affects multiple organ systems during its course. With
progressive loss of kidney function, patients with CKD develop multiple hemodynamic,
hematologic and metabolic complications. The clinical impact of these consequences has
been reviewed in detail recently elswewhere.!? In the current chapter, focused attention
is paid to the mineral metabolism abnormalities that are common in CKD, with specific
emphasis to the role of FGF23 in CKD.

OVERVIEW OF NORMAL MINERAL METABOLISM
AND ITS DISORDERS IN CKD

Disordered mineral metabolism is among the earliest and most common complications
of CKD. In addition to its well-known effect on skeletal complications, the stature of
disordered mineral metabolism in CKD has grown dramatically in recent years with the
publication of a series of large epidemiological studies of dialysis and subsequently,
earlier-stage CKD patients that demonstrated various components of disordered mineral
metabolismto be independently associated with kidney disease progression, cardiovascular
disease and mortality.?>** Understanding these observations requires a brief overview
of mineral metabolism in health and in CKD. Under normal conditions, calcium and
phosphorus balance, their serum levels and skeletal integrity and growth are tightly
regulated by the interrelationships between parathyroid hormone (PTH), vitamin D
and most recently, fibroblast growth factor 23 (FGF23). Collectively, these hormones
contribute to the regulation of mineral absorption by the intestine, mineralization of bone
and renal excretion of excess mineral.

Parathyroid Hormone

The primary role of PTH is to maintain a normal extracellular concentration of
calcium, which is achieved by stimulating bone resorption and thus release of calcium
into the circulation, increasing dietary calcium absorption by the gut that is stimulated
by PTH-mediated increases in calcitriol production and increased tubular reabsorption
of calcium which minimizes urinary calcium losses.”*” PTH is phosphaturic and as a
result, when PTH levels rise in response to reduced calcium levels, its effects to normalize
serum calcium are achieved with minimal impact on serum phosphate levels as bone
release of phosphate is counterbalanced by increased phosphaturia.

Vitamin D

When exposed to ultraviolet B light, vitamin D is produced in the skin in the form
of cholecalciferol (vitamin D;). In addition, vitamin D; or vitamin D, (ergocalciferol,
of plant origin) can each be ingested as a dietary supplement. Both vitamin D; and D,
are converted in the liver to the vitamin D storage form, 25-hydroxyvitamin D (25D),
which can then be converted to the biologically active 1,25 dihydroxyvitamin D (1,25D
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or calcitriol) by 25-hydroxyvitamin D 1-alpha-hydroxylase. The kidney is the primary
source of 1-a hydroxylase and thus most of the circulating 1,25D, but additional extra
renal tissues including monocytes, intestine, bone, parathyroid, beta cell and skin cells
can also produce 1,25D for internal autocrine use.?® Renal 1,25D production is controlled
by modulating the activity of the renal 1-o hydroxylase with PTH the most potent
stimulator and FGF23 the most important circulating inhibitor. Whether FGF23 has an
effect on peripheral 1-a hydroxylase is not known. Vitamin D helps maintain calcium
and phosphorus homeostasis by increasing dietary absorption of calcium and phosphorus
in the small intestine and also contributes to bone formation and resorption.?

FGF23

FGF23 is a produced mainly by osteocytes.?” Through binding to FGF receptor-klotho
complexes (reviewed in detail elsewhere in this book) that are primarily expressed in the
kidneys and the parathyroids, FGF23 exerts its physiological functions which include:
inducing phosphaturia by downregulating renal sodium-phosphate cotransportin the proximal
tubule (similar to the effect of PTH); inhibiting calcitriol production by down regulating
the renal 1-a hydroxylase and stimulating the catabolic 24-hydroxylase; and inhibiting
PTH secretion.**** In healthy individuals, when phosphorus intake is high, FGF23 levels
increase, which promote phosphaturia and inhibit calcitriol production thereby limiting
the efficiency of dietary phosphorus absorption.*3” Conversely, on a low phosphorus diet,
FGF23 levels fall, tubular conservation of filtered phosphate increases as does the renal
production of 1,25D, which increases the efficiency of dietary phosphorus absorption.*>-’
The net result of these compensatory mechanisms is the maintenance of a normal serum
phosphate level despite day-to-day fluctuation in dietary phosphorus intake. The effect of
FGF23 toreduce PTH secretion can be understood as an additional mechanism for reducing
calcitriol production. Indeed, PTH and FGF23 complete two separate but interrelated,
counter-regulatory, negative endocrine feedback loops with vitamin D: FGF23 inhibits renal
calcitriol production while calcitriol stimulates FGF23 secretion, whereas PTH stimulates
renal calcitriol production while calcitriol inhibits PTH secretion.

As discussed elsewhere in this book, FGF23 was originally discovered in rare
hereditary and acquired hypophosphatemic rachitic disorders in which primary FGF23
excess causes hypophosphatemia and inhibits the appropriate calcitriol response that
would be expected in states of such severe hypophosphatemia.***? In contrast, primary
deficiency of biologically active FGF23 or resistance to its renal effects as in states of
klotho deficiency resultinaphysiological syndrome characterized by hyperphosphatemia,
increased calcitriol and extensive soft-tissue calcifications and premature death.?*#344 CKD
can be viewed as the most common state of secondary FGF23 excess in which serum
phosphate levels are normal to high, fractional excretion of phosphate is high, calcitriol
levels low and FGF23 levels are markedly increased to a far greater extent that in the
primary FGF23 syndromes (Fig. 1).

Disturbed Mineral Metabolism in Chronic Kidney Disease: Historical View

Patients with CKD develop several disturbances in mineral metabolism that begin
early in the course of disease, often before the diagnosis of CKD is made. The historic
perspective of disordered mineral metabolism and resulting secondary hyperparathyroidism
in CKD was largely developed through animal models of end stage disease before FGF23
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Spectrum of FGF23 levels
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Figure 1. Spectrum of FGF23 level in CKD: The upper insert illustrates the spectrum of FGF23 levels
that can be observed under normal conditions and in a variety of syndromes of FGF23 excess. Circulating
FGF23 levels are 10- to 20-fold above normal (30-60 RU/mL using a C-terminal FGF23 assay) in
patients with hereditary hypophosphatemic rickets syndromes, including X-linked hypophosphatemia
(XLH), autosomal dominant hypophosphatemic (ADHR), autosomal recessive hypophosphatemic rickets
(ARHR), and fibrous dysplasia (FD). Although FGF23 levels are often even higher in patients with
tumor-induced osteomalacia (TIO), the highest levels are encountered in patients with kidney disease
and especially in those on dialysis, in whom levels can reach concentrations more than 1000-fold above
the normal range. The lower insert illustrates the differences in the metabolic characteristics of ‘primary’
syndromes of FGF23 excess, such as the hereditary diseases and TIO, versus ‘secondary’ syndromes of
FGF23 excess, such as kidney disease. In addition to the severity of the FGF23 increase, the primary
difference is normal to high serum phosphate (Pi) levels in patients with kidney disease compared to
those with hypophosphatemia, which is the sin qua non of the hereditary syndromes. Although variable,
1,25D levels tend to be lower and the PTH levels higher in patients with kidney disease than in those
with the hereditary syndromes. Urinary fractional excretion of phosphate is high in both predialysis kidney
disease and genetic hypophosphatemic disorders. Originally published in Kidney Int. 2009;76(7):705-16.

was discovered and highlighted 3 main factors: hyperphosphatemia, hypocalcemia and
1,25D deficiency (Fig. 2).

It proposed that hyperphosphatemia develops when the ailing kidneys cannot
sufficiently excrete phosphate loads while 1,25D deficiency was thought to develop when
insufficient renal mass limited renal 1-a hydroxylase activity.*® Hyperphosphatemia
stimulates excessive PTH secretion, progressive parathyroid hyperplasia and exacerbates
1,25D deficiency by inhibiting 1-a hydroxylase.**3' Hyperphosphatemia and 1,25D
deficiency contribute to hypocalcemia, which stimulates PTH further.*” At the cellular
level, parathyroid expression of the vitamin D and calcium sensing receptors declines
progressively,’3! leading to parathyroid resistance to inhibition by 1,25D and calcium.>?-%*
The net result is constitutive PTH secretion and progressive parathyroid hyperplasia.>

The historic perspective provided a strong explanation for mechanisms of secondary
hyperparathyroidism in Stage 5 CKD but this model could not fully account for the
findings observed in Stages 3-4. For example, in a small cross-sectional study, the
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Figure 2. Pathogenesis of sHPT in CKD. The historic perspective of sHPT in CKD emphasizes hypocalcemia,
hyperphosphatemia and calcitriol deficiency, contributing to a net result of increased PTH in CKD.

prevalence of 1,25D deficiency and secondary hyperparathyroidism were as high as
56% and 77%, respectively, in Stages 3-4 CKD when hyperphosphatemia (12%) and
hypocalcemia (6%) were far less common.>® In a subsequent study that is the largest of
its type to date, 1,814 patients from primary care clinics across the United States with
CKD Stages 2-5 were evaluated in a cross-sectional study to determine the timing of
disturbances in mineral metabolism relative to eGFR.* The study found that increases in
PTH occurearly in the course of CKD, with levels >65 pg/mL observed in approximately
60% of patients with Stage 3 disease. The prevalence of secondary hyperparathyroidism
grew as renal function deteriorated: 70% in Stage 4 and approximately 90% in Stage 5
disease. Vitamin D levels, both 25D and 1,25D, declined as eGFR decreased.

In contrast, hypocalcemia (<8.4 mg/dL) and hyperphosphatemia (>4.6 mg/dL)
were relatively rare during the early stages of CKD with fewer than 10% of patients
with an eGFR between 39 and 30 mL/minute/1.73m? affected. Even after the eGFR
fell below 20 mL/minute/1.73m?, the majority of patients still had normal serum
calcium and phosphate levels.> Thus, unlike the experience on dialysis when target
ranges for calcium and phosphorus were not achieved in 56% and 54% of patients,*’
respectively, calcium and phosphate levels are typically normal in most patients with
predialysis CKD.* A follow-up analysis of the same SEEK cohort demonstrated that
several of the abnormalities in mineral metabolism—secondary hyperparathyroidism,
vitamin D deficiency and hyperphosphatemia—were more common and more severe
among African-Americans compared with whites.*®
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Therefore, while it is clear that hyperphosphatemia and hypocalcemia independently
exacerbate secondary hyperparathyroidism, among the three pathogenic mechanisms
supported by the historic perspective, 1,25D deficiency develops earliest—when the eGFR
decreases below -60 ml/min/1.73 m?. Historically, 1,25D deficiency in CKD has been
attributed to limited renal conversion of 25D to 1,25D due to “insufficient renal mass”.
However, 1,25D deficiency develops in early CKD when there is sufficient renal mass
to support other proximal tubular functions such as erythropoietin production. Indeed,
the prevalence of 1,25D deficiency exceeds the prevalence of anemia at all stages of
CKD.* Although a higher than previously appreciated prevalence of 25D deficiency
may contribute, CKD subjects with adequate 25D stores nonetheless develop 1,25D
deficiency.® Thus, the historic perspective could not fully explain the etiology of
1,25D deficiency or the development of secondary hyperparathyroidism in early CKD.

Disturbed Mineral Metabolism in Chronic Kidney Disease:
The Post-FGF23 View

Several of these discrepancies now appear to be explained by the excessive
production of FGF23. Circulating levels of FGF23 rise progressively as renal function
declines with levels already elevated as early as CKD Stages 2-3.°%6% Importantly, the
elevation of FGF23 levels is detectable long before hyperphosphatemia first appears.
The latter highlights both the vital compensatory role of FGF23 to help maintain
normal serum phosphate levels in CKD and the potential of FGF23 elevation as a
more sensitive biomarker to identify disordered phosphorus metabolism in CKD before
there is evidence of overt hyperphosphatemia. Current hypotheses suggest that CKD
patients who maintain their usual phosphorus intake recruit the same physiological
response as normal subjects fed a high phosphorus diet: increased FGF23 secretion
which helps augment urinary phosphate excretion but in the process leads to decreased
1,25D levels.®® While this FGF23 response appears to help maintain a normal serum
phosphate levels it does so at the cost of an early reduction in 1,25D levels. By directly
inhibiting calcitriol production and thereby releasing the parathyroids from its feedback
inhibition, early FGF23 excess may be one of the key upstream steps in the pathogenesis
of'secondary hyperparathyroidism. This new perspective (Fig. 3) emphasizes the degree
of phosphate intake relative to the degree of renal dysfunction and deemphasizes the
need for overt hyperphosphatemia. Indeed, maintaining a “usual” phosphorus intake
in the face of decreased renal function may be an initiating trigger in the pathogenesis
of secondary hyperparathyroidism in CKD.

A number of observations support this view. Uremic animals fed a phosphorus
restricted diet do not develop secondary hyperparathyroidism and secondary
hyperparathyroidism in vitamin D receptor null mice can be rescued by alow phosphorus
diet.**% Human studies are corroborative.®”%® Restricting phosphorus intake in CKD
patients is associated with increased 1,25D and decreased PTH levels® 7 although
the mechanism was unknown. It now appears that differences in FGF23 levels could
explain these findings. These studies support the pathogenic primacy of phosphorus
intake in the development of 1,25D deficiency and secondary hyperparathyroidism,
even in the absence of hyperphosphatemia. Indeed, total phosphorus intake seems to
be more important than the serum phosphate levels as rats with experimental CKD
develop progressively increased FGF23 and phosphaturia and decreased 1,25D levels
before hyperphosphatemia appears,’”* consistent with our hypotheses. This is supported
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Figure 3. Pathogenesis of sHPT in CKD. The new perspective of sHPT in CKD empbhasizes the degree
of phosphate intake relative to the degree of renal dysfunction and de emphasizes the need for overt
hyperphosphatemia. Early FGF23 excess may be a key upstream event of increased PTH in CKD.

by cross-sectional studies of CKD patients in which FGF23 levels increased markedly
as eGFR declined and increased FGF23 was the strongest independent predictor of
decreased 1,25D levels.” Indeed, the univariate association between decreased GFR
and decreased 1,25D was completely extinguished when FGF23 was added to the
model, suggesting that FGF23 rather than reduced GFR may be the key factor that
underlies 1,25D deficiency in early CKD. To date, a handful of small pilot studies have
suggested that dietary phosphorus binders can effectively reduce FGF23 levels in CKD
which mirror similar results in animal models of CKD and in healthy volunteers.?”73-7>

Clinical Implications for Screening

Our updated understanding of the pathogenesis of disordered mineral metabolism
and the temporal aspects of when individual abnormalities appear in patients’ laboratory
tests has important clinical implications. Whereas in the past, clinicians would test
patients for the presence of secondary hyperparathyroidism typically only after they
manifested an abnormal calcium or phosphate levels, current data suggest and thus clinical
guidelines recommend that PTH screening occur solely on the basis of the degree of renal
dysfunction and should be performed even if calcium and phosphate levels are normal as
they typically are. Currently, it is recommended that such screening begin once the eGFR
reaches 60 ml/min/1.73m?, however, these guidelines did not consider that secondary
hyperparathyroidism begins even earlier in a large proportion of minority patients who
also happen to bear a disproportionate burden of CKD.””” Thus, it seems prudent to
screen minority patients once CKD is diagnosed, regardless of eGFR. Regardless of the
optimal timing to initiate screening in specific CKD subpopulations, the emphasis is
clearly on earlier screening than in the past.
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Obviously, screening for a disease or complication is only justified if it can lead to
a change in clinical management that ultimately improves the patients’ clinical outcome.
The growing interest in identifying disordered mineral metabolism in its earliest stages
is fueled largely by the observation that its therapies—primarily, active vitamin D and
dietary phosphorus binders—may improve survival. Although the studies that underlie
these findings were not randomized, the consistent results from observational studies along
with the consistent finding of increased risk of adverse outcomes associated with disordered
mineral metabolism has driven the growing trend to screen and treat these disorders in earlier
stages of CKD.”” Indeed, based on the results summarized below, disordered mineral
metabolism and most prominently phosphorus metabolism, is now being considered as
a novel risk factor for adverse cardiovascular and renal outcomes. Whether abnormal
phosphorus metabolism in CKD proves to be a causal factor in the development of adverse
outcomes will require definitive proof that can only be achieved by randomized trials that
test the effects of phosphorus reduction strategies on outcomes.

DISORDERED PHOSPHORUS METABOLISM AND ADVERSE
CLINICAL OUTCOMES

Phosphorus Excess and Adverse Clinical Outcomes in CKD

In addition to its well-known adverse effects on bone and the parathyroids,
hyperphosphatemia has also emerged as a novel risk factor for kidney disease progression
and cardiovascular disease in CKD. When mildly uremic rats were administered diets
with high phosphorus content they experienced accelerated kidney disease progression,
and epidemiological studies suggest that higher serum phosphate levels predict more
rapid CKD progression. In support of these findings, animal and human studies found
that phosphorus-restricted diets slow the decline in kidney function.*¢-¢¢

Arterial calcification causing arterial stiffening is an important phenotype of vascular
injury in CKD that is independently associated with mortality.®*8! Hyperphosphatemia
is independently associated with greater burden of arterial calcification in dialysis
and predialysis CKD and even in patients with normal renal function.®**¢ A potential
mechanism forarterial calcification induced by phosphorus-excess is phosphorus-dependent
transformation of vascular smooth muscle cells into bone forming osteoblast-like cells
in the arterial media leading to ectopic ossification in the walls of the large conduit
arteries.’” Another cardiovascular phenotype that is a risk factor for mortality and also
may be associated with phosphorus excess is left ventricular hypertrophy. Left ventricular
hypertrophy is common in CKD patients and contributes to high rates of congestive heart
failure and sudden cardiac death, which are leading causes for CVD-related mortality in
CKD. In animal studies, excess dietary phosphorus loading led to hyperphosphatemia
and left ventricular hypertrophy, whereas intensive daily hemodialysis that can rapidly
reverse hyperphosphatemia is associated with regression of LVH,*¥ suggesting a
potential effect of phosphate.

Finally, many studies have identified hyperphosphatemia as an independent risk
factor for mortality among dialysis patients.?*?%? Indeed, it was these dialysis studies
that initially highlighted the potential toxicity of disordered phosphorus metabolism. As
described above, however, hyperphosphatemia is relatively uncommon in predialysis
CKD. Thus, it is important to note that subsequent studies of predialysis and non-CKD
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populations confirmed an increased future risk of mortality in association with subtle
increases in serum phosphate levels that were well within the normal range.?"-**** These
findings in healthy population indirectly support the analogous results in CKD, further
strengthening the body of data that promote phosphorus excess as a novel risk factor for
cardiovascular disease and mortality in CKD.

Limitations of Serum Phosphate for Clinical Management of Early CKD

Despite the considerable excitement surrounding hyperphosphatemia as a risk
factor for mortality and novel candidate for therapeutic intervention in CKD, there are
major limitations that will likely preclude its use as a biomarker for clinical practice in
the vast majority of predialysis patients. For example, the absolute differences in serum
phosphate levels that conferred increased risk of mortality are too small to be used
reliably in the clinical management of individual patients given that these differences
are actually smaller than the diurnal and postprandial variability in serum levels across
the hours of the day.’*** Thus, the discovery of FGF23 has not only revolutionized our
understanding of mineral metabolism physiology, it has also presented a novel potential
biomarker to stratify phosphorus-related risk with far greater resolution than the serum
phosphate itself, especially in patients with early CKD in whom phosphate levels are
routinely normal. Preliminary studies support the role of FGF23 as novel biomarker of
adverse outcomes in CKD.

FGF23 Excess and Adverse Clinical Outcomes in CKD

Like phosphorus excess, increased FGF23 levels have been shown to be independently
associated with a variety of adverse renal and cardiovascular outcomes. However, in
most cases, the results were independent of serum phosphate levels and the reported
associations were stronger for FGF23 compared to serum phosphate, highlighting the
potential superiority of FGF23 as a biomarker compared to phosphate.

In the early 1980s, a link between dietary phosphate intake in CKD patients and the
rate of progression to renal failure was established and more recent evidence suggests
increased levels of FGF23—potentially reflecting chronically increased dietary phosphate
loads—may also predict a more rapid deterioration of renal function.”® Consistent with
previousreports, inacross-sectional evaluation of 227 nondiabetic adult patients with CKD
Stages 1-4, higher serum values of the Ca x P product, PTH and FGF23 were observed
with progressive CKD stages.**? In a subsequent 53 month prospective analysis of 177
patients from this cohort, older age, higher protein excretion rates, lower glomerular
filtration rates, higher serum phosphate, PTH and FGF23 levels were all associated with
an increased rate of CKD progression, defined as a doubling of serum creatinine or the
need forrenal replacement therapy during the follow-up period. However, in multivariable
analyses, only baseline eGFR and FGF23 were independent predictors of progression.®’
The etiology of the association between increased FGF23 and renal failure progression is
notunderstood but, if confirmed, could reflect detrimental effects of phosphate itself, oran
uncharacterized toxic effect of FGF23 on the renal parenchyma. Importantly, the effect of
FGF23 was independent of serum phosphate levels suggesting that FGF23 is superior to
isolated serum phosphate measurements as a biomarker of phosphorous-related toxicity.

Several recent studies examined FGF23 and common cardiovascular phenotypes in
CKD.?*192 While the results for vascular calcification are conflicting,'°>! several reports
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linked higher FGF23 levels to increased left ventricular mass index and left ventricular
hypertrophy in dialysis patients and earlier-stage CKD.?*1”! Additional confirmation of an
FGF23-vascular disease link came from studies of healthy non-CKD patients, in which
higher FGF23 levels were independently associated with impaired vascular reactivity
and with increased arterial stiffness.'® The association between increased FGF23 and
left ventricular hypertrophy in predialysis CKD patients was independent of traditional
risk factors and serum phosphate levels, which were not associated with left ventricular
mass index.”® In these studies, the effect of FGF23 was independent of serum phosphate
levels suggesting again that FGF23 is superior to isolated serum phosphate measurements
as a biomarker of phosphorous-related toxicity.

FGF23 Excess and Mortality on Dialysis

One ofthe largest studies to date of FGF23 and hard clinical outcomes was a prospective
study of FGF23 levels at the initiation of dialysis and risk of subsequent mortality on
dialysis (Fig. 4).' By helping to prevent or attenuate the severity of hyperphosphatemia,
increased FGF23 levels would appear to be a protective compensation in CKD. However,
the increased FGF23 also inhibits renal production of 1,25D leading to severe, prolonged
1,25D deficiency, which itself is a risk factor for mortality. Whereas hyperphosphatemia
and low 1,25D levels are independent risk factors for mortality in CKD, whether increased
FGF23 is protective or harmful in terms of mortality was unknown.

In a prospective study of 10,044 incident hemodialysis patients, the association
between FGF23 and phosphate with mortality was assessed using measurements of these
analytes from samples that were collected at the first outpatient hemodialysis session
among patients new to dialysis.'™ All patients were included in the analysis of phosphate
and mortality while the FGF23 analyses used a nested, prospective case-control sampling.
Cases were patients who died during the first year on dialysis and controls were those
who survived the first year. To minimize confounding by hyperphosphatemia, frequency
matching was used to randomly select 50 cases and 50 controls within each quartile
of baseline serum phosphate so that a final sample of 200 cases and 200 controls with
balanced serum phosphate levels were selected. FGF23 was assayed in two ways and
parallel analyses of each were performed: using a C-terminal (cFGF23) assay and an
intact FGF23 (iFGF23) assay.

One-year mortality was 178 deaths/1000 patient-years at risk. Only a serum
phosphate level in the highest quartile (5.5 mg/dl) was independently associated
with mortality compared to levels <3.5 mg/dl and the effect size was modest (HR
1.2; 95% CI 1.1, 1.4). In the nested, case-control sample (n = 400), there was strong
correlation (r = 0.74, P < 0.01) between cFGF23 (median 1752; interquartile range
[IQR] 1089, 4019 RU/ml) and iFGF23 (713; IQR 579, 951 pg/ml) levels. The median
cFGF23 was significantly higher in patients who died versus those who survived in
the overall sample (2260; IQR 1196, 5296 vs 1406; IQR 989, 2741 RU/ml; P < 0.01)
and within each phosphate quartile except the highest. Increased log-cFGF23 levels
were independently associated with increased risk of mortality in all models. When
examined in quartiles, there was a monotonic increase in risk of mortality with increasing
cFGF23 in univariate, case-mix adjusted and fully adjusted models with odds ratio of
death approaching 6 in the highest vs lowest quartile.!®* Median FGF23 levels were
significantly lower among blacks and Hispanics compared to whites (blacks: 1579; IQR
966, 2959; P < 0.01; Hispanics: 1336; IQR 1094, 2262; P < 0.01; vs whites: 2016; IQR
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Figure 4. Increased FGF23 levels are associated with mortality in hemodialysis.

1132, 4865) and blacks with FGF23 levels below the median had significantly lower
risk of mortality than comparable whites.

Several important observations emerged from this study. Increased FGF23 levels were for
the first time associated with mortality and the results were independent of serum phosphate
levels and other known risk factors. There was a strong “dose-response” relationship and
virtually no confounding. Furthermore, the magnitude of risk associated with FGF23 was
dramatically larger than the analogous results for serum phosphate, which were comparable
to previous reports. These results indicate that serum phosphate levels provide only a partial
assessment of risk associated with disordered phosphorus metabolism, especially when
serum levels are relatively normal. In contrast, FGF23 was most informative when serum
phosphate was normal. This is of great relevance to early CKD. Stage 3 CKD is the most
common cause of disordered phosphorus metabolism but since the vast majority of the
estimated 15 million affected in the US has normal serum phosphate levels, few are treated
with phosphorus reduction strategies such as dietary phosphorus restriction and phosphorus
binders that appear capable of lowering FGF23 levels.” These data suggest that FGF23 may
be a more sensitive biomarker to help identify which normophosphatemic patients might
benefit from phosphorus reduction strategies and how to titrate these therapies.

Another important aspect of this study was the tight correlation between FGF23 levels
measured using either assay strategy.!® This is important because it has been assumed that
intact FGF23 assays must be preferable because C-terminal fragments could theoretically
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accumulate in CKD as is the case for PTH. This study and several others demonstrate
highly correlated and virtually identical results using either assay.’™” A recent report
suggests that the assays yielded qualitatively identical results because FGF23 fragments
do not accumulate to a significant extent in CKD and thus, both assays measured the
same dramatically increased levels of biologically active FGF23.'%

This was also the first report of racial and ethnic differences in FGF23 levels.
While further validation is needed, these results are plausible as they appear to explain
other known racial differences in mineral metabolism: compared to whites, blacks
demonstrate decreased urinary phosphate excretion and increased serum phosphate levels
despite increased PTH and significantly higher 1,25D despite significantly decreased 25D
substrate. Through its effects on phosphaturia and 1a-hydroxylase, decreased FGF23
levels could account for these discrepancies.

Finally, the strong association between FGF23 and adverse outcomes raises an
important question: is FGF23 excess a biomarker of another true risk factor or is
it a direct uremic toxin? For example, it is possible that any impact of FGF23 on
mortality may reflect effects of 1,25D deficiency, toxicity due to high phosphorus
load, or klotho deficiency. Alternatively, it is possible that at markedly elevated
levels, as observed in CKD, FGF23 could induce direct tissue injury that contributes
to mortality, presumably through klotho-independent mechanisms. Further research
is needed to dissect these possibilities.

104

Therapeutic Implications of FGF23 Research

The growing understanding of FGF23 physiology and its potential role as a
biomarker in CKD has potentially important clinical implications: earlier institution of
phosphorus-related therapies in predialysis CKD patients with normal serum phosphate
but elevated FGF23 levels. Thus, it could be envisioned that FGF23 screening of early
CKD patients with normal serum phosphate levels could be used to identify candidate
patients for early dietary phosphorus restriction and phosphate binder therapy, justas PTH
screening is justified in patients with normal calcium levels to identify those who may
nevertheless benefit from initiation of active vitamin D therapy. This physiological-based
approach would replace the current standard of delaying therapy for disordered phosphorus
metabolism until the serum level is abnormally elevated. However, before such a strategy
could be brought to clinical practice, it must be demonstrated that FGF23 levels can be
safely lowered in early CKD patients with elevated levels. A handful of recent studies
examined the effect of phosphate binders on FGF23 levels.”™ A short-term 6-wk dose
titration study evaluated the effect of calcium acetate versus sevelamer hydrochloride on
PTH and FGF23 levels in forty patients with CKD Stages 3-4. Treatment was associated
with improved control of secondary hyperparathyroidism without corresponding changes
in serum phosphate levels. Sevelamer but not calcium acetate also lowered FGF23 levels.
In another study, forty-six patients undergoing maintenance hemodialysis therapy were
randomly treated with 3 g sevelamer hydrochloride and 3 g of calcium bicarbonate
(CaCO0s), or 3 g of CaCO; alone.” Although the serum phosphate levels were comparable
before treatment, the levels were significantly lower in the patients treated with sevelamer
hydrochloride + CaCO; than those with CaCO; alone after 4 weeks of treatment.
FGF23 levels significantly decreased after 4 weeks of the treatment with sevelamer
hydrochloride + CaCO; from the pretreatment levels, while no changes were observed
in the patients treated with CaCO; alone. Thus, more aggressive treatment with binders
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reduced FGF23 levels in dialysis patients, presumably by blocking intestinal phosphorus
absorption. These results need to be confirmed and extended in larger and more long-term
prospective studies. In predialysis patients, placebo controlled studies are justified and
should be performed. Studies that focus on the effects of dietary phosphorus restriction
should also be performed, in comparison to or in combination with binders. If FGF23
can be successfully lowered in this population, a potential landmark randomized trial of
binders and diet versus placebo with mortality as the outcome could be envisioned on
the not too distant horizon.'%

Other therapies commonly used to treat secondary hyperparathyroidism in CKD also
impact FGF23 levels, although the data are limited. Vitamin D sterol therapy, which is
commonly used to treat elevated PTH levels in CKD patients, would also be expected to
increase FGF23 levels, but in the two studies that examined this, the effect was modest,
albeit in relatively short-term studies.'””1% In contrast, cinacalcet hydrochloride, an
allosteric activator of the calcium-sensing receptor that is also used to lower PTH levels
in dialysis patients, had a modest FGF23 reducing effect in one study.'® Whether these
differences are clinically relevant or will have a meaningful impact on outcomes is
unknown at present. Additional study is required.

CONCLUSION

FGF23 was originally discovered as a cause of rare rachitic disorders but its greatest
clinical impact may ultimately lie in the management of disordered mineral metabolism in CKD
patients. While there are many unanswered questions about the biology of FGF23 in health and
its pathophysiology in CKD, gradually, a clinical role appears to be emerging and this will guide
additional research. At the very least, FGF23 appears to represent a most promising biomarker
for when to initiate therapy with dietary restriction or phosphate binders and could pave the
way for earlier treatment of greater numbers of patients, which is the current emphasis in most
aspects of CKD management. Alternatively, it is possible that FGF23 could represent much
more: potentially an elusive uremic toxin with directadverse effects on the heart, vessels, kidneys,
and, perhaps, elsewhere. If that could be proven, then FGF23 itself, rather than serum phosphate
or phosphorus loads, could become a direct target for intervention. More in depth knowledge
into the regulation and function of FGF23 in CKD will likely improve our understanding of the
pathogenesis of disordered mineral metabolism, lead to changes in its medical management and
establish additional biological links between disorders of mineral metabolism and associated
comorbidities in patients with progressive renal failure.
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Abstract: Soluble Klotho (sK1) in the circulation can be generated directly by alterative splicing
of the Klotho transcript or the extracellular domain of membrane Klotho can be
released from membrane-anchored Klotho on the cell surface. Unlike membrane
Klotho which functions as a coreceptor for fibroblast growth factor-23 (FGF23),
sKl, acts as hormonal factor and plays important roles in anti-aging, anti-oxidation,
modulation of ion transport, and Wnt signaling. Emerging evidence reveals that
Klotho deficiency is an early biomarker for chronic kidney diseases as well as a
pathogenic factor. Klotho deficiency is associated with progression and chronic
complications in chronic kidney disease including vascular calcification, cardiac
hypertrophy, and secondary hyperparathyroidism. In multiple experimental models,
replacement of sK1, or manipulated up-regulation of endogenous Klotho protect the
kidney from renal insults, preserve kidney function, and suppress renal fibrosis, in
chronic kidney disease. Klotho is a highly promising candidate on the horizon as
an early biomarker, and as a novel therapeutic agent for chronic kidney disease.

