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Abstract

Purpose of Review: The phosphaturic hormone FGF23 is produced primarily in osteoblasts/
osteocytes and is known to respond to increases in serum phosphate and 1,25(OH), vitamin D
(1,25D). Novel regulators of FGF23 were recently identified, and may help explain the
pathophysiologies of several diseases. This review will focus on recent studies examining the
synthesis and actions of FGF23.

Recent Findings: The synthesis of FGF23 in response to 1,25D is similar to other steroid
hormone targets, but the cellular responses to phosphate remain largely unknown. The activity of
intracellular processing genes control FGF23 glycosylation and phosphorylation, providing critical
functions in determining the serum levels of bioactive FGF23. The actions of FGF23 largely occur
through its co-receptor aKlotho (KL) under normal circumstances, but FGF23 has KL-
independent activity during situations of high concentrations.

Summary: Recent work regarding FGF23 synthesis and bioactivity, as well as considerations for
diseases of altered phosphate balance will be reviewed.
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Introduction

The mineral ion phosphate is involved in a myriad of critical cellular processes, more
notably in part forming the basic structure of nucleic acids, phospho-lipid bilayer
membranes and energy metabolism when bound as ADP/ATP. Extracellularly, phosphate is
central to the structure of mineralized bone as hydroxyapatite. Within the heterogeneous
spectrum of diseases related to low or high blood phosphate, much of the pathogenesis arises
in the form of skeletal disease from too little phosphate, and calcifications and vascular
disease from the inability to rid the body of phosphate. Control of serum phosphate occurs
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through endocrine actions to regulate absorption from the diet in the gut, reabsorption via
the kidneys and long-term storage in the skeleton. When blood phosphate is low, it can be
released from the skeleton, which comprises the largest phosphate stores in the body.
FGF23, produced in bone, responds to increases in serum phosphate and 1,25D by acting
hormonally on the kidneys to return these metabolites to normal. The synthesis and secretion
of bioactive, intact FGF23 (‘iFGF23’) from osteoblasts and osteocytes relies on several
intracellular processing genes in the ER-Trans-Golgi network (TGN). The process by which
cells “‘decide’ to produce iFGF23 or proteolytic fragments (‘cFGF23’, as measured by an
ELISA detecting ‘ C-terminal” FGF23 epitopes; or also ‘Total FGF23’) is essentially
unknown. Some FGF23 stimulators have been unanticipated, but help to explain the
underlying pathophysiology of several phosphate-related disorders and have led to recent
clinical trials.

During normal situations of phosphate balance, FGF23 acts through interactions with the
FGF23 co-receptor a-Klotho (KL) and fibroblast growth factor receptors (FGFRSs) in the
kidney. FGF23 can have bioactivity through KL-independent pathways associated with heart
and inflammatory anomalies, but data supports that this occurs primarily during situations of
aberrant phosphate handling and high circulating FGF23 concentrations. Herein, we will
discuss the factors regulating the synthesis of FGF23, as well as implications for novel
therapeutic directions based upon a molecular understanding of FGF23 production and
bioactivity.

Regulation of FGF23 Synthesis

Full-length FGF23 (32 kDa) is the biologically active form of the protein which can be
cleaved into 20 and 12 kDa fragments. The N-terminal region of FGF23 is a conserved FGF-
homology domain, whereas the C-terminus comprises a 71-amino acid tail, a region less
conserved across the FGF family?. Intracellular proteolysis and inactivation of FGF23
occurs at the subtilisin-like proprotein convertase (SPC) site R176HTR179/S180AE,
(RXXR/SAE motif) that separates the FGF-like domain from the C-terminal taill-2, The
FGF23mutations, R176Q/W, R179Q/W, which cause Autosomal dominant
hypophosphatemic rickets (ADHR) are located within this site?:3 and lead to resistance to
Furin cleavage and stabilization of full-length iFGF23. The control of FGF23 synthesis and
downstream bioactivity has been found to respond to a surprisingly broad group of stimuli.

