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Abstract

In the last decade, there is an ongoing interest about Fibroblast growth factor — 23.
Its clinical significance seems to go far beyond hereditary disease. The current review presents the
newest findings about this factor in several fields of medicine.

Along with its undoubted place in hereditary bone diseases and renal failure, in every stage,
FGF23 role is far beyond clear. Further studies are needed to determine its place as prognostic,
diagnostic or severity biomarker.
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1. Introduction

The FGF family

Fibroblast growth Factors (FGFs) are multifunctional proteins with a wide variety of effects;
their role as biological signal facilitates a myriad of biological activities, ranging from issuing
developmental cues (mesoderm induction, anterior-posterior patterning, limb development, and
neural induction and development), maintaining tissue homeostasis, regulating metabolic
processes, including keratinocyte organisation and wound healing. That’s why; they often referred
to as 'promiscuous growth factors (Finklestein, Plomaritoglou, 2001; Olsen et al., 2003).

The first discovery of FGF was made by Armelin in 1973. Today we know 22 structure-related
signaling molecules in humans; thus, we are referring to them as FGF family. Today, FGFs are
classified as intracrine, paracrine, and endocrine FGFs by their action mechanisms (Itoh et al.,
2015). Paracrine and endocrine FGFs, which comprise 15 and 3 FGFs, respectively, are secreted
signaling proteins. In contrast, intracrine FGFs, which comprise four FGFs, are intracellular
proteins that are not functionally related to paracrine or endocrine FGFs. Endocrine FGFs
comprise FGF19, FGF21, and FGF23. Members FGF1 through FGF10 all bind fibroblast growth
factor receptors (FGFRs). Others (FGF11, FGF12, FGF13, FGF18) also known as FGF homologous
factors 1-4 (FHF1-FHF4) or “iFGF”, do not bind FGFRs and are involved in intracellular processes
unrelated to the FGFs (Itoh, Ornitz, 2008); human FGF18 is involved in cell development and
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morphogenesis in various tissues including cartilage; human FGF20 was identified based on its
homology to Xenopus FGF-20 (XFGF-20), etc.

1. This article focuses on FGF2-3: a molecule that is gaining more and more interest since
its discovery, in 2000 (Pubmed search on “FGF23”/Fibroblast growth factor 23” retrieves
105 publications before 2000 and 980 from 2000-2015, search date 05/01/2016) (Itoh, Ornitz,
2004; Yamashita et al., 2000; Amin, 2014). The article reviews in brief, his structure and attempts
to analyze its physiological and pathophysiological role.

2. Results

I.  Structure and physiological role

Several tissues express FGF-23, such as bone tissue, bone marrow vessels, ventrolateral
thalamic nucleus, thymus, and lymph nodes (Liu et al., 2003). Yet, the high levels of expression by
osteocytes suggest that the bone tissue is the major source of FGF-23 (Liu, Quarles, 2007).
The latter is a 32KD protein (251 amino acids), encoded in FGF23 gene, which in turn is located in
chromosome 12p13 and composed by three exons (Amin, 2014). The protein contains a 24 starting
signal amino acid peptid, an N-terminal region that contains the FGF homology domain
(156 amino acids) and a novel 71—amino acid C-terminus (originally discovered by homology-based
PCR screening of a mouse embryonic cDNA library), while the gene is phylogenetically grouped
with FGF-19 and -21 gene products (Liu, Quarles, 2007).

2. FGF interacts with one of a family of four FGF receptors (FGFR, especially FGFR1c, 3c
and 4c) that belong to type I transmembrane phosphotyrosine kinase receptors. Nevertheless,
receptor activation needs a signaling complex formed by FGF, FGFR and Heparan sulfate
proteoglycan (HSPG) which acts as a co-factor (Ornitz, 2000; Urakawa, 2006; Yu et al., 2005).
Another signle-pass transmembrane protein, known as Klotho, is also required for FGF-23-
induced receptor activation. Moreover, Klotho-FGFR coexpression seems to define tissue
specificity (presence in kidney, parathyroid gland, pituitary gland and choroid plexus, absence in
bone, lung, liver, skin, spleen) (Liu, Quarles, 2007).