INTRODUCTION

As one approach almost one and one-half decade of research since its discovery
in 1997, Klotho biology is eventually entering into the public health domain where its
dysregulation is implicated in human pathophysiology, and its diagnostic and therapeutic
potential are beginning to enter the realm of reality. We will take a preclinical viewpoint
of the status of Klotho in this aspect using kidney disease as a vehicle. Klotho is a
single transmembrane 130 KDa protein encoded by the Klotho gene. A secreted form
of Klotho of 70 kD is a product of alternative splicing*” and the extracellular domain
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of membrane Klotho can be released into blood®’ thus functioning as a circulating
substance to exert multiple systemic biological actions on distant organs.'®!* This
cleaved extracellular domain of membrane Klotho is referred as soluble Klotho (sKl)
in this chapter. sKI could function as a 3-glucuronidase™'* and sialidase.'>'¢ Klotho
is principally synthesized in kidney and brain although it is expressed in multiple
organs.*'” Klotho-deficient mice (K/7-) manifest multi-organ premature aging while
over-expression of Klotho through virus-mediated delivery or genetic overexpression
canrescue the Klotho-deficient phenotype at baseline®!*** and enhance mice’s resistance
to oxidant stress and ischemic damage.®*!%3

One important biological function of Klotho is to maintain mineral homeostasis,
which is both fibroblast growth factor-23 (FGF23)-dependent and FGF23-independent.
From a renal point of view, sKl regulates urinary calcium,'®?* potassium'® and
phosphorus excretion.' In addition, Klotho suppresses 1a-hydroxylase in the kidney
to regulate calcium metabolism?*?® and participates in the regulation of PTH synthesis
in parathyroid gland by FGF23.77-2

The study of Klotho in human biology has been limited to association studies of
clinical features with Klotho polymorphisms with potential but yet to be determined
significance.?>¢ The association of genetic variations in the KLOTHO gene with high
mortality in hemodialysed patients was shown, but this link could be modified by
activated vitamin D supplementation.*® This modification of association of nucleotide
polymorphisms in the KLOTHO gene may result from epigenetic upregulation of Klotho
expression by Vitamin D?* and subsequently affects the outcome of CKD patients.
Interestingly, unlike the myriads of phenotypic features described in the rodent models of
Klotho deficiency or excess, both Klotho deficiency caused by loss-of-function missense
mutation® and presumed Klotho overexpression due to translocation in human Klotho
gene*’ display disturbances in mineral metabolism but surprisingly both deficient and
excess states have high FGF23 and hyperparathyroidism. These findings support the
important role of Klotho in mineral homeostasis and suggest that there is still higher
level of complexity that is beyond our comprehension at the moment.

In this book, there are several comprehensive reviews addressing Klotho’s effect on
aging, renal ion channels and transporter, and Pi homeostasis. This chapter will be mainly
focused on the role of sKl in chronic kidney diseases and potential clinical implications.

KIDNEY: THE MAJOR SITE FOR KLOTHO SYNTHESIS

The association of kidney disease with Klotho can be view as intuitive considering
the expression pattern of Klotho. The distribution of Klotho mRNA is restricted to few
tissues with the strongest expression in the kidney and weaker ones in the brain, heart,
parathyroid gland and testis.**® RT-PCR detects Klotho expression in more tissues
including aorta, colon, pituitary gland, thyroid gland, pancreas, and gonads but the kidney
still has the strongest Klotho expression. From the onset, the findings suggest that the
kidney might be a major source of endocrine Klotho. The higher Klotho protein in the
suprarenal vein than that in infrarenal vein in rodents (personal observation) and the low
circulating plasma levels observed in rodent with renal failure? strongly suggests that the
kidney is a main source for Klotho in the blood circulation (Fig. 1A).

In mammalian kidney including mouse, rat and human, Klotho is prominently
expressed in distal convoluted tubules (DCT),!” but Klotho is also unequivocally found



128 ENDOCRINE FGFS

A.. Parathyroid gland Blood CleavedKlotho  Secreted Klotho

Klotho L IDT

Membrane
Klotho

A
é % Kiotho Membrane form Secreted form

£ mRNA
4 ATG TAG ATG TAG
finnan SR

Exons 12 34 5 Exons 12 3 4 5

N

1T

Exons 1 2 3 4 5

Klotho gene

Figure 1. Circulating Klotho. A) Klotho is synthesized in few organs but the kidney is main resource of
circulating blood Klotho. Whether parathyroid gland and brain contribute significantly to circulating Klotho
is not clear. B) Both renal proximal convoluted tubules (PCT) and distal convoluted tubules (DCT) produce
Klotho. Klotho is released into the capillaries (C) and systemic circulation. The relative contribution of these
two segments to circulating Klotho is unknown. Conversely, Klotho from the blood may enter the urine
potentially via transcytosis of the tubular epithelium. Luminal Klotho from the PCT can travel axially down
the nephron to the DCT lumen. Klotho from PCT cells and/or DCT cells may also exert paracrine actions
on tubular epithelium. C) Membrane form of Klotho transcript arises from Klotho gene. Secreted Klotho
be derived from alternative RNA splicing. The internal splice donor site is in exon 3 of Klotho gene. The
resultant alternatively spliced transcript contains 50 bp insertion after exon 3 (grey) with an in-frame translation
stop codon introduced. The product contains only K11 and is released into blood circulation. On the other
hand, the Klotho protein encoded by membrane form of Klotho transcript is a plasma membrane-anchored
protein in Klotho producing cells. Extracellular domain of membrane Klotho containing K11 and KI2 repeats
is shed and cleaved by a and f-secretases, and released into blood stream. Thus in blood circulation, there
are two forms of Klotho, one is derived from cleavage of the extracellular domain of membrane Klotho.
Another one is secreted membrane derived from an alternatively spliced Klotho transcript.

in the proximal convoluted tubule (PCT) although in lower levels compared to DCT.!*
The presence of K/otho mRNA is confirmed by RT-PCR in microdissected rat nephron
segments, and in OK cells, a renal proximal tubule-like cell line. The PCT mRNA rules
out Klotho protein uptake as an explanation for Klotho antigen in the PCT (Fig. 1B).!

Klotho protein is present in cerebrospinal fluid (CSF),* blood>**>° and urine of
mammals.>!*3° This soluble Klotho protein of 130 kDa by SDS-PAGE?® is different
from the secreted Klotho encoded by a spliced transcript of Klotho with a predicted
size of 70 kDa.*® The extracellular domain of Klotho is shed from full length membrane
Klotho protein by a-secretase, ADAM (a disintegrin and metalloprotease) 10 and
17 and p-secretase, B-APP cleaving enzyme 1, and released into blood circulation
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(Fig. 1C).° The cleavage and release of the extracellular domain of Klotho by ADAM10
and ADAM17 is stimulated by insulin and inhibited by metalloproteinase inhibitors.®
ADAM 10is expressed inthe DCT and is potentially perfectly poised to cleave Klotho.*!
To date, whether other molecules are also able to regulate membrane Klotho shedding
is not known. The substrates for ADAM 10/17 are massively broad and what regulates
ADAMI10/17-mediated ectodoamin shedding requires much more studies. This is a
serious void in the database as the control of release from the parental pre-molecule is
a crucial step for any endocrine substance.

sKl plays important roles in a variety of physiological and pathological processes
including modulation of Wnt signal transduction,'' anti-oxidation® and renal ion
channels'>'%?* and transporters.'* Another possible role of the cleaved extracellular
domain of Klotho may act to modify the signal transduction role played by membrane
Klotho as a coreceptor for FGF23 but there is no data to date to support Klotho’s ability
to quench soluble FGF23 (as a decoy) or to block the Klotho-FGF receptor complex
(as a competitive inhibitor).

In addition to the final urine, Klotho protein is detected in the proximal tubule
urine.' This location of Klotho is absolutely necessary for it to function as a phosphaturic
substance.'* Currently, the origin of this proximal luminal Klotho is unclear. It may
be directly cleaved from proximal tubular cell or derived from the pertibular blood
circulation via transcytosis (Fig. 1B). The only route that cannot be true is glomerular
filtration as Klotho is too large for the glomerular basement membrane selectivity
filter. Indeed, there is no detectable Klotho antigen in the glomerular Bowman space
proto-urine (personal observation).

The kidney is a principal organ in calcium'®**%3 and phosphate'* homeostasis and
directly modulates blood 1,25-(OH), Vitamin D; and indirectly PTH, and FGF23
levels.?>7-285456 In addition to being commanded by calciotropic hormones as an operative,
the kidney is endowed with the calcium sensing receptor’” which renders it a self-sufficient
afferent and efferent organ for calcium homeostasis. Although the identity of the phosphate
sensor is elusive, the proximal tubule is clearly responding to ambient phosphate
concentrations®® and exerts it effect by regulating Na-phosphate cotransporters directly*
and la-hydroxylase expression and activity.®® Although 1a-hydroxylation is present in
many organs,® the proximal tubule activity is the most important and regulated.®! Klotho
protein is poised in the central place of this network of mineral metabolism homeostasis
where it is in direct apposition with the sensors and effectors. The physical proximity and
functional coupling of the glomerulus, proximal, and distal tubule renders this ensemble
a perfect locale for a paracrine, autocrine, and endocrine hormone.

When normal rats were subjected to ischemia-reperfusion injury, adenovirus-mediated
Klotho gene delivery results in significantly improved serum creatinine, dramatically
ameliorated renal histological changes, and remarkably diminished apoptotic cells in
the kidneys.? It is important to note that the gene transfer occurred only in the liver
and not in kidney. This experimental finding strongly suggests that Klotho functions
as a circulating substance to exert renoprotection.

CHRONIC KIDNEY DISEASE: A STATE OF KLOTHO DEFICIENCY

As a general principle, if the organ of origin of an endocrine substance is diseased, it is
logical to suspect that endocrine deficiency of that substance ensues. There are many similar
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features between the clinical manifestations of CKD with the phenotypes of K/7- mice
(Table 1), which is the first suggestion that CKD might be a state of Klotho deficiency.
Experimental data and clinical findings have thus far supported this view. There is a
significant reduction of renal Klotho transcript and protein in CKD with varied etiology
including ischemic perfusion injury, subtotal nephrectomy, oxidant stress, and exposure to
angiotensin I (Ang II) and calcineurin inhibitors, and also in human CKD including chronic
glomerulonephritis, obstructive nephropathy, diabetic nephropathy, and chronic graftrejection
(Table 2). Hyperphosphatemia is a prominent abnormality in CKD, and is a major contributor
to cardiovascular disease, which accounts for significant mortality in this population. Severe
hyperphosphatemia is also found in Klotho-deficient mice.®'* High FGF23 level in the blood
is a feature in patients with CKD,*>% and could contribute to decline of the 1a-hydroxylase
activity, hyperparathyroidism, bone disease and cardiac hypertrophy in CKD.®*%* This can
be viewed as a revisited version of the “trade-off hypothesis” in CKD. High plasma FGF23
is also observed in Klotho-deficient mice.®® In patients with CKD, ectopic calcification is
frequently encountered.®*¢’ Interestingly, K/~ mice have very severe and wide-spread ectopic
calcifications including vascular calcification.®

A hypothesis can be raised that the Klotho deficiency may be one of the factors
triggering complications in CKD and correction of Klotho deficiency may be a therapeutic
possibility for treatment of kidney diseases.

Renal Klotho Deficiency
Aging Kidney

Agingisacomplicatedand chronic degenerative biologic process thataffects kidney function
andmorphology. Agingisassociated with decline inkidney function®® coincidentwith a progressive
decrease in the number of functioning nephrons and increase in glomerular and tubulointerstitial
scarring.” These changes may cause secondary abnormal systemic hemodynamics, and disturbed
mineral and hormonal homeostasis.”

The aged kidney is more prone to ischemic injury and nephrotoxin.”"* Epidemiological
data clearly shows that CKD is common in the elderly and associated with higher
morbidity and mortality. More than 40% Canadian residents at 65 years or older has

Table 1. Similar clinical characteristics between K/otho- animals and CKD subjects

Klotho™- CKD
Blood creatinine 1 "
Renal Klotho expression L In
Serum Pi m )
Serum FGF23 " "
Ectopic calcification Present Present
Artherosclerosis Present Present
Growth Severe retardation Retardation in children
Anemia No or mild Severe

Life span L N
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moderate CKD (estimated GFR < 60 ml/min/1.73 m?). Among American CKD patients,
about 30% are from age 75 to 84 and 50% of patients of age 85 to 100 have at least moderate CKD.”

Aged mice (29 months) have low renal Klotho protein expression compared to young
mice (4 weeks).*® Furthermore, aged rats (male, 27 months) have significantly higher
serum creatinine than that of young rats (12-months). Notably, aged rats have significantly
decreased renal Klotho protein levels along with increase in oxidative stress, over production
of proinflammatory cytokine and activation of endothelin signal transduction.*

In one report using a newly developed human plasma Klotho assay, an inverse
relationship was found between the plasma Klotho levels and age.* One possibility is
that the physiologic decrease in renal function with age reduces Klotho expression and
shedding into circulation, which consequently promote multi-organ senescence. On the
other hand, age-related renal Klotho decline renders the kidneys more susceptible to
insults such as hypertension, ischemia, and nephrotoxins. However regardless of how
Klotho is down-regulated with aging, Klotho supplementation has potential beneficial
impact in renoprotection and slowing of aging.

Rodent CKD from Ablation of Renal Mass

CKD rats with subtotal (5/6) nephrectomy have hypertension, proteinuria,
azotemia, anemia, lower urinary concentrating ability™ and vascular calcification.”
5/6th nephrectomized rats have low K/otho mRNA expression in the kidney at 8 weeks
after surgery.® Low renal Klotho protein and mRNA expression is also demonstrated in
another rodent model generated by unilateral nephrectomy plus contralateral ischemic
reperfusion injury followed by high dietary phosphate intake.? Renal histology reveals the
same changes as those in the 5/6th subtotal ablation model. In addition, animals have high
plasma creatinine concentration, hyperphosphatemia, anemia, and ectopic calcification
in soft tissues including the kidney, aorta, heart and stomach.

Similar findings are observed in apolipoprotein E-deficient (apo-E~-) uremic mice
induced by nephrectomy plus electrocautery.’” Furthermore, apo-E~~ uremic mice have
lower blood Klotho than apo-E~~ non-uremic mice.*’

Immune-Mediated Chronic Glomerulonephritis

In addition to CKD model by ablation of renal mass, immune-mediated chronic
glomerulonephritis, which is a major cause of CKD in humans, also have reduced renal
Klotho mRNA.!"¥ Imprinting Control Region (ICR) strain-derived mice with spontaneous
chronic glomerulonephritis due to mutation in 7ensin2 have shorter life span, which is
reversed by Klotho overexpression. Klotho overexpression improves renal function, and
ameliorates renal histology. The improvements are associated with less superoxide anion
generation and lipid peroxidation, and with decreased levels markers of cell senescence,
mitochondrial DNA fragmentation, and apoptosis. Thus Klotho protein might serve as
a renoprotective factor by diminishing oxidative stress, cell senescence and apoptosis. '

Metabolic Syndrome and Diabetes
The association of kidney disease with the metabolic syndrome is known in humans

and rodents.”*”® OLETF rat is a rodent model for the metabolic syndrome.”* OLETF
rats have lower level of Klotho mRNA in the kidneys than age-matched control rats.*%
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The administration of thiazolidinedione to OLETF rats significantly increases renal
Klotho mRNA expression, and attenuates abnormal lipid and glucose metabolism and
reduces systolic blood pressure.® The effects of thiazolidinedione on OLETF rats is also
observed in OLETF rats overexpressing the Klotho gene, suggesting that the capacity of
thiazolidinedione to restore the phenotypes in OLETF rats may results from an increase
in renal Klotho expression.®

In rats with streptozotocin-induced diabetes,* Klotho protein in the kidneys is
notably decreased along with kidney destruction.* Both insulin and phloridzin corrects
hyperglycemia, reverses the reduced renal Klotho expression, and improves kidney
function and histology of diabetic rats. Klotho protein in Madin-Darby Canine Kidney
cell (MDCK) is reduced in vitro by incubation in high glucose medium. Insulin has been
shown to participate in the shedding of extracellular domain of Klotho,® which may
increase the blood Klotho concentrations.

Hemodynamic Effect in Animal Models

Emerging data suggest arole of K/otho in hypertension. In spontanecous hypertensive
rats and in rats administered deoxycorticosterone acetate plus high salt intake, which is a
volume-dependent type of hypertension, renal Klotho mRNA expression is significantly
reduced compared to normotensive control rats.> Hypotension per se does not seem to
affect renal Klotho, because Klotho gene and protein are not decreased in the kidneys
of rats with low systolic blood pressure due to myocardial infarction or phlebotomy.**!
However, decreased renal Klotho expression is observed in rats with hypotension induced
by lipopolysaccharide (LPS) injection.®! Thus the upstream regulator is more likely
inflammatory mediators including TNF-a and IFN-y released during LPS injection than
hypotension (Table 3).%?

Calcineurin Inhibitor Related Nephrotoxicity

Calcineurin inhibitors (CNI’s) such as cyclosporine A (CsA) and tacrolimus (also
called FK-506, FK) were introduced for immunosuppression in organ transplantation. %
CNTI’s are also widely used for treatment of immune-mediated nephrotic syndrome and
glomerulonephritis.®*#* But CNI-induced nephrotoxicity is frequently a cumbersome
limitation for its clinical utilization.’”®® Mice treated with CsA or FK have reduced
renal Klotho mRNA, and protein, and increased urinary 8-hydroxy-2'-deoxyguanosine
(8-OHdG), an oxidative stress marker, excretion compared with vehicle-treated mice. In
addition, there is a strong inverse correlation between Klotho protein levels and urinary
8-OHdG excretion. The CNIs-induced down-regulation of renal Klotho expression is
correlated with increased renal angiotensinogen and renin expression, tubulointerstitial
fibrosis and urinary 8-OHdG excretion, which are reversed by angiotensin II Type I
receptor blocker, Losartan.*? These results suggest that Ang II-induced Klotho down
regulation in the kidneys may be involved in CsA nephropathy.

Moreover, combination of CNI’s with sirolimus (SRL), commonly used to enhance
immunosuppression for renal transplantation® accelerates CNI-induced oxidative stress
and down-regulates renal Klotho expression in the kidney.*' Those results may alarm the
higher nephrotoxicity induced by mTOR and CNI’s combination.



134 ENDOCRINE FGFS

Table 3. Factors that downregulate renal Klotho in CKD setting

Loss of functional kidney mass
Abnormal cytokine production
TNF-a 1
IFN-y 1
Oxidative stress
H,0, 1
Lipid peroxidation 1
Over activation of renal RAS
AnglIl 1
Abnormal hormone
1,25-VD; |
Disturbed mineral metabolism
Pi overload
Blood Pi 1
Small uremic toxin
Indoxyl sulphate }

Human CKD

Thus far, measurements of blood Klotho in human CKD have been limited. Renal
expression of the Klotho gene is reported to be markedly decreased in patients with CKD
(Table 2). The levels of Klotho mRNA and protein are reduced in nephrectomy samples
from patients with CKD or end stage renal disease (ESRD), obstructive nephropathy,
rejected transplanted kidneys, diabetic nephropathy and chronic glomerulonephritis.'

Klotho transcript and protein expression in kidneys from human and animal is clearly
decreased. However, the relationship between the renal Klotho expression and the plasma
Klotho levels remains to be studied and the mechanisms underlying the relationship
between renal Klotho down-regulation and kidney diseases in humans remain unclear.
These are studies of the highest priority at this juncture.

Endocrine Klotho Deficiency in CKD

The apo-E~~ 5/6th nephrectomized mice have decreased plasma Klotho and this
decline increases with age. Furthermore, the reduction of plasma Klotho was more dramatic
compared to non-uremic apo-E~~ mice.’” In another CKD model of uninephrectomy plus
contralateral ischemia reperfusion in mice and rats, plasma Klotho concentration was
remarkably decreased in CKD compared to Sham animals. The degree of decreased
plasma Klotho is similar in magnitude to that of decreased Klotho protein in the kidneys
and in the urine.” Transgenic mice with Klotho overexpression also have reduction in
their renal, blood and urine Klotho levels with CKD but still maintain levels comparable
to wild type mice without kidney disease (Fig. 2) and have better kidney function and
less vascular calcification.? Soft tissue calcium content is inversely related to Klotho
levels. Klotho overexpressing mice have lower, and haploinsufficient K/*~ mice have
higher calcium contents than WT mice do at baseline and after induction of CKD.? Thus
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Figure 2. Klotho protein in humans and rodents with CKD. A) Representative immunoblot for
Klotho protein with serial dilutions of known concentration of recombinant mouse Klotho (rMKI)
as standard and concentrated human urine samples of identical amount of creatinine. Lower panel
shows summary of urinary Klotho protein concentration (open bars) and of Klotho normalized by
creatinine (black bars) of normal subjects and CKD patients. Significant difference when P < 0.05
between groups analyzed by one-way ANOVA followed by Student-Newman-Keuls test. *: P < 0.05,
*¥*: P < 0.01 vs. Normal. B) Klotho levels in plasma, urine, and kidney in a murine model of
CKD. Representative blots of Klotho protein in plasma, urine and kidney in CKD mice. Co-IP of
Klotho in 100 ul of mouse serum was followed by immunoblot. IgG heavy chain = loading control.
Urine Klotho was examined by directly immunoblotting ~40 ul of animal fresh urine with identical
amount of creatinine. Klotho protein in the kidney was analyzed by immunoblotting 30 ug of the
total kidney lysate. Lower panel shows summary of blood, urinary and renal Klotho protein of
Sham (open bars) and CKD (black bars) mice. Quantitative data represented as means + SEM and
analyzed by the unpaired t-test. *P < 0.05, **P < 0.01 between Sham and CKD mice.
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in rodents, CKD is a state of endocrine Klotho deficiency in addition to renal Klotho
deficiency, the systemic Klotho levels efficiently affect the renal function preservation
as well as calcification development in CKD animals.?

Equivalent data in human plasma Klotho are yet to be acquired. Urinary Klotho levels
of CKD patients are significantly decreased and this decrease starts at very early stage and
sustainably reduced with progression of CKD (Fig. 2).? Thus far, rodent plasma, kidney
and urine Klotho appears to covary rather tightly.? To date, one ELISA kit for plasma
Klotho measurement is available and using this kit, plasma Klotho levels are found to be
negatively related to the plasma creatinine concentration in children and adults without
kidney disease.® Further confirmation is required.

ROLE OF KLOTHO DEFICIENCY IN PROGRESSION
AND COMPLICATIONS OF CKD

In rodents, endocrine and renal Klotho deficiency is striking in CKD. The most
important question is whether this is a mere biomarker of the presence of CKD or whether
the Klotho deficiency is a pathogenetic factor for CKD development, progression, and
complications.?

Potential Mechanism of Klotho Deficiency

Renal, plasma, and urine Klotho are decreased very acutely upon ischemic-reperfusion
injury®® and in CKD, it is one of the earliest abnormality.? This begs the question as to
how Klotho is decreased with kidney injury.

Phosphotoxicity

Klotho is a phosphaturic hormone. Klotho deficiency impairs phosphaturia,'* and
consequently accelerates Pi accumulation in CKD. The higher level of serum Pi, the
greater the degree of soft tissue calcification, and the greater risk of mortality.*® Control
of serum Pi significantly improves survival in CKD and ESRD patients, decreases
vascular calcification, and suppresses proliferation of parathyroid glands.”? There is
little doubt that the prevailing thought is that Pi is one of “uremic toxins” but the concept
of phosphotoxicity extends beyond just CKD.*

Phosphate overload suppresses Klotho expression in the kidney. Normal mice
fed high Pi diet have dramatically decreased Klotho protein and mRNA in the kidney,
while Klotho hypomorph mice fed low Pi diet regain part of their Klotho expression.*
Whether the blood Klotho concentration is regulated by physiologic changes in dietary
Pi is yet to be determined.

Vitamin D Deficiency
Low 1,25-(OH),-vitamin D; is a major component of disturbance of mineral

metabolism, and is conventionally attributed to cause bone disease and secondary
hyperparathryoidism in CKD.” The increase in plasma FGF23 in CKD plays an important
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role in suppression of 1a-hydroxylase in the kidney and initiates or accelerates vitamin D
deficiency.”>”” Importantly, administration of 1,25-(OH),-vitamin D; induces klotho
expression in the kidney.? It is plausible that low vitamin D level in CKD further worsens
renal Klotho deficiency (Table 3).

Angiotensin I1

Long-term infusion of Ang I down-regulates renal Klotho mRNA and protein.
Administration of norepinephrine,?** or L-NAME, an inhibitor of NO synthesis,?*!
cause a comparable hypertensive effect as that of Ang II, but does not affect renal
Klotho expression. Continuous infusion of low dose of Ang II in rats that does not
affect systolic blood pressure, also down-regulates Klotho mRNA in the kidney?!-*
suggesting that the Ang II-induced Klotho down-regulation is not dependent on blood
pressure. In addition, both losartan, an angiotensin Type 2 receptor antagonist, and
hydralazine block the rise in blood pressure by Ang II, but only losartan completely
blocks the Ang Il-induced decrease in Klotho indicating that the Ang II effect
on Klotho is via an Ang II Type 2 receptor.?! This suggests a significant role of
Ang II in the regulation of Klotho expression in the kidney and infers important
therapeutic possibilities.

Oxidative Stress

Oxidative stress in the kidney originates not only from infiltrating inflammatory
cells, but also from damaged kidney cells. Oxidative stress does not only trigger
acute kidney injury but also accelerates chronic progression of kidney disease.’®%
H,0, suppresses Klotho mRNA and protein expression in cultured mIMCD; cells.??
Adenovirus-mediated overexpression of the k/otho gene reduces apoptosis in mIMCD;
cells, suggesting that klotho may be protective against oxidative stress injury and
apoptosis at least in this cell line.?

Indoxyl Sulfate Toxicity

Indoxyl sulfate is one of uremic toxins, and significantly increased in the blood of
CKD."1 Tt is not only a biomarker for kidney damage,'"' but also seems to promote
progression of CKD and cardiovascular disease in CKD.'*! Indoxyl sulfate reduces renal
Klotho expression, and contributes to cell senescence in the kidneys and enhances renal
fibrosis of hypertensive rats.!*> The mechanism of Klotho down-regulation in the kidney
of CKD is complicated and is summarized in Table 3.

Potential Pathogenetic Roles of Klotho Deficiency in Kidney Disease

The fact that Klotho-deficient mice have more severe kidney damage and fibrosis,
and Klotho overexpressors have milder kidney dysfunction and fibrosis after CKD
induction surgery, strongly supports the notion that Klotho might be a pathogenic
intermediate for CKD development.?
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Reduced Ability of Regeneration

Klotho deficiency is associated with stem cell dysfunction and depletion, which is
part of normal aging.!' The decrease in stem cell number is associated with an increase
in progenitor cell senescence. Secreted Klotho binds to various Wnt family members
and inhibits their biological activity. Wnt signaling activity is significantly increased
in tissues from K/7- mice, while suppressed by genetic Klotho overexpression.'!
Administration of exogenous Wnt could stimulate Wnt signal transduction, and trigger
or accelerate cell senescence both in vitro and in vivo. Thus, Klotho appears to be a
secreted Wnt antagonist and antagonizes mammalian aging.

Cell senescence is a complicated process present not only in normal aging but also
in several pathophysiological states.!®13-1% Secondary Klotho deficiency in kidney
diseases could enhance cell senescence accompanying oxidative stress.'®19%19 Cell
culture studies confirm that Klotho deficiency directly promotes senescence of renal
epithelial cells.!'* Klotho supplementation could block senescence induced by oxidative
stress.’>!!! Excessive senescence or apoptosis and secondary stem cell deletion might
decrease the ability of kidney to defend against renal insults and impair regeneration.

Abnormal Endothelial Function and Angiogenesis

Abnormal endothelial function and impairment of angiogenesis and vasculogenesis
can delay kidney regeneration post injury and contribute to progression of CKD and
aging of the kidney.!'>!! There are two abnormal aspects in the vasculature of the K/~
mice. One is abnormal vasodilatation due to abnormal endothelial function;'” another is
impaired angiogenesis and vasculogenesis.!'® The aortas of K/*- mice has exaggerated
contractile response to norepinephrine and attenuated responses to acetylcholine and
superoxide dismutase. K/*~ mice have low urinary NO metabolites (NO,/NO;") and cGMP
concentrations, butnormal the prostaglandin.''” Low NO which is as result of low expression
of NO synthase''” may be one of causes of hypertension in K7+~ mice (personal observation).

The defect in angiogenesis and vasculogenesis is well known with aging, but its
mechanism is not completely understood. K/*~ mice have delayed angiogenesis and
vasculogenesis and low blood-flow after hindlimb ischemia.'”” The HMG co-enzyme
A reductase inhibitor cerivastatin increases Klotho levels and restores the impaired
neovascularization.'”® The low vasculogenesis and angiogenesis in K/*~ mice might be
attributable to down-regulation of vascular endothelial growth factor (VEGF) inthe aorta.'!’

Klotho incubation mitigates increased cell senescence and apoptosis in endothelial
cells triggered by oxidative stress or by Klotho deficiency.!"! In addition, Klotho
suppresses TNF-a-induced expression of intracellular adhesion molecule-1 and vascular
cell adhesion molecule-1, attenuates NF-kappaB activation, and reverses the inhibition
of eNOS phosphorylation by TNF-a. Thus Klotho protein may have another role in
protection of vasculature by inhibition of endothelial inflammation.'*

Renal Fibrosis

Renal fibrosis is one striking histological characteristic in CKD, and is generally
attributed to epithelial-mesenchymal transition (EMT).'?""'2¢ TGF-$1, a major fibrotic
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progression protein, plays a key role in EMT in the kidneys.!?*1?712? K/-- mice have more
appreciable renal tubulointerstitial fibrosis,'*® which is associated with up-regulation of
TGF-p1 in the kidneys. The renal fibrosis in unilateral ureteral obstruction (UUO) is
accompanied by up-regulation of TGF-B1 and fibronectin, and down-regulation of Klotho
mRNA and protein. These alterations are more exaggerated in K/¥~ UUO mice thanin WT
UUO mice. HK2 cells incubated with TGF-f31 have down-regulation of Klotho expression
which is attenuated with TGF-f1 receptor inhibitor (ALKS inhibitor).!*° Secreted Klotho
alleviates renal fibrosis induced by UUO and suppresses expression of fibrosis markers
and TGF-fB1 target genes (Snail, Twist), but does not reduce TGF-f31 expression in UUO
kidney.'*! Furthermore, Klotho suppresses TGF-B1 induced Smad2 phosphorylation in
a rat tubular epithelial cell line (NRKS52E), suggesting that Klotho protein suppresses
renal fibrosis primarily through inhibiting TGF-1 signaling.*!

Plasminogen activator inhibitor-1 (PAI-1) is a member of the serine protease
inhibitor family and regulates fibrinolysis and proteolysis through inhibiting plasminogen
activation.’>!3 PAI-1 levels are increased in the kidneys of human with glomerulonephritis,
hypertensive nephrosclerosis, diabetic nephropathy, and chronic allograft nephropathy,
CysA nephrotoxicity'** and lupus nephritis in female MRL /pr/lpr mice."*>'3* PAI-1
mRNA and activity are strikingly elevated in multiple tissues in K/7~ mice compared
with WT mice. This increase in PAI-1 is age-dependent and linked to the development
of ectopic calcification, and glomerular fibrin deposition in the kidneys of K/-~ mice.!*
Thus, the lack of Klotho increases PAI-1 mRNA and activity.