Blood phosphate concentrations:

In vivo, serum iFGF23 increases are associated with elevated blood phosphate; by converse
feedback, hypophosphatemia downregulates FGF23 mRNA in bone. However, the precise
mechanisms controlling FGF23 production in response to high or low phosphate have yet to
be elucidated. Recent work by Bon, ef a/. has attempted to uncover this mechanism, which is
described as being mediated through the Type 111 sodium-phosphate co-transporter Pit-24.
When mice were fed a low-phosphate diet, only Pit-2 KO mice had inappropriate induction
of FGF23 mRNA and intact protein. This suggests Pit-2 may be responsible, in part, to halt
further induction of FGF23 when phosphate has reached normal or low levels. The gene
expression of the FGF23 processing enzymes Fam20c and Galnt3 were measured in wild-
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type and Pit2-KO mice to test whether the observed increases in iFGF23 were due to
reduced cleavage rates, however no changes were detected. The authors recapitulated these
findings ex vivo and showed that phosphate-dependent secretion of FGF23 was independent
of the FGFR/MAPK pathway previously associated with FGF23 production? (Table 1). It
remains to be determined what pathways are activated through extracellular phosphate and
how the FGF23promoter is regulated during changes in phosphate. Insight into sites of
regulated FGF23 expression have been gained from conditional deletion of a flox-Fgf23
allele in bone using Col2.3-cre (early osteoblasts) and DMP1-cre (late osteoblasts/
osteocytes). Both had significantly blunted iFGF23 response to high phosphate diet, showing
that at least in part, late-stage osteoblasts/osteocytes must contribute to the production of
FGF23 in response to elevated phosphate. When bred onto the Hyp background, a mouse
model of X-linked hypophosphatemic rickets (XLH) characterized by elevated serum
iFGF23, the Col2.3-cre conditional Fgr23deletion normalized serum phosphate and
improved the bone phenotype®. FGF23 mRNA is produced outside of the skeleton, and Onal
et al. showed expression of FGF23 mRNA in non-osseous tissues including lung, spleen,
liver, and intestine® but whether these sites are responsive to changes in serum phosphate
remains to be determined.

1,25(0OH), vitamin D:

The first reports of vitamin D regulating FGF23 came from /n vitro and in vivo studies with
1,25D treatment, however this did not explain the mechanism responsible for induction of
FGF237:8, Active 1,25D regulates expression of its target genes via a heterodimer complex
of the vitamin D receptor (VDR) with the retinoid X receptor (RXR) then binding to vitamin
D response elements (VDRE). It was reported that several VDRE exist in or near the Fgf23
promoter, and through a promoter luciferase assay, 1,25D was shown to directly induce
FGF23 mRNA /n vitré®. This finding was confirmed independently in the UMR-106
osteoblastic cell line, showing significant induction of FGF23 mRNA with 1,25D
treatment10. Further, different inbred mouse strains showed to have varying levels of
baseline FGF23 and 1,25D, an important consideration for studying these regulators of
mineral homeostasis!!.

More recently, studies have tested the idea of serum calcium regulating FGF23, however it
has been a challenge to decipher the direct effects independently of vitamin D or PTH. To
account for these confounding factors, mouse models deficient for PTH or vitamin D have
been used. It was shown that wild-type, vitamin D-deficient, and PTH-deficient mice fed a
high calcium ‘rescue’ diet all showed significant increases in FGF23 mRNA and serum
FGF23 which had a significant positive correlation with serum calcium1? (Table 1). In
contrast, it was shown that acute changes in calcium concentration did not affect circulating
FGF23 levels, however the consequence of chronic changes in serum calcium are not
known13, Further, it was reported that when serum calcium levels were decreased, this
correlated with reduced circulating FGF23, despite elevated PTH and 1,25D14. While this
evidence suggests regulation of FGF23 by calcium, a direct mechanism accounting for this
regulation has been elusive.
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Circulating aKlotho:

The membrane bound co-receptor for FGF23 activity, aKlotho, allows for specific homing
of FGF23, as it is expressed in kidney and parathyroid®, key tissues in phosphate and
calcium balance. This receptor can be cleaved to produce a circulating soluble form of
Klotho (sKL) that has biological effects (see below). The effects of sKL on phosphate
metabolism were previously demonstrated by delivering sKL via adeno-associated virus
(AAV) to wild-type micel6. With successful targeting and expression in the liver, sKL was
shown to markedly increase FGF23 mRNA in bone as well as induce expression of iFGF23.
This reduced Apt2aand Cyp27b1 mRNA expression in the kidney. Importantly, it was
shown /n vitro that the FGF23-mediated activity through skKL can only occur with both
FGF23 and Klotho present to elicit the proper downstream signaling via ERK. More
recently, sKL was used to successfully reduce elevated phosphate potentially via increased
iFGF23 in a mouse model of CKD-MBD?’. Further, delivery of sKL to KL-null mice
reduced the prevailing vascular calcifications that occur in this model due to
hyperphosphatemia. These findings support that sKL can control FGF23 production, but
whether this occurs during normal phosphate handling remains to be studied in depth.

