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Abstract

Tumor-induced osteomalacia (T10) is an acquired disorder of isolated renal phosphate wasting
associated with tumors, typically of mesenchymal origin. Patients with T1O share similar biochemical
and skeletal phenotypes with patients who have autosomal dominant hypophosphatemic rickets
(ADHR) and X-linked hypophosphatemia. The study of TIO introduced the idea of the existence of
circulating factors, referred to as ‘phosphatonins’, produced by the tumor, which act upon the kidney
to reduce phosphate reabsorption. Although several factors have been identified, the phosphatonin
FGF-23, also identified as the causative factor in ADHR, is currently the best characterized of these
factors relative to phosphate handling. This review describes the importance of TIO in understanding
phosphate homeostasis in the context of new endocrine interactions between the skeleton and the
kidney.
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Tumor-induced osteomalacia (T10), also referred to as oncogenic osteomalacia, is an acquired
disorder of isolated renal phosphate wasting, associated with tumors that often have a
mesenchymal origin [1]. The study of patients with TIO introduced the existence of possible
circulating factors, referred to as ‘phosphatonins’, produced by the tumor, which act upon the
renal proximal tubule (PT) to decrease phosphate reabsorption [1,2]. The phosphatonin theory
is supported by the fact that complete surgical removal of the neoplasm results in rapid
correction of the abnormal phosphate wasting [3].
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Clinical presentation

Tumor-induced osteomalacia is a rare disorder that can occur in children and adults [4]. These
patients present with hypophosphatemia secondary to reduced renal phosphate reabsorption
(as determined by the ratio of phosphorus tubule maximum to glomerular filtration rate),
inappropriately low or normal 1,25(OH), vitamin D concentrations and elevated alkaline
phosphatase levels [3]. The manifestations of TIO are similar to those of patients with
autosomal dominant hypophosphatemic rickets (ADHR), X-linked hypophosphatemic rickets
(XLH), and autosomal recessive hypophosphatemic rickets (ARHR). A common denominator
of all of these conditions is the presence of elevated circulating FGF-23 concentrations (Table
1). TIO patients typically exhibit normal serum parathyroid hormone (PTH) and calcium levels,
however with prolonged disease and treatment secondary hyperparathyroidism can develop
[5,6]. Patient bone biopsies reveal osteomalacia, and clinical symptoms include onset of muscle
weakness, fatigue and bone pain, especially in the ankles, legs, hips and back [3,7,8].
Insufficiency fractures are common in patients and proximal muscle weakness may become
severe enough that patients become wheelchair- or bed-bound [3]. Children may present with
poor growth and deformities of the lower extremities [4]. Owing to the rare nature of the
disease, as well as multiple other causes of hypophosphatemia, such as refeeding syndrome,
respiratory alkalosis, alcohol abuse, malabsorption, hepatic failure and blood cancers such as
lymphoma and leukemia, a clear diagnosis of TIO can be challenging. In some cases, it has
also taken years to locate the tumor [9]. It is possible that a heritable cause of
hypophosphatemia, such as XLH, ADHR, and ARHR, could be distinguished from TIO
through genetic analysis of the genes that lead to these disorders (Table 1). Hereditary
hypophosphatemic rickets with hypercalciuria is another disorder of hypophosphatemia, and
is due to mutations in the Type llc sodium-phosphate cotransporter (NPT2c) [10,11]. However,
in contrast to other forms of hypophosphatemia, hereditary hypophosphatemic rickets with
hypercalciuria is characterized by a normal physiological response to hypophosphatemia
through elevated 1,25(0H), vitamin D, as well as the hypercalciuria associated with increased
intestinal calcium absorption [12]. Additional features of TIO that may help in diagnosis
include lack of a family history of hypophosphatemia, relatively rapid onset of symptoms and
a previously-documented normal serum phosphate concentration.

The current therapy for TIO, in addition to surgical removal of the TIO lesion, includes oral
replacement of phosphorus in combination with high dose 1,25(OH), vitamin D. This regimen
‘treats’ T1O by increasing serum phosphate concentrations and ameliorates much of the
metabolic bone disease, but does not directly ‘cure’ the disorder by reversing the underlying
molecular defects in kidney and in bone.

