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FGF-23 in fibrous dysplasia of bone

See the related Commentary beginning on page 642.
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FGF-23, a novel member of the FGF family, is the product of the gene mutated in autosomal dom-
inant hypophosphatemic rickets (ADHR). FGF-23 has been proposed as a circulating factor caus-
ing renal phosphate wasting not only in ADHR (as a result of inadequate degradation), but also in
tumor-induced osteomalacia (as a result of excess synthesis by tumor cells). Renal phosphate wast-
ing occurs in approximately 50% of patients with McCune-Albright syndrome (MAS) and fibrous
dysplasia of bone (FD), which result from postzygotic mutations of the GNASI gene. We found that
FGF-23 is produced by normal and FD osteoprogenitors and bone-forming cells in vivo and in
vitro. In situ hybridization analysis of FGF-23 mRNA expression identified “fibrous” cells,
osteogenic cells, and cells associated with microvascular walls as specific cellular sources of FGF-
23 in FD. Serum levels of FGF-23 were increased in FD/MAS patients compared with normal age-
matched controls and significantly higher in FD/MAS patients with renal phosphate wasting com-
pared with those without, and correlated with disease burden bone turnover markers commonly
used to assess disease activity. Production of FGF-23 by FD tissue may play an important role in
the renal phosphate-wasting syndrome associated with FD/MAS.
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Nonstandard abbreviations used: autosomal dominant
hypophosphatemic rickets (ADHR); X-linked
hypophosphatemic rickets (XLH); tumor-induced
osteomalacia (TIO); matrix extracellular phosphoglycoprotein
(MEPE); secreted frizzled-related protein-4 (sFRP-4);

fibrous dysplasia (FD); stimulatory G protein (Gs);
McCune-Albright syndrome (MAS); Institutional Review
Board (IRB); maximum rate of reabsorption of phosphate
relative to the GFR (TmP/GFR); genomic DNA (gDNA);
protein nucleic acid (PNA); poly-methyl methacrylate (MMA);
human trabecular bone (HTB): non-phosphate wasters
(NPW); phosphate wasters (PW); alkaline phosphatase

(ALP); osteonectin (ON); osteocalcin (OC);

bone sialoprotein (BSP).

Introduction

Phosphate-wasting disorders include heritable auto-
somal dominant hypophosphatemic rickets (ADHR);
X-linked hypophosphatemic rickets (XLH), and
acquired tumor-induced osteomalacia (TIO), condi-
tions manifesting impaired renal reabsorption of
phosphate, hypophosphatemia, and skeletal miner-
alization defects (1). Missense mutations in the FGF-23
gene, encoding a novel member of the FGF family, are
the cause of ADHR (2). Inadequate endopeptidase
cleavage of the mutated protein may result in in-
creased FGF-23 serum levels and bioactivity (3, 4). On
the other hand, FGF-23 is produced by most tumors
associated with TIO, a rare paraneoplastic form of
phosphaturic, hypophosphatemic osteomalacia
(5-9). Although other candidate factors have been
identified, including matrix extracellular phospho-
glycoprotein (MEPE) (10) and secreted frizzled-relat-
ed protein-4 (sFRP-4) (11), circulating FGF-23 repre-
sents one candidate “phosphatonin”, the long-
postulated (and long-sought) putative humoral fac-
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tor that would regulate renal phosphate handling
and be secreted in excess by TIO-causing tumors (8,
12, 13). A unifying picture of human phosphaturic
disorders would emerge from these recent observa-
tions. Both inactivating mutations of PHEX, a neu-
tral endopeptidase gene (in X-linked hypophos-
phatemia) (14, 15), and missense mutations in FGF-23
itself (in ADHR) (2), may result in impaired FGF-23
degradation (3, 4). Inappropriate production of FGF-23
by phosphaturic tumors, on the other hand, may
cause TIO. FGF-23 would represent the crossroad of
inherited and acquired metabolic derangements,
finding in hypophosphatemia, renal phosphate wast-
ing, and skeletal mineralization defects, a final com-
mon pathway (13).