Potential Contribution of Klotho Deficiency to Complications of CKD

The emerging view is that Klotho deficiency not only worsens renal disease but also
exacerbates extrarenal complications in CKD.

Ectopic Calcification

Cardiovascular calcificaion is a heterogeneous disorder with overlapping yet distinct
mechanisms of initiation and progression.®”*¢137 Vascular calcification is a dynamic
process resulting from the imbalance between promoters and inhibitors."3%!3® Abnormal
FGF23 and Klotho can contribute to ectopic calcification in soft tissue.?%53

The fact that K/~ mice have extensive ectopic calcification in soft tissue, which is also
observed in CKD subjects strongly suggests a pathogenetic association between Klotho
deficiency and calcification. CKD animals and human patients have significantly low
Klotho protein and mRNA in the kidneys (Table 2) and CKD animals have low plasma and
urinary Klotho protein.? Administration of exogenous Klotho protein (personal observation)
or increasing Klotho level via genetically engineered manipulation? significantly inhibits
vascular calcification in CKD animals suggesting that Klotho deficiency is associated
with vascular calcification in CKD.

Elevated plasma P1i is associated with vascular calcification in experimental animals
and in CKD patients and cellular Pi influx is believed to be mediated by the NaPi-3 group
of Na* -coupled transporters (also named Pit] and Pit2) in vascular smooth muscle cells
(VMSC)."** KI7- mice have high levels of Pit] and Pit2 mRNA and higher tissue calcium
contents compared to WT litter mates. In addition, K/*- CKD mice have higher and 7g-K/
CKD mice have lower Pit1/2 mRNA in the aortas than W7 CKD mice. Upregulation of
expression and activity of Pit1/2 in the aortas which may result from high ambient Pi
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and/or unknown uremic toxin (s) could increase intracellular Pi concentration, induce
VSMC de-differentiation, and increase or trigger vascular calcification.?

FGF23-deficient mice have ectopic calcification in soft tissues including vasculature,
raising the possibility that FGF23 may be protective for the vasculature. However, the
high plasma FGF23 in CKD patients challenges this notion. One possible explanation
might be that the target organ loses the response to FGF23 in CKD. Klotho and FGFR1/3
expression are down-regulated when human aorta derived-SMCs are incubated with high
phosphate and calcium. These cells exhibit concomitant osteo/chondrocytic transformation
and loss of contractile phenotype. De-differentiation of SMC and loss of the ability to
respond to FGF23 may result from down-regulationof Klotho-FGFR1/3 expression in
the arteries.'*

Cardiac Hypertrophy

Cardiac hypertrophy in CKD, also referred to as “uremic cardiomyopathy” by some, is
another pathological feature of cardiovascular complication. Clinically, it is characterized
by cardiac arrest or sudden death, left ventricular hypertrophy, and congestive heart
failure, which may be distinct from hypertensive and ischemic cardiomyopathy.'*!14* Left
ventricular hypertrophy is more frequent in CKD patients than the general population when
age and gender are matched, and has a negative impact on cardiovascular prognosis.'*
In addition to traditional risk factors such as smoking, hypertension, dyslipidemia,
diabetes, anemia, AV fistula, volume overload, hypoalbuminemia, oxidative stress,
chronic inflammation, and secondary hyperparathyroidism,'** additional risk factors
include inappropriate activation of the RAS (renin-angiotensin-aldosterone system),#>-14¢
vitamin D deficiency,'*” high FGF23 in blood,'*® and more recently, low Klotho in blood.?
Wehave observed left ventricular hypertrophy in Klotho-deficient animals without kidney
disease (personal observation).

In the heart, Klotho is expressed solely at the sinoatrial node.*® The high rate of
sudden death of K/7- mice under restraint is likely caused by sinoatrial node dysfunction.*®
Intrinsic heart rate after pharmacological blockade of autonomic nerves in K/~~ mice was
significantly lower than that in WT mice. The sinus node recovery time after overdrive
pacing is significantly longer in K/-~ mice than in WT mice; but there is no degenerative
structural change in the sinoatrial node, suggesting that normal Klotho gene expression is
essential for the sinoatrial node to function as a dependable pacemaker under conditions
of stress.* Whether sKl also functions as regulator of the pacemaker is still unclear.
Recently, we have observed cardiac fibrosis in K/7~ mice, and this change is progressive
with aging (personal observation). These findings suggest that Klotho may suppress
intrinsic fibrogenesis in heart, but whether the mechanism of fibrosis is same between
the heart and the kidney is not known. Since there is normally no Klotho expression in
the ventricles, the cardiac phenotype in K/7- mice is mostly likely due to deficiency in
circulating Klotho or other factors. There is no data on Klotho expression in the heart
of CKD patients. Thus the direct role of Klotho deficiency on the high cardiovascular
mortality and morbidity in CKD patients remains to be confirmed.

Secondary Hyperparathyroidism

Secondary hyperparathyroidism is part of the CKD-Metabolic bone disease (MBD)
spectrum.'*-13 The role of PTH in CKD-MBD is well known and the role of FGF23 and
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Klotho in CKD-MBD is attracting attention. CKD subjects have high blood level and over
activity of FGF23% and low Klotho and FGFR(s) in parathyroid gland''-'> although some
studies have argued for up-regulation of Klotho protein in uremic parathyroid gland.'?*
In normal subjects with normal kidney function, FGF23 plays a crucial role, both as a
phosphaturic factor'>%*!** and as a suppressor of active vitamin D (1,25D) production in
the kidney,’” and of PTH production in the parathyroid gland.?® In contrast, FGF23 fails
to inhibit PTH production probably due to down-regulation of Klotho and FGFR(s) in
parathyroid gland in the uremic setting.!>!:12

Bone Disease

Renal bone disease is the skeletal component of CKD-MBD (Mineral and Bone
Disorder), and is characterized by either high or low turn-over and either presence or
absence of mineralization defect.’>!5¢ Secondary hyperparathyroidism, poor calcium
intake, Piretention, deficiency of 1,25-dihydroxy vitamin D, high FGF23 and low Klotho
may all potentially contribute to CKD-MBD.'*”'* K/~ mice have high blood FGF23,
and low turn-over form of osteopenia'®*'! associated with reduced number of osteoblast
progenitors and low activity of osteoblastic cells in ex vivo bone marrow cultures derived
from K/~ mice. This suggests independent impairment of both osteoblast and osteoclast
differentiation leading to low-turnover osteopenia observed in K/~ mice.'*'®! The bone
disease in K/7- mice is not the same as those in CKD patients. The direct effect of Klotho
on CKD-MBD remains to be clarified.

MECHANISMS OF HOW SECRETED KLOTHO PRESERVES KIDNEY
FUNCTION AND AMELIORATES COMPLICATIONS IN CKD

Induction of Phosphaturia

Hyperphosphatemia results mainly from renal phosphorus retention,'*** and is
a prominent feature in the K/7- mice.*'* The restoration of Klotho levels via genetic
manipulation,” orviral-based delivery'® successfully normalizes blood phosphate level. K/~
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.'®* This
suggests that the hyperphosphatemia at least in part is of renal origin. Moreover, NaPi-2b
protein and mRNA in gut are higher in K/~ mice than in ¢ mice'® indicating that increased
intestinal phosphorus absorption may exacerbate augmentation of blood Pi concentration
in K/~ mice. Transgenic Klotho overexpressing mice (7g-K/) have lower blood Pi, while
renal fractional excretion of phosphorus (FE,) is increased indicating a renal leak of Pi."*
Injection of sKl significantly increases FE,;,, and decreases blood Pi in the normal rat.™

Klotho protein inhibits NaPi cotransport activity in renal brush border membrane
(BBM) and in OK cells." 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 involves the
canonical pathway of NaPi-2a internalization.'*

The extracellular domain of Klotho contains two tandem repeats with 20%-40%
amino acid identity with members of the glycosidase family including (3-glucosidase, and
has B-glucuronidase-like enzymatic activity.*” NaPi-2a is a glycosylated protein.'®* The
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direct and acute inhibition of NaPi transport by Klotho can be mimicked by recombinant
[-glucuronidase but not by sialidase. The substrate of this glycuronidase activity in the
BBM is not known. While protease inhibitors abolish the proteolysis, they do not reverse
the Klotho-induced inhibition of transport, indicating that Klotho-induced deglycosylation
is sufficient and that subsequent proteolysis is not required to suppress Na-dependent Pi
transport. Klotho modulates NaPi-2a in a biphasic fashion with dual distinct mechanisms.
It acutely (<4 hrs) decreases its intrinsic transport activity via removal of glucuronate
from some yet to be identified substrate, followed by proteolytic cleavage, and in a second
phase (>4 hrs) induces changes in cell surface NaPi-2a.!*

Hyperphosphatemia is universally observed in CKD patients, and is a potent predictor
of cardiovascular morbidity and mortality.?*!1%5 Controlling blood phosphate by restriction
of intake, ' phosphate binder,” and more efficient dialysis!'®” all improve clinical outcome
in CKD patients. Undoubtedly, lack of the phosphaturic action of Klotho protein is an
important pathogenic factor in CKD and means of restoring Klotho is of potential benefit.

Antivascular Calcification: Inhibition of Type III Na-Phosphate Cotransporter

Klotho can decrease soft tissue calcification by lowering plasma phosphate levels
through promotion of phosphaturia. In addition, overexpression of Klotho improves
kidney function after CKD induction surgery. Both of these actions can reduce the calcium
content in soft tissues. The third most important and direct effect of Klotho on inhibition
of calcification is the modulation of the NaPi-3’s-Pitl and Pit2, key modulators for Pi
influx into vascular smooth muscle cells (VSMC).2

While there is abundant calcification in the multiple organs of both W7 and K/~ CKD
mice, Tg-K/-CKD animals have very few or no calcification.? Calcium content is higher
in the aortas and the kidneys of CKD than Sham in both the W¢ and K/*- mice. This
increase is ameliorated by overexpression of Klotho.® Pitl, Pit2, and Runx2 (a marker
of osteoblast-like phenotype) mRNA are increased and SM22 (a marker of contractile
smooth muscle cell) is decreased in K/, while overexpression of Klotho has the opposite
effect. Klotho may control the balance between differentiation and de-differentiation of
VMSC.2 CKD induces a similar pattern as Klotho deficiency and Klotho overexpression
completely blocked the changes induced by CKD. When rat VMSC are grown in vitro,
Klotho inhibits Na-dependent Pi influx and minimizes the mineralization induced by
high ambient Pi.? The up-regulation of Runx2, and down-regulation of SM22 by high
Pi is reversed by recombinant Klotho protein, suggesting that Klotho directly blocks
Pi-induced de-differentiation of rat VMSC.2

Anti-Oxidation

The pathogenic effect of reactive oxygen species in initiation or exacerbation of
kidney damage is well-known.?21%%17! Part of the anti-aging effect of Klotho is thought
to be mediated by anti-oxidation or increased resistance to oxidant stress.!”?

K/~ mice have high level of oxidative stress and damage, while 7g-K/ mice have
lower levels as compared with WT mice.'”? Klotho-transfected mIMCD; cells exposed
to H,0,, show fewer apoptotic cells.?? Paraquat-induced increase in lipid peroxidation
is suppressed in HeLa cells treated with Klotho protein.'” These results suggest that the
Klotho may be involved in prevention of oxidative injury and apoptosis possibly related
to activation of FOXO transcription signal and stimulation of MnSOD.!”?
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Anticell Senescence

The permanent and irreversible growth arrest of cell and cell senescence are central
paradigms of aging'” and diseases secondary to ischemia, toxin, inflammation, and so
on, 18:103.104.106.108.109.174 Senegcent cells may secrete altered levels of growth factors, increase
susceptibility to apoptosis, and delay the repair and regeneration in the aging kidney.
Thus prevention of cell senescence may provide an important beneficial impact on aging
as well as kidney disease.'” Klotho functions as a secreted Wnt antagonist by directly
binding to Wnt3/5 proteins klotho and inhibits cell senescence. !

Cell senescence and oxidative stress are closely associated and implicated in
acute and chronic kidney disease. Mice with spontaneous chronic glomerular disease
carrying a mutation in Tensin2 have low renal Klotho, high level of lipid peroxidation,
superoxide anion production, mitochondrial oxidative stress, and severe cell senescence
in the kidney."® Genetic Klotho overexpression ameliorates renal injury associated with
a dramatic improvement in mitochondria damage, reduction in senescent cells, decreased
oxidant stress, and reduced apoptosis in the kidney.'®

Suppression of Angiotensin II Effects

It is known that the angiotensin II (Angll) activity and production are significantly
upregulated in a variety of kidney diseases. Ang II is a proinflammatory mediator and
oxidant."*'" Animal experiments clearly revealed that Ang II decreases Klotho mRNA
and protein expression in the kidney which could be blocked by Angiotensin Type 1
receptor antagonist.”! Moreover, Klotho gene transfer also blocks Ang II-induced kidney
damage, suggesting that the Ang Il may act upstream of Klotho and produce pathogenic
effects by reducing Klotho.?!

In addition, Ang II receptor antagonists do not only block the downregulation of
Klotho, but also abrogate the induction of TGF-f, p-p38 and p53 expression in cultured
NRK cells by Ang II. Therefore, blocking Ang IT action causes upregulation of Klotho and
exerts a cytoprotective role.'® Similarly HMG-CoA reductase inhibitors effectively blunt
Ang II-induced reduction of Klotho expression in mIMCDs; cell line.'®! Upregulation of
Klotho may be one of therapeutic mechanisms of HMG-CoA reductase inhibitor action.

VALUE OF MEASURING KLOTHO IN CKD

CKD is one of major diseases affecting human life span and quality of life. Early
diagnosis is paramount for one to initiate early and effective treatment. Extensive effort
has been devoted to search for early biomarker for kidney diseases focusing mostly on
acute kidney disease and less on CKD by transcriptomics, proteomics, metabolomics,
lipidomics, and gene arrays.'$>1# In addition to traditional clinical parameters such as
eGFR, proteinuria, albuminuria, N-acetyl-beta-D-glucosaminidase, and cystatin C,!8>19
novel proteins as adiponectin,'**!*? y-Glutamyltransferase,'*>!** endothelin-1,">!%¢ uric
acid,"’' and FGF23%" have been proposed as biomarkers but remained to be validated
in population studies.
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Klotho has two potentials in terms of its role as a biomarker. First is that fall in plasma
or urinary Klotho can be one of the earliest abnormality in CKD from a variety of causes.
The most promising data thus faris that urinary Klotho is reduced at a very early stage CKD
(Stage 1 and 2) and is progressively lowered with declining eGFR (Table 2).? Hopefully,
urinary Klotho protein could be an ideal early biomarker for CKD; as it declines much
earlier than other parameters (Fig. 3). Second, in the presence of CKD, Klotho levels may
bear prognostic value in predicting progression and complications of CKD. Judging from
the rodent model, for the same degree of renal insufficiency and hyperphosphatemia, the
lower the Klotho level, the more severe the soft tissue calcification.? A longitude study
is required to reveal the prognostic value of Klotho in CKD patients.

To date, there are limited assays available to determine the blood Klotho in humans.
Immunoprecipitation from human plasma have proven to be not readily reproducible.?’
Recently, one sandwich ELISA became available to detect soluble Klotho in human
blood.* This first report states that human serum Klotho ranges from 239 to 1266 pg/ml
with amean of 562 + 146 pg/ml in normal adults. It is inversely related to blood creatinine
and age. Normal children (7.1 + 4.8 years) have significantly higher blood Klotho
(952 + 282 pg/ml). In addition, plasma Kl is correlated negatively with age and serum
Ca, and positively with serum Pi.*® To date, there is no publication on plasma Klotho
levels in CKD patients.
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Figure 3. Proposed model and time profile of changes in Klotho and hormones relevant to mineral metabolism
in CKD. Left panel depicts a model where the decline in Klotho is an early event which then leads to
other secondary changes. The secondary changes constitute a downhill spiral that exacerbates each other.
The decline of Klotho protein in the kidney, urine and blood is an early event, and continues to decrease
with CKD progression. Low Klotho consequently induces FGF23 resistance causing compensatory increase
in blood FGF23 levels to maintain Pi homeostasis in CKD. The compensatory increase in FGF23 then
suppresses vitamin D synthesis. In addition, low vitamin D and high blood Pi increases PTH. The high
PTH may contribute to high FGF23 at late stage of CKD. The proposed time profile is shown on the right.
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POTENTIAL STRATEGIES TO INCREASE KLOTHO PROTEIN

The animal data to date is overwhelmingly strong to indicate that Klotho is not merely
an carly biomarker for CKD, but also a pathogenetic intermediate for accelerating CKD
progression and for development of complications. Restoration of endogenous Klotho or
administration of exogenous Klotho might provide novel treatment strategies for CKD
patients. There are two ways to increase soluble Klotho- administering exogenous Klotho
or enhancing endogenous Klotho (Fig. 4).

Administration of Exogenous Klotho

Ideally, administration of exogenous Klotho to CKD subjects is one simple and
effective means to treat an endocrine deficiency similar to replacement of erythropoietin
and vitamin D. Klotho can potentially reverse or retard the progression of CKD. Even in
advanced stages of CKD, Klotho supplementation can alleviate extrarenal complications
of CKD.

Exogenous Endogenous

) Inhibition of Ang Il
Recombinant generation or action
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Figure 4. Potential strategies to increase Klotho protein. Prevention and retardation of progression of
CKD could theoretically block the decline of endogenous Klotho protein in the kidney. Administration
of exogenous Klotho protein or Klotho gene could directly provide high levels of Klotho in the blood.
This is potentially useful for advanced CKD or ESRD. For early or moderate CKD patients where
endogenous Klotho-producing cells are not destroyed completely or simply suppressed, stimulation of
endogenous renal Klotho is of potential therapeutic benefit.
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Delivery of Klotho Gene to CKD Subjects

Gene therapy is broadly defined as the insertion, alteration, or removal of genes
within an individual’s to change the phenotype. One form of gene therapy involves the
insertion of functional genes into an unspecified genomic location to replace a mutated
gene or enhance or silence the target gene. Other forms involve directly correcting the
mutation or modifying normal gene via a viral carrier. Although the technology is still
rather experimental, it has been used with some success.

Theoretically, gene therapy has distinct potential to treat CKD and complications at
the most fundamental level. The present viral vector systems seem to have limitations
for clinical use because of uncertainties regarding their toxicity and immunogenicity.
But animal experiments have shown encouraging results. Adenovirus-mediated gene
transfer has succeeded in gene expression in the kidney. Adeno-associated virus has a
potential to be utilized as a vector targeting both kidney and skeletal muscle. Non-viral
vectors such as the haemagglutinating virus of Japan (HVJ)-liposome method and
cationic liposome are possibilities, but their efficiency needs to be improved. Electric
pulse is emerging as a new and less harmful strategy of gene transfer to various tissues,
including the kidney.?"22

Klotho gene delivery via adeno-associated virus (AAV) carrying mouse klotho
full-length cDNA (AAV.mK]I) efficiently attenuates the progression of spontaneous
hypertension and renal damage in spontaneous hypertensive rats (SHR). A single dose
of AAV. mKI prevents the progression of spontaneous hypertension for at least 12 weeks
and reverses reduced Klotho expression in SHR rats. AAV.mKIl attenuates renal tubular
atrophy and dilation, tubular deposition of protein aceous material, glomerular collapse,
and collagen deposition seen in SHRs, indicating that Klotho gene delivery limits renal
damage induced by hypertension.?*

Administration of Soluble Klotho Protein

Administration of exogenous Klotho protein is more direct, safe, and easier
modality to correct endocrine Klotho deficiency in CKD compared with delivery
Klotho gene. Following the history of use of Calcitriol and active derivative,?**2°” and
erythropoiesis-stimulating agents?*-%'? for CKD patients, Klotho protein may be a viable
option in the horizon.

Compared with viral delivery system, fewer studies were reported for Klotho protein
delivery. Recombinant Klotho protein of the full length of extracellular domain is able to
inhibit IGF signal transduction to prolong animal life span,? suppress Wnt signal pathway
to decrease cell senescence and retain more stem cells,'' modulate renal ion channel
or transporter!®*1¢ or control FGF23 signal transduction.?!! Klotho administration has
been proven successful in the setting of acute kidney injury in animals which is a state
of acute Klotho deficiency.*® Klotho protein was injected intraperitoneally into rats after
ischemia-reperfusion injury. Rats given Klotho had better renal function, less kidney
damage, and lower neutrophil gelatinase-associated lipocalin.®® More interestingly, this
Klotho preparation inhibits renal fibrosis in UUO model by suppressing expression of
fibrosis markers (a-Smooth muscle actin, Vimentin, Collagen-1, Metalloproteases)
and TGF-B1 target genes (Snail, Twist) in a dose dependent manner. Klotho does not
reduce TGF-B1 production but rather inhibits TGF-f1 signaling suggesting that Klotho
prevents renal fibrosis primarily through inhibiting TGF-B1 signaling."*! The authors’
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laboratories found that administration of Klotho protein does not only ameliorate kidney
functions and histology, but also alleviates vascular calcification in CKD rats (personal
observation). Thus, exogenous Klotho protein supplementation is a potentially feasible
way of replacement therapy in Klotho deficient states (Fig. 4).

Up-Regulation of Endogenous Klotho Protein

In instances where endogenous Klotho-producing cells are not destroyed but simply
suppressed, strategies to increase its production will be of therapeutic benefit, especially
to early CKD patients (Fig. 4).

Blockage of Angiotensin I1

Ang II is known to be an important mediator for initiation and progression of kidney
diseases. Ang Il contributes to hypertension, intraglomerular hyperfiltration, oxidant stress and
lipid peroxidation and tubulointerstitial inflammation and fibrosis in acute or chronic kidney
diseases.?'*?? Angiotensin converting enzyme inhibitor and angiotensin receptor antagonist are
extensively used in the treatment of chronic kidney diseases. Recent studies have demonstrated
that Ang II contributes to the pathogenesis of kidney diseases by reducing Klotho expression
in the kidney.*' Induction of endogenous Klotho protein expression may have potential as a
therapeutic agent in treating Ang Il-related kidney disease.”'** Similar therapeutic effect was
observed in Ang II-perfused rats when treated with angiotensin receptor antagonist.

Angiotensin Il TypeIreceptorantagonist, Losartan, doesnotonly block the down-regulation
of Klotho in the kidney of rats perfused with Ang II, but also in the kidney of rats treated with
Cyclosporin A with improvement of kidney function, histology and less oxidative stress,*
suggesting that (1) CsA triggers oxidative stress and downregulates Klotho expression; both
amplifying each other to cause nephropathy; (2) angiotensin Type I receptor antagonist
interrupts the vicious cycle and attenuates kidney damage induced by CsA.

Free radical scavenger is able to suppress Ang I1-induced downregulation of Klotho
in the kidneys of rats, to decrease plasma oxidative stress marker, and to block the decline
in creatinine clearance, indicating oxidative stress is involved in downregulation of renal
Klotho induced by Ang I1.%°

HMG-CoA Reductase Inhibitor

3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase inhibitors are effective in
lowering plasma concentration of LDL-cholesterol and are widely used in patients with
hypercholesterolemia. Recently, this group of drugs called statins, have been shown
to decrease the incidence of myocardial infarction and other ischemic vascular events
independent of their lipid lowering properties.!'* An ischemic hindlimb model in mice
achieved by ligation of femoral and saphenous arteries showed higher percentage of
leg loss in K/*~ mice compared to WT mice suggesting that lower angiogenesis and
impairing blood flow recovery and diminishing capillary growth in K/*~ mice.!"” A HMG
CoA reductase inhibitor, cerivastatin, enhances angiogenesis and restores the impaired
neovascularization in K/*- mice after ischemic lindlimb illustrated by similar blood
perfusion between K/*- mice treated with cerivastatin and W7 mice.'"® The mechanism
by which statins accelerate angiogenesis and vasculogenesis in Klotho-deficient mice is
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at least partly related to maintenance of Klotho,'8!*** and secondary to improvement of
endothelial function through endothelium-derived NO production.'”

An in vitro study reveals that pretreatment with atorvastatin ameliorates the
Ang II-induced reduction of K/otho mRNA."¥' However, whether this in vitro effect of
HMG CoA reductase inhibitors translates to an in vivo effect on the kidneys of whole
animals or humans needs to be further defined.

PPAR-y Agonists

Peroxisome proliferator-activated receptors (PPAR) are a group of nuclear receptors
that function as transcription regulators of metabolic pathways. PPAR-gamma (PPAR-y),
also known as the glitazone receptor, is the molecular target of thiazolidinediones (TZDs),
and has been used for treatment of Type II diabetes mellitus (DM) in human.?*

In addition to therapeutic benefits of improved insulin sensitivity, thiazolidinediones
upregulate Klotho expression both in vivo and in vitro. The induction of both Klotho
mRNA and protein expression in HEK293 cells by PPAR-y agonist is blocked by PPAR-y
antagonists or siRNA-mediated gene silencing of PPAR-y. This induction is mediated by
binding of PPAR-y to 5'-flanking region of Klotho gene. Moreover, thiazolidinediones or
adenovirus-mediated overexpression of PPAR-y increases Klotho expression in mouse
kidneys while renal klotho expression was attenuated in mice treated with PPAR-gamma
antagonists. These results demonstrate that Klotho is a downstream target gene along
PPAR-y signal transduction.?” This effect may be one of mechanisms of PPAR-y action
on aging, DM and bone disease.?*’

Oral administration of troglitazone for 10 weeks significantly up-regulates renal
Klotho mRNA expression, enhances endothelium-dependent aortic relaxation, and
reduces systolic blood pressure, plasma glucose and triglyceride levels in OLETF rats,
suggesting that improvement of the vascular endothelium function and dyslipidemia by
troglitazone might be accompanied by up-regulation of renal Klotho.* Pioglitazone not
only improves metabolic abnormalities of diabetes and consequent diabetic nephropathy,
but also protects against nondiabetic chronic kidney disease in experimental models of
aging kidney. It reduces proteinuria, improves GFR, decreases sclerosis, and alleviates
cell senescence in the kidneys of aged rats. A similar effect is observed by increased
the expression of PPAR-y in the kidney.!®® Proposed underlying mechanisms include
increased expression of Klotho, decreased systemic and renal oxidative stress, and
decreased mitochondrial injury.!®

PPAR-a isanother member of the PPAR family and is highly expressed in the kidney.
PPAR-a activation is able to protect the kidney from acute injury either by cisplatin or
ischemic reperfusion.??®?* But whether PPAR-o modulates renal Klotho as PPAR-y does
has not been studied yet.

Anti-Oxidant and Free Radical Scavenger

Oxidative stress in the kidney plays an important role in the development and
progression of kidney disease. Oxidative stress directly suppresses Klotho expression
in a kidney epithelial cell line in vitro* and in the kidney in vivo.?**#? Oxidative stress
is also implicated in Ang II** or CsA-induced Klotho downregulation.** The moderate
efficacy of antioxidants used for treatment of acute and chronic kidney disease has been
shown most in animal studies and not in CKD patients,3%168.169231
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Animals with genetic or secondary Klotho deficiency have low anti-oxidants or/and
over production of free radicals and lipid peroxidation in the kidneys.?-3%4%170.172 [
contrast, Klotho-overexpressing mice and animals who received Klotho gene, or treated
for up-regulation of endogenous Klotho have exactly the opposite changes.'84%108.172.232

Thus it appears that Klotho deficiency increases oxidative stress or makes cells more
prone to oxidative stress induced injury, and oxidative stress further down-regulates
Klotho expression. Anti-oxidants are potentially useful in interrupting the deterioration spiral.

CONCLUSION AND PERSPECTIVES

In animal models, CKD is a sustained state of pan Klotho deficiency in the kidney,
plasma, and urine. This fact remains to be established in humans. Klotho plays a
pathogenetic role in kidney disease progression, and development of disturbed mineral
metabolism such as secondary hyperthyroidism and vascular calcification. As such, it
is more than a biomarker. Early administration of exogenous Klotho protein, delivery
of Klotho gene, or enhancement of endogenous Klotho could correct Klotho deficiency
and improve kidney function in CKD (Fig. 4). The potential utility of Klotho in clinical
practice is at least two-fold. First, Klotho could serve as an early and sensitive biomarker
of presence of kidney diseases. But its specificity and its prognostic value and differential
diagnostic value remain to be studied in humans. Second, Klotho supplementation may
provide novel therapy for AKI patients to retard or block its progression to CKD and for
CKD by slowing progression as well as preventing and reversing complications.

The therapeutic efficacy of Klotho in kidney disease has been unequivocally
demonstrated in several animal models. One needs to validate the efficacy of Klotho
in larger variety of kidney diseases and most importantly how Klotho exerts its effects
which in variably will be pleiotropic. The mechanism of decline of renal Klotho in
kidney diseases is not completely clarified. The upstream regulators of Klotho need to
be identified. However, some therapeutic modalities including ACE inhibitor, HMG
CoA reductase inhibitor, and anti-oxidants could sustain or increase endogenous Klotho
expression to normal levels. The immediate challenge is to test whether human CKD
resembles the rodent counterpart and if so, how to more efficiently increase Klotho
levels in patients with kidney disease by stimulating endogenous Klotho or giving
recombinant Klotho.
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Abstract:

Fibroblast growth factor (FGF) 23 is a hormone that acts to decrease phosphate,
1,25-dihydroxyvitamin D and parathyroid hormone levels in circulation. Particularly,
appropriate actions of FGF23 are essential for maintaining physiological phosphate
and vitamin D metabolism. Therefore, either gain or loss of function of FGF23 can
impair these homeostatic regulations, causing several metabolic bone diseases.
The measurement of circulating levels of FGF23 in patients with various types of
hypophosphatemic rickets and/or osteomalacia has revealed that several of them
are FGF23-dependent diseases, highlighting a novel therapeutic concept that the
inhibition of the excess activity of FGF23 could be beneficial for patients with these
diseases. Indeed, preliminary studies with a mouse disease model have validated
this concept. On the other hand, replacement therapy with recombinant FGF23
may be applied to the disease caused by loss of function of FGF23. Although these
concepts still need to be proven with more detailed analyses, the latest knowledge
on the FGF23-related diseases and the development of methods to appropriately
regulate FGF23 actions may synergistically create novel therapeutic maneuvers.

INTRODUCTION

Fibroblast growth factor (FGF) 23 was originally identified as a novel member of the
FGF family with high homology to FGF15/19.! Since FGF23 has also been shown to be a
humoral factor involved in the development of both autosomal dominant hypophosphatemic
rickets/osteomalacia (ADHR)? and tumor-induced rickets/osteomalacia (T10),>* much
attention has been paid on this last member of the FGF family in terms of its relevance
to these diseases.
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Animal studies, such as those conducted in transgenic mice, have demonstrated that
excess activity of FGF23 can cause hypophosphatemic rickets/osteomalacia.*® Indeed,
clinical studies have revealed that several hypophosphatemic rickets/osteomalacia diseases,
including the aforementioned two, are associated with inappropriately elevated FGF23
levelsin circulation.'®!* Conversely, there are hypophosphatemic diseases that exhibit low
levels of FGF23 in circulation, such as Fanconi’s syndrome and vitamin D deficiency.'
Because levels of circulating FGF23 are known to decrease in response to a low phosphate
diet,'o" it is likely that there is a physiological mechanism to decrease FGF23 in the
situation of chronic hypophosphatemia and/or phosphate depletion. These observations
have illuminated a novel concept that hypophosphatemic rickets/osteomalacia can be
classified into FGF23-dependent and -independent diseases, emphasizing the importance
of measuring blood levels of FGF23. Furthermore, it is conceivable that an intervention
therapy that blocks FGF23 bioactivity with neutralizing antibodies or other antagonistic
reagents can be applied to FGF23-dependent hypophosphatemic rickets/osteomalacia.