Parathyroid hormone (PTH):

The role of PTH in mineral homeostasis has been well characterized. PTH acts in the kidney
to increase 1,25D production for calcium absorption. Interestingly, PTH has been shown to
induce FGF23 expression both 77 vitroand in vivol819, More recently, Knab et al. defined
this further showing that PTH does indeed stimulate expression of cFGF23 and bone FGF23
MRNA, but not the iIFGF23 form. Changes in iFGF23 were only seen in mice harboring the
ADHR mutation, and were still modest29. To begin to understand the mechanisms
controlling this regulation, Meir et al. showed that the induction of FGF23 via PTH is
mediated through the transcription factor Nurrl, of which several potential response
elements were identified in the Fgf23 promoter, though the induction of FGF23 downstream
of Nurrl remains incompletely understood?®,

Effects of iron handling including anemia and hypoxia, inflammation, and erythropoietin

(EPO):

Iron handling has come to light as a very potent stimulator of FGF23 (see Table 1). This
concept was shown in a study where wild-type and ADHR knock-in mice were fed a low-
iron diet to reduce iron stores?2. Regardless of genotype, mice receiving the low-iron diet
had significantly increased serum cFGF23. Importantly, when iFGF23 was measured it was
significantly elevated only in mice with the ADHR mutation, revealing that: 1) low iron/
hypoxia could drive FGF23 mRNA, and 2) a key mechanism for controlling FGF23 activity
was through increased proteolytic cleavage, which was compromised in the ADHR mice?2.
These findings supported a clinical trial to supplement iron in anemic ADHR patients to
reduce iFGF23 (ClinicalTrials.gov Identifier: NCT02233322). Related to hypoxia’s effects
on FGF23 synthesis, responses to inflammation, or the functional anemia from
inflammation, have also been shown to stimulate FGF23 synthesis (Table 1). Supporting
these interactions are clinical studies demonstrating significant associations between FGF23
and inflammation23:24, Further, in patients receiving EPO therapy for anemia, there were
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significant elevations in both cFGF23 and iFGF23 over the course of 24 hours, in concert
with reduced hepcidin, an iron-lowering hormone. Additionally, EPO injections into wild-
type mice drove Fgf23 mRNA expression in bone, as well as elevated cFGF23 and iFGF23,
while also uncovering a novel site of FGF23 production in bone marrow progenitor
cells?>26, A recent study of CKD patients also demonstrated that levels of circulating
FGF23 were associated with anemia2’, however the relative proportions of elevated FGF23
due to the manifestations of CKD, including changes in serum phosphate, anemia, and
inflammation, in addition to changes in PTH, remains to be determined. Please see the
accompanying review article authored by Wheeler and Clinkenbeard for a comprehensive
review of the effects of iron handling on FGF23 production.

Control of FGF23 Synthesis via Protein Processing

Control of FGF23 synthesis not only occurs at the mRNA level, but through intracellular
mechanisms that determine whether FGF23 remains in the intact bioactive form or is
cleaved and inactivated. Determining levels of iFGF23 and cFGF23 in disease can provide
valuable information regarding the various FGF23-related syndromes. As described above,
FGF23 contains a conserved 176RXXR179/S1g0AE motif, a site that is recognized by Furin, a
subtilisin-like proprotein convertase (SPC). When Furin was deleted from human U20S
osteoblastic cells, only iIFGF23 was secreted from cells, whereas wild-type cells secreted
both iFGF23 and cFGF23 protein, indicating Furin cleaving FGF2328, In addition to Furin,
it was recently shown that FGF23 may also be proteolytically regulated by plasminogen
activators and that PAI-1, a serine protease inhibitor, may block this cleavage, however it
remains to be determined if the fragments from this cleavage elicit any downstream
biological activity2®.