Tumor characteristics

The majority of tumors in TIO are small, slow growing and of mesenchymal origin [9]. These
tumors may develop in bone or soft tissues, are often difficult to locate by standard x-ray and
MRI, and can be problematic to remove. The tumors that cause TIO may also resemble
common, benign lesions [13]. TIO lesions have been classified into four categories based on
histology and include: phosphaturic mesenchymal tumor, mixed connective tissue type
(PMTMCT; ~75% in this category), osteoblastoma-like tumors, nonossifying fibroma-like
tumors, and ossifying fibroma-like tumors [9,13]. Tumor metastases have been observed, but
these appear to be rare occurrences [9].

Due to the small size and often unusual locations of these tumors, detection is frequently
challenging. Standard imaging techniques, such as x-ray, CT scan and MRI [14], can be used
to detect tumors. However, other methods, such as ultrasonography, as well as labeling
approaches, such as whole-body 99mTc sestamibi scanning [15] and body 201TI scintigraphy
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[16] have been required for tumor localization. Reports have also demonstrated some successes
with 1111-indiumpentetreotide scintigraphy [17,18]; however, a negative octreotide scan may
not preclude a diagnosis of TIO, as not all tumors have surface somatostatin receptors [19].
More recently, targeted venous sampling followed by detection of differential serum FGF-23
concentrations using established FGF-23 ELISAs was reported to provide a narrower region
for follow-up imaging procedures and biopsies [20-22]. F-18 FDG PET/CT has also been used
in several cases, and relies on the principle of increased uptake of radiolabeled glucose by
tumors with increased glucose metabolism or lesions with increased blood supply [23-25]. In
another strategy, due to the resemblance of TIO tumors to normal, benign nodes, the ‘Intact’
FGF-23 ELISA has been adapted into a rapid detection format [26]. This methodology uses a
lysate from the suspected lesion as the substrate for the ELISA during surgery, and has proven
successful in confirming the production of FGF-23 as a biomarker in the suspected T1O
neoplasm [26].

Phosphatonins & TIO

FGF-23

Studies of TIO brought forth the hypothesis that the tumors produce circulating factors that act
upon the kidney to decrease phosphate reabsorption [1,2]. The ‘phosphatonin’ theory is
supported by the fact that surgical removal of the neoplasm results in rapid correction of the
abnormal phosphate wasting. Supporting studies have demonstrated that TIO tumor extracts
and conditioned media from T10O tumor cell cultures can inhibit phosphate transport in model
PT cells [2], and implantation of T1O tumor tissue into nude mice results in increased urinary
phosphate excretion [27]. Although not a heritable disorder, clinical studies of TIO in
combination with genetic approaches and animal models have been useful in identifying the
mechanisms associated with potential phosphatonins because of the similar phenotype shared
between T10O patients and those with heritable hypophosphatemias (Table 1).

Recent advances in our understanding of disorders involving phosphate metabolism have shed
light on the underlying mechanisms of potential phosphatonins that control phosphate
homeostasis in normal and disordered states. FGF-23 is the best-characterized phosphatonin
with regard to serum phosphate handling, and was identified as the gene responsible for ADHR
through a positional cloning approach [28]. Full-length FGF-23 (32 kD) is the biologically
active form of the protein and is inactivated upon cleavage into 20 and 12 kDa protein
fragments. The N-terminal region of FGF-23 contains the FGF-homology domain, whereas
the C-terminus comprises a unique 71-amino acid tail [29]. Intracellular cleavage of FGF-23
occurs atasubtilisin-like proprotein convertase site (R176XXR179/S) [28,29], which inactivates
the protein. The human FGF-23 ADHR mutations R176Q, R179Q, and R179W destroy this
site and stabilize the full-length active form of the protein [28,30]. In support of these genetic
observations, when either full-length FGF-23, the N-terminal fragment, or the C-terminal
fragment are injected in vivo, only the intact hormone causes a reduction in serum phosphate
concentrations [29]. Although FGF-23 mRNA can be detected at low levels in many tissues,
this hormone is predominantly produced in bone [28]. FGF-23 is normally expressed by
osteoblasts, osteocytes, flattened bone lining cells, and osteoprogenitor cells [31].