In contrast, the studies on Fgf23 KO mice have revealed that FGF23 is essential
for mammals to maintain normal phosphate and vitamin D metabolism.'®!" Indeed,
the indispensable role of FGF23 in mineral metabolism has been strengthened by a
heterogeneous group of inherited disorders called familial hyperphosphatemic tumoral
calcinosis characterized by hyperphosphatemia and ectopic calcification.?®? In this
condition, the impaired function of FGF23 has been suggested to be the underlying
cause,”?” and replacement therapy with recombinant FGF23 (or some agonistic reagents
for FGF23 signaling) is likely to be effective.

Here we overview possible therapeutic benefits of targeting this molecule in
FGF23-related diseases by summarizing the data from animal studies which demonstrate
the biological and pharmacological effects of either exogenously injected recombinant
FGF23 or neutralizing antibodies to FGF23.

BIOACTIVITIES OF RECOMBINANT PROTEIN OF FGF23
Rapid Actions

To elucidate the function of FGF23, several studies with animals have been conducted,
in which pharmacological doses of recombinant protein of FGF23 were given to normal
mice or rats as a rapid bolus injection. To date, three different actions have been reported
as primary actions of FGF23 (Table 1), activities that take place within several hours.

The earliest change by FGF23 is observed in the parathyroid glands.?®** FGF23 can
suppress the mRNA expression of PTH within an hour after the administration. FGF23
also decreases circulating PTH level within several minutes. Because reduction of PTH
secretion was seen not only in mice, which received recombinant FGF23 systemically,
but also in isolated parathyroid glands, this effect by recombinant FGF23 appears to be
a result of direct action on parathyroid glands.

Other events that occur rapidly after the delivery of recombinant FGF23 are
simultaneous changes in the degrees of renal nRNA expression of vitamin D-metabolizing
enzymes, Cyp27bl and Cyp24.43%3! Cyp27bl hydroxylates 25-hydroxyvitamin D
[25(OH)D] and converts it to the active form of vitamin D, 1,25-dihydroxyvitamin D
[1,25(0OH),D].** Therefore, Cyp27b1 worksto increase circulatory 1,25(OH),Dlevel. Onthe
otherhand, Cyp24 hydroxylates 1,25(OH),D to form 1,24,25-trihydroxyvitamin D, which
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Table 1. Summary of changes induced by FGF23

Rapid Action Long-Term Action
Blood phosphate level low very low
Urinary phosphate excretion moderately increased significantly increased
Npt2a, Npt2c protein level decreased significantly decreased
Blood 1,25-(OH),D level very low low normal
Cyp27bl expression significantly decreased moderately decreased
Cyp24 expression significantly increased significantly increased
Blood PTH level low high
PTH mRNA in parathyroid decreased ND
Bone mineralization not changed severely impaired
Growth plate structure not changed moderately disorganized

ND: not determined

is readily recruited to a sequential degradation pathway.3? The injection of recombinant
FGF23 simultaneously induces a decrease in Cyp27bl expression and an increase in
Cyp24 expression, suppressing the activating step and promoting the degradation step
of 1,25(0OH),D, respectively. These changes were detected in the kidney within one hour
after the injection of recombinant FGF23 and immediately followed by a significant
decrease in circulating levels of 1,25-(OH),D.*

The third rapid action of recombinant FGF23 is a phosphaturic effect in the kidney.
The kidney is the most important site for regulation of serum phosphate levels in the
chronic state.” The blood phosphate is easily filtered through glomeruli and 80-90% of
filtered phosphate is reabsorbed back to the circulation by proximal tubular epithelial
cells. This reabsorption process is mostly carried out by two renal sodium-dependent
phosphate cotransporters, NPT2a and NPT2c¢, which are localized in the apical brush
border membrane of proximal tubular cells.>**> Because the targeted ablations of genes
encoding these transporters (Slc34al, Sic34a3) in mice’™? and mutations in NPT2¢
gene (SLC34A43) in humans*** result in severe hypophosphatemia, the renal phosphate
reabsorption conducted by these carriers is the most crucial process in determining serum
phosphate levels.

FGF23 decreases protein levels of NPT2a and NPT2c¢.*3%31447 Indeed, the mice,
which received recombinant FGF23, exhibited downregulated NPT2a and NPT2c¢ protein
levels in kidney, which was accompanied with an increase in urinary phosphate excretion
and a decrease in serum phosphate thereafter. This action appears to require a longer
time (hours) than the effects on vitamin D metabolism and PTH secretion (minutes).?!
At the moment, the molecular mechanism by which FGF23 regulates NPT2a and NPT2c
in the kidney remains unclear.

As it is well known that PTH can also downregulate protein levels of NPT2a and
NPT2c, the contribution of PTH to the action of recombinant FGF23 was evaluated in
parathyroidectomized mice/rats.’**' Consequently, recombinant FGF23 could
downregulate both NPT2a and NPT2c in the animals without PTH. In addition, while
FGF23 requires a few hours to regulate NPT2a levels, the PTH action on this transporter
is quite rapid.*® Therefore, FGF23 and PTH are assumed to play different physiological
roles in phosphate metabolism, though either can function as a phosphaturic hormone
that reduces the expression of NPT2a and NPT2c.
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The contribution of vitamin D to the action of FGF23 on the phosphate transporter
was also evaluated. As 1,25(OH),D-responsive element has recently been reported in the
promoter region of Npt2a gene*and the phosphaturic action of FGF23 is observed after
a significant reduction in the circulating levels of 1,25(OH),D,*' it is possible that the
lowered 1,25(OH),D contributes to the downregulation of NPT2a and NPT2c. However,
recombinant FGF23 could decrease both NPT2a protein levels and blood phosphate levels
even in the vitamin D receptor knockout mice,’**!confirming that FGF23 can regulate
the expression of NPT2a in a 1,25(OH),D-independent manner.

Long-Term Actions

The rapid decreases in phosphate, 1,25(OH),D and PTH levels were induced by a
bolus injection of recombinant FGF23, which can be considered as primary actions of
FGF23. In contrast, when animals are continuously exposed to excess amount of FGF23,
as seen in transgenic mice’’ and nude mice bearing Chinese hamster ovary (CHO) cells
stably expressing recombinant FGF23,*¢ differentand additional responses can be observed
(Table 1). These studies have provided many insights into the understanding how excess
activity of FGF23 causes hypophosphatemic disease or secondary hyperparathyroidism.

The most prominent difference between rapid and long-term actions of FGF23
appeared in bones. Either transgenic mice or nude mice with FGF23-expressing CHO
cells demonstrated poorly mineralized bones, increased unmineralized osteoids, abnormal
growth plate development and growth retardation. This experimental observation is
consistent with the condition of hypophosphatemic rickets/osteomalacia.

Another remarkable difference was an increased circulating level of PTH, which was
accompanied by hyperplasia of the parathyroid glands in mice bearing FGF23-expressing
CHO cells.® This observation is contradictory to the finding seen in mice receiving a
rapid bolus injection of recombinant FGF23,%#?° which has not yet been fully explained.
However, it is postulated that the continuously lowered 1,25(OH),D levels induced by
FGF23 should work to decrease serum calcium levels, which can be a stronger stimulus
for PTH secretion. In addition, low 1,25(OH),D itself can also play a role in enhancing
PTH secretion. These situations likely give a significant change into the power balance
between FGF23, PTH and 1,25(OH),D in the physiological condition, resulting in the
enhanced PTH secretion, even while the FGF23 signal is still actively suppressing
the secretion of PTH. Though further studies should be done to address this hypothesis, a
similar pathophysiological pathway has been proposed in the development of secondary
hyperparathyroidism in chronic kidney disease.’*

HYPOPHOSPHATEMIC RICKETS/OSTEOMALACIA DUE TO EXCESS
ACTION OF FGF23

Immunometric assays measuring concentrations of circulating FGF23 have enabled
researchers to explore the pathophysiological role of FGF23 in various types of diseases
with abnormal mineral and bone metabolism. In normal subjects, the concentration of
FGF23 ismaintained below a certain level, while patients with TIO show higher circulating
levels of FGF23."** TIO is a paraneoplastic disease with sporadic hypophosphatemic
rickets/osteomalacia, characterized by hypophosphatemia and low circulating levels
of 1,25(0H),D.>33¢ As surgical removal of the tumors generally results in a complete
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resolution of symptoms, it had been postulated that some causative factor for this disease
is secreted from the responsible tumors. Indeed, FGF23 was identified as a dominantly
expressed gene in the tumors resected from patients with TIO,* and elevated circulating
levels of FGF23 were shown to decrease rapidly postresection, followed by recovery of
blood phosphate levels.' This confirmed that FGF23 is aresponsible factor for this disease.

In addition to TIO, surveys on circulating FGF23 levels in different types of
hypophosphatemic rickets/osteomalacia have unveiled that there are several kinds
of hypophosphatemic rickets/osteomalacia associated with high levels of FGF23 in
circulation (Table 2). Given that the animals continuously exposed to excess amounts of
recombinant FGF23 reproduced hypophosphatemic rickets/osteomalacia, it is conceivable
that high levels of circulating FGF23 seen in various types of hypophosphatemic rickets/
osteomalacia play a causative role, as is the case in TIO. These results raised two
novel concepts: (1) that hypophosphatemic rickets/osteomalacia can be classified into
FGF23-dependent and -independent types and (2) that the FGF23-dependent type can
be improved by blocking the inappropriately excessive action of FGF23.

INHIBITION OF BIOACTIVITY OF CIRCULATING FGF23
The Structure of FGF23 and Its Receptor

Though there may be many strategies for blocking FGF23 activity, here we highlight
three examples with neutralizing antibodies. Structurally, FGF23 consists of two different
parts (Fig. 1): N-terminal portion, which shows high homology to other members of the
FGF family, and C-terminal domain, which is unique to FGF23 but relatively similar to
FGF19and FGF21.57%¥ While there are only a few studies addressing the structure-function
relationship of FGF23, these have provided the important insights that N- and C-terminal
domains seem to be responsible for binding to the canonical FGF receptors and a

Table 2. Diseases caused by aberrant actions of FGF23

Serum Phosphate Responsible Gene
Disease Level (Causative Factor)
Excess FGF23 action
Tumor-induced rickets/osteomalacia (T1O) P| FGF23
Autosomal dominant hypophosphatemic
rickets/osteomalacia (ADHR) P| FGF23
X-linked hypophosphatemic
rickets/osteomalacia (XLH) P| PHEX
Autosomal recessive
hypophosphatemic rickets (ARHR) P| DMPI
McCune-Albright syndrome/ Pl* GNAS
fibrous dysplasia
Impaired FGF23 action
Familial hyperphosphatemic P? GALNT3, FGF23,
tumoral calcinosis KLOTHO

* Only applicable to the case with high FGF23 level.
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beta-trefoil structure region unique region in
conserved in FGF family FGF19 family
25 180
N- sP -C
FGFR binding domain Klotho binding domain

Figure 1. Schematic representation of FGF23 protein FGF23 consists of 251 amino acids. The N-terminal
24 amino acid-sequence functions as signal peptide (SP). FGF23 is highly susceptible to a protease
cleavage that occurs between Arg-179 and Ser-180. The N-terminal domain forms a beta-trefoil structure
and is relatively similar to other members of the FGF family, while the C-terminal domain is homologous
only to the FGF19 family.

coreceptor, Klotho, respectively.’”® Klotho is a Type-I membrane protein and was
originally identified as an aging-related molecule.®’ In the last few years, however, it
has been proven that Klotho binds to FGF23 and enables it to activate the MAP kinase
cascade via FGFR .>*% Importantly, FGF23 has shown only minimal affinity to any type of
canonical FGF receptors in the absence of Klotho;®* however, in the presence of Klotho,
FGF23 is able to bind to FGFRs, thereby triggering the activation of downstream MAPK
cascade; phosphorylations of FGFRs and ERK1/2 and upregulation of Egr-/ mRNA
expression, even in nonrenal cells such as CHO in the presence of Klotho.*®® Furthermore,
when the expression of Egr-/ mRNA was examined in various tissues after the injection
of recombinant FGF23, increased expression was observed in quite a limited number
of tissues (e.g., kidney, parathyroid and pituitary) where Klotho had been shown to be
expressed.® Thus, Klotho plays a definitive role in the tissue-specific actions of FGF23.
In other words, thanks to Klotho, FGF23, a systemic factor produced by bone,*** can
target the limited tissues without inappropriately activating canonical FGFRs that are
ubiquitously expressed in various tissues.

Neutralizing Antibody to FGF23; Inhibition of FGF23-Klotho Interaction

Given the indispensable role of Klotho in FGF23 signaling, inhibiting the interaction
between FGF23 and Klotho appears a conceivable strategy to block the FGF23 actions.
Indeed, a mouse monoclonal antibody recognizing the C-terminal portion of FGF23 was
shown by both immunoprecipitationand BIACORE analyses to hamper FGF23 binding to
Klotho.% This resulted in the inhibition of the upregulation of Egr-1 expression assessed
by the reporter system using luciferase driven by the Egr-/ promoter. Furthermore,
administration of this antibody into normal mice resulted in increased serum phosphate
and 1,25(0OH),D levels, which were accompanied by increased renal expressions of
NPT2a and Cyp27bl. These actions are mirror images of those seen in mice receiving
recombinant FGF23, indicating that the antibody inhibited the endogenous FGF23 action
by hampering the FGF23-Klotho interaction.
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Neutralizing Antibody to FGF23; Inhibition of FGF23-FGFR Interaction

It may also be plausible that blocking the interaction between FGF23 and
FGFRs is an effective way to inhibit the FGF23 action. At the moment, it remains
controversial which FGF receptor(s) is/are involved in the FGF23/Klotho complex.
So far FGFR1c, 3¢ and 4 have been reported to be coprecipitated with FGF23/Klotho
complex.’*% However, there are some discrepancies between the in vitro and in vivo
results obtained from different groups.®“®” Given that high structural similarity exists
between FGF23 and other members of the FGF family in the N-terminal region and that
in vitro findings showed that FGFRs were phosphorylated in response to FGF23, it is
quite likely that FGF23 requires canonical FGFRs in addition to Klotho for its action.
Indeed, a mouse monoclonal antibody, whose epitope was in the conserved putative
receptor-interacting region of the N-terminal portion of FGF23, not only inhibited the
in vitro reporter activity using the Egr-/ promoter, but also increased serum phosphate
and 1,25(0OH),D levels in normal mice.% It is of note that the changes induced by
this antibody were the same as those seen after the administration of the antibody
recognizing the C-terminus of FGF23.% Specifically, the similarities in efficacy and
time-course suggest that inhibiting either FGF23-FGFR or FGF23-Klotho interaction
can similarly affect FGF23 action.

Neutralizing Antibody to FGF23; Inhibition of Klotho Function

There is one report showing that a monoclonal antibody recognizing Klotho
can function as a neutralizing antibody.®® The mice treated with this antibody
exhibited hyperphosphatemia and elevated 1,25(OH),D levels, as well as increased
renal expressions of NPT2a and Cyp27b1.%° These changes are consistent with the
observations in mice treated with neutralizing antibodies to FGF23. It is of note that
the authors also found that the mice treated with the Klotho antibody demonstrated a
significantincrease in circulating levels of FGF23. A similar elevation of blood FGF23
level was reported in Klotho-deficient mice.%*% Thus, it is obvious that the injection
of antiKlotho antibody disturbed the function of Klotho, inducing an impaired action
of FGF23. Based on the function of Klotho as a coreceptor for FGF23/FGFR, the
Klotho-antibody mediated impairment of FGF23 action is likely the result of FGF23
insensitivity. This illustrates well that blocking Klotho function by an antibody (or
some other tool) can affect FGF23 activity. In this regard, this antibody acted as a
receptor antagonist for FGF23, reinforcing the importance of Klotho in the FGF23
signaling/activity.

The concept that blockades for Klotho function can impair FGF23 activity has
been proven by a clinical finding that a homozygous missense mutation in KLOTHO
gene leads to loss of function of FGF23.%° This mutation was identified in a patient
with severe tumoral calcinosis characterized by hyperphosphatemia, high circulating
level of FGF23 and ectopic calcification. The authors’ interpretation was that the
mutation (H193R) which is localized within a putative glycosidase domain of Klotho,
destabilized the protein. Actually, the expression level of recombinant mutant Klotho
was markedly reduced compared to that of wild-type protein in vitro.
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THE PHARMACOLOGICAL EFFECT OF NEUTRALIZING ANTIBODIES
TO FGF23 IN HYPOPHOSPHATEMIC MICE

X-Linked Hypophosphatemic Rickets/Osteomalacia and FGF23 (XLH)

X-linked hypophosphatemic rickets/osteomalacia (XLH) is the most common form of
inherited hypophosphatemic rickets characterized by hypophosphatemia associated with
renal phosphate wasting.” The responsible gene for XLH is PHEX (phosphate-regulating
gene with homologies to endopeptidases on the X-chromosome), which encodes a
749-amino acid Type I membrane protein and is believed to possess endopeptidase
activity.” However, its physiological function remains unclear. Hypophosphatemic rickets/
osteomalacia in patients with XLLH, as well as its murine homologue, Hyp mouse,” had
been postulated to be caused by a humoral factor derived from extrarenal tissue, termed
as phosphatonin.”?”” In both XLH patients and Hyp mice, the serum concentration of
FGF23 is higher than that in normal subjects and wild-type mice, respectively.!146* In
addition, mRNA expression of Fgf23 has been shown to be upregulated in osteocytes in
Hyp mice.* Furthermore, it has been demonstrated that the hypophosphatemic character
of Hyp mice was reversed by crossing Hyp with Fgf23 KO mice.!”” Taken together,
excess amount of FGF23 in XLH/Hyp is considered to play a substantial, causative role
as “phosphatonin”.

Concept Validation Study for Therapeutic Maneuver of FGF23 Antibody
in Hyp Mice

Administration of neutralizing antibodies against FGF23 or Klotho to wild-type
mice has been shown to result in a successful blockade of FGF23 action in vivo. Based
on this evidence, the hypothesis was proposed that such an FGF23-blockade could be
a therapeutic maneuver in FGF23-dependent hypophosphatemic rickets/osteomalacia.
To assess this, a concept validation study was conducted in Hyp mice, in which juvenile
mice were treated with anti-FGF23 antibodies once weekly for one month.” The obtained
results were striking (Table 3). Hypophosphatemia, which is one of the most characteristic
phenotypes in this mutant strain, was corrected in a dose-dependent manner accomplished
by recovery of renal NPT2a protein expression. Inappropriately low 1,25(0OH),D levels
and abnormally elevated alkaline phosphate levels were also improved. It is of note
that blood PTH levels, which tend to be high in both Hyp mice and XLH patients, were
suppressed after the one-month treatment. As expected from the improvement of renal
phosphate wasting, most of rachitic features of Hyp bones were corrected. Increased
osteoid was replaced by mineralized trabecular and cortical bone and organized columnar
structures of chondrocytes were observed in metaphyseal growth plates. Thus, the therapy
with anti-FGF23 antibody was very effective and did not show any life-threatening side
effects in mice. This study has not only shown the potential of therapeutic use of an
FGF23-blockade in patients with XLH, but also provided solid evidence that FGF23 is
a long-sought phosphatonin playing a causative role in XLH/Hyp.

It may be also conceivable to hypothesize that therapy with anti-FGF23 antibodies
could be effective in other FGF23-dependent hypophosphatemic rickets/osteomalacia
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Table 3. Summary of pharmacological experiment with anti-FGF23 antibodies
in Hyp mice

Untreated Hyp Treated Hyp

Blood phosphate level very low normal-high
Urinary phosphate excretion high normal
Blood 1,25(0OH),D level normal high
Blood PTH level moderately high low
Blood ALP very high normal
NPT2a protein level hardly detected low normal
Cyp27bl expression normal high
Cyp24 expression normal low normal
Growth slightly retarded almost normal
Bone

Growth plate development expanded, distorted normal

Bone mineralization impaired normal

Unmineralized osteoid increased normal

Bone length short almost normal

BFR hardly calculated low normal

listed in Table. 2. Indeed, a preliminary study has demonstrated that hypophosphatemic
rickets/osteomalacia of Dmp I knockout mouse, which is considered to be a murine model
of ARHR, was corrected by repeated injections of anti-FGF23 antibodies.” Because
Dmp1 KO mice, as well as ARHR patients, are known to have high FGF23 levels in
circulation, these conditions were assumed to be caused by excess actions of FGF23 808!
The fact that the neutralizing antibodies to FGF23 corrected this condition in the Dmp1
KO mice reinforces the concept that the usefulness of this novel therapeutic strategy can
be extended to other FGF23-dependent hypophosphatemic disorders.

THE POSSIBLE HORMONE REPLACEMENT THERAPY OF FGF23
IN TUMORAL CALCINOSIS

Familial hyperphosphatemic tumoral calcinosis is characterized by ectopic calcification
in soft tissues and accompanied by hyperphosphatemia and high 1,25(OH),D levels
in circulation.?’ To date, three genes (GALNT3, FGF23 and KLOTHO), have been
reported to be responsible for this disease and various mutations in these genes have
been identified in affected family members.?>?*% Inactivating mutations in GALNT3 or
FGF23 cause low level of full-length biologically active FGF23.82 GALNT3 gene product,
UDP-N-acetyl-alpha-D-galactosamine: polypeptide N-acetylgalactosaminyltransferase 3,
is required for the initiation of O-glycosylation and FGF23 has been shown to be
O-glycosylated at Thr-178 by this enzyme.®* Mutations in GALNT3 gene are postulated
to induce the susceptibility of FGF23 protein to processing between Arg-179 and
Ser-180. This is likely due to the O-glycan at Thr-178 becoming attached by GALNT3
gene product, which could sterically prevent the processing. Indeed, Galnt3 KO mouse
showed a lowered level of intact FGF23 in circulation, while the C-terminal fragment
of FGF23 was highly accumulated in bone.** Mutations in FGF23 gene have also been
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interpreted to impair the secretion of full-length FGF23. Therefore, replacement therapy
with recombinant FGF23 appears to be ideal for these patients with low active FGF23.
On the other hand, the other case of familial tumor calcinosis caused by a mutation in
KLOTHO gene does not seem to be suitable for the replacement therapy because this
patient is presumably resistant to FGF23 action as described above.

CONCLUSION

The blocking reagents for FGF23 activity can be novel therapeutic tools for
hypophosphatemic rickets/osteomalacia caused by inappropriately enhanced FGF23
activity. This maneuver is simple and quite convincing as judged from the rationale
of pathophysiology. The blockades can be anti-FGF23 antibodies recognizing either
the receptor- or Klotho-binding domain, antiKlotho antibodies or small compounds
interfering with FGF23/Klotho/FGFR interaction. In contrast, recombinant FGF23 or
its agonistic reagents may be useful as replacement therapy for tumoral calcinosis with
low full-length FGF23.
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Abstract: This chapter will review the various biological actions of the mouse fibroblast
growth factor 15 (Fgf15) and human fibroblast growth factor 19 (FGF19). Unlike
other members of the fibroblast growth factor (FGF) family, the Fgf15 and FGF19
orthologs do not share a high degree of sequence identity. Fgf15 and FGF19 are
members of an atypical subfamily of FGFs that function as hormones. Due to subtle
changes in tertiary structure, these FGFs have low heparin binding affinity enabling
them to diffuse away from their site of secretion and signal to distant cells. FGF
signaling through the FGF receptors is also different for this sub-family, requiring
klotho protein cofactors rather than heparin sulfate proteoglycan. Mouse Fgf15 and
human FGF19 play key roles in enterohepatic signaling, regulation of liver bile acid
biosynthesis, gallbladder motility and metabolic homeostasis.

INTRODUCTION

The fibroblast growth factor (FGF) family consists of 22 structurally related proteins
that are involved in various biological processes including embryonic development,
wound healing, angiogenesis and metabolic signaling.* Many of the FGFs are secreted
proteins involved in paracrine cell signaling. Because these FGFs display high affinity
for heparan sulfate proteoglycans in the extracellular matrix of tissues, their signaling
tends to remain spatially near their site of release. The typical FGF signals through the
four cell surface tyrosine receptor kinase fibroblast growth factor receptors (FGFR):
FGFR1, FGFR2, FGFR3 and FGFR4.

Within the family of FGFs exist seven subfamilies consisting of FGFs that display
increased structural and functional similarity. Some of these subfamilies exhibit important
differences from the typical FGF. One such subfamily consists of FGF11, FGF12, FGF13
and FGF14, also known as FGF homology factors, which are intracellular signaling
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molecules that do not signal through the FGFRs.>¢ Another subfamily, known as the
FGF19 subfamily, is comprised of the human FGF19, FGF21, FGF23 and mouse Fgf15
proteins. This subfamily is the most divergent of the FGF subfamilies with only 2 to 3%
greater identity between the family members compared to members of other subfamilies."”
Importantly, members of the FGF19 subfamily have reduced affinity for heparan sulfate
proteoglycan and are thus able to serve as endocrine signaling molecules.”® Recent
work has uncovered important hormone actions of these proteins. The role of FGF21 in
regulation of energy homeostasis and of FGF23 in phosphate and calcium homeostasis
will be covered elsewhere in this volume. The endocrine actions of FGF19 and Fgfl5
will be the focus of this chapter.

DISCOVERY OF MOUSE Fgf15 AND HUMAN FGF19

The gene encoding the mouse Fgf15 protein was identified in 1997 in a search
for target genes of the chimeric homeodomain oncoprotein E2A-Pbx1.° Subtractive
cDNA cloning identified anovel FGF expressed in mouse NIH3T3 fibroblasts following
infection with a recombinant E2A-Pbx1-expressing retrovirus. The full-length clone
encoded a 218 amino acid protein that was efficiently secreted from cells.” Although
the new clone shared only 15-30% amino acid identity to other FGF family members,
its genomic organization was similar to other members of the family, with three exons
and two introns, increasing the confidence that this was indeed a divergent new member
of the FGF family.’ Expression analysis of the new Fgf15 in mouse embryo suggested
arole in embryonic development. Fgfl5 first appears in neuroectoderm between E7.5
and E8 and is predominantly expressed in the developing nervous system throughout
development.® The role of Fgf15 in brain development has been recently reviewed and
will not be discussed further in this chapter.!

The human FGF19 gene was first identified in 1999 following a search for cDNAs
similar to mouse Fgf15 among GenBank expressed sequence tags (EST)." The EST
from a Ntera-2 human neuroepithelial cell line encoded 95 amino acids with around
43% identity to the mouse Fgf15." Rapid Amplification of cDNA Ends methodology
was used to isolate the full-length cDNA from a human fetal brain cDNA library.
The resulting full-length cDNA encoded a 216 amino acid protein containing an
amino-terminal signal sequence, two highly conserved cysteine residues and a clear
evolutionary relationship to other members of the FGF family.!! The new FGF was
most closely related to the mouse Fgfl5 with 50% amino acid identity.'"!> Because
most mouse FGFs share greater than 90% sequence identity with their human orthologs
and because distinct members of the FGF family typically share 50-70% amino acid
identity, the new FGF was presumed to be a new member of the family and given the
name FGF19.'"12 Expression analysis of FGF19 revealed expression in brain, skin,
cartilage, retina, gallbladder, small intestine, kidney, placenta and umbilical cord.'"!?
Binding studies revealed a unique aspect of this new FGF. Unlike other members
of the FGF family, FGF19 bound only one of the fibroblast growth factor receptors,
FGFRA4." Interestingly, FGF19 also demonstrated little mitogenic activity compared
to other FGFs.!?
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SIGNALING MECHANISMS

FGFsbind and signal through the cell surface FGFRs. Typically this binding interaction
requires stabilization by heparan sulfate glycosaminoglycan (HSGAG) cofactors that
are present in the extracellular matrix.'*® The interaction with HSGAG also limits the
diffusion of FGFs from their site of release and creates a low-affinity FGF reservoir that
enhances paracrine signaling.*® Early binding studies aimed at discriminating FGF-FGFR
interactions documented the low affinity binding of FGF 19 sub-family members compared
to the nanomolar affinity of typical FGF-FGFR interactions." In fact, FGF19, Fgf15 and
the other members of the FGF19 subfamily have reduced affinity for HSGAG, which
increases the radius of diffusion and enables endocrine signaling.”® Yet without the
needed stabilization of the FGF-FGFR interaction by HSGAGs, how does FGF19/Fgf15
binding and signaling proceed?

Recently a new family of cofactors has been identified that interacts with the
FGF19 subfamily to promote FGFR signaling.!*?? Klotho and pKlotho are single-pass
transmembrane proteins with restricted tissue distribution.’” The Klotho proteins
were identified as cofactors of the FGF19 subfamily due to the striking similarity of
phenotypes seen in knockout mice.! In the case of FGF19/Fgf15, pKlotho”, FGFR4"
and Fgf15” mice show overlapping phenotypes suggesting these proteins may function
in a cooperative manner.

Studies to determine the role of fKlotho in FGF19 signaling utilizing cell-based
systems demonstrated robust binding of FGF19 to FGFR4 in the presence, but not in the
absence of fKlotho.?** Binding to FGFR1c and weak binding to FGFR2¢ and FGFR3c¢c
was also seen under some conditions.?® Furthermore, downstream phosphorylation of
ERK1/2 and FRS2 was seen following FGF 19 exposure only in the presence of Klotho.?
Such detailed studies have not been reported with Fgf15. Many assumptions about FGF19
biology that were based on early reports that FGF19 bound and signaled only through
FGFR4 are now being reassessed in light of the discovery of the new binding cofactors.

Fgf19 AND Fgf15 ARE ORTHOLOGS

Following the discovery of the human FGF19 and mouse Fgf15 genes, efforts to
find the mouse FGF19 and human Fgf15 orthologs were unsuccessful. Examination of
the evolutionary relationships and genomic organization of the FGF family members
revealed that FGF19 and Fgf15 reside on syntenic regions of the zebrafish, mouse and
human genomes."* These genomic regions also contain the FGF3 and FGF4 genes. Indeed,
evidence suggests the entire FGF19 subfamily, consisting of FGF19, FGF21, FGF23 and
mouse Fgfl5, arose from an ancestral FGF4 gene through local gene duplication around
the time of the emergence of vertebrates.>** Subsequent divergence of these genes gave
rise to the four members of the FGF19 sub-family.>**

Additional evidence beyond the genomic organization of FGF19 and Fgf15 has
emerged supporting the orthologous relationship of these two genes. Molecular modeling
and crystal structures indicate FGF19 and Fgf15 share important structural features that
are divergent from the prototypical FGF and that these structural features are more tightly
conserved between FGF19 and Fgf15 than the other members of the FGF19 sub-family.
The crystal structure of FGF19, resolved to 1.3 A, revealed two distinguishing features
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that set it apart from the typical FGF.? The first feature was a disordered region replacing
the loop that typically forms the heparin-binding region of most FGFs.”* Modeling of
other FGF sequences onto the FGF19 structure revealed that only the FGF19 subfamily
members, including Fgf15, showed disorder in this important region and consequently
may also be missing the heparin-binding loop.** Indeed, reduced heparin binding of the
FGF19 subfamily has been demonstrated and likely enables the endocrine signaling seen
with these FGFs.”® The second distinguishing feature of the FGF19 structure was the
presence of two disulfide bonds that stabilize two extended Bhairpin loops in the ftrefoil
motif.” The only other FGF to contain both of the disulfide bonds seen in the FGF19
crystal structure is Fgf15.7 Thus both protein structure and genomic structure suggest
Fgf15 is the mouse ortholog of the human FGF19. Research into the biological role of
these proteins further affirms that FGF19 and Fgf15 are orthologs.