As mentioned before, FGF-23 belongs structurally to FGF family. Yet, it is functionally
included in a group of molecules called phosphatonins. Phophatonins are hormones that regulate
phosphorus metabolism. sFRP-4 and MEPE (matrix extracellular Phosphoglycoprotein) are the
other members of the group.

Regarding FGF-23, its principal target is kidney, where it regulates phosphate reabsorption
and production of 1,25(0OH)2D (Liu, Quarles, 2007). FGF23 inhibits both sodium-dependent
phosphate reabsorption (by suppression of type 2a and 2c sodium-phosphate cotransporters
expression) and 25-hydroxyvitamin D [25(OH)D]-1a-hydroxylase, while enhancing the expression
of 25(0OH)D-24-hydroxylase, in the proximal tubule. Thus, it causes phosphaturia leading to
hypophosphatemia, and aberrant production and inappropriately low levels of 1,25(0H)2D
(Shimada et al., 2004).
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Fig. 1. Actions of FGF-23 (Saito, Fukumoto, 2009) (explanation see text)
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The parathyroid gland is another target for FGF23, where it inhibits secretion of parathyroid
hormone (PTH) (Shimada et al., 2004). On the other hand, direct action of FGF-23 on bones, its
effect on pituitary gland and also in brain (where it is produced by ventrolateral thalamic nucleus)
are not completely explored.

II. Clinical significance

1. Hereditary diseases

FGF23 disturbances are met in several hereditary diseases. In general, they are classified in
two ways: a) syndromes of FGF23 excess and syndromes of FGF23 deficiency; and
b) hypophosphatemic and hypephosphatemic disorders.

Autosomal Dominant Hypophospatemic Rickets (ADHR) (OMIM entry 193100...).

(ICD-10 E83.3, Phenotype MIM number 193100, gene FGF23, locus 12p13.32,). ADHR is a
rare (less than 100 cases are described) familial disease, characterized by isolated renal phosphate
wasting, hypophosphatemia, and inappropriately normal 1,25-dihydroxyvitamin D3 levels. Patients
frequently present with bone pain, rickets, and tooth abscesses. Three heterozygous missense
mutations around the processing site of FGF23 protein have been identified in ADHR families.
These mutations replace 176Arg or 179Arg in FGF23 protein with other amino acids destroying
R-X-X-R furin like cleavage domain motif. Therefore, it has been presumed that the cleavage of
FGF23 protein between 179Arg and 180Ser is prevented by these mutations causing increased full-
length FGF23 level. Cleaved FGF23 forms due to intracellular proteolysis lose their biological
activities. FGF23 mutations in ADHR result in impaired pro-teolysis of FGF23, resulting in
increased serum levels of active FGF23. The disease shows incomplete penetrance, variable age at
onset (childhood to adult), and resolution of the phosphate-wasting defect in rare cases.
With treatment, prognosis is very good (Saito, Fukumoto, 2009; Orphanet-Autosomal Dominal...)

Autosomal Recessive Hyphosphatemic Rickets-1 (ARHR1)

(ICD-10 E83.3, Phenotype MIM number 241520, gene DMP1, locus 4q22.1) (OMIM entry
193100...).