Fibrous dysplasia (FD), a genetic, noninherited dis-
ease caused by somatic activating missense muta-
tions of GNAS1 (16) (encoding the o subunit of the
stimulatory G protein, Gs), is a non-neoplastic dis-
ease affecting the skeleton either in isolation (mono-
stotic and polyostotic forms), or in variable combi-
nations with endocrine and cutaneous abnormalities
(McCune-Albright syndrome, MAS) (17-20). Hypo-
phosphatemic rickets/osteomalacia is recognized as
a rare complication of FD/MAS (21-23). Less-pro-
nounced degrees of renal phosphate wasting are
detected in approximately 50% of FD/MAS patients
(24) and are commonly associated with localized
mineralization defects in FD bone (25, 26), which
contribute significantly to disease morbidity (27). We
thus hypothesized that FGF-23 might be associated
with the phosphate-wasting disorder observed in
FD/MAS patients and sought to determine (i) if
FGF-23 is expressed and synthesized in FD tissue and
cells (ii) whether circulating FGF-23 could be detect-
ed in FD/MAS patients at levels higher than normal
subjects, and (iii) whether there is a relationship
between FGF-23 and phosphate wasting in FD/MAS
patients. Using a combination of RT-PCR, in situ
hybridization, ELISA of media conditioned by nor-
mal and FD marrow stromal cells and trabecular
bone cells, and measurements of FGF-23 in sera, we
show here that, indeed, FGF-23 is expressed in FD tis-
sue and osteogenic cells and that high levels of circu-
lating FGF-23 correlate with renal phosphate wast-
ing in FD/MAS patients.

Methods

Patients and samples. Forty-nine FD/MAS patients (age
range 4-58 years) were enrolled in Institutional
Review Board-approved (IRB-approved) studies of
FD/MAS at the National Institutes of Health and
gave written informed consent for the studies. Diag-
nosis of FD/MAS was confirmed based on clinical
history, radiographic findings, histopathological
findings, and mutation analysis of the GNASI gene.
Due to known effects of bisphosphonate treatment
on markers of bone turnover, patients receiving bis-
phosphonates were not included in this cohort. Sera

and urine specimens were collected while patients
were inpatients and on a hospital diet consisting of
the following nutrients: calcium (850 mg; range
690-1,066 mg), phosphorus (1,312 mg; range
1,065-1,744 mg); potassium (3,596 mg; range
3,107-4,595 mg), and sodium (5,111 mg; range
4,282-6,412 mg). Sera and urine specimens from all
49 patients were used for FGF-23, phosphate, and
maximum rate of reabsorption of phosphate relative
to the GFR (TmP/GFR) determinations. Sera from
283 normal control subjects (age range 1-84 years)
were collected under an IRB-approved protocol at
Indiana University. Biopsy specimens from the FD-
involved iliac crest from five patients (two nonphos-
phaturic and three phosphaturic) were used for in
situ hybridization analysis as detailed below. Normal
controls included one iliac crest specimen taken from
the uninvolved bone of a FD patient, two normal iliac
crest samples from non-FD patients, and one sample
of fracture callus. Cell cultures were established from
FD tissue of five patients (three nonphosphaturic
and two phosphaturic) and normal bone of three age-
matched normal controls as detailed below.

GNAS1 mutation analysis. Mutations were deter-
mined in genomic DNA (gDNA) isolated from
either tissue or cells using the standard protocol of
the DNeasy Tissue Kit (QIAGEN Inc., Valencia, Cal-
ifornia, USA). Purified gDNA (200-500 ng) was
amplified using either standard primers for direct
DNA sequencing or using a protein nucleic acid-
based (PNA-based) primer, which blocks amplifica-
tion of the normal allele. Amplification for direct
sequencing used 1 ug of the forward primer: 5’-
TGACTATGTGCCGAGCGA-3’ (exon 7), and the reverse
primer: 5’-AACCATGATCTCTGTTATATAA-3 (intron
G) (GenBank Accession no. M21142.1, bases
272-289 and 521-542, respectively) in a 100-l reac-
tion. Samples were heated to 94°C for 15 minutes,
then cycled 35 times at 94°C for 60 seconds, 55°C
for 30 seconds, and 72°C for 60 seconds, and tet-
minated for 7 minutes at 72°C. To block amplifica-
tion of the wild-type allele, a PNA-based primer that
blocks amplification of the normal allele was used
as reported previously (25). PCR products were puri-
fied using the QiAmp PCR purification kit (QIA-
GEN Inc.) and sequenced with a dRhodamine dye-
terminator cycle sequencing with Ampli Taq and the
Perkin-Elmer Applied Biosystems 377 automated
sequencer (Palo Alto, California, USA).