REGULATION OF BILE ACID BIOSYNTHESIS

Further evidence of the orthologous relationship of Fgf15 and FGF19 is found in
the transcriptional regulation and biological activities of these proteins. Two early clues
gave insight into the role of Fgf15 and FGF19 in bile acid biology. The first clue was the
discovery that both FGF19 and Fgf15 are direct target genes of Farnesoid X Receptor
(FXR, NR1H4), a member of the nuclear hormone receptor class of ligand-activated
transcription factors.?*?’ FXR is the master regulator of bile acid homeostasis and regulates
genes involved in bile acid biosynthesis and transport.?** FXR is most highly expressed
in liver and intestine and functions as a heterodimer with the nuclear receptor Retinoid X
Receptor (RXR), a common feature of nuclear receptor subfamily 1 members.***! FXR is
activated by endogenous bile acid ligands including the primary bile acid chenodeoxycholic
acid (CDCA).3>3* GW4064 is a commonly used synthetic agonist of FXR.*

Early work to uncover the biological role of FXR utilized CDCA and GW4064 to
identify FXR target genes. FGF19 was the most highly induced gene following CDCA or
GW4064-treatment of primary human hepatocytes in culture.?® Additional work confirmed
FGF19 as a direct target gene of FXR by identifying an FXR responsive element within
the second intron of FGF19.% Interestingly, the same element, a perfect inverted-repeat
separated by 1 nucleotide, or IR1, was also found in the second intron of Fgf15.2” When
these regions of intron 2 were cloned into plasmids containing a downstream reporter
gene and then transfected into cells, responsiveness to FXR agonists was conferred.?*?’
Mutation of the IR 1 sequence eliminated the FXR response. Binding experiments utilizing
Electrophoretic Mobility Shift Assay (EMSA) demonstrated binding of the FXR/RXR
heterodimer to the IR1 sequence of both FGF19 and Fgfl5, confirming them as bona
fide FXR target genes.?2736:37

A second important clue into the potential contribution of FGF19 to bile acid biology
came from the phenotype of FGFR4 null mice. FGF19 had been reported to bind only
to FGFR4. FGFR4 is the only FGFR expressed in mature hepatocytes.'>*® FGFR4 null
mice have an enlarged bile pool and elevated expression of CYP7A1, the gene encoding
cholesterol 7-hydroxylase, the enzyme that catalyzes the first and rate-limiting step in
bile acid biosynthesis.*® Later, mice expressing a constitutively active form of FGFR4
were shown to have decreased CYP7A1 expression and reduced bile pool size.*’ This
information, coupled with the knowledge that FGF19 expression was induced by bile
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acid-mediated activation of the FXR bile acid receptor lead to the intriguing possibility
that FGF19 might play a role in feedback regulation of bile acid biosynthesis.

Regulation of CYP7A1 expression is controlled by a complex network of transcription
factors and nuclear receptors (see recent reviews by Gilardi et al and Hylemon et al).*'#
Bile acids are key mediators of transcriptional regulation of CYP7A1, working through
multiple signaling pathways to ensure tight control of bile acid biosynthesis. Feedback
repression of bile acid biosynthesis following activation of FXR was already known to
occur through a regulatory cascade of nuclear receptors including Short Heterodimer
Partner (SHP) and Liver Receptor Homolog-1 (LRH1).## SHP, another direct target
gene of FXR, is an atypical nuclear receptor that lacks a DNA binding domain and acts
as a transcriptional repressor.*#¢ LRH1 is an essential regulator of CYP7A1 expression
and binds to the Bile Acid Responsive Element (BARE) in the CYP7A1 promoter.*’#®
The nuclear receptor HNF4 also drives CYP7A1 expression via the BARE.#-52 FXR
activation in hepatocytes by bile acid or GW4064 gave rise to increased SHP levels that
bound and repressed LRH1 or HNF4 transcriptional activity on the CYP7A1 promoter.*
It was important to investigate whether the FXR-FGF19 signaling pathway represented
a potential new mechanism of FXR-mediated CYP7A1 regulation.

Treatment of primary human hepatocytes with FGF19 resulted in a striking repression
of CYP7A1.2¢ The repression of CYP7A1 by FGF19 was dependent on activation of
c-Jun N-terminal kinase (JNK) but was shown to be distinct from the pathway of direct
bile acid activation of INK.?4’ Additional studies have also shown involvement of the
phosphatidylinositol (PI) 3-kinase signaling pathway.> Initially it was proposed that
FGF19 acted in a paracrine manner in liver, signaling local feedback repression of bile
acid biosynthesis, yet FGF19 did not appear to be expressed in normal liver, only in
cultured hepatoctyes and cholestatic liver.!!'22654 Expression of Fgf15 was not reported
in liver either, suggesting the proposed paracrine mechanism was not active under normal
physiologic conditions.>*’

The next advance in understanding FGF19/Fgf15 biology came following treatment
of mice with the FXR agonists cholic acid and GW4064. Fgf15 was not induced in liver
following treatment, however it was induced in intestine, especially in ileum where FXR
expression is high.”” FGFR4, however, was not expressed in ileum.?” Could intestinal
FGF19/Fgf15 act to repress bile acid biosynthesis through FGFR4 in the liver? Indeed,
an “intestinal factor” regulating CYP7A1 transcription had been postulated in 1995 to
reconcile the need for bile acids to pass through the intestine in order to affect transcriptional
activity of CYP7AL in the liver.?”#* Inagaki et al. elegantly demonstrated that Fgf15
most likely is this enigmatic “intestinal factor.”?’ Bile duct ligation (BDL) restricts
bile acid flow to the intestine and results in increased CYP7A1 activity in liver. 275657
BDL also eliminated Fgfl5 expression in ileum.”” Treatment of BDL mice with the
FXR agonist GW4064 restored Fgf15 expression in ileum and reduced CYP7A1 mRNA
10-fold.”” Exogenously applied Fgf15 also repressed CYP7A1 mRNA in wild-type mice,
demonstrating Fgf15 could regulate CYP7A1 expression in an endocrine manner.*”®
Inagaki et al. went on to demonstrate that both liver FGFR4 and SHP were necessary
for Fgf15 mediated endocrine regulation of CYP7A1 by demonstrating the loss of Fgf15
repression of CYP7A1 in FGFR4”- or SHP”" mice. In addition, Fgf15” mice were shown
to have elevated CYP7A1 expression, elevated cholesterol 7-hydroxylase protein and
activity and increased fecal bile acid excretion.?” Later, fKlotho mice were described that
also had elevated bile acid synthesis and secretion and impaired repression of CYP7A1
expression by bile acids.>® Thus Fgf15 is a bile acid- and FXR-regulated entero-hepatic
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signal that mediates feedback repression of hepatic bile acid biosynthesis in a fKlotho-,
FGFR4- and SHP-dependent manner (Fig. 1).

Importantly, FGF19 appears to play the same role in human physiology. Serum FGF19
levels increase postprandially, at a time when bile acids are reabsorbed in the distal ileum
for recirculation through the entero-hepatic circulation.®® Shortly after serum FGF19
levels begin to rise, cholesterol 7-hydroxylase activity in the liver, as measured by the
ratio of 7-hydroxy-4-cholesten-3-one to total serum cholesterol, declines steeply.® In the
fasted state, serum bile acids and FGF19 levels remain low while bile acid biosynthesis
is elevated.®® Upon feeding of CDCA, FGF19 levels rise and administration of bile
acid-binding resins decrease serum FGF19.% Therefore, Fgf15 and FGF19 are important
endocrine signaling molecules that are tightly regulated by bile acid concentrations and,
in turn, regulate bile acid biosynthesis.

REGULATION OF GALLBLADDER FILLING

Bile acids synthesized in the liver are stored in the gallbladder until needed for
digestion. Upon delivery of protein or fat-rich chyme from the stomach to the proximal
duodenum, the endocrine hormone cholecystokinin (CCK) is released from cells in the
mucosal epithelium of the duodenum. CCK signals to the gallbladder and Sphincter of
Oddi to induce gallbladder contraction, sphincter relaxation and delivery of bile to the
intestine where it aids in the emulsification and digestion of fats.

« bile flow €

Figure 1. FGF15/19 Regulation of Enterohepatic Circulation. FGF15/19 is released from enterocytes of
the intestine into the portal circulation during bile acid reabsorption in the ileum. FGF15/19 represses
hepatic bile acid biosynthesis and promotes gallbladder refilling.
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Hormonal regulation of gallbladder filling is mediated by Fgfl5 and FGF19.
Gallbladders of Fgf15” mice do not fill with bile, yet have normal gallbladder epithelium.®!
Administration of recombinant FGF19 or Fgfl5 to Fgfl15”~ mice restored gallbladder
filling, increasing gallbladder volume 10-fold within 15 minutes of treatment.®' Gallbladder
volume even increased by 2-fold in wild-type mice.®' Interestingly, FGF19 administration
increased gallbladder volume in FGFR4"- mice that also have the depleted gallbladder
phenotype, suggesting a different FGFR may be involved in this effect.®'*° fKlotho' mice
also have a depleted gallbladder, underscoring the importance of the fKlotho cofactor
for Fgf15/FGF19 in regulating gallbladder filling.”> Understanding of the downstream
signaling pathways and the FGF receptors responsible for mediating these effects is still
unclear, although relaxation of gallbladder smooth muscle by increasing cAMP levels
likely plays a role.! Thus FGF19 and Fgf15 signal to both liver and gallbladder in the
postprandial state when bile acid recycling through the ileum stimulates release of these
hormones from the intestine, resulting in repression of hepatic bile acid biosynthesis and
stimulation of gallbladder refilling (Fig. 1).%

CHRONIC DIARRHEA AND DEFECTIVE ILEAL FGF19 RELEASE

An intricate network of signaling pathways regulate bile acid biosynthesis and
enteroheptic bile flow. The importance of maintaining bile acid concentrations within
physiological ranges is underscored by these complex cascades. Sufficient availability
of bile acids is key for nutrient absorption, but due to the detergent properties of these
molecules, high levels of bile acids are toxic. Bile acid reabsorption in the distal ileum
is a key step in enterhepatic circulation and bile acid recycling. Bile acid malabsorption
(BAM) occurs in various pathophysiological conditions and leads to chronic watery
diarrhea due to high colonic bile acid concentrations. Distinct clinical BAM syndromes
have been identified. In Type 1 BAM surgical resection or inflammation, as in Crohn’s
disease, is the cause of the malabsorption and diarrhea. Type 2 BAM is of idiopathic
origin with increased liver bile acid biosynthesis but no known ileal pathology.®*** Type
3 BAM describes various conditions including malabsorption secondary to the disturbed
timing of bile flow following cholecystectomy.®

Mice lacking the intestinal apical sodium-dependent bile acid transporter, ASBT,
provide a genetic model of BAM disease.®® These mice do not express intestinal Fgf15
since bile acids are unable to enter the enterocytes and activate FXR.¢7 As a consequence,
the mice have elevated bile acid biosynthesis and elevated fecal bile acid excretion. Upon
treatment with either Fgf15 or the FXR agonist GW4064, ASBT-- mice had reduced bile
acid biosynthesis and fecal bile acid excretion.®” This suggests restoration of the FGF15
pathway can correct the fecal bile acid seen in BAM (Fig. 2). Further exploration into
the etiology of Type 2 BAM, also called primary BAM, in light of the new mechanisms
of bile acid regulation by Fgfl5 and FGF19 led Walters et al to investigate FGF19 in
patients with bile acid malabsorption.®**° Patients with primary idiopathic BAM had
significantly reduced FGF19 levels compared to controls. Reduced FGF19 was also
seen in Type 3 BAM patients following cholecystectomy and in Type 1 BAM patients
following ileal surgery. Bile acid biosynthesis correlated inversely with FGF19 levels
in these patients.*® Because diagnostic tests for BAM are not widely available, Walters
et al have suggested the investigation of plasma FGF19 as a diagnostic test for BAM.%
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« bile flow €

Figure 2. Bile Acid Malabsorption and Lost FGF15/19 Signaling. Interruption of bile acid reabsorption in
the intestine causes a loss of FGF15/19 release and signaling. Consequently, hepatic bile acid biosynthesis
increases and the gallbladder doesn’t fill with bile. Increased intestinal flow of bile acids to the colon
leads to bile acid diarrhea.

Low Fgfl5 levels have also recently been shown to occur in antibiotic-treated
mice.” Mice given ampicillin or the non-absorbed antibiotic cocktail bacitracin neomycin
streptomycin have strongly diminished expression of Fgf15 mRNA resulting in increased
bile acid biosynthesis and increased intestinal bile acid levels.” These findings raise the
intriguing possibility that antibiotics cause intestinal side effects in part by disrupting
the normal hormonal feedback regulation of bile acid homeostasis. The mechanism
whereby antibiotics reduce Fgf15 expression needs further elucidation, but may involve
the loss of secondary bile acids produced by enterobacteria that act as FXR agonists
in the intestine.”” Other species, including humans, make primary bile acids that can
activate FXR33 so it will be interesting to see if antibiotics affect FGF19 and bile acid
homeostasis in additional species.

METABOLIC EFFECTS

The metabolic effects of FGF19 were appreciated soon after its discovery due to
studies with transgenic mice in which FGF19 was expressed under the control of the
muscle-specific myosin light chain promoter. Within the first month of life, FGF19
transgenic mice show a lean phenotype with decreased body weight due to decreased
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fat mass in spite of increased food intake.” Interestingly, the mice did not have impaired
nutrient absorption as might be expected if FGF19 repression of bile acid biosynthesis
significantly contracted the bile pool. Instead, the mice had an increased metabolic rate
due to increased energy expenditure.”’ They also had lower serum glucose and insulin
levels, improved glucose tolerance and improved insulin sensitivity compared to wild-type
littermates.”" Similar effects were seen after administration of recombinant FGF19 for
7 days to mice maintained on a high fat diet for 4-6 weeks.” Two potential mechanisms
to explain the actions of FGF19 were proposed. First, FGF19 increased interscapular
brown adipose tissue (BAT) and uncoupling protein-2 (UCP-2), which could contribute
to the lean phenotype.”*7* FGF 19 also decreased levels of liver acetyl CoA carboxylase
2 (ACC2) which could increase mitochondrial oxidation of fatty acids.”"”> ACC2 null
mice also have a lean phenotype.” Like the ACC2 null mice, FGF19 transgenic mice do
not become obese on a high fat diet. 7"

Recent work on the metabolic effects of Fgf15/FGF19 has demonstrated activation
of the PI 3-kinase pathway and subsequent decreases in forkhead transcription factor 1
(FOXO1)-dependent gene expression in liver.”* Activation of the PI3-kinase pathway
leads to phosphorylation of the serine/threonine protein kinase Akt. Activated Akt
phosphorylates FoxO1, causing its translocation to the cytoplasm thus reducing expression
of FOXO1 target genes. Liver FOXOI1 target genes include important components
of energy metabolism including phosphoenolpyruvate carboxykinase (PEPCK),
glucose-6-phosphatase, peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1) and recently, CYP7A1.5%7¢77 It has been suggested that Fgf15/FGF19
may be able to activate the PI3-kinase/Akt/FOXO1 pathway to limit hepatic glucose
production in diabetic conditions where insulin activation of the pathway is impaired.*

Consistent with FGF 19 acting through FGFR4, FGFR4 null mice are insulin resistant,
hypertriglyceridemic and have increased fast mass.”® Restoration of FGFR4 selectively to
hepatocytes of FGFR4 null mice decreased plasma lipid levels but failed to restore normal
insulin sensitivity,” raising the possibility that FGF19 acts on FGFR4 not only in liver
but in other tissues as well. In this regard, Fu et al. showed that intracerebroventricular
injection of FGF19 in mice increased metabolic rate to a comparable degree as systemic
administration, indicating that FGF19 can act through the central nervous system.”
Additional studies in which FGFR4 is selectively eliminated in different tissues will be
required to determine precisely where FGF19 acts to exert its metabolic effects.

CONCLUSION AND FUTURE DIRECTIONS

Much has been learned in the decade following the discovery of FGF19. Reconciling
the orthologous relationship of Fgf15 and FGF 19 has enabled study of the biological roles
of'these signaling molecules in animal models. The use of knockout mice has been pivotal
in understanding the multi-organ signaling systems of these hormones. Following the
identification of the Klotho binding partner for these FGFs, it will be useful to clarify the
receptor utilization for both Fgf15 and FGF19, especially in tissues such as gallbladder.

Additional clarification on the mitogenic potential of Fgfl5 and FGF19 in the
presence of the Klotho binding partners will also be important areas of future research.
FGF19 transgenic mice develop hepatocellular carcinoma,”-! but due to the significant
divergence between these orthologs it is unclear whether this model is predictive of
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either Fgf15 or FGF19 biology in their natural context. It bears repeating that Fgf15 and
FGF19 are only marginally more similar to each other than to the other members of the
sub-family, FGF21 and FGF23. Furthermore, FGF19 has also been identified as a tumor
suppressor gene, underscoring the need for further research in this area.®

The therapeutic potential of FGF19 signaling pathways has been recognized and will
certainly be a focus of future study. Intervention in diabetes and obesity,”"">>* gallstone
disease,*? liver disease? and bile acid diarrhea® in BAM has been proposed and will
certainly continue to be investigated.
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Abstract: Fibroblast growth factors (FGFs) and their cognate receptors, FGF receptors
(FGFRs), play critical roles in a variety of normal developmental and physiological
processes. Numerous reports support a role for deregulation of FGF-FGFR
signaling, whether it is at the ligand and/or receptor level, in tumor development
and progression. The FGF19-FGFR4 signaling axis has been implicated in
the pathogenesis of several cancers, including hepatocellular carcinomas in
mice and potentially in humans. This chapter focuses on recent progress in the
understanding of the molecular mechanisms of FGF19 action and its potential
involvement in cancer.

INTRODUCTION

Fibroblast growth factors (FGFs) comprise a family of 22 structurally related
polypeptides with diverse biological activities.! Most of these signaling molecules
bind to and activate members of the FGF receptor (FGFR) family. The FGFR family is
composed of four receptor tyrosine kinases, designated FGFR 1- FGFR4, and one receptor
which lacks a cytoplasmic tyrosine kinase domain, designated FGFR5.%* The interaction
of FGFs with FGFR1-4 results in receptor dimerization and autophosphorylation,
recruitment of membrane-associated and cytosolic accessory proteins, and initiation of
multiple signaling cascades.* The FGF-FGFR signaling network plays important roles
in development and tissue repair by regulating cellular functions/processes such as
growth, differentiation, migration, morphogenesis, and angiogenesis. Not surprisingly,
dysregulation of this signaling system appears to be important for tumor development
and progression.
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Figure 1. FGF19-FGFR4 Signaling Pathway. The growth factor FGF19 regulates a variety of cellular/
physiologic functions in normal and possibly neoplastic states (e.g., bile acid metabolism, proliferation,
differentiation, and cellular motility). Signaling by this ligand is mediated by its cognate receptor
FGFR4 and a recently identified coreceptor pKlotho. FGF19-mediated activation of mitogen-activated
protein kinase (MAPK) and B-catenin pathways may be involved in the development and progression of
cancers, such as hepatocellular carcinoma. Blocking the interaction of FGF19 with FGFR4 using a high
affinity, high specificity anti-FGF19 antibody (1A6) inhibits FGF19 signaling and tumor growth in vivo.

Most FGFs function primarily in a paracrine and/or autocrine fashion. However,
the FGF19 subfamily members (FGF19/Fgf15, FGF21, and FGF23) can function
as endocrine factors or hormones. FGF19 is an important regulator of metabolism
under normal physiological conditions. In disease states, FGF19 may be critical for
the development and progression of a number of cancers. Of particular note, FGF19
signaling has been proposed to be important in promoting hepatocellular carcinomas
(HCCs) in mice and potentially in humans.>’ As illustrated in Figure 1, the effects of
FGF19 on downstream signaling (e.g., mitogen-activated protein kinase and f3-catenin
pathways) are mediated by its cognate receptor FGFR4 and a recently identified
coreceptor fKlotho (KLB).** Thus, FGF19 may serve as an important therapeutic
target in the treatment of relevant cancers.
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FGF19/FGF15

FGF19 was cloned by homology to its mouse ortholog Fgf15.1%!! FGF19 messenger
RNA (mRNA) is found in brain, skin, cartilage, retina, gall bladder, small intestine, and
kidney.!®!! The expression of FGF19/Fgf15 is induced in the ileum in response to bile
acids thatare released into the intestinal lumen after feeding. FGF19/Fgf15 then circulates
to the liver to suppress the expression of CYP7A1, the rate-limiting enzyme for bile acid
synthesis.'”? FGF19/Fgf15 also limits bile acid release into the intestine by triggering gall
bladder filling." In this manner, FGF19/Fgf15 serves as a key regulator in a postprandial
negative feedback loop modulating bile acid synthesis and release.

FGF19 BINDING SPECIFICITY: FGFR4 AND THE BKLOTHO
CORECEPTOR

Among the FGF family of ligands, FGF19 has a unique receptor binding specificity.
Initially, FGF 19 was shown to bind exclusively to FGFR4.!! Using co-immunoprecipitation,
Xie et al assessed the binding of FGF19 to immunoadhesin chimeric constructs of a subset
of the human FGFRs (i.e., FGFR1, FGFR2-3 IIIb and Ill¢ isoforms, and FGFR4). These
authors observed a heparin-dependent interaction of FGF 19 that was restricted to FGFR4.!!
Utilizing a panel of FGFR immunoadhesin chimeric constructs thatincluded all of the known
splice variants of FGFR1-3 (i.e., IIb and IIlc isoforms) and FGFR4, we also demonstrated
that FGF 19 bound exclusively to FGFR4 using both co-immunoprecipitation and solid phase
receptorbinding assays.’ Although FGF19 exhibits little or no binding to glycosaminoglycan
(the endocrine FGFs as a whole have a low affinity for heparin),' its interaction with FGFR4
is exquisitely dependent on the presence of heparin.!! This interaction could be explained by
the unique heparin binding ability that FGFR4 has among the FGFR family of receptors.'>'¢
Zhang et al demonstrated a different receptor specificity for FGF19 in proliferation assays
using the BaF3 murine pro-B-cell line. Although FGF19 had the greatest activity with the
BaF3 cells stably transfected with mouse Fgfr4, this ligand also promoted the proliferation
of the mouse Fgfr1 Illc, Fgfi2 Illc, and Fgfr3 Illc expressing cells.!” The activity of FGF19
in this context was also dependent on the presence of heparin.!” FGF19 is not expressed in
mice and it shares only 51% to 53% amino acid sequence identity with its closest mouse
ortholog, Fgf15.!%!" In contrast, all of the remaining human FGFs, with the exception of
FGF19, share 75% to 100% amino acid sequence identity with their corresponding mouse
orthologs. Given the reduced sequence identity between the human and mouse orthologs, it
is possible that FGF19 binds with a different specificity to the human FGFRs as compared
to the mouse Fgfrs.

While FGF19 may be able to bind and function through a number of other FGFRs,
its activity is primarily transmitted through the binding and activation of FGFR4. FGFR4
is the most widely distributed member of the FGFR family. Under normal circumstances,
FGFR4 is expressed in liver, lung, gall bladder, small intestine, pancreas, colorectal,
lymphoid, ovary, and breast tissues.’ It has recently been demonstrated that endocrine
FGFs, suchas FGF19, also require the Klotho family of proteins as coreceptors to promote
the binding of these ligands to their corresponding FGFRs 391819

The Klotho family of proteins, comprised of Klotho (KL) and KLB, are Type I
transmembrane glycoproteins containing extracellular regions that contain two
beta-glycosidase-like repeats. FGFR4 binds to both KL and KLB.**"” We and others
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have recently identified KLB as a coreceptor for FGFR4 that is required for the high
affinity binding and activity of FGF19.%° Using biochemical and cell based assays we
demonstrated that human KLB promotes the exclusive interaction of FGF 19 with FGFR4.
As previously mentioned, FGF19 has low affinity for heparin. KLB appears to stabilize
the interaction of this ligand with its receptor, perhaps acting as a surrogate for heparin.
Intriguingly, Kurosu et al used cells stably transfected with the various Fgfr isoforms to
show that mouse Klb promotes the binding of FGF19 not only to mouse Fgfr4, but also
to mouse Fgfrl Illc, Fgfr2 Illc, and Fgfr3 Illc.® This role of KLB in FGF19 binding and
activity may in part explain the ability of FGF19 to act through other FGFRs. Previous
binding studies demonstrating exclusive binding of FGF19 to FGFR4 were done in the
absence of KLB.!! It has been reported that FGF19 can bind and activate FGFR4 in the
absence of KLB.?* However, KLB significantly increased FGF19 potency on FGFR4
activation.® The authors speculated that due to the low normal plasma concentration
of FGF19/Fgf15, KLB is critical in conferring FGFR4 activation under physiological
conditions; the experiments reported by Wu etal were performed using supraphysiological
levels ofrecombinant FGF19. Although these studies showed differential receptor binding
specificities they reach identical conclusions. KLB reduces or alleviates the need of
FGF19 for heparin to bind to the FGFRs, KL B promotes the interaction of FGF19 with the
FGFRs without altering its binding specificity, and FGF19 binds preferentially to FGFR4.

Given that FGF19 activity requires the co-expression of FGFR4 and KLB, the
distribution and the relative levels of these proteins will dictate the target organ site of FGF 19
endocrine action. Unlike the broad distribution of FGFR4 expression, the distribution of
KLB is more restricted. KLB is expressed in adipose, liver, pancreas, and breast tissues.’
FGFR4 and KLB are both highly co-expressed in the liver and, not surprisingly, mediate
the specific activities of FGF19 in this tissue.>*! Much lower levels of FGFR4 and KLB
co-expression are also found in pancreas and breast tissues.” However, FGF19 activity
has not been described in these tissues thus far. KLB is highly expressed in adipose
tissues, but the absence of FGFR4 precludes the activity of FGF19 in this tissue.” These
findings taken together indicate that the liver is expected to be the main target organ for
the endocrine actions of FGF19.

FGF19 AND CANCER
FGF19 Activity

FGF-FGFR signaling networks play important roles in cell proliferation and the
activities stimulated by some of these ligand-receptor combinations have been linked
to the development and progression of cancer.>* FGF19 may promote hepatocellular
carcinoma by utilizing a number of potential molecular mechanisms (summarized in
Table 1). The ectopic expression of FGF19 in transgenic mice led to tumor formation
in the liver.® These FGF19 transgenic mice developed liver tumors by 10 to 12 months
of age.® Tumors arose from pericentral hepatocytes after increased proliferation and
dysplasia.® This increase in hepatocellular proliferation is believed to be a prerequisite for
neoplastic transformation.* Consistent with these findings, the injection of wild-type mice
with recombinant FGF19 also promoted hepatocyte proliferation.® Elevated expression
of a-fetoprotein (4AFP) mRNA, an oncofetal protein used as a marker for the detection
of liver cancer,” accompanied the increased hepatocellular proliferation in the FGF19
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Table 1. Effects of FGF19 Signaling in Cancer

Effect Reference
Proliferation 5,6,32,57-59
Survival 58,59
Chemotaxis/Motility 5

Adhesion 7

transgenic mice.® The nuclear accumulation of B-catenin observed in neoplastic cells from
a subset of the liver tumors found in the FGF19 transgenic mice potentially implicates
activation ofthe Wingless/Wnt signaling pathway in this tumorigenic process.® In addition
to this immunohistochemical evidence, cloning and sequencing of DNA from these tumor
tissues revealed point mutations resulting in amino acid substitutions in and around the
glycogen synthase-3p (GSK-3f) phosphorylation site of B-catenin that were suggestive
of B-catenin activation.® Taken together, these studies demonstrated that FGF 19 promotes
hepatocellular carcinoma in mice.

To investigate the role of FGF19 in human cancer, we evaluated its expression in
primary human tumors and analyzed the consequence of therapeutic FGF19 neutralization
in relevant tumor models. FGF19 and FGFR4 were coexpressed in primary human
hepatocellular carcinomas, lung squamous cell carcinomas, and colon adenocarcinomas.’
Relative to the corresponding normal tissues, FGF'19 was found to be overexpressed in
these cancers, as well as in a subset of human colon cancer cell lines.> FGF19 was also
strongly expressed in livers that had undergone cirrhosis, a preneoplastic condition that
often leads to liver carcinoma.’ To assess the importance of FGF19 in tumor growth
and development, an anti-FGF19 blocking antibody (1A6) that selectively inhibits the
interaction of FGF19 with FGFR4 was generated. 1A6 inhibited FGF19-modulated
fibroblast growth factor receptor substrate 2 (FRS2) and mitogen-activated protein
kinase (MAPK) signaling in Hep3B HCC cells and completely relieved repression of
CYP7A41 gene expression in HepG2 HCC cells.’ To further determine whether FGF19
neutralization could inhibit tumor growth in vivo, HCT116 and Colo201 colon cancer
xenograft mouse models were utilized. In comparison to xenograft mice treated with a
control antibody, 1 A6 treated mice showed a statistically significant growth inhibition of
both HCT116 (60% inhibition, P =0.01, n =5 at 15 mg/kg 1A6, twice weekly treatment)
and Colo201 (64% inhibition, P = 0.03, n = 5 at 30 mg/kg 1A6, twice weekly treatment)
tumors.’ In both tumor models, analysis of excised tumors showed that 1A6 significantly
inhibited FGFR4, FRS2, MAPK, and B-catenin activation.’ In order to evaluate 1A6 for
in vivo activity, 1A6 was tested in the FGF'19 transgenic mice that had previously been
demonstrated to develop liver tumors. In this study, FGF19 transgenic mice were first
treated with diethylnitrosamine (DEN), which accelerated tumor formation by 50%. All
ofthe mice treated with control antibody had multifocal, large liver tumors throughout the
liver lobes; with the exception of one 1A6 treated mouse that had a single small tumor,
the 1A6 treated animals had no liver tumors.® Liver weights and tumor volumes from
1AG6 treated transgenic mice were significantly lower than in control antibody treated
mice.’ These findings suggest that FGF 19 may be involved in human tumor pathogenesis,
notably in the liver, in early neoplastic progression.

While the aforementioned studies implicate FGF19 in tumorigenesis, the molecular
mechanism by which this endocrine ligand functions in this manner is unclear. As
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previously mentioned, evidence of $-catenin activation was observed in neoplastic cells
from FGF'19transgenic mice. -Catenin plays a key role in maintaining cell-cell adhesion
and as a downstream effector in the Wnt signaling cascade. Interaction of E-cadherin
with o- and B-catenin is essential for stable cell-cell adhesion and association of these
proteins is regulated by tyrosine phosphorylation of f-catenin.?**” A complex of proteins
containing adenomatous polyposis coli, axin, conductin, and GSK-3 regulates the stability
of cytoplasmic B-catenin by targeting (-catenin for ubiquitination and proteasomal
degradation. Activation of Wnt signaling results in GSK-3f inactivation and subsequent
nuclear accumulation of p-catenin where p-catenin can then interact with TCF/LEF
transcription factors to activate corresponding target gene expression.?s3° Deregulation of
Wntsignaling may be important for the initiation and/or progression of several malignancies
(e.g., HCC, colorectal, ovarian, endometrial and prostate cancers, and melanoma).?*-3!
Furthermore, the anti-FGF 19 antibody 1A6 repressed p-catenin activation in colorectal
cancer xenograft models. The effect of FGF19 on the p-catenin signaling pathway was
recently assessed. The treatment of HCT116 colon cancer cells with FGF19 resulted in
a dose-dependent increase in 3-catenin phosphorylation, accompanied by a concomitant
loss in E-cadherin binding.” FGF19 also increased GSK-3f phosphorylation and active
[3-catenin, and led to the activation of 3-catenin/TCF4-regulated transcription.” Treatment
of HCT116 cells with 1A6 reduced these effects; phospho-GSK-3f and active f3-catenin
levels were significantly reduced and FGF19-induced B-catenin/TCF4-regulated gene
expression (i.e., CCND1, CD44, JUN, COX2, and UPAR) was consistently repressed.’

The Role of FGFR4 in Modulating FGF19 Activity

Thenormal activity of FGF19 is primarily modulated through the binding and activation
of FGFR4. FGFR4 has recently been reported to uniquely mediate FGF19-induced
hepatocyte proliferation.’? Using a series of FGF19 truncation and chimeric constructs,
Wau et al identified that amino acid residues 38 to 42 of FGF19 are sufficient to confer
FGFR4 activation and increased hepatocyte proliferation, a process that is believed to
be a prerequisite for HCC formation.