ARHR is caused by inactivating mutations in dentin matrix acidic phosphoprotein (DMP1), a
member of the SIBLING family of extracellular matrix protein that augments mineralization
(18,33). Loss of DMP1 results in increased transcription of FGF23 by osteocytes), Dentin matrix
protein 1 is noncollagenous extracellular protein, highly expressed in osteoblasts and osteocytes, in
bone and teeth and belongs to a family of small integrinbinding ligand, N-linked glycoproteins
(SIBLING) together with matrix proteins in calcified tissues such as dentin sialophosphoprotein
(DSPP), integrin-binding sialoprotein (IBSP), matrix extracellular phosphoglycoprotein (MEPE),
and osteopontin (Turan et al., 2010). Several homozygous mutations in DMP1 gene were identified
in patients with ARHR. However, it remains unclear how mutations in DMP1 gene cause enhanced
production of FGF23. Its phenotype profile includes Short stature; limited movement of spine and
hip, calcification of the ligaments at the bony insertions sites, high bone density at the base of skull,
clavicle and rib anomalies, enthesopathies and laboratory exams reveal how hypophosphatemia,
low levels of serum 1,25-dihydroxyvitamin D, whereas serum calcium, parathyroid hormone,
urinary calcium excretion are normal, and high circulating levels of FGF23 (OMIM entry 193100...;
Turan et al., 2010, Masi et al., 2015).

Autosomal Recessive Hyphosphatemic Rickets-2 (ARHR2)

(ICD-10 E83.3, Phenotype MIM number 613312, gene ENPP1, locus 6q23.2)

Extremle rare disease that is caused by homozygous loss-of-function mutation in the ENPP1
gene; which encodes a protein called ectonucleotide pyrophosphatase/phosphodiesterase 1 (NPP1)
(the latter is a major generator of extracellular pyrophosphate (PPi)). Because PPi inhibits calcification,
inactivating mutations in ENPP1 gene are also responsible for generalized arterial calcification of
infancy. In patients with ARHR2, high circulating levels of FGF23 have been described. FGF23 is a
secreted protein, which reduces expression of sodium-phosphate co-transporters (NPT2a and NPT2c)
resulting in renal phosphate wasting, diminishes the renal 1a-hydroxylase and increases the 24-
hydroxylase activity. Moreover, FGF23 acts at the parathyroid gland to decrease parathyroid hormone
synthesis and secretion. Currently, it is unclear how mutations in ENPP1 gene results in high FGF23
levels (Turan et al., 2010; Masi et al., 2015; OMIM entry...).
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Hyperphosphatemic Familial Tumoral Calcinosis (HFTC)

(ICD-10 E83.3, Phenotype MIM number 613312, gene a) GALNT3-locus 2q24.2 b) FGF23-
locus 12q13.32 ¢) KL-locus 13q13.1)

The disease causes hyperphosphatemia, hypercalcemia, elevated or inappropriately normal
levels of 1,25 Vitamin D3 and ectopic calcifications which can be painful. GALNT3 mutations are
the most often met. Yet, currently a Klotho gene mutation and 3 FGF23 gene mutations (Ser71Gly,
Metg6Thr, Seri29Phe) have been also described (Masi et al., 2015; ARHR2-International
Osteoporosis Foundation...; OMIM entry 21190...; ADHR Consortium).

X-linked hypophosphatemic rickets (XLH)

(ICD-10 E83.3, Phenotype MIM number 307800, gene PHEX, locus Xq22.11)

It is the most common form of hereditary hypophosphatemia (prevalence of approximately
1/20,000, affects both sexes). PHEX encodes an endopeptidase expressed predominantly in bone
and teeth that regulates fibroblast growth factor 23 (FGF-23) synthesis through unknown
mechanisms. PHEX mutations lead to increased circulating levels of FGF-23, a phosphate-
regulating hormone (phosphatonin), that leads to reduced renal phosphate reabsorption and
consequently abnormal bone mineralization (Masi et al.,, 2015; Orpha89936-X-linked
hypophosphatemia...).

XLH is caused by inactivating mutations of Phex (9), a cell surface endopeptidase that also is
located in osteocytes. Loss of Phex also results in increased expression of FGF23 in osteocytes.
The mechanism whereby loss of DMP1 and Phex upregulates FGF23 gene transcription is not
known.