In situ hybridization. A 755-bp sequence within the
human FGF-23 cloned into the pcDNA3.1(+) plasmid
(8) was inserted into pBluescript plasmid vector
(Invitrogen Life Technologies, Carlsbad, California,
USA) and used as template for transcription of digox-
igenin-labeled RNA probes. The fragment, excised
with EcoRI and BamHI restriction enzymes (New
England Biolabs Inc., Beverly, Massachusetts, USA),
was purified by 0.8% agarose gel and a QIAquik Gel
Extraction Kit (QIAGEN Inc.), and then subcloned
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into pBluescript vector. RNA probes were synthesized
using the DIG RNA Labeling Kit (Boehringer
Mannheim GmbH, Mannheim, Germany), according
to the manufacturer’s instructions. BamHI and T7
RNA polymerase and EcoRI and T3 RNA polymerase
were used to synthesize the antisense probe and sense
probes, respectively. Limited alkaline hydrolysis was
used to generate fragments of both probes.

All biopsy specimens were fixed in freshly prepared
phosphate-buffered 4% formaldehyde for 24 hours.
After washing in PBS, samples were decalcified in
buffered EDTA and paraffin embedded. Additional
specimens were embedded in poly-methyl methacrylate
(MMA), as described previously (26), and undecalcified
sections obtained from MMA blocks were stained with
von Kossa stain. Deparaffinized sections were digested
with 20 ug/ml proteinase K (Invitrogen Life Technolo-
gies) in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0,at 37°C
for 20 minutes, washed in 0.1 M glycine (Invitrogen
Life Technologies), then PBS, and preincubated with
mRNA in situ hybridization solution (DAKO Corp.,
Carpinteria, California, USA) at 50°C for 2 hours.
Sense and anti-sense RNA probes were diluted in
hybridization solution at a final concentration of 5
ng/ul. After hybridization at 55°C overnight, sections
were washed as follows: 4x SSC (four times for 5 min-
utes), 2x SSC (two times for 5 minutes), 1x SSC (once
for 10 minutes), 0.5x SSC (once for 10 minutes) at
room temperature, and 0.2x SSC plus 0.2% BSA
(Sigma-Aldrich, St. Louis, Missouri, USA) twice for 20
minutes at 60°C. Hybridization was detected using
alkaline phosphatase-conjugated antidigoxygenin
(Boehringer Mannheim GmbH) with p-nitroblue tetra-
zolium chloride and 5-bromo-4-chloro-3-indolyl-phos-
phate p-toluidine salt (Boehringer Mannheim GmbH),
as described previously (28).

Immunobistochemistry. Deparaffinized sections were
incubated for immunohistochemistry using Ab’s against
alkaline phosphatase (LF-47), osteonectin (BON-1),
osteopontin (LF-123), osteocalcin (LF-32), and bone
sialoprotein (LF-83), kindly provided by Larry W.
Fisher (National Committee for Clinical Laboratory
Studies, NIH, Department of Health and Human
Services, Bethesda, Maryland, USA) (29). All antisera
were used in an indirect immunoperoxidase protocol
as described previously (30).

Isolation of human bone marrow stromal cells. Marrow
stromal cell cultures were established as described pre-
viously (31). Briefly, cells were released by scraping
bone marrow into nutrient medium consisting of
o-MEM (Biofluids Inc., Rockville, Maryland, USA),
20% FBS (Life Technologies Inc., Gaithersburg, Mary-
land, USA), penicillin, streptomycin, and glutamine
(Biofluids Inc.). Single cell suspensions were plated in
75-mm? flasks (0.02 x 10°-1.7 x 10° nucleated cells/
cm?) to generate multicolony-derived strains (by pas-
saging all colonies together at day 10) or in Petri dish-
es (10* nucleated cells/100 mm?) to generate single
colony-derived strains. The medium used was the

same as above, which supports proliferation rather
than differentiation of stromal progenitors, as
described previously (32). After 10-14 days, individual
colonies were isolated using cloning cylinders and
trypsin release and expanded in cell number (32). After
mutation analysis of gDNA by direct DNA sequenc-
ing, individual clonal lines were identified as normal
or mutant. Multiple mutant clonal strains from each
sample were combined to derive 100% mutant strains.
Cell strains at the third passage were used for RT-PCR
and ELISA analysis of FGF-23 production.

Isolation of human trabecular bone cells. Human tra-
becular bone (HTB) cells (osteoblast-like cells)
derived from normal and FD bone specimens were
established in culture under IRB-approved proce-
dures as described previously (33). Briefly, fragments
of trabecular bone were minced to the consistency of
sand, washed extensively, and treated with bacterial
collagenase (250 U/ml collagenase P; Boehringer
Mannheim GmbH) to remove all soft tissue and asso-
ciated cells. The collagenase-treated fragments were
placed in low-calcium (0.02mM) nutrient medium
containing a 50:50 mixture of DMEM/Ham’s F-12 K
with 10% FBS, glutamine, penicillin, and strepto-
mycin. Cells grew from the fragments starting at 1-2
weeks and were passaged after reaching confluence at
approximately 4 weeks. Cells were plated in the same
medium, but with normal levels of calcium (1.8 mM),
for analysis of FGF-23 expression. These cells have
been shown previously to have all characteristics of
osteoblast-like cells (33).