Contrary to the other FGFR family members, FGFR4 does not have alternatively
spliced variants. Although FGFR4 is not alternatively spliced, its function appears to
be altered by polymorphisms (summarized in Table 2). The contribution of FGFR4
polymorphisms to hepatocellular carcinoma was recently evaluated. A comprehensive
sequence analysis of FGFR4 was conducted on 57 pairs of matched HCC and normal
tissue samples.* Three known single nucleotide polymorphisms (i.e.,Val10Ile, Leul36Pro,
and Gly388Arg) and five previously unreported amino acid sequence alterations (i.e.,
Asp126Asn, Thr179Ala, Gly426Asp, Asp709Gly, and truncation at amino acid residue
450) were identified.** These polymorphisms appear to be germ line alterations as they
were found in both the tumor and corresponding normal tissues of the respective samples.
The Gly388Arg polymorphism was the most highly distributed variant.** Compared to the
Gly/Gly genotype patients, homozygous Arg/Arg individuals had increased circulating
levels of AFP, the embryonic tumor cell marker characteristic for liver cancer.® FGFR4
mRNA expression was also found to be increased by at least 2-fold in 31.6% (18 of 57)
of the HCC samples compared to the matched normal liver samples.®

Increased expression and genotype distribution of FGFR4 in the liver provides a
potential link between FGFR4 and progression of hepatocellular carcinoma. To further
investigate this potential functional role of FGFR4 in HCC, tumor responses were measured
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Table 2. Effect of FGF19 on FGFR4 Polymorphisms in Cancer

189

Polymorphism Indication Effect of Polymorphism/Effect of FGF19 Reference
Arg388 Hepatocellular Increased circulating levels of AFP/FGF19 33
carcinoma treatment increased AFP secretion and
FRS2a phosphorylation in cultured cells
Breast cancer » Increased cell motility/Unknown 38
* Promote elongated morphology in cell 38
line/Unknown
* Associated with resistance to therapy/ 60
Unknown
* Decreased disease free survival time/ 38
Unknown
Not indicative of disease free survival 51
time/Unknown
Colon cancer Decreased disease free survival time/ 38,40
Unknown
Not predictive of disease progression/ 40
Unknown
Lung cancer » Decreased age at onset and survival, 40,44
Increased stage of disease/Unknown
» Shorter survival in node positive 45
patients/Unknown
No association with disease prognosis/ 54
Unknown
Prostate cancer » Increased receptor stability and 43
sustained activity/Unknown
» Increased incidence and/or occurrence 41,43
of aggressive disease/Unknown
No association with survival differences/ 33,53
Unknown
Soft tissue Decreased cumulative overall and 50
sarcomas metastasis-free survival/Unknown
Bone sarcomas No significant difference/Unknown 50
Malignant No association with risk of survival 52
gliomas differences/Unknown
Melanoma No association with risk of survival 55,60
differences/Unknown
Squamous and No association with risk to disease 55
basal cell development/Unknown
carcinomas
Head/neck Associated with reduced overall survival 47,48
squamous cell and with advanced tumor stage/Unknown
carcinomas
Gly388 Head/neck Increased risk of developing disease/ 46
squamous cell Unknown
carcinomas
Tyr367Cys Breast Cancer Enhanced ERK activation and cell 39

proliferation/No effect
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in HuH7 and HepG2 HCC cell lines, which are both homozygous for the Arg388 allele,
stimulated with FGF19.% The stimulation of these cell lines with FGF19 increased AFP
secretion in culture, as compared to untreated cells.*®> Phosphorylation of the FRS2a
adaptor protein was also stimulated by FGF19 treatment of HuH7 and HepG2 cells, as
compared to untreated cells, indicating activation of the FGFR4 signaling pathway.*
Conversely, the suppression of FGFR4 expression using siRNA reduced the secretion
of AFP.33 The treatment of HCC cell lines with an FGFR inhibitor reduced the FGF19-
and serum-stimulated AFP secretion, blocked proliferation and invasion, and induced
apoptosis in vitro.*® Based on these findings the authors associated the activity of the
FGF19-FGFR4 axis with the progression of liver cancer. Furthermore, the potential role
of FGFR4 mutants in FGF19 signaling is highlighted here, given that the HCC cell lines
utilized in this study were homozygous for the Arg388 allele.

The role of FGFR4 in liver cancer progression was also studied in genetically
engineered mice. It was shown that the repression of Fgfi4 expression in mice increased
liver injury and fibrosis induced by carbon tetrachloride.** Also, the induction of
hepatocarcinogenesis by DEN was accelerated in Fgfr4-null mice compared to their
wild-type littermates.*® These findings suggested that Fgfr4 protects the hepatocytes
against acute and chronic injury and plays a cancer suppressor function in liver.’** It
is unclear why Fgfr4 was found to have a protective effect in these reports. As already
described, FGF'19 transgenic mice, as well as wild-type mice injected with recombinant
FGF19, were shown to develop HCC.® Furthermore, inducible knockdown of Fgfi-4
expression in a xenograft model showed reduced tumor growth.” The studies in which
Fgfrd showed protective effects utilized endogenous mouse Fgfl5. Thus, the potential
differential effects of Fgfl5 and FGF19 on the FGFR signaling pathway may in part
explain this difference in observations.

FGFR4 is also associated with breast cancer. FGFR4 was found to be amplified
2-to 4-fold in 10% of primary breast tumors.* A recent study suggests that resistance to
chemotherapy, such as doxorubicin, is associated with FGFR4 upregulation.’” To address
this potential link, the authors generated an anti-FGFR4 antibody (10F10) and tested it
against various breast cancer cell lines that endogenously express FGFR4. Administration
of 10F10 reduced phospho-ERK levels that were stimulated by FGF19 treatment in the
breast cancer cell lines, as compared to untreated cells.” Treatment of the breast cancer
cell lines with 10F10 resulted in increased rates of apoptosis following doxorubicin
induction, as compared to control antibody treatment, correlating with inhibition of
FGF19 signaling through FGFR4.%

FGFR4 polymorphisms have also been identified in breast carcinomas. As is the case
for HCC, a Gly388Arg mutation was identified in the MDA-MB-453 breast cancer cell
line.*® Inapanel of breast cancer cell lines the genotype frequency was 58% forhomozygous
Gly alleles, 31.5% for heterozygous Gly/Arg alleles and 10.5% for homozygousArg
alleles.*® Among 145 breast cancer patients 46% were found to be homozygous Gly/
Gly, 43% heterozygous Gly/Arg, and 11% homozygous Arg/Arg.*® An analysis of the
genomic DNA from the circulating white blood cells from a subset of these patients
demonstrated the same genotype as seen in the tumor tissue demonstrating that the Gly to
Arg conversion was a germ line polymorphism.*® The distribution of the allele frequency
was also shown to be similar in healthy individuals.’® The authors showed that the Gly/
Arg388 genotype was significantly prevalent among patients with metastatic breast cancer
that had recurrence within 62 months.*® However, no Gly388 patients had suffered from
metastatic disease at the time of the study.?® The authors suggested that the Arg388 allele
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represents a determinant that is innocuous in healthy individuals but predisposes cancer
patients to significantly accelerated disease progression. In addition, the presence of the
Arg allele in breast cancer patients was associated with resistance to adjuvant therapy.®
Infection of breast cancer cells with a recombinant retrovirus encoding FGFR4 with
the Gly allele decreased cell migration compared to the parental cell line.*® However,
upon infection with a recombinant retrovirus encoding FGFR4 with the Arg allele the
cells adopted an elongated morphology associated with a mesenchymal phenotype and
scattered distribution.*® The Gly388 Arg polymorphism was reported to modulate cancer
cell migration in vitro and to be associated with breast cancer prognostic parameters.

Although apotential link between the Gly388 Arg mutant and breast cancer progression
has been identified, there have not been any reports addressing the possible effects of
FGF19 on this receptor polymorphism. However, given that FGF19 stimulation of HCC
cell lines containing the Gly388 Arg mutant leads to activation of the FGFR4 signaling
pathway, FGF19 may have similar effects on this receptor polymorphism in breast cancers.

Interestingly, an FGFR4 Tyr367Cys mutant has also been identified in MDA-MB-453
breast cancer cells.’® This mutant is reported to be constitutively active due to spontaneous
dimerization of the mutant receptor and independent of ligand stimulation.”® When
MDA-MB-453 cells were treated with FGF19, enhanced ERK activation and cell
proliferation were not observed.* In contrast, when MDA-MB-361 cells which express
wild-type FGFR4 were administered FGF19, ERK phosphorylation and cell proliferation
increased.* Inhibition of FGFR4 Tyr367Cys expression in MDA-MB-453 cells by small
interfering RNAs (siRNAs) reduced MAPK signaling (i.e., ERK phosphorylation), reduced
proliferation rate, and depleted cell viability, as compared with control siRNA.** The
ligand independence of the FGFR4 Tyr367Cys mutant was confirmed by the inability
of 10F 10, the anti-FGFR4 antibody that was raised against the extracellular domain of
FGFR4, to downregulate MAPK signaling.*

FGFR4 overexpression and polymorphisms (i.e., Gly388Arg) have been associated
with a number of other cancers, including colorectal carcinoma,*®° prostate cancer,* -+
lung cancer,***# squamous cell carcinoma,** melanoma,* and soft tissue sarcomas.**The
utility of this FGFR4 Gly388Arg polymorphism as a predictive marker for disease free
survival time has been debated. After independent analysis of cancer patient populations,
several groups have reported that the Gly388Arg status cannot be used to predict
disease free survival time for patients with breast carcinoma,*’! colon carcinoma,*
malignant gliomas,*? prostate cancer,”** lung cancer,**basal cell carcinoma, squamous cell
carcinoma, and melanoma.*® Despite these disparate findings, little to no role for FGF19
signaling has been reported in any of these additional cancer types thus far. KLLB, a key
component required for FGF19 signaling through FGFR4, is not expressed at significant
levels in these tissues. However, KLB may be able to function in a similar manner to
KL, in which, in addition to being cell-associated, the extracellular portion of KL is
secreted,* thus facilitating FGF19 activity in tissues where it is not normally expressed.
Overexpression of FGF19 by these tumors may also facilitate FGF19/FGFR4 signaling
in an autocrine manner by acting to increase the local concentration of ligand. FGF19 is
overexpressed in colon adenocarcinoma.>!" It may also be possible that FGF19 does not
have a substantive role in the genetic background of these cancers. Further investigation
is required to address these issues.
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CONCLUSION

As previously described, the FGF-FGFR signaling pathway is thought to play
important roles in a number of human cancers. The FGF19-FGFR4 signaling axis in
particular promotes hepatocyte proliferation and the development and progression of HCC
in vivo.® Thus, FGF19 is an attractive target for the treatment of liver cancers and other
potential neoplasms. As such, a neutralizing antibody against FGF19 has been shown to
inhibit FGF19-mediated signaling and tumor growth in mice.’ The recent identification
of KLB as a critical player in the FGF19/FGFR4 signaling complex adds another level of
regulation to this endocrine FGF signaling pathway. The relative expression levels and
tissue distribution of FGFR4 and KL B are key in determining the effects of FGF19. This
may provide additional targets for therapeutic intervention in cancer, especially given the
recent findings that FGF19 may affect multiple FGFR signaling pathways®!” and certain
FGFR4 polymorphisms are constitutively active (i.e., signaling in a ligand-independent
manner).*® Targeting FGFR4 and/or KLB with antibody therapeutics and/or small molecule
inhibitors may also prove to be beneficial in the treatment of appropriate human cancers.
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Abstract: FGF19 differs from the classical FGFs in that it has a much-reduced heparan
sulfate proteoglycan binding affinity that allows it to act as endocrine hormone.
Although FGF19 regulates several different metabolic activities, it still activates
downstream signaling pathways through FGF receptors, in a similar manner to
that seen in classical FGFs. Aberrant FGF signaling has been implicated in tumor
development, and mouse models have confirmed that FGF19 has the potential to
induce hepatocellular carcinoma. Treatment with anti-FGF 19 antibody suppressed
tumor progression in both FGF19 transgenic mice and colon cancer cell xenograft
models. FGFR4, the predominant FGF receptor expressed in the liver, may play an
important role in FGF19-mediated tumorigenesis. This review reports the current
advances in understanding the structure-function relationship between FGF19 and
its interactions with FGFRs, its physiological activities, and its differences from
FGF21. Thereview also discusses strategies to separate the mitogenic and metabolic
activities for the development of potential therapeutic molecules based on FGF19.

INTRODUCTION

FGF19 can act as a classic endocrine hormone to regulate bile acid homeostasis
as well as glucose and lipid metabolism.!" It is able to escape into circulation from its
originating tissues because of its low affinity toward heparan sulfate of the extracellular
matrix. Instead of relying on heparan sulfate, FGF19 requires fKlotho as a cofactor to
activate FGF receptors (FGFRs).*° fKlotho is mainly expressed in liver and adipose
tissue. In the liver, FGF19 is able to suppress bile acid production by downregulating
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CYP7A1, the key enzyme in bile acid biosynthesis.” In adipose tissue, FGF19 may
increase glucose uptake by upregulating GLUT1, a glucose transporter.>®

There is compelling evidence for the involvement of deregulated FGF signaling in
tumorigenesis.” FGF signaling can contribute to cell proliferation, survival, invasion,
migration, and tumor angiogenesis.” FGF19 binds to multiple FGFRs in the presence
of pKlotho and activates classical FGF downstream signaling.* FGF19 transgenic mice
developed cancer in the liver, the target tissue for FGF19.!° Hepatocellular carcinoma
could be observed from as early as 10 month ofage in those mice. 5-bromo-2-deoxyuridine
(BrdU) labeling in the liver also confirmed enhanced proliferation from either transgenic
mice or wild-type mice treated with recombinant FGF19 proteins.

FGF19 belongs to a subfamily of FGFs that also includes FGF21 and FGF23. There
are significant overlapping properties between FGF19 and FGF21. For example, FGF21
also requires BKlotho as cofactor to activate FGFRs and can act as an endocrine hormone
to regulate metabolism of glucose and lipids.!" Both FGF19 and FGF21 transgenic mice
have reduced fat mass and exhibit improved insulin sensitivity compared with wild-type
littermates.'>" Injection of recombinant FGF 19 or FGF21 proteins decreases serum glucose
and insulin levels, improves glucose tolerance, improves liver steatosis, and reduces body
weight in diabetic mice.® However, no evidence of hepatocellular carcinoma was observed
inFGF21 transgenic mice, ' and treatment with recombinant FGF21 protein did not increase
proliferation in liver as determined by a BrdU assay.'*!* There is also difference between
FGF19 and FGF21 in their receptor specificities: Both FGF19 and FGF21 can activate
FGFR lc, 2¢ and 3¢, while only FGF19 can efficiently activate FGFR4.>1416

This review reports the current advances in understanding the structure-function
relationship between FGF19 and its interactions with FGFRs, its physiological
activities, and its differences from FGF21. Strategies to separate the mitogenic and
metabolic activities for the development of potential therapeutic molecules based on
FGF19 will also be discussed.

FGF19 AND CANCER
FGFs and Cancer

Fibroblast growth factors (FGFs) are most common mitogens, they were firstidentified
based on theiractivities in causing the proliferation of fibroblasts.'” The connection between
aberrant FGF/FGFR signaling and tumorigenesis has been demonstrated by various mouse
genetic models as well as human genetic studies.”'®** For example, more than 50% of
bladder cancers have FGFR3 mutations and the majority of those mutations occur at a
single position in the extracellular domain (S249C)?! which resulted in auto-dimerization
and constitutive receptor activation.”>?* Another example is a common polymorphism
of FGFR4, R388, which is associated with many cancer types, including prostate cancer
and head and neck squamous cell carcinoma.?** Biochemical study suggested that R388
mutation could result in increased receptor stability and causing sustained receptor
activation.?® Currently, several potential cancer therapies targeting FGF/FGFRs are been
explored in different stages of clinical development.®"?

Activation of classical FGF signaling requires the formation of ternary complexes
between FGF, FGFR, and heparan sulfate proteoglycans.?’?® Upon ligand binding,
FGFRs dimerize leading to conformational changes that activate intracellular kinase
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domains.?”” Phosphorylation of the tyrosine residues on the receptor provides docking
sites for downstream adaptor proteins, which can further activate different downstream
intracellular signaling pathways.*® One of the key adaptor proteins of FGFRs is FGF
substrate 2 (FRS2) which after phosphorylation by FGFRs can recruit additional adaptor
proteins such as son of sevenless (SOS) and growth factor receptor-bound 2 (GRB2)
to activate RAS GTPase.** RAS GTPase promotes several downstream signaling, such
as PLC/PKC, RAF/ERK and PI3K/PKB pathways.! These FGF downstream signaling
pathways are involved in tumorigenesis over several aspects, including proliferation,
survival, cell migration, invasion as well as angiogenesis. Therefore, FGF signaling has
been implicated in a wide range of processes during tumor pathogenesis.

Effects of FGF19 on Cancer

FGF19 belongs to a unique FGF subfamily together with FGF21 and FGF23.
Unlike other FGFs, this subfamily has much weakened affinity towards heparan sulfate
proteoglycans.**! The reduced affinity liberates FGF19 from its site of secretion and
allows itto act as an endocrine hormone.?”” Another consequence of the decreased binding
to heparan sulfate is FGF19 requires fKlotho as a protein cofactor to activate FGFRs.
Therefore the target tissues of FGF19 are limited by the presence of fKlotho.’

Since FGF19 is still an FGF and will activated FGFRs and downstream signaling,
its potential effects on tumorigenesis has been explored. It is known that FGF19 gene
is located on human chromosome 11q13 and belongs to an evolutionary conserved
cluster of genes that include FGF3, FGF4, and Cyclin D1.%2 This cluster is frequently
amplified in breast cancer, head and neck squamous cell carcinoma, and bladder tumors.*
Translocation of this cluster has also been observed in parathyroid tumors and B-cell
lymphoma.*?> Furthermore, high expression levels of FGF19 were detected in several
human tumors, including colon adenocarcinoma, lung squamous cell carcinoma, and
hepatocellular carcinoma.**

The most compelling evidence supporting the role played by FGF19 in cancer
development came from a transgenic FGF19 mouse model. In this model, human FGF19
was driven by myosin promoters and overexpressed by skeletal muscle. Elevated serum
FGF19 protein levels were confirmed in those transgenic mice, and as early as 2 months
of age, the hepatic mRNA levels for a-fetoprotein, an important biomarker for liver
cancer, were upregulated.'” In contrast to what is observed in wild-type control mice,
H&E staining of the livers of 14-week-old FGF19 transgenic mice, clearly showed dense
clusters of hepatocytes formed around a central vein with their nuclei polarized away
from the endothelial basement membrane of the central vein.!” Between 7 to 9 months of
age, hepatocellular dysplasia became evident and dysplasia foci were also predominantly
oriented around central veins.'® Beginning at 10 months of age, FGF19 transgenic mice
started to develop hepatocellular carcinomas. Tumors occurred in different liver lobes and
were either solitary or multifocal. Histological staining showed the invasion of neoplastic
cells and replacement of normal hepatocytes.'® Expression analysis also demonstrated
upregulation of TGF-a and c-myc in the transgenic livers. '

Hepatocytes are mitotically quiescent in normal liver. However, in cases of
hepatocellular carcinoma, hepatocellular proliferation is a prerequisite for transformation.
Invivo BrdU labeling was performed to assess the proliferation in FGF 19 transgenic mice.
BrdU-labeling index of hepatocytes was eight-fold higher in the transgenic mice than in
age-matched wild-type mice at 2 to 4 months of age, demonstrating that hepatocelluar
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proliferation occurred before tumor development.'” Like the cellular clusters and
hepatocellular dysplasia observed from histology staining, BrdU-positive cells are also
enriched around central veins.'” Furthermore, 6 days after recombinant FGF19 protein
was injected into normal mice with BrdU infusion, mice developed a significantly higher
BrdU-labeling index, which is similar to the results seen intransgenic animals. '

Monoclonal anti-FGF19 antibody was generated and tested in tumor inhibition in
FGF19 transgenic mice treated with diethylnitrosamine (DEN), which can accelerate
tumor formation. Either anti-FGF19 antibody or control antibody was injected for
six months in these animals. At the end of that period, all the animals treated with the
control antibody developed multifocal, large hepatocellular carcinomas throughout the
liver lobes, while almost none of the mice treated with FGF 19 antibody had liver tumors.?*
The same anti-FGF19 antibody was also tested on mice receiving human colon cancer
xenografts. Mice with xenografts of colon cancer cell lines HCT116 and Colo201 were
injected with anti-FGF19 antibody twice weekly. Relative to the control groups, FGF19
antibody at day 35 suppressed tumor growths in HCT116 injected animals by 57% and
in Colo201 injected animals by 64%.%* It was therefore proposed that targeting FGF19
could be a valid strategy in certain cancer treatments.

FGF19 activates several signaling events in the liver that might contribute to the
tumorigenesis. Besides ERK1/2, the Wnt pathway, which is known to cross-talk to FGF
signaling, isalso activated in FGF 19 transgenic animals,* and 44% of neoplastic hepatocytes
in FGF19 transgenic mice have nuclear staining for f-catenin.'’ -catenin is downstream
ofthe Wnt-signaling pathway and can enter the nucleus and interact with TCF/LEF family
of transcription factors to regulate target gene expression. By using a TCF/LEF reporter
assay, FGF19 has been shown to significantly increase TCF/LEF reporter activity in the
colon cancercell line HCT116.% Treating HCT116 cells with anti-FGF 19 antibody reduced
[B-catenin target gene expression.*® Another important function of f-catenin is to maintain
cell-cell adhesion by linking cadherins to the actin cytoskeleton through a-catenin. Loss
of cell-cell adhesion is associated with tumor invasion and metastasis. The binding of
[-catenin to cadherins and a-catenin is regulated by phosphorylation of several critical
tyrosine residues. FGF19 increases tyrosine phosphorylation of p-catenin and induces
loss of E-cadherin binding to f-catenin in HCT116 cells, potentially contributing to
tumor growth and invasion.®

Therefore, both in vivo and in vitro experimental results support the critical
contribution from FGF19 to hepatocelluar carcinoma development in rodent models.
The potential FGF receptor that may contribute to the tumorigenic activity of FGF19 in
the liver will be discussed in the following sections.

STRUCTURAL BASIS FOR THE INTERACTIONS BETWEEN FGF19
SUBFAMILY MEMBERS AND THEIR RECEPTORS

Unlike other members of the FGF family, which function exclusively as paracrine
molecules, the FGF19 subfamily members function as endocrine hormones. >*'®* FGF19
is secreted from the ileum and functions as an enterohepatic signal for the regulation of
bile acid metabolism,*® FGF21 is expressed predominantly in the liver and signals in
adipose tissue,'' and FGF23 originates from bone and regulates phosphate homeostasis
in the kidney.’” The main difference between the paracrine-acting FGFs and the FGF19
subfamily is the weak affinity of the subfamily members toward heparan sulfate (HS)



FGF19 AND ITS MITOGENIC AND METABOLIC ACTIVITIES 199

proteoglycans of the pericellular space. This weak affinity allows FGF19 subfamily
members to escape from the extracellular compartment into circulation.>*! In addition, the
presence of intramolecular disulfide bonds could increase the plasma stability of the FGF19
subfamily members, thereby allowing them to function as hormones and to act on distant
tissues. While HS is required by paracrine-acting FGFs for high-affinity interactions and
activation of FGFRs, the reduced affinity of FGF 19 subfamily members to heparin and HS
correlates with their inability to directly interact with FGFRs and their inefficient activation
of FGFRs even at suprapharmacological doses.*® The FGF19 subfamily members instead
use single-transmembrane containing Klotho proteins to facilitate their interactions with
FGFRs to compensate for the reduced affinity toward HS.?” Two related Klotho proteins,
aKlotho and fpKlotho, both contain two homologous extracellular domains that share
sequence homology to the pB-glucosidase of bacteria and plants.**** FGF21 and FGF23
selectively use BKlotho and aKlotho as coreceptors,'*14? respectively, while FGF19 can
function through either coreceptor in vitro (although the physiological significance of
aKlotho in FGF19 function is unknown).*® This requirement for either aKlotho or Klotho
provides another level of selectivity to FGFR signaling and restricts the target tissues for
this endocrine FGF subfamily. FGF19 and FGF21 share extensive similarity in coreceptor
pKlotho requirement and in their metabolic activities, but differ in their mitogenic effects.
In the following sections we will review the structural basis for FGF19 function and will
discuss what accounts for the differences between FGF19 and FGF21.

Receptor Specificity for FGF19 and FGF21

Since FGF19 and FGF21 require coreceptor fKlotho to interact and to activate
FGFRs, the receptor specificity would first be determined by which FGFRs can interact
with fKlotho. By using cotransfection and pull-down studies, it was demonstrated
that fKlotho preferentially binds to FGFR1-3 c isoforms and to FGFR4, with the strongest
binding to FGFR4, then to FGFR1¢, FGFR2c¢, and the weakest binding to FGFR3¢ %!

To determine which FGFR isoforms can be activated by FGF19 and FGF21, various
combinations of fKlotho and individual FGFRs were cotransfected into either the rat
myoblast cell line L6 or the murine pro-B-cell line BaF3. Neither cell line normally
responds to FGF treatment because of low or no expression of endogenous FGFRs, thus
providing a relatively clean background for testing a specifically reconstituted receptor
or a combination of receptors. Consistent with the preferential binding of fKlotho to the
¢ isoforms of FGFR1-3 and FGFR4, in L6 cells, neither FGF19 nor FGF21 was able to
activate FGFR1-3b isoform receptors, even in the presence of fKlotho (X.W. and Y.L.
unpublished observations). Both FGF19 and FGF21 were able to activate FGFRIc,
2¢, and 3c in the presence of fKlotho; however, they differed in their ability to activate
FGFR4.>* While FGF19 activated FGFR4, no significant signal was observed with
FGF21 treatment on this receptor.>'* Similar observations were made in cotransfection
studies of BaF3 cells. While FGF21 activated FGFR1c and FGFR3c in the presence of
pKlotho, it had weaker activity on FGFR2c¢/pKlotho, and no activity was observed on
FGFRA4. In contrast, FGF19 activated all 4 receptors in the presence of pKlotho.'

In the absence of fKlotho, neither FGF19 nor FGF21 was able to activate signaling
mediated through FGFRs 1-3¢,>* with the exception that FGF19 can still activate
FGFR4 at high concentrations.* This differential coreceptor utilization was supported by
binding studies. While fKlotho may recruit FGF19 and FGF21 to all four FGFR/pKlotho
complexes,>!!4* heparin only promotes interaction between FGF19 and FGFR4.44
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Therefore, while the interaction between FGF19 and heparin is much reduced compared
with that seen in paracrine-acting FGFs, the weak binding is still able to promote
interaction of FGF19 and FGFR4, leading to FGFR4 activation.

The receptor specificities of FGF19 and FGF21 observed in vitro are summarized
in Figure 1. While both FGF19 and FGF21 can activate FGFR1c, 2¢ and 3c in a
BKlotho dependent fashion, they differ in their ability to activate FGFR4. FGF19 can
activate FGFR4 in a Klotho-dependent or heparin-dependent manner. In contrast, no
significant signaling was observed on FGFR4 by FGF21. Given that the heparin-induced
FGFR4 activation by FGF19 is relatively weak and only occurs at relatively high FGF19
concentrations, it is unknown whether these concentrations can be reached under
physiological conditions.* In addition, given the weak interaction between fKlotho and
FGFR2c or FGFR3c, the activity observed in vitro on these two receptors by FGF19 and
FGF21 also require further study to understand their physiological significance.

FGF19 and FGF21 Domains Responsible for Klotho Interaction

Amino acid sequence alignments of all FGFs demonstrate the presence of a much
longer C-terminal domain in FGF19 subfamily members than in canonical FGFs such
as FGF1 and FGF2. The longer C-terminal domain may confer distinct functions to the
FGF19 subfamily. On the basis of studies of a naturally occurring C-terminally truncated

FGF21 FGF19
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Figure 1. FGF19 and FGF21 receptor specificity and functions. Both FGF19 and FGF21 can activate
FGFRIc, 2¢, and 3c in the presence of pKlotho in vitro. In adipocytes, FGF19 and FGF21 increase
glucose uptake mainly through FGFRI1c activation. FGF19 can also activate FGFR4 either mediated
through BKlotho or through heparin/heparan sulfate. In liver, FGF19 regulates bile acid metabolism
through FGFR4 activation. “?” indicates unresolved research areas associated with the physiological
significance of the observed FGF/receptor interactions.
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FGF23 protein, it was suggested that the C-terminal tail of FGF23 may contribute to its
interaction with aKlotho.*! To test whether the C-terminal domains of this FGF subfamily
confer the specificity toward the Klotho family members, chimeric FGF19 proteins
with the C-terminal domains of FGF21 or FGF23 were constructed.*” Since FGF21 and
FGF23 are specific toward p3- or a-Klotho, respectively, and since FGF19 may use either
coreceptor in vitro,*” if the C-terminal tail determines Klotho specificity, the chimeric
FGF19 molecules would be expected to show an altered selectivity preference toward the
two Klotho proteins. Indeed, in contrast to wild-type FGF19, the FGF19-21C molecule,
which contains the FGF21 C-terminal 30 residues in place of the corresponding FGF19
sequences, resulted in specific activity toward pKlotho in both binding and receptor
signaling assays; therefore, it becomes a more FGF21-like molecule.*’ In contrast, an
FGF19-23C variant that contains the FGF23 C-terminal 8 1-residue substitution into FGF19
resulted in a change of specificity toward aKlotho only, a more FGF23-like feature.*’
In addition, the deletion of the FGF19 C-terminal 39 residues, only abolished the ability
to activate FGFR1c, 2¢, 3¢, which completely depends on coreceptor fKlotho, while the
ability to activate FGFR4 in a heparin-dependent manner was retained.* These results
suggest that the C-terminal domains of FGF19 and FGF21 are important for interaction
with coreceptor fKlotho.

To further understand the contribution of N- and C-termini to FGF21 function,
sequential truncation mutants from the two ends were generated. While the N-terminal
truncation had greater effects on the efficacy (or Emax) of signaling, the C-terminal
truncations sequentially reduced the potency of the mutants in a functional reporter assay.
The reduced potency of the mutants correlated with the reduced affinity toward pKlotho
binding.®*® Deletions of as few as 2 residues from the C-terminal end substantially
reduced the affinity toward fKlotho, and deletion of 14 residues completely abolished
both binding and signaling activity. These truncation analyses further established the role
of the C-terminal domain in fKlotho interaction. It is conceivable that the C-terminal
tails in FGF19 subfamily members were acquired during evolution to compensate for
their dramatically weakened affinity toward HS.

Heparin/Heparan Sulfate Interaction

The crystal structures of two subfamily members, FGF19 and FGF23, have been
solved.’* While both adopt the B-trefoil fold common to all FGF molecules, the
conformation of the heparin-/HS-binding site (HBS) diverge completely from that of the
paracrine-acting FGF molecules. The heparin-/HS-interaction site of paracrine-acting
FGFs consists of a contiguous surface formed by nonlinear sequence segments including
the B1-B2 loop land the B10-p12 region.*® Although the primary sequences of HBS differ
significantly among paracrine-acting FGFs, which may account for their differential
affinity/specificity toward different heparin/HS, the HBSs are generally rich in basic
amino acids to form positive electrostatic interactions with negatively charged Heparin/HS.