Single nucleotide Polymorphisms (SNPs) in FGF23 gene

A SNP in the intron of FGF23 (c.212-37insC) is significantly associated with higher serum
FGF23 levels and cardiac abnormalities in children with Kawasaki disease, while three distinct
SNPs in FGF23 gene (rs11063118, rs13312789 and rs7955866) are associated with an increased risk
of prostate cancer, indicating that FGF23 genetic variations increase prostate cancer susceptibility
(Itoh et al., 2015).

2. Renal disease

Chronic renal disease

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 (Wahl, Wolf,
2012). No correlation between FGF-23 and serum phosphate levels has been found in individuals
without overt renal disease (Marsell et al., 2008). Yet, as CKD progresses and renal function
declines FGF-23 levels gradually increase (up to 1000-fold above normal range in End Stage Renal
Disease(ESRD)). Similar results were observed in studies that evaluated FGF23 in pediatric CKD
population Even though FGF23 increase at a very early stage of CKD, there is no increase in the
accumulation of degraded FGF-23 (C-terminals FGF23 or ¢FGF23) in advanced CKD. Possible
explanations include physiological compensation to stabilize serum phosphate levels as the number
of intact nephrons declines, the release of unidentified FGF-23 stimulatory factors or loss of a
negative feedback factor(s) that normally suppress FGF-23 by the failing kidney or, an increased
secretion due to an end-organ resistance to the phosphaturic stimulus of FGF-23 because of a
deficiency of the necessary Klotho cofactor (Russo, Battaglia, 2011; Wolf, 2012). The mechanisms of
how FGF23 is removed from the circulation, where and how it is degraded remain unknown. That
is why clearance by the (failing) kidney or dialysis does not appear to contribute meaningfully to
the circulating level (Wolf, 2012). On the contrary, FGF23 levels decline rapidly following kidney
transplantation in most patients with prompt allograft function, however, persistently elevated
FGF23 levels in the very early-post-transplant period contribute to post-transplant
hypophosphatemia (Economidou et al., 2009).

Data from Chronic Renal Insufficiency Cohort (CRIC) study suggested that FGF23 is superior
to existing markers as a sensitive screening test to identify which patients are developing
disordered mineral metabolism in early CKD (Feldman et al.,, 2003). Several other studies
identified FGF23 as a risk factor for CKD progression. Whether FGF23 is acting as a biomarker of
cases of CKD that are destined to progress most rapidly or it is a direct mediator of disease
progression is currently unknown (Economidou et al., 2009). Nevertheless, numerous reports
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relate high FGF23 levels with progression to ESRD, cardiovascular disease, transfusion needs,
infection susceptibility and death in CKD (Kendrick et al., 2011; Tsai et al., 2016).

As a result, several approaches (apart from surgical-kidney transplantation and
parathyroidectomy) have been developed to lower FGF23 levels: dietary manipulation by reducing
dietary phosphate intake; phosphate binders, especially non-calcium such as sevelamer,
lanthanum, or aluminum-magnesium, cinacalcet, velcacetide and vitamin D (natural or analogues).
Other modalities like e.g. anti-FGF23-Ab or RAAS blockade to modulation of the
FGF23/Klotho/phosphate axis are also under evaluation (Wolf, 2012; de Seigneux, Martin, 2016).

Acute renal failure

Various reports reveal FGF23 role in acute renal failure (ARF) and acute kidney injury (AKI).
Thus, cFGF23 levels rise early in AKI following cardiac surgery and are independently associated
with adverse postoperative outcomes (Leaf et al., 2016). Among patients with AKI, FGF23 levels
are elevated and associated with greater risk of death or need for renal replacement therapy (Leaf et
al., 2012). Even though there was however no association between FGF23 levels and the severity of
AKI, in some AKI models, FGF23 rised more quickly than phosphate levels or NGAL (Zhang et al.,
2011; Christov et al., 2013). Recent study report that activation of FGFR1 is essential for the high
levels of FGF23 in acute and chronic experimental uremia (Hassan et al., 2016). More studies are
needed to identify the clear role of FGF23 in AKI.