RT-PCR. Total RNA was isolated from both fresh FD
tissue and cell strains using TRIzol (Sigma-Aldrich),
and cDNA was generated using random primers and
the SuperScript First-Strand Synthesis System (Invit-
rogen Life Technologies), both according to the man-
ufacturers’ instructions. The target cDNA sequence
was amplified using two different primer sets. In the
first set the forward primer was 5’-GTGCAGCGTCT-
GCAGCATG-3’ (bases 185-203), and the reverse primer
was 5’-CCATGCAGAGGTATCTTCTG-3’ (bases 416-435).
In the second set, the forward primer was 5’-CACTGC-
CATCACATACTAAC-3" (bases 2308-2327), and the
reverse primer was S5-ATACTGCCACATGACGAG-3’
(bases 2663-2680) (GenBank Accession no. 15055547).
Standard PCR reactions were performed using
reagents from the Perkin Elmer Kit and 2.5 units of
Platinum Taq polymerase. After 94°C for 5 minutes,
the reaction was run for 30 cycles at 94°C, 55°C, and
72°C for 45 seconds at each temperature, with a final
extension at 72°C for 5 minutes, which generated a
251-bp amplification product from the first primer
set,and 94°C,49°C, 72°C for 45 seconds at each tem-
perature, with final extension at 72°C for 5 minutes,
which generated a 373-bp amplification product from
the second primer set. All amplification products were
verified by DNA sequencing.

ELISA analysis. Conditioned medium was generated
by near-confluent cultures of normal and mutant
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stromal cells and HTB cells maintained in serum-free
o-MEM. Media samples were collected at 24 hours
and frozen at -80°C until analysis by ELISA, using a
commercially available two-site ELISA for the FGF-23
C terminus according to the manufacturer’s instruc-
tions (Immutopics International, San Clemente, Cal-
ifornia, USA). In additional experiments, normal
stromal cells and normal human osteoblast-like cells
were treated with serum-free medium containing 1
mM dibutyryl cAMP (Sigma-Aldrich) (28), and medi-
um was collected 24 hours later.

Serum measurements. Sera from 49 FD patients (21
pediatric patients, younger than 18 years old; 28 adult
patients, older than 18 years old) were assayed for
FGF-23 activity using a commercially available two-site
ELISA for the FGF-23 C terminus, according to the
manufacturer’s instructions (Immutopics Internation-
al). As a control, FGF-23 was also measured in sera of
normal pediatric (younger than 18 years, n = 79) and
adult donors (older than 18 years, n = 204). Statistical
analysis was performed using ANOVA and the Scheffe
F test; regression analysis was used to determine poten-
tial correlations between serum levels of FGF-23 and
other metabolic parameters.

TmP/GFR and serum phosphate determination. Renal
phosphate handling was assessed by calculating the
TmP/GFR using serum samples obtained after an
overnight fast and urine samples from 24-hour urine
collections, using an adaptation of the technique and
nomogram of Walton and Bijovet (24, 34, 35).
Patients were considered to have normal excretion of
phosphate in the urine (non-phosphate wasters,
NPW) or renal phosphate wasting (phosphate wast-
ers, PW) if their value of TmP/GFR was higher or
lower, respectively, than the lower limit of the age-
and gender-specific normal range (36). Twenty-four-
hour urine samples were used to determine TmP/
GFR after having determined that calculation of
TmP/GFR using fasting second-morning voided

Figure 1

In situ hybridization analysis of FGF-23 expression in FD of bone.
Biopsy specimens of FD-involved iliac crest. Serial sections from
two FD phosphaturic patients were hybridized with antisense and
sense RNA probes for FGF-23 mRNA. (a-f) Patient 1. (a and b)
Expression of FGF-23 is clearly observed both in the fibrous com-
ponent of the lesion and in bone cells associated with abnormal
bone trabeculae (a). No signal is observed in sections hybridized
with the sense (control) probe (b). (c and d) Strong expression of
FGF-23 mRNA is observed in the abnormal bone cells associated
with the surface of abnormal bone trabeculae (double arrows) and
with individual osteocytes therein (arrowheads) (d). (e and f)
Expression of FGF-23 mRNA is also observed in cells (endothelial
cells and/or pericytes) within the walls of microvessels in the FD tis-
sue (single arrows). (g-i) Patient 2. Strong hybridization signal in
abnormal bone cells (g, i, j; thick arrows in j) and in spindle-shaped
fibroblastic cells in the fibrous tissue (thin arrows in j). No signal
is detected in sections hybridized with the sense probe (h). ft,
fibrous tissue; b, bone; bv, blood vessel lumen.

urine specimens and aliquots from 24-hour urine
samples generates virtually identical values consis-
tently on the same side of the lower limit of the range
for each patient. Serum phosphate was determined
for each patient and compared in the groups of adult
and pediatric NPW and PW patients.