However, the HBS regions of FGF19 and FGF23 differ significantly both in primary
sequence and in folding (Fig. 3C and 3D). The p1-p2 loops of FGF19 and FGF23 are
much longer than those of the paracrine-acting FGFs and they form an extended structure
protruding from the B-trefoil-like core domain.*! In addition, the B10-f12 region has a
unique alpha helical structure instead of the 11 strand present in the classical FGFs. This
helix also protrudes from the B-trefoil core, thereby disrupting the continuous surface found
in classical FGFs and creating a cleft between these two heparin-binding segments. These
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distinctive features of FGF19 and FGF23 were believed to be responsible for the poor
affinity of these ligands toward heparin/HS.* In addition, these two extended segments also
cause steric hindrance and push heparin/HS into a position unfavorable for interaction with
FGFRs in areceptor complex.*! Therefore, it was unclear from these earlier studies whether
this surface may still be responsible for heparin/HS mediated FGF19 activation of FGFR4.

The structure of FGF21 has not yet been reported. Sequence alignment shows that
the HBS of FGF21 is similar to that of FGF19 with a longer $1-32 loop and a $10-p12
region; either of these characteristics may sterically hinder heparin/HS interaction.*
Another feature of FGF21 that may further affect its interaction with heparin/HS is the
surface charges. In contrast to FGF19, the surface charges along the HBS in the FGF21
model based on the FGF19 structure revealed incompatible interaction with heparin/
HS.' Combination of both of these features may explain the fact that FGF21 has a even
weaker affinity toward heparin than FGF19 has.?!

FGF19 and FGF21 chimeric molecules were constructed to determine whether the
1-p2 loop and the B10-$12 region are still responsible for the heparin-/HS-induced
FGF19/FGFR4 interaction and activation. The chimeras were designed to exploit the
differences between FGF19 and FGF21 in heparin-induced activities. Since FGF21 has
no interaction with heparin in direct binding assays® and cannot activate FGFRs in a
heparin-/HS-dependent fashion, the 31-2 loop and the $10-$12 region of FGF21 were
substituted either alone or in combination into FGF 19, replacing the corresponding FGF19
sequences (FGF19-1, FGF19-2, and FGF19-3; Fig. 2). These three chimeric FGF19
molecules carrying FGF21 sequences were still able to interact with both FGFR1c¢ and
FGFR4 in the presence of fKlotho. In addition, their ability to activate FGFR1c and
FGFR4 receptor signaling in the presence of Klotho was also preserved in receptor
cotransfection studies in L6 cells."”® These results suggest that the chimeric molecules
are active and that the substitution of the $1-p2 loop and the $10-12 region of FGF21
either individually or together did not significantly affect FGF19 folding.

In contrast to wild-type FGF19, however, these substitutions completely abolished
heparin-induced direct interaction between FGF19 and FGFR4 in an ELISA binding
assay. Furthermore, they also abolished HS-induced FGFR4 activation in an L6 signaling
assay, suggesting that these two regions are essential to heparin-induced FGF19/
FGFR4 interaction and activation.'’ In addition, FGF19 mutations K149A/R157A in the
B10-B12 region were previously shown to significantly reduce the already weak affinity
of FGF19 toward heparin.>! The presence of these mutations also significantly reduced
heparin-induced FGF19/FGFR4 interaction and HS-induced FGFR4 signaling by FGF19
(Wu and Li, unpublished observations). Together, these results strongly suggest that, as
seen with the paracrine-acting FGFs, the $1-f2 loop and the 310-$12 region of FGF19
also participate directly in heparin/HS interaction and are responsible for heparin-/
HS-induced interaction with and activation of FGFR4 by FGF19.

FGF19 Regions Responsible for FGFR Interaction

Several paracrine FGF/FGFR cocrystal structures have been solved, providing
great insight into the interactions between classical FGFs and their receptors. Important
interactions at the interfaces between FGF and the D2 domain, D2-D3 linker, and the
D3 domain of FGFR have been identified. Additionally, it has been recognized that the
BC’-BE loop in the D3 domain plays a critical role in receptor specificity determination.*
However, in the absence of a cocrystal structure between FGF19 subfamily members and
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Figure 2. FGF19/21 chimeric proteins. Schematic diagram summarizing FGF19/FGF21 chimeric proteins
and FGF19 variants that have been reported.'*!>#7# Their in vitro activities in L6 cells against FGFRIc,
cotransfected with fKlotho, and FGFR4, with (indicated by BKL) or without (indicated by HS) pKlotho

cotransfection, and their in vivo activities in inducing BrdU labeling in liver are also listed. “+” and
“~” indicate qualitative assessment of whether activities were observed.
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FGFRes, it is not known whether the structural determinants that govern the interactions
between FGF19 and its receptors are similar to classical FGF/FGFR complexes, nor is
it known how pKlotho might alter these specific interactions.

To gain insight into the specific interactions between FGF19 and its receptors, the
differences between FGF19 and FGF21 were exploited to identify the region(s) of FGF19
responsible for FGFR signaling. FGF19 and FGF21 share significant sequence homology
but differ in the ability to activate FGFR4 signaling (Fig. 1). The ability of the FGF19
variant FGF19dCTD, which lacks the C-terminal region to activate FGFR4, suggests
that sequences important for FGFR4 interaction reside outside the C-terminal domain
on the protein.* Thus, a series of FGF19/FGF21 chimeric molecules were generated that
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sequentially replaced the N-terminal region of FGF21 with the corresponding region of
FGF19'* (FGF19/21-1 to FGF19/21-5 as illustrated in Fig. 2) to identify the regions on
FGF19 responsible for FGFR4 activation.

Receptor specificity was determined in vitro by signaling in L6 cells and by adipocyte
glucose uptake assays. All the chimeras were able to activate FGFR 1 ¢ and fKlotho receptor
complexes in L6 cells to increase ERK phosphorylation and were able to induce glucose
uptake in 3T3L1 adipocytes, where FGFR1c¢ is the predominantly expressed receptor.
These results indicate that the chimeras are properly folded and that their activities on
FGFR1c/pKlotho were not compromised. However, the activities of these chimeras differ
dramatically in their ability to activate FGFR4. In L6 cells transfected with FGFR4 and
BKlotho, ERK-phosphorylation was only observed with FGF19/21 chimeras, FGF19/21-1,
FGF19/21-2, and FGF19/21-3, which all contain FGF19 amino acid sequences 23-42
but not with chimeras, FGF19/21-4 and FGF19/21-5, that lack FGF19 sequences beyond
residue 38 (Fig. 2). These analyses identified*® WGDPI,*? a segment on FGF19 between
residues 38 and 42 that could play a critical role in FGFR4 activation.'

The ability of these 5 residues from FGF19 to confer FGFR4 activation was directly
demonstrated by the chimera FGF21/19,*** which substituted residues 38-42 from
FGF19 replacing the corresponding sequences in FGF21 (Fig. 2)."* As seen with FGF19
and FGF21, FGF21/19%** induced ERK-phosphorylation in L6 cells transfected with
FGFRI1c and pKlotho and was active in adipocyte glucose uptake assays. However, in
contrast to FGF21, FGF21/19%* induced ERK-phosphorylation in L6 cells transfected
with FGFR4 and pKlotho similar to FGF19 (Fig. 2).!* These results suggest that these 5
amino acid residues on the N-terminal end of FGF19 are sufficient for FGFR4 activation.
The reverse substitution was also constructed as chimera FGF19/21,** where these
S residues in FGF19 were replaced by the corresponding sequences from FGF21 to
determine whether mutations in these 5 amino acids are sufficient to abolish the FGFR4
activity of FGF19 (Fig. 2). As seen with FGF19 and FGF21, FGF19/21** induced
ERK-phosphorylation in L6 cells transfected with FGFR1c and fKlotho and was active
in adipocyte glucose uptake assays.'> However, this substitution only partially affected
FGFR4 activity,and FGF19/214#still retained the ability to induce ERK-phosphorylation
in L6 cells transfected with FGFR4 and pfKlotho."® These results suggest that removing
the N-terminal region alone is not sufficient to abolish the FGFR4 activity of FGF19.

Therefore, it appears that the N-terminal 38-42 residue region and heparin-binding
domains can make independent contributions to FGFR4 activation. Indeed, FGF19
variants with substitutions with the corresponding sequences from FGF21 in both the
N-terminal residues 38-42 and one or both of the heparin-interaction regions completely
lost the ability to activate FGFR4 signaling in L6 cells in either the absence or presence of
BKlotho (FGF19-4, FGF19-5, and FGF19-6, Fig. 2). The combined changes in these two
distinct regions had minimal impact on the ability of the mutant proteins to activate the
FGFR1c/pKlotho receptor complex, suggesting that the FGF19 sequences in these two
region determine its selective activation of FGFR4."

Proposed Model for FGF19/FGFR4 Interaction

By using the apo-FGF19 structure (PDB code: 2P23)%! overlaid with the FGF2
complex structure with FGFR1 (PDB code: 1FQ9)"**° a model for FGF19/FGFR
interaction was built. The two regions identified by FGF19/FGF21 chimeric studies
as being important for FGFR4 activation are mapped onto two opposite ends on the
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FGF19 structure (Fig. 3D)."> The FGF19/FGFR model suggests that the N-terminal 5
residues ((*WPDPI*?*) of FGF19 may directly contact the BC’-BE loop of the receptor
D3 domain (Fig. 3B). It has been postulated from the structural data that the specificity
in paracrine FGF and FGFR interactions is achieved by the interplay between the
flexible N-terminus of the FGFs and the flexible BC’-BE loop of the receptors.* It is
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Figure 3. Structure of FGF19 domains. A) Schematic diagram showing FGFR4, heparan sulfate, and
BKlotho interaction domains on FGF19 determined by functional studies from FGF19/21 chimeric
proteins. B) Structural model of FGF19/FGFR D3 domain interface. FGF19 (PDB code: 2P23) is in
cyan with the N-terminal residues *“DPI*> shown in magenta. C) Structural model of FGF19/FGFR D2
domain/heparin interface. 31-f2 loop of FGF19 is colored in orange, $10-$12 loop is colored in blue,
and heparin is in gray. D) Ribbon representation of FGF19 structure superimposition on the complex
structure of FGF2/FGFR1. FGF19 (PDB code: 2P23) is colored in cyan with the N-terminal residues
“DPI** shown in magenta. In the ternary complex structure (PDB code: 1FQ9), FGF2 is colored in
gray and FGFR1 in green. Heparin is shown in gray sticks.'
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interesting to note that the unbiased FGF19/21 chimeric approach has identified this
same region as being important for FGF19 specificity determination, suggesting that
the endocrine FGFs may complex with the receptor in a manner similar to that seen
with paracrine FGFs.

An unexpected finding came from FGF19/21,*** which has mutations in the
N-terminal 5 residues (38-42). In contrast to the expectation that this region may be
important for fKlotho-dependent FGFR4 activation, this mutation did not abolish
BKlotho-induced FGFR4 interaction/activation; rather, it did abolish heparin-induced
FGFR4 interaction/activation (Fig. 2)."> Given that the 38-42 region appears to be
away from the putative HBS formed by the $1-p2 loop and the $10-$12 segments
in this model (Fig. 3D), the effect of these 5 residues on heparin-induced FGFR4
interaction suggests an indirect role, perhaps through a shift in the position of FGF19
that affected HBS interaction with heparin. However, given the distinct features of
the FGF19 HBS regions, such as the potential steric clash of heparin/HS along the
surface formed by the f1-p2 loop and the f10-f12 segment, and the cleft formed
between these two regions, whether heparin/HS interacts with FGF19 in a fashion
that allows the formation of direct contact to the 38-42 region cannot be ruled out
completely. However, the fact that FGF21/19%4? is not able to activate FGFR4
in a heparin-/HS-dependent manner at least suggests that the N-terminal 5 amino
acid residues alone are not sufficient to induce a productive complex with FGFR4
mediated by heparin/HS.

Alignment of sequences in the BC’-BE loop of the four FGFRs that can be
activated by FGF19 revealed that FGFR4 appears to have the shortest BC’-BE loop
(Fig. 4A). The sequence alignment of the proposed N-terminal region interacting
with the BC’-BE loop on FGF19 and FGF21 suggests that FGF19 may have a larger
structure than FGF21 (Fig. 4B). Therefore, we propose that the ability of FGF19, but
not FGF21, to efficiently activate FGFR4 may in part be determined by the interaction
between the N-terminal regions of FGF19 and the $C’-BE loop of FGFR4. The smaller
BC’-BE loop of FGFR4 may be better able to complement/accommodate the larger
N-terminal region of FGF19 and may also allow FGF19 to bind more tightly to the
D3 domain of FGFR4. Tighter binding in the D3 domain could allow more space in
the interface with the D2 domain, thereby facilitating heparin/HS interaction. This
could explain why only FGF19/FGFR4 interactions could be mediated by heparin/
HS (Fig. 4C). In the case of FGF21, the smaller N-terminal region may not allow
interaction with the smaller BC’-BE loop of FGFR4, therefore, it may activate FGFR4
significantly less than FGF19 would. In contrast, FGF21 will couple more efficiently
to the larger BC’-BE loop of FGFR1c and will activate FGFR1¢ better than FGF19
would (Fig. 4C).>1

The HBS of FGF19 also displayed unexpected activities. The additional
mutations in the HBS of FGF19-4, -5, -6 compared with FGF19/214* abolished the
BKlotho-dependent activation of FGFR4 still observed in FGF19/214** suggesting
that HBS may also contribute to fKlotho-induced FGFR4 activation. The modeled
structure suggests that the extended HBS may directly interact with the receptor
(Fig. 3C). Therefore, it appears that, as seen with paracrine-acting FGFs, the
N-terminal region of FGF19 (and by extension the N-terminal regions of the other
subfamily members as well) may directly interact with the D3 region of FGFR to
achieve receptor specificity and activation. But distinct contacts between its HBS
and the receptor D2 region may also contribute to specific receptor interactions.'
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Figure 4. Proposed interaction model between pC’-BE loops from FGF receptors and FGF19 and FGF21.
A) Alignment of sequences in the fC’-BE loops of FGFRIc, 2¢, 3¢, and 4. B) Sequence alignment of the
proposed BC’-BE loop interacting regions of FGF19 and FGF21. C) Schematic diagrams of interactions
between D3 domain of FGFR1c or FGFR4 and FGF19 or FGF21, respectively. The shorter fC’-BE loop
of FGFR4 is represented as a concave surface, and the longer BC’-BE loop of FGFRI is represented
as a protrusion. The complementary FGF19 and FGF21 N-terminal regions are represented similarly.

ROLE OF FGFR4 IN GLUCOSE METABOLISM AND MITOGENESIS

Since its initial cloning,’' several functions have been described for FGF19 and its
mouse orthologue, FGF15."* The best understood function maybe its involvement in the
regulation of bile acid metabolism, for which it acts as a target gene of FXR in the small
intestine to serve as the enterohepatic signal for the regulation of CYP7A41 expression
in the liver through FGFR4 signaling.”**>2 Another physiological function of intestinal
FGF19/FGF15 may be the regulation of gallbladder filling.”>** Under supraphysiological
conditions, additional functions of FGF19 have also been observed, such as its effects on
glucose and energy homeostasis. When challenged with a high-fat diet, transgenic mice
overexpressing FGF19 have lower serum glucose levels, improved glucose tolerance,
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and improved insulin sensitivity compared with their wild-type littermates.'” Similar
observations were made upon treatment of 0b/0b mice with recombinant human FGF19.
The treated mice exhibited lower serum glucose levels and improved insulin sensitivity,>*
suggesting that in addition to the ability to regulate bile acid metabolism, FGF 19 also exerts
effects on glucose and energy metabolism. Inaddition to these potentially beneficial effects
of FGF19, the development of hepatocellular carcinoma (HCC) observed in transgenic
FGF19 animals, indicates a mitogenic potential for FGF19.!° In the next section, we will
discuss studies that used FGF19 variants to elucidate the involvement of FGFR4 in the
metabolic and mitogenic activities of FGF19.

FGFR4 Contribution to Metabolism

As discussed in previous sections, FGF19 is able to activate FGFRsl¢, 2¢, 3¢, and 4,
however, which one or combinations of these four receptors contribute to metabolic
regulation has not yet been elucidated. Taking advantage of its structural features, an
FGF19 variant that can only activate FGFR4 was constructed to determine the contribution
ofthis receptor to the metabolic activity of FGF19.4%° The FGF 19 feature that was exploited
was that while the activation of receptors FGFR1c, 2¢, and 3¢ completely depend on the
presence of fKlotho, the ability of FGF19 to activate FGFR4 can be mediated through
either heparin/HS or fKlotho.* Given that the fKlotho interaction domain resides in the
C-terminal region of the FGF19 protein, an FGF19 variant, FGF19dCTD (Fig. 2),* with
its C-terminal domain deleted is not expected to activate receptors that would depend on
BKlotho for activity but can still activate FGFR4 by heparin/HS. This was demonstrated
experimentally, first in a binding assay where the pKlotho-mediated interaction between
FGF19dCTD and FGFR1c or FGFR4 was abolished while the heparin-induced binding
to FGFR4 was unaffected. This correlated with receptor activities in L6 cells, in which
FGF19dCTD was not able to activate ERK phosphorylation in cells cotransfected with
BKlotho and FGFRIc, 2¢, or 3c. In contrast, FGF19dCTD was able to activate cells
transfected with FGFR4, presumably mediated by HS. Therefore, FGF19dCTD is an
FGFR4-specific activator.

FGFR4 specificity was further demonstrated in animals injected with
FGF19dCTD. ERK phosphorylation was observed in liver (where FGFR4 is
predominantly expressed) but not in adipose tissue (where FGFR1c and 2c are the
predominant receptors). Consistent with the signaling specificity, FGF19dCTD
suppressed the expression of the target gene, CYP7A1, in the liver, presumably
mediated through FGFR4 activation in a fKlotho-independent manner, suggesting
that this FGFR4-specific activator may still be able to regulate bile acid metabolism
in a manner similar to that done by wild-type FGF19. In contrast to wild-type
FGF19, injection of FGF19dCTD into 0b/ob diabetic mice did not lower plasma
glucose levels in either an acute treatment or in a chronic 2-week study.* These
results suggest that either FGFR4 is not important for glucose regulation or that
activation of FGFR4 alone by FGF19 is not sufficient to recapitulate the ability to
regulate glucose metabolism by wild-type FGF19. These findings may also suggest
that activation of target tissues other than liver, including adipose, may provide significant
contributions in the regulation of glucose homeostasis.

The inability of FGF19dCTD to regulate glucose metabolism is somewhat surprising,
given that FGFR4 knock-out mice display glucose intolerance and insulin-resistant
phenotypes® and that FGF19 has been shown to induce phosphorylation of FoxOl1, a key
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regulator of glucose metabolism, in primary mouse hepatocytes through FGFR4.5” Whether
this potential difference is caused by differences in the systems studied or represents different
signaling pathways induced by FGF19 will need to be further defined in future studies.

FGFR4, Hepatocyte Mitogenesis, and Cancer

As a class, FGFs are known to induce mitogenesis and cell proliferation. Endocrine
FGFs appear to have much reduced induction of cell proliferation in vitro, and tumor
formations have not been reported for either FGF21 or FGF23 in vivo. However, the
exception in this distinctive subfamily is FGF19, in which transgenic mice expressing
FGF19 under the control of a muscle-specific promoter developed hepatocellular
carcinomas by 10 months of age.!® Despite the striking similarity in the ability of FGF19
and FGF21 toregulate metabolic homeostasis, >3558 FGF21 transgenic mice (in contrast
to FGF19 transgenic mice) neither developed liver tumors nor showed evidence of any
other tissue hyperplasia up to 12 months of age.!* In fact, forced overexpression of FGF21
may even delay hepatocarcinogenesis.®

The appearance of hepatocellular carcinomas in FGF 19 transgenic mice was associated
with increased mitotic activity in hepatocytes (as measured by incorporation of BrdU),
which was detected in mice as young as 2 to 4 months of age. Additionally, wild-type
FVB mice showed increased mitotic activity in hepatocytes in centrilobular regions of
the liver after only 6 or 7 daily injections of FGF19.!° However, such increased mitotic
activity was not observed in the hepatocytes of animals injected with recombinant FGF21
under similar conditions, suggesting that FGF19 and FGF21 are distinct in this regard.'
One possible explanation for the observed differential effects of FGF19 and FGF21 on
hepatocyte proliferation may be the result of selective activation of a liver-expressed
receptor by FGF19 but not by FGF21. As described in the previous section, the main
difference in receptor specificity between these two endocrine FGFs is in their effects
on FGFR4, where FGF19 is able to activate FGFR4, but not FGF21.

Given that FGFR4 is the predominant receptor expressed in the liver, it was
reasonable to speculate that activation of this receptor may contribute to the hepatocyte
proliferation observed with FGF19 treatment. The first evidence supporting this
notion came from the analysis of FGFR4 expression patterns in the liver. In situ
hybridization analysis revealed that the strongest signal for FGFR4 mRNA was
present in hepatocytes adjacent to the central vein area and in a more dispersed
staining away from central veins.!® This coincided with the BrdU-labeled hepatocytes
in which a pericentral distribution was also observed after FGF19 treatment.!*!'* More
direct evidence supporting an FGFR4 role came from studies with FGF19 variants
discussed in previous sections on structural activity studies of FGF19 (Fig. 2). The
first direct evidence supporting this hypothesis was derived from experiments with
FGF19dCTD, a C-terminally truncated variant of the FGF19 protein. The inability
of FGF19dCTD to bind pKlotho explains its lack of activity toward FGFRs lc, 2c,
and 3c, and its specificity toward FGFR4 only. When tested in vivo for its effect on
hepatocyte proliferation, FGF19dCTD increased BrdU incorporation in pericentral
hepatocytes similar to FGF19, suggesting that activation of FGFR4 alone is sufficient to
promote hepatocyte proliferation.'*

Further evidence supporting this hypothesis came from analysis of FGF19/FGF21
chimeric proteins, which have helped the elucidation of structural determinants on FGF19
that are responsible for FGFR4 activation (Fig. 2). These analyses showed an absolute
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correlation between the ability to activate FGFR4, measured by ERK phosphorylation
in vitro, and increased pericentral hepatocyte proliferation measured by BrdU labeling
in liver in vivo (Fig. 2)."*!® The correlation provides further evidence supporting the
link between liver FGFR4 activation and hepatocyte proliferation. In addition, these
studies identified a 5-amino acid region (residues 38-42) on FGF19 that is important
and potentially sufficient for FGFR4 activation. When substituted into FGF21 in the
form of FGF21/19%2 (Fig. 2), these 5 amino acids alone from FGF19 were sufficient to
confer a gain-of-function phenotype on FGF21 with respect to both FGFR4 activation
and increased hepatocyte proliferation (Fig. 2).115

Putting all this together, (1) the lack of increased hepatocyte proliferation by
FGF21 treatment in direct comparison with FGF19; (2) the ability of FGF19dCTD, an
FGFR4 specific activator, to increase pericentral hepatocyte BrdU incorporation; (3) the
correlation among FGF19/FGF21 chimeric molecules in their ability to induce FGFR4
activation and to increase pericentral hepatocyte BrdU staining; and finally (4) the ability
of just 5 residues from FGF19 to confer FGFR4 activation and increased BrdU labeling
in pericentral hepatocytes, these observations provide compelling evidence that FGFR4
activation by FGF19 in hepatocytes may lead to increased proliferation.

There are many reports in the literature that implicate FGFR4 in tumorigenesis.
Polymorphism in FGFR4 is associated with increased risks of several cancers.?*2%¢! For
example, acommon polymorphism of FGFR4 R388 is associated with many cancer types,
including prostate cancer and head and neck squamous cell carcinoma.?** Biochemical
studies suggested that the R388 mutation results in increased receptor stability and
sustained receptor activation.?® FGFR4 is also frequently overexpressed in patients with
hepatocellular carcinoma.®® The anti-apoptotic effects of FGFR4 have been associated
with resistance to chemotherapy, and siRNA against FGFR4 in liver cancer lines HuH7
is able to suppress a-fetoprotein production.®*®* However, contradicting effects have
also been reported. Genetic deletion of FGFR4 in mice has been reported to accelerate
progression of DEN-induced hepatocellular carcinoma,* and overexpression of FGFR4
together with fKlotho has been reported to induce apoptosis and inhibit tumor cell
proliferation in vitro,* suggesting a potential protective role of FGFR4 in suppressing
hepatoma proliferation. Therefore, the contribution of FGFR4 in FGF19-induced tumor
formation may require further clarification, and the use of FGFR4 knockout mice will
provide a more definitive answer.

CONCLUSION

FGF19 and FGF21 are distinctive members of the fibroblast growth factor family
that function as novel endocrine hormones. Their potent effects on normalizing
glucose, lipid, and energy homeostasis in disease models have made them exciting new
opportunities for combating the growing epidemics of diabetes and obesity. However,
the observation of hepatocellular carcinoma formation in FGF19 transgenic mice has
limited the consideration of this molecule to treat chronic metabolic diseases. Here, we
have summarized some of the recent studies that provide a better understanding of the
structure-function relationship of FGF19/FGF21 and the identification of the structural
basis underpinning the distinct proliferative feature of FGF19 that is lacking in FGF21.
The mapping of different domains responsible for interaction/activation with receptors
and coreceptors, and the ability to interchange them between endocrine FGFs to alter



FGF19 AND ITS MITOGENIC AND METABOLIC ACTIVITIES 211

specific biological activities supports the concept of a modular evolution of these family
members. The ability to separate and remove the undesired mitogenic effects from FGF19
also opens up a new avenue and provides a road map to engineer FGF19 as a potential
therapeutic candidate for treating diabetes and obesity.

Future studies could be directed at gaining additional insight into FGF19/21/FGFR
interactions as well as fKlotho/FGFR and FGF19/21/pKlotho interactions to give a more
complete appreciation of the similarities and differences between endocrine and paracrine
FGFs. The mitogenic activity of FGF19 should be further studied to determine whether it
is caused by normal FGF19 biology. FGF15, the mouse orthologue of human FGF19, has
not yet been tested for induction of hepatocyte proliferation at supraphysiological levels.
Activation of FGFR4 by FGF19 in humans should also be studied to determine whether
it also leads to mitogenesis. The answers to the above could increase understanding of
the relevance of the observations in rodent to human biology.
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Abstract: The prevalence of obesity and diabetes has been dramatically increasing during
the last decade suggesting a greater patient need for more efficacious and safer
drugs. Large molecule therapy has played an important role in diabetes since the
discovery of insulin. This legacy was continued upon the introduction of Humulin
(first recombinant insulin), Humalog (first engineered insulin) and Byetta (first
incretin mimetic). Several other protein therapeutics, such as leptin, adiponectin,
bone morphogenic protein-9 and others, are currently in or considered for therapeutic
development. Among them, FGF21 is one of the most promising candidates given
its outstanding pharmacologic benefits for nearly each and every abnormality of a
metabolic disease and lack of apparent side effects in a variety of animal models.
Thus, FGF21 represents a novel and appealing therapeutic reagent for Type 2
diabetes mellitus, obesity, dyslipidemia, cardiovascular and fatty liver diseases.
The in vitro biology, genetic animal models and in vivo pharmacology of FGF21
will be discussed in this chapter.

INTRODUCTION

Since the discovery of the first fibroblast growth factor,! FGFs have been studied
for almost 40 years. FGFs are present from nematodes to humans? and during embryonic
development they play important functions in proliferation, migration and differentiation.
In the adult organism, FGFs are critical for nervous system, wound healing, tissue repair
and tumor angiogenesis.?

The currently identified 22 human FGFs mediate their cellular responses via activation
of 4 known FGFRs (FGFR1-4).? Structurally, they have a single transmembrane domain,
two or three IgG like domains (D1-D3), a heparin binding domain and a tyrosine kinase
domain.? The 7-8 acidic residues between D1 and D2 (acid box) and a conserved positively
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charged region within D2 are binding sites for Heparin.* The alternative splicing in D3
of FGFR1-3 results in b and c isoforms of FGFR with distinct ligand binding specificity
and tissue expression profile with b-isoforms exclusively expressed in epithelial cells
whereas ¢ variants primarily present in mesenchymal cells.’ In the classical FGF signaling,
the binding of FGF to the extracellular domain of FGFR in complex with heparan
sulfate proteoglycan (HSPQ) that facilitates FGF/FGFR interaction leads to the receptor
dimerization and tyrosine phosphorylation of its intracellular part.

The crystal structures of the ligand binding domain of FGFR1 and 2 in complex
with FGF1 or 2 and of a ternary FGF/heparin/FGFR have been determined.*®’ FGFRs
have a longer juxtamembrane domain than other receptor tyrosine kinases do. The
highly conserved region in the juxtamembrane domain provides a binding site for the
phosphotyrosine binding (PTB) domains of FRS2a and f that play important and specific
to FGFR signaling roles. Tyrosine phosphorylation of FRS20 and f stimulated by FGF
recruits up to four Grb2/Sos complexes and leads to Ras/MAPK activation.® FRS2a can
also bind Shp2 that in tyrosine phosphorylation form recruits additional Grb2 molecules.
Biologically, FRS2a is essential for embryonic development.® Atthe cellularlevel, FRS2a
is critical for FGF-stimulated MAPK and PI3K activation, cell migration and proliferation.
FRS2a also recruits negative regulators such as Cbl which results in ubiquitination of
both FGFR and FRS2a.!? In addition, FGF-stimulated MAPK phosphorylates at least 8
threonine residues of FRS2a which attenuates its tyrosine phosphorylation. Mutagenesis
ofthe threonine residues or treatment with a MEK inhibitor results in constitutive tyrosine
phosphorylation in untreated cells.!! The autophosphorylation on Tyr766 of FGFR1
recruits the SH2 domain of phospholipase Cy (PLCy) and therefore important for the
downstream PI hydrolysis and Ca? release.'?

The FGFR1 or l¢ knockout mice show embryonic lethality due to defects in cell
migration through the primitive streak, but no obvious phenotype was observed in
FGFR1b knockout mice.”*"> The FGFR2 knockout mice showed embryonic lethality
due to placenta defects.'® The FGFR2b knockout die immediately after birth due to
developmental defects in the lung, limbs and other tissues.!” Although the FGFR2c are
viable, these mice have skull and bone developmental defects.'® In contrast, FGFR3
knockout mice showed overgrowth in bone.'** The FGFR4 knockout mice have no
obvious developmental phenotype.?!

FGFRI1, 2 and 3 are important for human skeletal development. One gain of function
mutation in FGFR3 is the cause of the most common form of human dwarfism which
is consistent with the bone overgrowth phenotype in the knockout mice.'*? Somatic
FGFR1 mutations can cause Kallmann syndrome (KAL2). This developmental disease is
characterized by hypogonadism and development failure of olfactory bulb.?? This is consistent
with the FGFR1 knockout which has the same feature of KAL2 syndrome.?? Translocation
and fusion of FGFR1 with at least 5 genes have been found to cause myeloproliferative
syndrome (MPS).?® The resulting fusion kinases lack the juxtamembrane domain required
for FRS2 binding. Tyr766, the binding site for PLC-y, is required for the transforming
activity.** Ber-FGFRI1 fusion kinase also recruits Ber and results in myeloproliferative
disorder related to chronic myeloid leukemia (CML).? Similarly, translocation and fusion
of FGFR3 are associated with peripheral T-cell lymphoma and multiple myeloma.

The mammalian FGF family can be divided into several subfamilies: intracellular
FGFs (iFGFs) including FGF11-14; the hormone-like FGFs (hFGFs) including FGF19
(FGF15)/21/23; and the canonical FGFs which function in a paracrine manner.* It has been
proposed that FGF13-like gene is the ancestor of the iFGF subfamily and the evolutionary
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ancestor of the whole FGF family.?® The ancestral FGFs for the subfamilies gained the
functional diversity before vertebrates evolved. The subfamilies expanded during the
evolution of early vertebrates. FGFs 1-23 were found in humans and mice but FGF15 is a
mouse ortholog of human FGF19. Therefore the human FGF family has only 22 members.