Serum FGF-23 concentrations are elevated in patients with TIO [32,33] and tumors that cause
TIO typically overexpress FGF-23 mRNA [34]. To determine if FGF-23 could be involved in
TIO as a phosphatonin, we previously tested mRNA from five TIO tumors as well as several
control tissues using northern blot for the presence of FGF-23 transcripts, and determined that
FGF-23 mRNA was highly expressed in all tumors tested [34]. Furthermore, FGF-23 was

present in atumor lysate by Western blot analyses using an anti-FGF-23 antibody [34]. Surgical
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resection of the tumor results in rapid decreases in serum FGF-23 as determined by both a ‘C-
terminal’ FGF-23 ELISA [32] or an ‘Intact” FGF-23 ELISA [33].

In an independent approach to identifying FGF-23, RNA was isolated from a TIO tumor, and
transcripts were identified as over-expressed by differential selection compared with normal
bone [35]. The highly expressed transcripts were stably expressed in Chinese hamster ovary
cells, which were then injected into nude mice to form tumor masses [35]. The cells that
produced FGF-23 gave rise to the TIO phenotype in vivo by causing hypophosphatemia,
elevated alkaline phosphatase and inappropriately low 1,25(OH), vitamin D concentrations
[35]. In addition, the mice that received FGF-23-expressing cells also showed growth
retardation, kyphosis and osteomalacia, similar to XLH and ADHR patients. Furthermore,
these investigators observed marked decreases in the renal vitamin D 1-o-hydroxylase mRNA.
Both the biochemical and metabolic bone profiles of the experimental animals were parallel
to those observed in patients with TIO and ADHR [35]. These experiments provided evidence
that FGF-23 was a phosphaturic substance and had potent effects on enzymes involved in
vitamin D metabolism, and that increased circulating FGF-23 concentrations were consistent
with the idea that FGF-23 was, at least in part, responsible for the TIO phenotype. In additional
studies, serial analyses of gene expresion indicated that there was increased expression of
FGF-23 mRNA in a majority of TIO assessed tumors [36], which supports
immunohistochemical data demonstrating that FGF-23 protein was detectable in a majority of
TI1O tumor samples [13,37].

Similar to PTH, FGF-23 functions to reduce renal phosphate reabsorption in the PT by
downregulating the expression of Npt2a and Npt2c in the apical membrane. However, in
contrast to PTH, FGF-23 downregulates the expression of the renal vitamin D 1-a-hydroxylase
and increases expression of the catabolic 25(OH) D-24-hydroxylase, thus decreasing
circulating 1,25(0H), vitamin D concentrations (Figure 1) [35]. In mice, increased dietary
phosphate increases serum phosphate concentrations and circulating FGF-23, and the
reciprocal relationship is consistent for low phosphate diets [38]. These relationships have also
been reported in some human studies, but the effect of phosphate on FGF-23 appears to be less
robust than in the animal studies [39-41]. Whether phosphate has direct effects on the skeleton
to control FGF-23 production and secretion is currently unknown (Figure 1). Furthermore,
patients with chronic kidney disease develop hyperphosphatemia, and FGF-23 is upregulated
in these patients. This increase of FGF-23 may also be a response to the prevailing
hyperphosphatemia, and has been associated with a five- to six-fold increase in mortality
[42]. Increased FGF-23 is associated with reduced 1,25(OH), vitamin D concentrations [43],
and a reduction in FGF-23 production most likely increases 1,25(OH), vitamin D through
release of FGF-23-mediated 1-a-hydroxylase suppression [44]. Recent evidence also points to
arole for FGF-23 in directly regulating PTH production (Figure 1), as the FGF-23 core-ceptor
Klotho is highly expressed in the parathyroid glands [45]. In this regard, FGF-23 delivery to
bovine parathyroid cells in vitro or to rats in vivo increases p-ERK1/2 activity and reduces PTH
MRNA and circulating concentrations, respectively [46,47]. The potential role of FGF-23 in
the suppression of PTH in TIO remains to be determined, since the hypophosphatemia induced
by elevated FGF-23 may also suppress PTH production in this disorder. Finally, other minerals,
such as iron, have recently been implicated in humans to alter FGF-23 expression, which
resulted in similar manifestations to T10, including hypophosphatemia and osteomalacia
[48].