Assessment of disease burden. To test whether phosphate
wasting and FGF-23 concentrations are correlated to
disease burden, we assessed disease burden in all
patients, using a validated tool that calculates the per-
centage of the skeleton involved with FD (Chen, C,, et
al., manuscript submitted for publication). This tech-
nique takes advantage of the fact the FD is avid for
9Tc-MDP. All patients underwent *Tc-MDP bone
scintigraphy, and the scans were assessed as to the rela-
tive amount of each segment of the skeleton that incor-
porated the isotope. These segments were then normal-
ized relative to the percentage of the total skeleton that
each segment represents. These values were then
summed, and a value was generated that represents the
amount of the skeleton involved with FD, that is, dis-
ease burden. In addition, conventional markers of bone
turnover, commonly taken as indices of disease extent
and activity in FD (27, 37), were also assessed by stan-
dard commercially available techniques.
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Figure 2

Immunohistochemical characterization of FGF-23-producing cells
in FD. Undecalcified MMA sections (a and b) and paraffin sections
(c-f) were prepared from the same tissue sample. (a and b) Von
Kossa staining of MMA sections demonstrates the severe mineral-
ization defect in FD bone, reflected in a significant excess of osteoid
(ost) and paucity of mineralized bone matrix (mb; black with von
Kossa). (¢ and d) Immunolocalization of ALP. Cells layered onto tra-
becular bone surfaces (double arrows in c and d) are intensely ALP
positive. (e and f) FGF-23 in situ hybridization. The codistribution of
the hybridization signal with the immunoreactivity for ALP (double
arrows in ¢ and e, respectively) is shown. Also note that osteocytes
within FD bone do express FGF-23 (f), but are ALP negative (d).

Results

FGF-23 is expressed in FD tissue. FD lesions are essential-
ly composed of a “fibrous” component, previously
shown to consist of the accumulation of immature
osteogenic cells and abnormal bone trabeculae associ-
ated with abnormal osteoblasts and osteocytes. In situ
hybridization analysis of tissue from phosphaturic
patients revealed strong and specific hybridization sig-
nal for FGF-23 mRNA, both in the fibroblastic cells
within the fibrous tissue and in the abnormal
osteoblasts and osteocytes associated with the dysplas-
tic bone trabeculae (Figure 1, a, ¢, d, g, 1, j). Although
hybridization signal was also observed in cells associ-
ated with microvascular walls within the FD lesions
(Figure 1, e and f), the fibroblastic cells and cells phys-
ically associated with FD bone trabeculae obviously
represented the major component of FD tissue in
which FGF-23 mRNA was detected. The osteogenic
nature of these cells was confirmed by immunohisto-
chemical characterization (Figures 2 and 3). FGF-23-
positive fibroblastic (stromal) cells within FD tissue
also expressed the early markers of osteogenic differ-
entiation, alkaline phosphatase (ALP), and osteonectin
(ON) (Figure 2, c and d; Figure 3, b and c), but these
fibroblastic cells did not express the late markers of
osteogenic differentiation, osteocalcin (OC) (not
shown) and bone sialoprotein (BSP) (Figure 3d), con-
sistent with previous reports (28). Mature osteogenic

cells associated with FD bone trabeculae (FD
osteoblasts and FD osteocytes) that expressed FGF-23
mRNA were also characteristically positive for ALP
(osteoblasts) and ON (osteoblasts and some osteocytes)
(Figure 2, c and d; Figure 3, b and c) and variably posi-
tive for OC (osteoblasts and recently formed osteo-
cytes) (Figure 3e). The immunohistochemical findings
are summarized in Table 1. Since a state of phosphate
wasting is not an obligate feature of FD, FGF-23
mRNA expression was also investigated in FD tissue
obtained from nonphosphaturic patients (Figure 4). In
situ hybridization analysis revealed essentially similar
patterns of expression in both instances.