The canonical FGFs have high affinity binding sites for heparin and heparan
sulfate proteoglycan (HSPG).?* The 2:2:2 FGF-FGFR-heparan sulfate dimers form
when heparan sulfate is present.?” The interaction with heparin and HSPG limits the
diffusion of FGFs.?*? In contrast, the hFGFs only have low-affinity binding sites for
heparin/HSPG and act in an endocrine manner.***> hFGFs require coreceptors, Klotho
or B-Klotho to activate FGFRs.333* Most canonical FGFs serve essential functions in
proliferation or differentiation during development. The hFGFs have distinct hormonal
roles that regulate energy metabolism, phosphate and vitamin D metabolism and bile
acid metabolism. However, some other FGFs also involve in metabolic process. FGF10
is involved in the differentiation of pancreas and white adipose tissue, whereas FGF16
is a specific factor for brown adipose tissue.***” Some FGFRs were reported to be related
to metabolism. Injection of a monoclonal FGFR1c¢ antibody in rodents and monkeys
caused strong hypophagia and weight loss.*® Rapid weight loss was caused by decreased
food intake and not by elevated energy expenditure or cachexia. The expression of a
dominant negative FGFR1 in B cells led to diabetes in mice.** FGFR2 is important for
the development of pancreas.***> FGFR4 is involved in glucose and lipid metabolism,
insulin sensitivity and bile acid synthesis.*** The liver FGFR4 mRNA is subjected to
regulations by fasting or insulin.®

Themolecular weight of FGFs range from 17-34 kDa.? The FGFs share acore homology
domain of nearly 120 amino acids that is flanked by highly variable sequences. The core
region of FGF19 is most identical to FGF21 (38%) and FGF23 (36%). The hormone-like
FGFs (FGF19,21 and 23) act in an endocrine fashion to regulate bile acid, energy, glucose,
lipid, phosphate and vitamin D homeostasis.* The heparin-binding region between the
10th and 12th  strand are dramatically different from other FGFs.* FGF19 has only 11
B-strands (missing the region between 310 and 12). In addition, a cleft between this region
and the p1-p2 loop precludes the direct binding between the backbone of FGF19/23 and
heparin/heparan sulfate.*® There are two novel disulfide bonds found in FGF19.4” One of
them is conserved and stabilizes extended loops. These features suggest greater half life
and a longer range of activity from the secreting cell. To function in their target tissues the
hormone-like FGF19, 21 and 23 require Klotho/gKlotho that play a parallel to heparin/
heparan sulfate role for classical FGFs. The extracellular domains of both Klotho proteins
have two internal repeats which share 20-40% identity to the B-glucosidase and lactase
glycosylceramidase.*® aKlotho is primarily expressed in the distal convoluted tubules in
the kidney* and pKlotho is expressed in liver, pancreas and adipose tissue.>**

FGF15/19 is expressed by intestinal epithelium and is involved in hepatic bile acid
feedback regulation.’>>%5? Klotho deficient mice have elevated bile acid synthesis, similar
to the phenotypes of FGF15 or FGFR4 knockout mice.**"** The similar phenotypes
suggest that fKlotho functionally interacts with the FGF19-FGFR4 signaling to regulate
bile acid synthesis.

FGF21 regulates glucose and lipid metabolism.** FGF21 was first cloned by Itoh group
from mouse embryos by homology based PCR.** FGF21 mRNA was first found to be most
highly expressed in the liver and also in the thymus at lower levels.** The human FGF21
(209 aa) has 75% identity to mouse FGF21 (210 aa). FGF21 activity depends on fKlotho, a
single transmembrane protein induced during adipocyte differentiation.* Klotho interacts
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with several FGFRs to increase their ability to bind FGF21. Knockdown of pKlotho in
adipocytes abolished FRS2a.and ERK 1/2 activation by FGF21 and FGF21 effect on glucose
uptake.® FGF21 can activate FGFRs and downstream molecules including FRS20 and
44/42 MAPK (ERK1/2) inadipocytes.****3T3-L1 preadipocytes overexpressing FGFRs do
not respond to FGF21 suggesting a cofactor for FGF21 in adipocytes. Among all FGFRs
idenitified, none of them showed differential expression between 3T3-L1 fibroblasts and
adipocytes.>® Using immunoprecipitation and liquid chromatography/mass spectrometry/
mass spectrometry (LC/MS/MS), fKlotho was isolated and identified as coreceptor for
FGF21.5¢ Immunoprecipitation of FGFR1 or -2 from 3T3-L1 cells stably expressing
BKlotho showed that pKlotho constitutively bound to FGFR, independent of FGF21.% In
other words, BKlotho and FGFR exist as a preformed complex before FGF21 activates it.
Forced expression of BKlotho rendered 293 cells the responsiveness to FGF21.* In BaF3
cells, which do not express endogenous FGFRs or heparan sulfate proteoglycan, fKlotho
is required for FGF21 to activate FGFR1c¢ and 3¢.”” Study of FGF21 in L6 cells revealed
that L6 cells overexpressing pKlotho also activated FGFR3c¢ in response to FGF21.%®
FGF21 also induces phophorylation of FRS2a in both FGFR2¢/BKlotho expressing 3T3-L1
adipocytes and FGFR2c¢/pKlotho transfected L6 cells.’* Based on these data, FGF21 can
activate the c-isoforms of FGFRs in the presence of fKlotho.

FGF23 regulates phosphate and vitamin D homeostasis.’! FGF23 derives from
osteoblast lineage and regulates homeostasis in phosphate and vitamin D metabolism by
regulating the sodium phosphate cotransporter and the vitamin D-metabolizing enzymes
CYP27B1 and CYP24A1 in the kidney suggesting an FGF23 specific receptor in the
kidney.>*¢! Klotho was identified as a receptor that binds to FGF23 in renal homogenate.**
Klotho is mainly expressed in the kidney but not in renal cell lines. Overexpression of
Klotho restored FGF23 responsiveness in renal cell lines.** The antiKlotho antibody
administration in mice rendered FGF23 incompetence. The functional interaction between
Klotho and FGF23 is also suggested by the similar phenotypes of Klotho-deficient
mice and FGF23-null mice. Both mice have shorter lifespan, infertility, decreased bone
mineral density and ectopic calcification, increase in renal phosphate reabsorption and
Vitamin D synthesis.®*% Vitamin D restriction improved Klotho-deficient phenotypes
suggesting abnormal mineral metabolism may be the cause of the ageing phenotype.*
When various FGFR-Fc fusions were added to cells, only FGFR1(Illc) significantly
reduced Klotho-dependent FGF23 activity.** FGF23 injected mice only showed ERK1/2
phosphorylation in kidney, where Klotho is expressed.*® These data suggest that Klotho
and FGFR1 (Illc) together function as receptor for FGF23.

The simultaneous interaction of FGF19, 21 and 23 to their cognate FGFRs and
Klotho/gKlotho provide the affinity just enough to produce a metabolic but not mitogenic
response. Furthermore, the restricted expression of Klotho/BKlotho limits the endocrine
functions of FGF19, 21 and 23 to their specific tissues.

FGF21 IN VITRO FINDINGS

FGF21 activity was discovered in a high throughput screen using 3T3-L1 adipocyte
glucose uptake as an assay system.** FGF21 was found to be a potent activator of
glucose uptake in murine and human adipocytes. The effects of FGF21 on glucose uptake
are insulin-independent since there is an additive effect when cells were treated with
insulin and FGF21.3° Unlike the rapid action of insulin, FGF21 needs hours to exert its
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effect on glucose uptake. This difference is explained by that insulin acts via GLUT4
translocation whereas FGF21 acts through GLUT1 mRNA upregulation.*

Under obesity and insulin resistant conditions, dysregulated lipolysis is a major
contributing factor in this process. Lipolysis is regulated by perilipin (PLIN), a lipid
droplet phosphoprotein phosphorylated by protein kinase A (PKA) under lipolytic
stimulation. The phosphorylation of PLIN leads to the recruitment of lipases to the lipid
droplet surface for subsequent TG hydrolysis. The role of FGF21 in adipocyte lipolysis
has been controversial. While it has initially been reported that FGF21 stimulates basal
lipolysis in murine adipocytes,® the attempt to reproduce these results failed with both
murine and human FGF21. Instead, FGF21 was shown to attenuate catecholamine-and
atrial natriuretic peptide (ANP) stimulated lipolysis in human and murine adipocytes after
3-day treatment.® The lipolysis inhibitory effect of FGF21 may contribute to its insulin
sensitizing benefit in humans. FGF21 treatment does not change expression of lipolytic
genes including hormone sensitive lipase (HSL), adipose-derived triglyceride lipase
(ATGL), PLIN, protein kinase A regulatory protein 1 a (PKA Rla), posphodiesterase
3B (PDE3B) or peroxisome proliferators-activated receptor gamma (PPARy).* But
the treatment lowered PLIN protein level by 50%. The ability of FGF21 to inhibit lipolysis
was further confirmed by increased nonesterified fatty acids (NEFAs) observed when
FGF21 was knocked down following a ketogenic diet.” The antilipolytic effect of FGF21
is also consistent with reduced lipotoxicity on islet cells in FGF21 administered mice.*

FGF21 has been shown to promote adipocyte differentiation in a dose dependent
manner.*® The cotreatment with FGF2 1 and rosiglitazone synergistically increased 3T3-L1
adipocyte diffentiation.®® FGF21 treatment in the presence of rosiglitazone also resulted in
adramatic increase in glucose uptake after 6 hours suggesting functional synergy between
FGF21 and PPARy pathways. Simultaneous treatment with FGF21 and rosiglitazone led
to further elevation of Glutl mRNA and protein levels compared to single treatment.®
Likewise, pretreatment with rosiglitazone led to increased tyrosine phosphorylation of
FGFR by FGF21 without changing FGFR protein levels.® Furthermore, rosiglitazone
induced elevation of BKlotho,* which may partially explain the synergy between FGF21
and PPARy. FGF21 itself was one of the top 5 genes encoding secreted proteins that are
regulated by PPARy agonists in the adipose tissue of db/db mice.® PPARy regulates at
least two adipogenic programs during 3T3-L 1 cell differentiation.” Group 1 has canonical
adipogenic genes such as FABP4/aP2, adiponectin and PLIN. Group 2 has a variety of
genes including FGF21 and the oxidoreductase Erol-La. PPARy carrying mutation of
F372 maintains the adipogenic program in response to thiazolidinediones (TZDs) but
is unable to induce expression of FGF21 and Erol-La.” PPARYy agonists target adipose
tissue gene expression and improve whole-body insulin sensitivity. FGF21 may thus
partially contribute to the antidiabetic activities of PPARy agonists.

FGF21 has been detected in pancreas suggesting a broader expression profile for
FGF21.”" FGF21 protein levels are similar in skeletal muscle and liver in fasted mice.”
In skeletal muscle specific Aktl transgenic mice, FGF21 expression was upregulated
in gastrocnemius muscle along with increase plasma concentration. The expression of
FGF21 in skeletal muscle and its secretion is regulated by insulin via phosphatidylinositol
3-kinase (PI3K)/Akt pathway.” In obese mice, Akt1-mediated skeletal muscle growth led
to areduction in fat mass and improved metabolic phenotype.” It was proposed that Akt1
activation in skeletal muscle may result in secretion of a myokine that functions on liver,
adipose or central nervous system to normalize metabolism. FGF21 mRNA and FGF21
protein in culture medium was also dramatically upregulated in C2C12 myocytes treated
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with adenovirus expressing myrAktl.”” FGF21 expression in the cell lysate and culture
mediawas elevated by insulin treatment in C2C12 myocytes. Pretreatment with L'Y294002,
aPI3K inhibitor, diminished both basal and insulin-stimulated FGF21 expression.”? FGF21
may be one of the critical factors involved in the intertissue communication in skeletal
muscle-specific Aktl transgenic mice. Furthermore, FGF21 is significantly increased in
hyperinsulinemic 0ob/0b mice.™ In normal mice, insulin levels are low after fasting and
high after feeding, but FGF21 expression is the opposite.®>

FGF21 inhibits glucagon secretion from isolated rat islets without affecting insulin
secretion.’® In rat islets and INS1E cells, FGF21 activated ERK1/2 and Akt pathways.” The
effect was transient and returned to basal level in 2 hours. Although FGF21 does not increase
glucose-stimulated insulin secretion (GSIS) of islets isolated from normal rats, it elevates
insulin secretion and insulin content from diabetic islets and increases f§ cell survival through
ERK1/2 and Akt pathways.” These data are consistent with the view that insulin biosynthesis
is not rate limiting for GSIS under healthy conditions but it becomes important when insulin
demand is increased.”®” Islets exposed to both high glucose and palmitate showed a dramatic
decreasein GSIS.” FGF21 treatment partially rescued GSIS and islet insulin content. Exposure
ofiislets to FGF21 also reduced caspase 3/7 activity induced by a combination of high glucose
and lipids or a combination of interleukin (IL) -18 and tumor necrosis factor (TNF) —a.”
Akt-induced phosphorylation of Bcl-XL/Bcl-2-associated death promoter (BAD) may be
the mechanism of the protective effect of FGF21 on f cells.

The ability of FGF21 to activate FGFR4 has been controversial. While FGF21 has
not been shown to activate FGFR4 in H4IIE hepatoma cells®® or primary hepatocytes,”
soluble BKlotho binds to FGFR4 and FGF21 can form ternary complex with them.***® More
importantly, FGF21 has a lot of direct impacts on liver”®! and FGFR4 is the predominant
FGFR inthe liver.® FGF21 dose dependently lowered glucose production in HAIIE cells with
an IC50 around 60 pM.® FGF19 also has direct effects on hepatocytes and suppress insulin
stimulated fatty acid synthesis by inhibiting the expression of sterol regulatory element-binding
protein-1c (SREBP-1¢).** All these data is indicative that FGF21 can still signal via FGFR4.

A chimera of FGF19 with FGF21 C-terminus interacts with fKlotho and a chimera with
FGF23 C-terminus only interacts with aKlotho.® These data suggest that the C-terminus is
aregion necessary for recognition of Klotho family proteins. FGF21 activity is sensitive to
terminal deletions since removal of six amino acids from the N-terminus and four from the
C-terminus each reduced FGF21 activity by 10-fold.* The 14 amino acids at the C-terminus
of FGF21 is important for Klotho interaction but the N-terminus interacts directly with
FGFRs.%% The FGF21 efficacy is dramatically reduced with N-terminal deletion of 6 aaand
completely lost with 8 aa deletion. FGF21 with N-terminal deletions can inhibit full-length
FGF21 activity, a feature of partial agonist.®” The binding affinity between FGFR1c and
BKlotho is low with Kd higher than 100 nM.*” FGF21-gKlotho affinity is also weak with
Kd around 15 nM. These data suggest that FGF21, pKlotho and FGFR1c may form a
ternary complex. It has also been found that the N- and C-terminal domains of FGF23 are
responsible for binding to FGFRs and Klotho, respectively.®® The C-terminus of FGF19 is
critical for binding to Klotho family proteins.®> Both FGF19 and FGF21 can signal through
FGFR1, 2 and 3 bound by pKlotho.*® Both FGF19 and 21 bind to Klotho-FGFR4, but only
FGF19 signals through FGFR4 effectively. FGF19 but not FGF21 activates FGF signaling
in hepatocytes that mainly express FGFR4 and reduce Cyp7A1 expression and bile acid
synthesis.”® In the gall bladder, all four FGFRs and pKlotho are expressed, with FGFR3
being most dominant.®* FGF19 can increase gall bladder volume in FGFR4 deficient mice
suggesting that FGF19 can signal through other FGFRs.*®
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FGF21 GENETIC MODELS

FGF21 transgenic mice were viable and resistant to diet induced obesity.** FGF21
transgenice mice showed reduced plasma glucose at 9 months. The plasma glucagon
levels were lower in FGF21 transgenic mice because FGF21 inhibits glucagon secretion.*
Under high fat high carbohydrate diet for 15 weeks, FGF21 transgenic mice were resistant
to diet-induced obesity despite increased food intake normalized by body weight.
While FGF21 transgenic mice resemble that of FGF19,* there is a fundamental in vivo
difference. FGF19 transgenic mice developed histologically detectable liver tumors.”
FGF19 administered mice had increased hepatocellular proliferation after 6 days of
treatment. FGF21 transgenic mice did not form tumors after 10 months of age,*® or even
protected from cancer formation®2.

Overexpression study revealed that mouse FGF2 1 regulates lipolysis and ketogenesis.*
FGF21 is a mediator of PPARa actions. Fasting, ketogenic diet (KD) or PPARa agonists
induce liver FGF21 expression.®>¢”7* There was a striking absence of hepatic FGF21 in
PPARa null mice. Mouse FGF21 overexpression also decreases physical activity and
promotes torpor, a transient hibernation-like state in small animals, which is however
unlikely to be a result of a direct FGF21 action but rather compensatory effect in these
energy-deficient animals. As adaptation to starvation, mammals shift from carbohydrates
to ketone bodies as major fuel source. During fasting, fatty acids are mobilized from fat
to liver where they are oxidized to acetyl-CoA. Ketone bodies are produced from the
acetyl-CoA and used as energy source in other tissues. Peroxisome proliferator-activated
receptor a (PPAR«) is a nuclear receptor required for normal starvation response.
PPARa knockout mice accumulate liver triglyceride and become hypoketonemic and
hypoglycemic during fasting.”'* FGF21 is required for maximal liver fatty acid oxidation
and ketogenesis under ketogenic diet.*” FGF21 did not induce ketogenesis by increasing
mRNA but rather increase the protein levels of HMGCS2 and CPTla in the liver.®
FGF21 treatment caused a significant reduction in liver triglyceride in fasted PPARa
knockout mice. Brain can sense starvation and lead to adaptations such as torpor to
conserve energy. FGF21 showed slow but significant, nonsaturable and unidirectional
influx across blood-brain barrier.** The small amount of FGF21 (0.5% per gram of brain
tissue) that could enter central nervous system (CNS) may be physiologically relevant
to fasting response.

Adenoviral knockdown of FGF21 led to fatty liver, increased blood NEFA,
triglyceride and cholesterol and decreased serum ketones.” FGF21 knockdown was
associated with reduction of § oxidation gene expression including very long (ACADVL),
long (ACADL) and medium (ACADM) chain acetyl-CoA dehydrogenase and carnitine
palmitoyltransferase 1 a (CPT1a) and acyl-CoA oxidase (ACOX1) without an effect on
lipid synthesis genes. FGF21 knockdown in mice on KD suppressed gene expression of
enzymes involved inketogenesis and induced by KD including hydroxymethylglutaryl-CoA
synthase 2(HMGCS2) and B-hydroxybutyrate dehydrogenase (BDH).” FGF21 liver gene
expression is negatively correlated with liver triglyceride in obese rats.”> Hypocaloric
high protein diet improves hypertriglyceridemia partially by stimulating hepatic lipolysis
and lipid utilization via FGF21.”> Both PPARa and FGF21 are increased after 8 hours
of fasting®® which is consistent with FGF21 being a direct target gene of PPAR.547-7

FGF21 knockout (KO) mice had mild weight gain and slightly disturbed glucose
tolerance after 24 weeks.”” Increased adiposity in FGF21 KO mice was due to increased
food intake and decreased oxygen consumption. FGF21 KO mice have dramatic
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metabolic response to KD including weight gain rather than weight loss, hepatosteatosis
and impaired ketogenesis and glucose homeostasis.’” The higher leptin levels in FGF21
KO led to lower agouti-related peptide (AgRP) and higer neuropeptide Y (NPY) levels.
Both liver triglyceride and liver glycogen stores were increased by FGF21 deficiency.”
The hepatic expression of PGClo and  were lower is FGF21 KO mice. The SREBP1c
maturation was increased in the liver of FGF21 KO mice on KD.”” The pheonotypes
of FGF21 KO mice are consistent with those of FGF21 transgenic mice* and are most
dramatic in response to KD.

Forced hepatocyte-specific overexpression of FGF21 had no effect on liver
development and response to injury.®” No abnormal hyperplasia or preneoplasia was
observed in the transgenic mice for 1 year.’*> FGF21 overexpression delayed the
appearance of liver tumors induced by diethylnitrosamin (DEN).32 The number of surface
tumors per liver was reduced by at least 50% in the FGF21 transgenic mice. However,
hepatocellular carcinoma (HCC) was similar between transgenic and wild type mice
suggesting thatalthough FGF21 delays hepatoma onset, it may not slow down progression
once hepatomas are formed.® In normal hepatocytes and early stage of tumorigenesis,
resident FGFR4, a suppressor of hepatocarcinogenesis, is dominant. It has been proposed
that FGF21 may delay adenoma development by activating resident hepatocyte FGFR4.%

The metabolic phenotypes of FGF21 transgenic mice resemble those of FGF19
transgenic mice, which had increased energy expenditure, reduced fat mass and improved
insulin sensitivity.*? Increased brown adipose tissue and decreased acetyl coenzyme A
carboxylase 2 (ACC2) mRNA in the liver are two mechanisms for the increased energy
expenditure. The decreased ACC2 expression in the liver also led to reduced liver
triglyceride.>?

FGF21 CHRONIC AND ACUTE ADMINISTRATION IN VIVO

FGF21 administration in 0b/0b, db/db mice and obese ZDF rats significantly lowered
blood glucose, triglyceride and fasting insulin and improved glucose clearance during oral
glucose tolerance test (OGTT).* The benefincial effects of insulin require multiple dosing
but FGF21 induced changes that can last for at least 24 hours. FGF21 has advantages over
insulin because of the lack of weight gain and the lack of hypoglycemia in FGF21 treated
animals or FGF21 transgenic mice under fasted or fed conditions. This data also rule out
the possibility that FGF21 is insulin mimetic. There were no mitogenicity, hypoglycemia
or weight gain observed in diabetic or wild type animals treated with FGF21.%

Macaca mulatta (rhesus monkey) has spontaneous development and progreesion of
diabetes that is similar to human Type II diabetes (T2DM).**!! When diabetic rhesus
monkeys were treated with FGF21 for 6 weeks, body weight and fasting plasma glucose,
fructosamine, triglyceride, insulin and glucagon were reduced (Fg. 6).' FGF21 lowered
LDL-cholesterol and increased HDL-cholesterol, improved cardiovascular risk factors.
While PPARYy activators, or thiazolidinediones (TZDs), have many unwanted side effect
including weight gain and edema,'® FGF21 induced glucose lowering and weight loss
without increased fluid retention, hypoglycemia or mitogenecity.'®

FGF21 can also be used as anti-obesity treatment.”” FGF21 treatment for 2 weeks in
diet-induced obese (DIO) and 0b/0b mice lowered body weight by 20%. No decrease in
food intake, nutrient malabsorption, or effect on physical activity was observed. FGF21
transgenic mice are resistant to weight gain induced by high fat diet.** Small but significant



222 ENDOCRINE FGFS AND KLOTHOS

weight reduction was shown in diabetic monkeys treated with FGF21.'2 FGF21 infusion
in DIO mice increased oxygen consumption and total energy expenditure.” The effects
of FGF21 on energy expenditure and oxygen consumption were similar during dark and
light cycles suggesting that there are no diurnal variations in FGF21 mode of action.
FGF21 treatment also resulted in increased core body temperature in obese animals
under fed state.” But reduction of core body temperature was also observed when FGF21
was tested in lean mice under fasting state.® FGF21 also reduced hepatosteatosis and
respiratory quotient (RQ) and increased fecal fat content suggesting that lipid oxidation
is increased and fat is preferred over carbohydrate as fuel source.” In liver, SCD1 was
most dramatically affected gene by FGF21 administration. SCD1-null mice are lean and
have reduced liver triglyceride.'* In white adipose tissue (WAT), FGF21 induced PGCla
and UCPI, both of which play important roles in energy metabolism.!® FGF21 treated
animals also showed modest hyperphagia which may be a feedback due to increased
energy expenditure.”

The anti-obesity function of FGF21 was confirmed in DIO mice by Xu et al.®
Dose dependent reduction of blood glucose, insulin, cholesterol, triglyceride, NEFA,
B-hydroxybutyrate and leptin was observed with FGF21 in DIO mice. The reduced NEFA
and ketone bodies argue against increase in ketogenesis and lipolysis. In human, only
a weak correlation between FGF21 and ketone bodies was observed.!® Liver section
staining and biochemical analysis suggest that liver and muscle triglyceride along with
plasma ALT/AST levels were reduced in DIO mice treated with FGF21.% FGF21 did
not further increase fatty acid oxidative genes induced by high fat diet but it did reduce
nuclear SREBP1c and its target gene expression. Oxygen consumption was increased on
day 2 of FGF21 treatment.’° CO, production, energy expenditure and physical activity
were also increased by FGF21. The decreased physical activity can account for 50% of
weight gain in DIO rodents.'” Increased levels of UCP-1 and -2 in brown adipose tissue
suggest that nonexercise activity thermogenesis may also contribute to the increased
energy expenditure.® In contrast to earlier study,” respiratory quotient was not changed
by FGF21 in DIO mice. In the study of 0b/0b mice treated with FGF21, hepatic glucose
output was reduced and cardiac glucose uptake was increased after 7 days.*' In DIO mice
treated with FGF21, multiple tissues including liver, adipose tissue, skeletal muscle and
heart showed improved insulin sensitivity.*’ The effect on skeletal muscle and heart may
be indirect since pKlotho expression is low in these tissues.

FGF21 partially reverses the hypoketonemia an hypertriglyceridemia in PPARa
knockout mice.® Both fibrates and FGF21 lower LDL cholesterol, increase HDL
cholesterol and improve insulin sensitivity in dyslipidemic rhesus monkeys.!**!% Both
PPARa agonists and FGF21 prevent diet-induced obesity and improve insulin sensitivity
in rodents.**'” FGF21, as PPARa direct target gene in liver, may contribute to the
therapeutic effects of fibrates.

Hperinsulinemic-euglycemic clamp studies clearly demonstrated the effects of FGF21
on insulin sensitivity and glucose fluxes upon chronic and acute administration in ob/+ and
ob/ob mice.®" Acute FGF21 administration reduced liver glucose production, increased
hepatic glucogen store and decreased glucagon and increased glucose clearance in ob/+
mice but not in 0b/ob mice.?' Chronic FGF21 treatment reduced fasting glucose, insulin
and NEFA levels in 0b/ob mice.®! The improvements in insulin sensitivity are largely
due to FGF21 effects in liver since chronic/acute FGF21 administration did not change
skeletal muscle or adipose glucose uptake in 0ob/+ or ob/ob mice. Akt phosphorylation
was increased in the liver during the clamp in FGF21 treated ob/ob mice.®!
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Most recently, the effect of acute FGF21 administration was reexamined in 0b/ob
and DIO mice.® In 0b/ob mice, FGF21 decreased blood glucose, insulin and amylin by
40-60% decrease within 1h of injection. In DIO mice, FGF21 lowered fasting glucose and
insulin within 3 h of treatment. The acute glucose lowering and insulin-sensitizing effects
of FGF21 are due to its actions in liver and adipose tissue.® The halflife of intravenously
(i.v.)injected FGF21 is 1-2 h.'92% Cmax was achieved at 0.1 h and 2 h after intraperitoneal
(i.p.) and subcutaneous (s.c.) injection, respectively. The bioavailability of FGF21 after
asingle i.p. or s.c. dose of 1 mg/kg was about 50%.% The maximum glucose lowering of
40% was reached within 1 hour of injection and lasted for at least 6 hours. The glucose
returned to baseline between 6 to 24 h. GTT in ob/ob or DIO mice 3 h after the injection
showed improved glucose tolerance. FGF21 did not affect insulin or glucagon secretion
in islets isolated from mice acutely treated with FGF21.%* FGF21 increased ERK1/2
phosphorylation in liver and adipose tissue but not in heart and skeletal muscle after
acute injection in vivo. FGF21 also had little effects on Akt phosphorylation in tissues.*
Thus, unlike PPARy agonists or metformin, which have a slow transcriptionally mediated
mechanism to sensitize insulin action, FGF21 resulted in rapid insulin sensitization.
FGF21 is known to increase glucose uptake in murine adipocytes by increasing Glutl
mRNA.*® FGF21 also regulate lipogenic genes by reducing SREBPIc processing.®
Therefore FGF21 may act through a variety of mechanisms.

Chronic infusion of FGF21 for 8 weeks in db/db mice almost brought fed glucose
to normal levels.” Furthermore, the number of islets per pancreas and f cells per islet
were both increased. FGF21 did not induce islet proliferation but improved {3 cell survival
and function in diabetic animals.” At the whole animal level, there are two potential
mechanisms for FGF21’s protective effect on p cells. FGF21 reduces plasma glucose and
triglyceride levels which will in turn reduce glucolipotoxicity on p cells; FGF21 directly
reduces f cell apoptosis via Akt pathway. As Type 2 diabetes patients show progressive
B cell loss due to an increased rate of apoptosis.''® Increasing § cell survival can be an
appealing therapeutic approach for Type 2 diabetes.

FGF21 IN HUMANS

Inastudy with 76 normal human subjects, circulating FGF21 levels vary dramatically
and did notcorrelate to BMI, age, blood glucose, LDL or HDL cholesterol or triglyceride.'%
However, in studies in metabolically challenged subjects, serum FGF21 is shown to
positively correlate with age, adiposity (BMI, waist circumference, waist-to-hip ratio and
fat percentage), insulin resistance (fasting insulin and HOMA-IR) and triglyceride.!!!"!?
It is also negatively correlated with HDL cholesterol.!!!!!2 Fasting plasma FGF21 levels
were also significantly increased in patients with T2DM compared with nondiabetic
controls.'"* Plasma FGF21 levels were significantly higher in Cushing’s syndrome patients
and obese patients compared with lean control subjects.!'> All subjects” FGF21 levels
positively correlated with BMI. Median serum FGF21 levels were at least 15-fold higher
in chronic hemodialysis (CD) patients than in control subjects.''®

Chronic malnutrition in humans is associated with reduced plasma FGF21. Plasma
FGF21 was significantly reduced in anorexia nervosa (AN) compared with the control
group.'”” The increased lipolysis in AN patients''® may be due to decreased FGF21
since FGF21 attenuates lipolysis in human adipocytes in vitro.® Baseline FGF21 levels
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before treatment is positively correlated with body weight gain in AN patients after
partial realimentation.!"”” FGF21 mRNA is also higher in the liver and adipose tissue of
db/db mice compared with the lean littermates.'"! The increase of serum FGF21 in obese
individuals can be explained by a compensatory response of FGF21 or FGF21 resistance,
similar to the well known insulin resistance and leptin resistance. FGF21 is strongly
correlated with A-FABP, adipokine that is an independent risk factor for metabolic
syndrome, Type 2 diabetes and cardiovascular diseases.!'” The adipose tissue is also an
important source of FGF21 production. FGF21 may act in an autocrine/paracrine manner
to regulate adipocyte biology.

Nondiabetic patients with hypertriglyceridemia had 2-fold increased FGF21'% and
fenofibrate further increased FGF21 levels by nearly 30% ( Galman et al, 2008). Both
3-week low caloric dietand 3-month fenofibrate treatment elevated FGF21 levels.' FGF21
mRNA in visceral fat but not subcutaneous fat showed increase in obese subjects versus
healthy subjects. Insulin infusion for 3 hours during isoglycaemic-hyperinsulinaemic
clamp elevated FGF21 in T2DM group but not in healthy subjects.'? Similar treatment
increased muscle FGF21 expression in healthy males.'"

CONCLUSION

FGF21 is a master metabolic regulator that improves glucose and lipid profiles
in rodent and monkey models of metabolic disease. In addition, FGF21 reduces body
weight and decreases cardiovascular risk factors. FGF21 is regulated by PPAR« in liver
and is physiologically linked to the biology of fasting and ketogenesis. FGF21 also has
synergistic effect with PPARy in adipose tissue explaining its insulin-sensitizing nature.
The major sites of FGF21 actions include liver, adipose tissue and pancreas. As a potential
therapeutic reagent, FGF21 has diverse metabolic benefits without obvious side effects
such as body weight gain, hypoglycemia, fluid retention or mitogenecity thus making it
as an attractive candidate for clinical development.
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