Mouse models have provided critical insight into the function and mechanisms of FGF-23
activity. The transgenic over-expression of FGF-23 results in marked hypophosphatemia [49,
50]. High circulating FGF-23 concentrations in these animals leads to renal phosphate wasting
through the down-regulation of Npt2a and Npt2c, which markedly increases phosphate
excretion [49,50]. As expected, the transgenic mice have rickets/osteomalacia [49,50], similar
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to patients with XLH, ADHR and T1O. The FGF-23-null mouse has the reciprocal phosphate
phenotype to the FGF-23 transgenic mice, with severe hyperphosphatemia and elevated 1,25
(OH), vitamin D resulting in soft-tissue calcifications, growth retardation, abnormal bone
mineralization and decreased life expectancy [51,52]. Taken together, these findings indicate
that FGF-23 regulates renal phosphate homeostasis by controlling renal reabsorption through
regulation of the expression of the sodium dependent phosphate cotransporter family members,
and vitamin D through control of the 1-a-hydroxy-lase and the 25(0OH)D-24-hydroxylase.
Although FGF-23 regulation of Npt2a and Npt2c in the PT is well established, the molecular
and cellular mechanisms whereby FGF-23 exerts its biological effects within the kidney remain
largely unknown.

Renal FGF-23 activity

The coreceptor a-Klotho (KL) was recently identified as necessary for FGF-23 bioactivity
[53]. KL is produced as two isoforms due to alternative splicing of the same five-exon gene.
Membrane bound KL (mKL) is a 130-kD single-pass transmembrane protein comprised of all
five exons, and is characterized by a large extracellular domain, with a short cytoplasmic region
of 11 residues that does not contain signaling motifs [54]. The secreted form of KL is 80 kD
and is alternatively spliced within exon 3, producing a KL protein species that possesses the
extracellular region, but not the transmembrane domain, and is secreted into the circulation
[54]. A third isoform is produced by cleavage of mKL in proximity to the extracellular face of
the plasma membrane, referred to as ‘cut mKL’, resulting in a protein that is also found in the
circulation [55]. The circulating forms of KL have led to interpretations that KL itself may act
as a hormone [55].

In vitro evidence supports associations between FGF receptor-1c and KL as part of a receptor
complex to elicit FGF-23 signaling through the MAPK cascade and phospho-ERK1/2 (p-
ERK1/2) [53]. Interactions with multiple FGFRs and KL have also been identified [56].
Underlying the importance of the formation of a KL-FGFR receptor complex, high levels of
FGF-23 signaling in vitro occur when KL and FGFR1c are coexpressed [53]. In support of
FGF-23-KL interactions, the FGF-23- and KL-null animals have identical hyperphosphatemic
phenotypes [45,51,52,57]. Furthermore, a recessive, loss of function mutation in the human
KL gene resulted in impaired KL expression and activity, and to a severe tumoral calcinosis
phenotype, most likely due to end-organ resistance to FGF-23 [58]. Although it has been shown
that KL permits FGF-23 signaling in vitro, the mechanisms underlying FGF-23 bioactivity in
the kidney are unclear, as KL localizes to the distal convoluted tubule (DCT) and FGF-23
mediates its effects on Npt2a, Npt2c and vitamin D metabolizing enzymes within the PT [35,
49]. We recently demonstrated that initial FGF-23 activity (5-10 min), as tested through
detection of phospho-ERK1/2, occurs in the renal DCT, and was not localized with Npt2a in
the renal PT [59]. Future studies are required to address the mechanisms underlying this DCT-
PT axis for FGF-23 bioactivity, and could reveal novel therapeutic targets for TIO and the
heritable hypophosphatemias.

FGF-23 half-life assessment in TIO

The half-life of full length, active FGF-23 was determined through observations of serum
FGF-23 levels before and following tumor resection in two T10O patients. As expected, FGF-23
was significantly elevated before surgery, and fell dramatically after the TIO lesion was
removed, as assessed by the ‘intact” ELISA [33]. Based upon the data from these two patients,
the half-life of FGF-23 is estimated to be between 20-50 min [60,61].
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Other genes highly expressed in tumors that cause TIO