The intact form of FGF23 is O-glycosylated on Tq7g of the SPC site via the
GalNActransferase GALNT330. Once glycosylated, this moiety blocks the site from Furin
cleavage, promoting the stability of iFGF2328. Loss of function mutations in GALNT3result
in hyperphosphatemic familial tumoral calcinosis (hfTC), characterized by low serum
iIFGF23 (but markedly elevated cFGF23) leading to hyperphosphatemia and ectopic
calcifications. The Galnt3-KO mouse phenocopies many aspects of hfTC including low
iFGF23 and high cFGF23. To attempt to rescue mineral metabolism in the Ga/nt3-KO,
Ichikawa, et al, expressed either one or two Fgf23-R176Q alleles from the ADHR knock-in
mouse on the Galnt3-KO background. The Galnt3-KO mice with WT Fgf23alleles had
decreased iFGF23 but marked increases in cFGF23 due to hyperphosphatemia coupled with
increased cleavage. Mice with one or both Fgf23alleles containing ADHR mutations in the
Galnt3-KO background had normal serum phosphate. Further, cFGF23 was rescued to
normal levels, showing the ADHR stabilizing mutation can rescue Ga/nt3 ablation3!. The
robust data associated with these collective studies suggest that targeting the FGF23
RXXR/SAE region to produce stable FGF23 isoforms could be useful pharmacologically to
treat hfTC.

The identification of a post-translational mechanism for control of iFGF23 synthesis has led
to a more refined understanding of the production of this hormone. FGF23 contains a Ser-x-
Glu (SAE) motif directly adjacent to the RXXR cleavage site that is specific for family with
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sequence similarity 20 member C (FAM20c) phosphorylation. Loss-of-function mutations in
FAMZ20c cause Raine syndrome32:33, a bone dysplasia that can be fatal. However, some
patients are hypophosphatemic due to increased iFGF23. The FamZ20c-KO mouse
recapitulated this phenotype, identifying Fam20c as a novel upstream regulator of
circulating iFGF23 concentrations, however the cellular mechanisms shifting the balance of
iFGF23/cFGF23 ratios was not understood34. /n vitro studies showed that FGF23 is serine-
phosphorylated at the S-A-E site by Fam20c and as a consequence, blocks Tq7g O
glycosylation via GALNT3, making FGF23 more susceptible to cleavage28. This discovery
explained the mechanism for the Raine syndrome phenotype, i.e. iIFGF23 was being
phosphorylated less efficiently, and could be ‘over’ stabilized physiologically by GALNT3-
mediated glycosylation.

FGF23/FGFR/Klotho complexes and bioactivity

Through genetic gain and loss of function experiments in mice and the phenotypes of
patients with diseases of hypo- and hyperphosphatemia, it was clear that FGF23 acts in the
kidney to control minute to minute blood phosphate and 1,25D concentrations. These
concepts have recently been further expanded into clinical targeting of FGF23 through the
approved FGF23 neutralizing antibody Burosumab for the treatment of patients with
XLH35-37, FGF23 is known to reduce the proximal tubule (PT) apical membrane expression
of NPT2a and NPT2c to reduce renal phosphate reabsorption. In a manner converse to PTH,
FGF23 down-regulates the renal vitamin D 1-a-hydroxylase (Cyp27b1l) and increases
expression of the catabolic 25(0OH) vitamin D-24-hydroxylase (Cyp24al). The net activity is
to decrease serum phosphate and 1,25D38, Thus, in situations of elevated FGF23 (under
normal renal function), phosphate is reduced and 1,25D can be either normal, or reduced.
The normal levels of serum 1,25D in the setting of increased FGF23 are referred to as
‘inappropriately normal’ as hypophosphatemia is typically a strong driver of 1,25D through
release of FGF23-mediated suppression on the renal vitamin D metabolizing system. Taken
together, these bone-kidney feedback loops for FGF23 and overlap of PTH activity are
responsible for maintaining the calcium/phosphate product.

FGF23 mediates its high-affinity biological activity through its co-receptor KL. The mature
protein KL is produced as at least two distinct species: membrane bound KL (mKL) is a 130
kD single-pass transmembrane protein that has a large extracellular domain and a very short
(10 residue) intracellular domain that does not possess signaling capabilities3?. The
extracellular portion of KL has two B-glucosidase like domains that resemble motifs from
this deglycosylating enzyme family. The crystal structure of KL revealed that key residues
required for B-glucosidase enzymatic activity have been replaced during evolution“?,
Another isoform of KL (‘cut KL’ or ‘cKL’, or ‘soluble KL’ or ‘sKL’) is also found in the
circulation, and arises through the proteolytic processing of mKL on the extracellular
membrane surface by ADAM and BACE proteases to release the large extracellular
domain?!. The sKL species can be detected in urine as a qualitative measure of circulating
concentrations®2.