FGF-23 is expressed in normal bone. To investigate
whether the expression of FGF-23 in FD osteogenic
cells was specifically related to the abnormal nature
of the FD tissue, or rather to the osteogenic nature of
the lesional cells, we analyzed the expression of FGF-23
in normal human bone. In adult trabecular bone, in
which most bone surfaces are not involved in active
bone formation events, a weak but specific signal was
observed in osteocytes and flattened bone-lining cells
(inactive osteoblasts; Figure 5, a and c). In sections of

Figure 3

Immunohistochemical characterization of FGF-23-producing cells
in FD. Stromal cells in the fibrous tissue (ft) express FGF-23 mRNA
(a), are intensely positive for the early markers of osteogenic differ-
entiation, ALP (b) and ON (c), but are negative for the markers of
late osteogenic differentiation, BSP (d) and OC (not shown). Both
ALP and ON immunostaining result in decoration of a dense net-
work of delicate cell processes of FD stromal cells. Mature
osteogenic cells embedded as osteocytes in newly formed FD bone
express the late marker of osteogenic differentiation, and OC (not
shown) (e), and express FGF-23 mRNA (f).
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Table 1
Characterization of FGF-23-expressing cells in FD sections

FD FD FD FD Endothelia/
stromal cells osteoblasts osteocytes osteoclasts pericytes
ALP ++ ++ - _ +/-
ON ++ ++ +/- - +/-
OPN - +/- - + _
BSP J+* )4 )% - -
ocC - +/- +/- - -
FGF-23 ++ ++ ++ +/- ++

OPN, osteopontin; ++, consistently positive, high staining intensity; +/-, posi-
tive in some cells, weak to moderate staining intensity; -/+*, negative with poly-
clonal antiserum, positive in some cells with a monoclonal Ab; -, negative.

fracture callus, where intense bone formation activity
takes place, all bone surfaces were lined by active
osteoblasts in which a strong hybridization signal was
consistently observed (Figure Se). Newly formed
osteocytes (Figure 5g) and periosteal osteoprogenitor
cells (Figure 5i) were also intensely labeled. No signal
was observed in control sections hybridized with the
sense probe. From these studies we concluded that
FGF-23 mRNA is expressed in osteogenic cells within
FD, regardless of the occurrence of a phosphate-wast-
ing state, and is also expressed in osteogenic cells in
normal human bone, particularly during phases of
active bone remodeling.

FGF-23 is produced by GNASI-mutated and normal
osteogenic cells. RT-PCR analysis of RNA extracted from
fresh FD tissue confirmed the expression of FGF-23
mRNA (Figure 6a). Stromal cells (which include osteo-
progenitor cells) grown from FD tissue also expressed
FGF-23 mRNA by RT-PCR. Since cultures of FD-
derived stromal cells usually include variable propor-
tions of mutated and nonmutated cells (31), expression
of FGF-23 mRNA was also analyzed in pure strains of
GNASI-mutated stromal cells obtained by cell cloning,
and levels were similar to those expressed by nonclon-
al FD cells. This confirmed that FGF-23 is, in fact,
expressed by osteogenic cells carrying the causative
mutation of FD (Figure 6a). Expression of FGF-23
mRNA in culture, however, was not restricted to
GNASI-mutated cells, since it was also observed in stro-
mal cells derived from the bone marrow of normal
donors. FGF-23 mRNA was also expressed by osteo-
blast-like cells (HTB cells) derived from normal and FD
bone (Figure 6a). The identity of the amplified cDNA
sequence was verified by direct sequencing of the
amplification product in all cases.

The actual production of FGF-23 protein by normal
and FD-derived stromal cells and human osteoblast-
like cells was confirmed by analyzing conditioned
media by ELISA. Measurable levels of FGF-23 were
observed in media conditioned by either normal or FD-
derived cell cultures for 24 hours (Figure 6b) and were
not detected in either serum-free medium or in serum-
containing medium not exposed to cells. No signifi-
cant difference was observed between normal and FD

cells or between FD cells from nonphosphaturic and
phosphaturic patients. In addition, when normal stro-
mal cells or osteoblast-like cells were treated with dibu-
tyryl-cAMP to mimic the effects of GNASI mutations
(28), there was no increase in FGF-23 secretion (data
not shown). In keeping with observations made in situ,
in vitro studies indicated that expression of FGF-23 by
osteogenic FD cells is not a specific phenotypic effect
of the disease genotype and were mirrored by similar
expression in normal osteogenic cells. Also in keeping
with the results of in situ studies, in vitro data revealed
expression of FGF-23 both in immature (stromal pro-
genitor cells) and more mature osteogenic cells (tra-
becular bone-derived osteoblast-like cells).

Serum levels of FGF-23 are elevated in FD patients. To
determine whether production of FGF-23 within FD
tissue would be reflected into higher levels of circulat-
ing FGF-23 in FD patients, we measured FGF-23 in the
serum of 49 patients with FD and 283 normal controls.
Levels of circulating FGF-23 were significantly higher
in patients with FD as compared with normal age-
matched controls (Table 2).