Expression studies performed on TIO tumors have revealed other candidate genes that have
been described as potential phosphatonins. These include matrix extracellular
phosphoglycoprotein (MEPE), Frizzled-related protein (FRP4), and FGF-7 [62—64]. Although
increased expression of MEPE and FRP4 mRNA has been documented in multiple TI1O tumors
[36], their role in TIO and in phosphate regulation remains largely unclear. MEPE was first
identified in tumor medium and osteosarcoma cell lines using polyclonal antibodies raised
against the pre-operative serum from a T1O patient [62]. MEPE is predominantly expressed in
odonto-blasts and osteocytes embedded in the mineralized matrix [65,66]. In vitro studies of
human osteoblast cell cultures indicate that MEPE expression is highest during the
mineralization phase [67]. These data point to the possibility that MEPE may not regulate
serum phosphate levels, but rather its expression could be directly or indirectly influenced by
serum phosphate levels. Importantly, overproduction of MEPE by TIO tumors may directly
reduce bone mineralization through the bioactivity of MEPE fragments within the skeleton
[68].

FRP4 is a secreted member of the Frizzled protein family, and contains a cysteine-rich ligand-
binding domain as well as a hydrophilic C-terminal region [63,69,70]. As with FGF-23 and
MEPE, FRP4 was identified as one of the genes overexpressed in TIO tumors by SAGE
analysis [36,71]. Studies have shown that FRP4 inhibits sodium-dependent phosphate uptake
in opossum kidney (OK) cells in vitro [71]. Intravenous delivery of FRP4 (0.3 ng/kg/h) to
normal or parathyroidectomized mice was shown to cause hypophosphatemia secondary to
increased phosphate excretion. These findings indicate that FRP4 may inhibit renal phosphate
reabsorption independent of the regulating affects of PTH [71]. Altered regulation of Wnt
signaling has been shown to promote tumor development and may be the reason for FRP4 over
expression in T1O tumors [72—74]. Further studies are required to understand the role of FRP4
in phosphate handling and the altered bone mineralization in TIO.

Using a screen of TIO tumors that differentially inhibited phosphate transport in vitro, testing
of identified candidates revealed that FGF-7 was an inhibitor of phosphate uptake in the OK
cell line [64]. A neutralizing monoclonal antibody to FGF-7 reversed FGF-7-dependent
phosphate transport inhibition and inhibitory activity in conditioned medium from tumor cell
cultures. Immunoassays also revealed that FGF-7 was highly present in inhibitory conditioned
medium and only in minimal amounts in non-conditioned medium or in conditioned medium
with no phosphate transport inhibitory activity [64]. Expansion of these findings through
FGF-7 delivery in vivo, as well as clinical studies examining FGF-7 levels in TIO patients
before and after tumor resection, will be necessary to provide further insight into the role of
FGF-7 in TIO.

The molecular mechanisms for the upregulation of these genes, and others, in tumors that cause
TI1O are unknown. Interestingly, TIO tumors may manifest an ‘osteoblast/osteocyte’ phenotype
and overexpress genes such as DMP1 and PHEX, in addition to MEPE and FGF-23. Recently,
it has been suggested that ARHR caused by DMP1 loss-of-function mutations may be a pheno-
copy of XLH [75,76]. The Dmp1-null mouse has an osteoblast to osteocyte transition defect
where genes expressed in osteoblasts, such as alkaline phosphatase and type | collagen, as well
as FGF-23, remained transcriptionally active and were markedly over-expressed in mature,
embedded osteocytes [75]. Whether there is overlap in the differentiation defect that leads to
TIO and the expression of DMP1, MEPE, PHEX and FGF-23, and the defect in ARHR (and
possibly XLH) is unknown. However, this may represent another crossover point, similar to
the discovery of FGF-23 through different experimental approaches, where the acquired and
heritable disorders of phosphate handling influence the understanding of each other.
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Expert commentary

In general, the T1O field currently relies on the biochemical phenotype of hypophosphatemia
with inappropriately normal or low 1,25(0OH), vitamin D in combination with the detection of
elevated FGF-23 by ELISA, and imaging approaches as key indicators to make a general
diagnosis [77]. However, the overlap of clinical symptoms with genetic and environmental
causes of hypophosphatemia can make certain diagnosis difficult unless a neoplasm is detected
and removed, and the clinical manifestations cease. A careful family history is still important
in suspected TIO cases to rule out XLH, ADHR, and ARHR. XLH is completely penetrant,
and the heritability patterns are well defined, thus, there is less of a concern with differential
diagnosis unless it is a spontaneous PHEX mutation. ADHR has variable penetrance, and
symptoms can appear and disappear in correlation with serum FGF-23 levels [78], thus this
disorder may also resemble TIO. ARHR may affect one individual in a particular generation
[75,76], therefore genetic testing for FGF-23 and DMP1 mutations, respectively, in these cases
may rule in a genetic cause. The FGF-23 mutations that result in ADHR are heterozygous and
have all been at positions R176 or R179 within the subtilisin-like proprotein convertase RXXR/
S cleavage site, making mutation assessment relatively straightforward [28]. However, in
ARHR, if a mutation in DMP1 is not found, this still may not completely rule out ARHR, as
intronic mutations and deletions that result in loss of function can be difficult to detect [76,
79].