Based upon the phenotypic similarities of the K- and Fgf23-KO mice, it was found that KL
fosters high-affinity FGF23 signaling and bioactivity, and genetic experiments in mice link
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FGFR1c as the most likely FGFR associated with renal FGF23 function*3, However the
mechanisms underlying the /7 vivorenal signaling properties of KL-FGF23-FGFR
complexes remain somewhat unclear. In this regard, within the kidney, the overwhelming
majority of KL localizes to the distal convoluted tubule (DCT)#445, whereas it is known that
FGF23 has effects on phosphate transport and the vitamin D metabolic enzymes within the
proximal tubule (PT)*6:47. Jn vitro work demonstrated that mKL is capable of initiating
FGF23-dependent MAPK signaling when complexed with FGFRs*°. Interestingly, following
short term FGF23 injection, FGF23 signaling via phospho-ERK1/2, was localized to the
renal DCT, completely distinct from the PT42. A series of recent genetic experiments using
conditionally-deleted KL mouse lines has attempted to shed light on the potential spatial
separation of KL expression and FGF23 bioactivity.

To begin to understand the role of KL-FGF23 interactions in kidney, Olauson and colleagues
used the Ksp (Cadherin 16; or ‘Cdh16 or Ksp1.3’) —Cre mouse to conditionally delete a
floxed-KL allele from the distal nephron®8. Upon analysis of the derived mice, it was found
that the KL-Ksp mice were fertile and had a normal gross phenotype. Interestingly, the mice
were hyperphosphatemic with elevated iFGF23, and the mechanism for increased serum
phosphate was consistent with elevated PT NPT2a expression. The KL-Ksp mice also had
increased VDR expression, suggesting an increased sensitivity to 1,25D as a compensatory
mechanism. KL expression in the kidney was variable in the KL-Ksp mice, and a subgroup
of mice had normal serum phosphate but elevated FGF2348, Collectively, the phenotypes of
the DT-deleted KL-Ksp mice supported a DCT-PT axis for FGF23 bioactivity.

Building upon these studies, KL was subsequently deleted from PT using three different PT-
Cre mouse lines. The deleter strains included the kidney androgen protein (Kap-Cre), the
Slc34al (Npt2a)-Cre, and the Pepck (Phosphoenolpyruvate carboxykinase)-Cre9,
Interestingly, all of the PT-deleted KL mice had mild or no hyperphosphatemia and varied
effects on 1,25D production. There was variability in the expression of FGF23, with Pepck-
KL mice having significantly elevated serum iFGF23 and the smallest increase in NPT2a,
suggesting variability in the localization or strength of the various PT-Cre lines*®. In another
study, a Ndrg1-CreERT2 transgenic mouse, which expresses Cre in the PT upon tamoxifen
treatment, was used to delete floxed-KL. These investigators observed a more pronounced
effect in vivo with markedly elevated iFGF23 and elevated serum phosphate in the KL-
deleted mice®0. Thus, functional effects downstream of targeted genetic deletions also
supported a role of PT-expressed KL.

To address potential intra-PT cross talk between FGF23 and other factors, the Slc34al-cre
was used in line of mice with a genetic background of PT-specific PTH receptor
(PTHR1)/KL double-floxed mice. The PT-PTHR-deleted mice had increased FGF23 and
PTH, whereas serum phosphate was normal and NPT2a and NPT2c¢ were unchanged®?. In
contrast, the PTPTH1R/KL double KO mice displayed elevated serum phosphate and
increased NPT2a and NPT2c, in parallel with increased serum FGF23°1, Therefore the
combined loss of the ability of FGF23 and PTH to down regulate phosphate transporter
expression in the PT is consistent with the hypothesis that there exists compensatory and
independent hormonal control of PT phosphate handling. Collectively, the aforementioned
studies support a role for both PT and DCT KL expression in controlling FGF23 bioactivity.
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Although evidence supports DCT KL-regulated sodium®2 and calcium>3:54 control, the
primary phenotypes with loss of KL activity appear to predominantly relate to phosphate
handling®®. Whether the targeted cre-expression profiles are precise for each tubule segment,
or have low expression in several tubule segments and could influence KL production along
the nephron, should be further explored to potentially explain some of the differences
observed in the intra-nephron KL deletion studies. Additionally, the derived KL-FGFR1-
FGF23 crystal structure supports a role for the sKL form of KL to potentially deliver FGF23
systemically?9, and careful molecular analysis suggests a wider KL expression profile across
tissues than was previously realized. Therefore, the role of PT and DCT KL, and whether
cross-segment communication for FGF23 bioactivity is required remains to be fully
understood.