3. Burns

Severe burn results in acute bone resorption followed by a dynamic state, most likely due to
changes brought about by the inflammatory and glucocorticoid responses to the injury (Klein et al.,
2015). Recent studies found increased FGF23 in adult burn patient, suggesting that osteocytes may
be apoptotic (Klein et al., 2015; Rousseau, 2015). Moreover, an interesting correlation between CRP
and FGF23 was found (Rousseau et al., 2014).

4. Stroke and Subarachnoid Hemorrhage (SAH)

In 2014 Northern Manhattan Study (NOMAS) found that elevated FGF23 was a risk factor
for overall stroke and ICH events, in particular in a racially and ethnically diverse urban
community, independent of chronic kidney disease (Wright, 2014). Later, the same investigators
reported that carotid atherosclerosis may be a mechanism through which FGF23 increases
cardiovascular events and stroke (Shah, 2015). Moreover, there is an association between elevated
FGF23 and small vessel disease and magnetic resonance imaging-defined brain infarction in men,
independent of chronic kidney disease (Wright et al., 2016). In Reasons for Geographic and Racial
Differences in Stroke (REGARDS) study, higher FGF23 concentrations were associated with higher
risk of cardioembolic but not with other stroke subtypes in community-dwelling adults (Panwar,
2015). Finally, Soderholm and Engstrom report a relation of FGF23 with increased risk of incident
SAH in subjects from the general population (S6derholm, Engstrom, 2015).

5. Neoplams

Phosphaturic mesenchymal tumor mixed connective tissue variants (PMTMCT)

PMTMCT is an extremely rare tumor of soft tissue which is typically associated with
oncogenic osteomalacia (OO) or tumor induced osteomalacia (TIO). Classic histologic features of
PMTMCT include osteoclast-like giant cells, spindle to stellate primitive mesenchymal cells,
microcysts, and prominent vascularity, both blood vessels and lymphatics. FGF23 was identified as
a causative humoral factor for TIO, which is quite rare in childhood FGF23 was shown to be
abundantly expressed in tumors causing TIO Circulatory FGF23 levels are elevated in virtually all
patients with TIO The surgical removal of responsible tumors results in normalization of FGF23
levels; while therapeutic approaches against FGF23 have also been used (Liao, 2013; Kinoshita,
Fukumoto, 2014).

Prostate and ovarian cancer

As mentioned in Hereditary Diseases section, several studies relate SNPs of FGF23 or FGF23
levels with increased risk of prostate and ovarian cancer (Kim et al., 2014; Feng et al., 2013; Tebben
et al., 2005).
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6. Other

Results from a new study suggest that Increased serum FGF23 and placental growth factor
(PLGF) levels and the presence of positive correlation between PLGF and Psoriasis area and
severity index (PASI) score probably reflects the inflammatory state and insulin resistance seen in
psoriasis (Okan et al., 2016).

Other investigators report that in mice model acute exercise, exhaustive exercise, and chronic
exercise, increased serum FGF23 levels. Exercise-stimulated FGF23 promotes exercise
performance via controlling the excess Reactive Oxygen Species production and enhancing
mitochondrial function in skeletal muscle, which reveals an entirely novel role of FGF23 in skeletal
muscle (Li et al., 2016).

Finally, in African Americans with type 2 diabetes lacking advanced nephropathy, FGF23
concentrations were independently associated with subclinical coronary artery disease (Freedman
et al., 2015).

3. Conclusion

Along with its undoubted place in hereditary bone diseases and renal failure, in every stage,
FGF23 role is far beyond clear. Further studies are needed to determine its place as prognostic,
diagnostic or severity biomarker.
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