Five-year view

Although TIO is certainly a rare disorder, the field could evolve over the next 5 years in the
areas of tumor detection, and in new treatments for the reduced serum phosphate until the tumor
is localized. For tumor detection, now that profiles of genes highly expressed by the tumors
have been confirmed speculatively, identification of a cell-surface marker for an antibody-
based detection system could potentially be developed. For treatment, humanized FGF-23-
neutralizing antibodies are currently in clinical trials for XLH therapy. These monoclonal
antibodies reduce FGF-23 bioactivity in vitro and in vivo through interference with FGF-23-
FGFR and FGF-23-Klotho binding [80], and reverse the hypophosphatemia and skeletal
manifestations associated with increased FGF-23 in the XLH mouse model, Hyp [81].
Ameliorating the symptoms of TIO by using the anti-FGF-23 antibodies until the tumor is
found could alleviate potentially harmful effects of long-term phosphate and vitamin D therapy,
including hyperparathyroidism and nephrocalcinosis with resulting renal insufficiency.

Key issues

e Tumor-induced osteomalacia (T10) is a rare disorder that can be challenging to
diagnose.

» TIO resembles heritable hypophosphatemias, therefore genetic testing may suggest a
known disorder of phosphate wasting.

*  TIO tumor localization can be difficult, and a strategy of combined imaging
approaches may decrease the time between symptom onset and tumor isolation.

» FGF-23iselevated in TIO and can be used as a marker for tumor identification.

* TIO has revealed novel aspects of endocrine interactions between the skeleton and
the Kidney, however it is not known why specific genes are up regulated in TIO
tumors, and if this is related to the differentiation defect observed in some heritable
hypophosphatemias.
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*  Future developments in the field should focus on enhancing detection capabilities, as
well as improved therapies for amelioration of the clinical manifestations of TI1O, until
a tumor can be identified.
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Figure 1. FGF-23 actions on phosphate metabolism

FGF-23 is normally produced by bone cells and secreted into the circulation, potentially in
response to increased phosphate and/or 1,25(0OH) 5 vitamin D. In T1O, a tumor produces excess
FGF-23. FGF-23 may initially act in the renal DCT, subsequently leading to a decrease in
Npt2a and Npt2c expression and a decrease in 1,25(0OH), vitamin D production in the PT.
Ultimately, continuously elevated serum FGF-23 results in renal phosphate wasting and
hypophosphatemia, followed by osteomalacia and fractures. FGF-23 reduces PTH mRNA and
protein, however the role of this action of FGF-23 in TIO remains to be determined.

DCT: Distal convoluted tubule; Npt2: Type 11 sodium phosphate cotransporter; PT: Proximal
tubule; PTH: Parathyroid hormone; TIO: Tumor-induced osteomalacia.
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Table 1
Heritable disorders of hypophosphatemia.
Effect on
serum
Disorder Gene Effect of mutation FGF-23
X-linked hypophosphatemic rickets Phosphate-regulating gene with Loss of function 1
homologies to endopeptidases on
the X-chromosome
Autosomal dominant FGF-23 Gain of function re
hypophosphatemic rickets
Autosomal recessive hypophosphatemic  Dentin matrix protein-1 Loss of function 1
rickets
Hereditary hypophosphatemic rickets Type llc Sodium-phosphate Loss of function l
with hypercalciuria cotransporter (NPT2c;
SLC34A3)

Page 14

A detailed family history and biochemical evaluation is important for a correct tumor-induced osteomalacia diagnosis, as these listed disorders could
resemble tumor-induced osteomalacia (hereditary hypophosphatemic rickets with hypercalciuria listed based upon hypophosphatemia alone).

HUnchanged concentration.
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