FGF23 and KL-independent signaling

The overlapping phenotypes of the FGF23- and KL-KO mice revealed the reliance of FGF23
on its co-receptor for full biological activity with regard to phosphate homeostasis.
Interestingly, patient data suggested a strong association between elevated circulating FGF23
and cardiovascular outcomes. In the setting of chronically elevated FGF23 levels, as opposed
to its activity in KL/FGFR/FGF23 complexes, FGF23 has also been shown to directly
interact with FGFRs in a KL-independent manner. /n vivo studies comprised of direct
FGF23 injections into rodent hearts (heart does not express KL under basal conditions), as
well as /n vitro studies with isolated and cultured cardiomyocytes, has shown this effect to
be mediated through FGFR4 and NFAT/PLCy signaling®0. Indeed, mice with activating
mutations in FGFR4 develop cardiac hypertrophy and showed increased NFAT/PLCy
signaling, and in the converse situation, FGFR4-KO mice are resistant to FGF23-mediated
cardiohypertrophy®’. Importantly, the FGF23-dependent cardiohypertrophy was shown to be
reversible by modulating serum phosphate through providing a low phosphate diet to mice8,
Although the actions of FGF23 on heart are direct, many of the underlying pathways, as well
as whether FGF23 also influences FGFR expression in cardiac tissue remain to be
understood.

In addition to effects on cardiac tissue, elevated FGF23 has been linked to KL-independent
roles in inflammation. Recent studies demonstrated that FGFR4 activation by FGF23
increased calcineurin signaling in cultured hepatocytes®®. FGF23 activity has also been
associated with increased production of inflammatory cytokines, including C-reactive
protein, which was reduced in mice with deletion of FGFR4%0. In the same study,
administration of an FGFR4 neutralizing antibody reduced synthesis of C-reactive protein in
the 5/6 nephrectomy rat model of CKD®0. Of note, it appears that the levels of FGF23 must
be markedly elevated to observe these effects, as recent data show the Hyp mouse model of
XLH did not appear to show cardiac pathology or markers of inflammation®2, although
FGF23 is known to be >5-7 times elevated in this model versus controls. Importantly,
genetic background may play a role in the development of heart phenotypes as strains of
mice with CKD due to Co/4a3loss of function mutations vary on their severity when placed
on 129 or C57BI6 genetic backgrounds®2, Therefore, although KL-independent FGF23
signaling occurs at high FGF23 concentrations, studies are needed to define the threshold
concentrations required for these events.
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Summary

In summary, significant progress has been made in understanding the molecular mechanisms
controlling FGF23 synthesis, including the discovery of somewhat surprising regulators of
this hormone. These findings are opening new paths for understanding FGF23 effects in
numerous disease states. Further, the post-synthesis processing of FGF23 has emerged as a
critical regulator of FGF23 bioactivity and has the potential for identifying novel therapeutic
targets.
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Table 1.

Regulators of FGF23 synthesis as determined by ELISA.

Regulator iFGF23° | cFGF23 Citations
Elevated phosphate " 63,64
1,25(0OH)2 vitamin D ™ 38,7,9, 10
Hypoxia (HIF1la) 1 ™ 65, 66, 67
Inflammation 1t M 68, 69
Anemia (could also have influence of hypoxia + EPO) 1 M 22,65, 70
EPO 1 ™ 25,29
i.v. iron (FCM, iron sucrose) " 71-73
sKL " 16, 17
PTH 1 ™ 74,20, 75, 18
Calcium 1 12
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*
It is assumed that an iFGF23 increase would be paralleled by a corresponding cFGF23 ELISA increase; an elevated cFGF23 indicates a larger

effect on cFGF23 than on iFGF23, likely via increased FGF23 synthesis and subsequent enhanced proteolysis.
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