Serum levels of FGF-23 correlate with renal phosphate wast-
ingin FD patients. To investigate the potential impact of
circulating FGF-23 on renal phosphate wasting, FD
patients of pediatric or adult age range were further
subdivided into NPW and PW groups. Each individual
patient was assigned to either group based on determi-
nation of TmP/GFR (lower or higher than the lower

%

C f

Figure 4

Expression of FGF-23 in FD tissue from patients with normal phos-
phatemia and TmP/GFR. (a-c) Images are from one patient. (d-f)
Images from a second patient. (c and f) Sections hybridized with the
sense (control) probe. Signal for FGF-23 mRNA is observed in both

cases (aand b,dande).
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limit of the normal range for the specific age and gen-
der, respectively). The mean serum phosphate was sig-
nificantly lower in the PW groups compared with NPW
groups (pediatric, 3.19 + 0.37 mg/dl versus 4.89 + 0.47
mg/dl, P=0.001, ANOVA; adult, 2.88 + 0.33 mg/dl ver-
sus 3.69 + 0.38 mg/dl, P=0.0001, ANOVA). Levels of
FGF-23 in both PW and NPW patients were then ana-
lyzed in comparison with each other and to age-
matched controls. Significantly higher levels of serum
FGF-23 were observed in PW patients compared with
either normal controls or NPW patients in the same
age range. In contrast, no statistically significant dif-
ference was observed between serum FGF-23 levels of
NPW patients and those of age-matched controls
(Tables 2 and 3). Regression analysis revealed a highly
significant negative correlation of serum FGF-23 levels
with serum phosphate levels and TmP/GFR, both in
pediatric and adult patients (Figure 7).

Serum levels of FGF-23 correlate with disease burden in FD
patients. Since FGF-23 was found to be expressed both
in FD and in normal bone and to be produced at simi-
lar levels by mutated and nonmutated osteogenic cells,
we hypothesized that the apparent heterogeneity of

Figure 5

In situ hybridization analysis of FGF-23 expression in normal bone.
(a-d) Normal trabecular bone (iliac crest). (a and c) Antisense probe;
(b and d) sense (control) probe. Hybridization signal is observed over
flattened bone-lining cells (surface-associated quiescent osteogenic
cells [a, arrows] and osteocytes [a and ¢, arrowheads]). (e-i) Nor-
mal fracture callus. bv, blood vessel lumen. (e, g, i) Antisense probe.
(f and h) Sense (control) probe. Intense hybridization signal is
observed in osteoblasts (e and g, arrows) actively involved in depo-
sition of reparative bone (b) and in newly formed osteocytes therein
(g, arrowheads). (i) Periosteum and subperiosteal bone. Note the
expression of FGF-23 in periosteal osteoprogenitor cells (p).

serum levels of FGF-23 in FD patients, reflected in the
nonobligatory occurrence of renal phosphate wasting
and hypophosphatemia, could essentially reflect disease
burden. To test this hypothesis, we evaluated the extent
of skeletal involvement in PW and NPW patients using
a bone scintigraphy-based technique. A significantly
higher disease burden was observed in PW patients
compared with NPW (pediatric, 36.42 + 15.28 versus
15.38 + 10.69, P=0.0049, ANOVA; adult, 35.77 + 22.91
versus. 15.01 + 18.39, P = 0.00S, ANOVA), and linear
regression analysis revealed that a significant positive
correlation between disease burden and serum FGF-23
could be demonstrated for both pediatric and adult FD
patients (Figure 8, a and b). Likewise, linear regression
analysis revealed a significant correlation between
serum FGF-23 levels with serum ALP and urinary
deoxypyridinoline, commonly used as indicators of dis-
ease extent and activity in FD (27, 37) (Figure 8, c, d, e,
f). Tight correlations were also observed between the
extent of skeletal involvement and other markers of
bone turnover (data not shown).

Discussion

The quest for circulating phosphaturic factor(s) has
made a major advance with the recognition that an
FGF family member, FGF-23, is encoded by the gene
mutated in ADHR (2) and made resistant to endopep-
tidase degradation by the missense mutations under-
lying the disease (3, 4). The detection of high levels of
FGF-23 mRNA and protein in most TIO-causing
tumors and of FGF-23 in the serum of patients with

Table 2
FGF-23 in serum of normal controls and patients with FD

The Journal of Clinical Investigation |

September 2003

Age range Groups n FGF-23 Mean = SD P value
All Normal 283 63.2+449
(1-84 years) FD 49 128.2+101.8 0.000
NPW 25 76.9 + 66.4
PW 24 181.6 £ 105.9
Pediatric Normal 78 64.2 +34.4
(<18 years) FD 21 175.7 +120.84 0.0019
NPW 12 112.3+£78.1
PW 9 260.3 £118.5
Adult Normal 205 62.8 £ 48.52 0.0077
(>18 years) FD 28 92.6 £ 67.42
NPW 13 44.4 + 28.3
PW 15 134.4+63.4
| Volume 112 | Number5 689
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TIO (8, 12, 38) suggests that FGF-23 may be seen as a
circulating phosphaturic factor of potentially broader
significance. While additional factors, such as MEPE
(10) or secreted FRP-4 (11), have been proposed as
potential regulators of renal phosphate handling,
strong experimental evidence has been provided in ani-
mal models for the potential role of FGF-23 as a phos-
phaturic factor (12). A phosphate-wasting syndrome
resembling TIO (24) and localized mineralization
defects (25, 26) occur in a substantial proportion of
patients with FD. A clear-cut picture of generalized,
overt hypophosphatemic osteomalacia is also observed
in rare cases of this disorder (21-23). We therefore ana-
lyzed the tissue source, serum levels, and effect on renal
phosphate handling of FGF-23 in FD.

We have demonstrated that FGF-23 mRNA is
expressed in FD tissue, predominantly by cells of
osteogenic lineage comprising the so-called fibrosis char-
acteristic of the lesion and the abnormal osteoblasts and
osteocytes associated with the dysplastic bone trabecu-
lae. Production of FGF-23, by lesional tissue and by cells
derived from it, is reflected by serum levels that are sig-
nificantly higher in FD patients than in normal controls
and correlate inversely with phosphatemia and renal
phosphate reabsorption in FD patients. These data sup-
port the notion that FGF-23 may act as a phosphaturic
factor in FD and may explain the occurrence of localized
(lesional) or generalized mineralization defects in the
skeleton of some FD patients.

Our studies, however, also reveal aspects of the rela-
tionships between FGF-23 and phosphate metabolism
that are unique to FD and in turn highlight novel facets
of the pathophysiology of FGF-23 and phosphate
metabolism at large. We have shown that FGF-23 mRNA
is expressed in normal bone cells, and it is produced in
culture by FD and normal bone-derived cells, as well as
by wild-type and GNASI-mutated cells, at apparently

Figure 6

Expression of FGF-23 mRNA and protein. (a) RT-PCR primer sets
that generate 251- and 373-bp products. FGF-23 mRNA was identi-
fied in fresh FD tissue (lane 1), in normal, nonclonal bone marrow
stromal cells (BMSC) and multicolony-derived strains (MCDS) from
a normal donor (lane 2), nonclonal strains of FD-derived stromal
cells (comprising mutated and nonmutated cells) (lane 3), in pure
strains of GNAST-mutated stromal cells (FD 100% mut) (lane 4), and
in HTB cells from normal (lanes 5 and 6) and FD (lane 7) donors.
The identity of the amplification product was verified by DNA
sequencing. (b) Conditioned medium from serum-free cultures of
normal bone marrow stromal cells (BMSC), FD-derived nonclonal
multicolony (mixed) strains and pure strains of GNAST-mutated stro-
mal cells (FD 100% mut), and normal and FD HTB cells (HTB) were
harvested at 24 hours and analyzed by ELISA for production of FGF-23.
Measurable levels of FGF-23 were observed in all cultures, with no
significant difference between GNAST-mutation status or type of cell
culture. The values represent the combined results of two separate
experiments and error bars represent standard error of the mean.
Standard medium (containing 15% FBS) does not contain detectable
FGF-23. RIU, relative immunoreactive unit.

similar levels. These data indicate that skeletal cells rep-
resent a previously unrecognized physiological source
of FGF-23 and that production of FGF-23 by FD cells
cannot be accounted for as a consequence of the GNASI
mutations, but rather reflect their osteogenic nature
(28). Likewise, the detection of abnormally high levels
of serum FGF-23 in FD patients and the occurrence of
a renal phosphate-wasting syndrome cannot be
explained solely by the development of a clone of
GNASI-mutated cells in the body, which would produce
inappropriate levels of FGF-23. This is in keeping with
the observation that renal phosphate wasting is not an
obligate occurrence in FD patients, all of whom harbor
some mutated FD osteogenic cells in their skeletal
lesion(s), but rather occurs in only approximately 50%
of FD patients. As we have shown, patients with renal
phosphate wasting are characterized by a high disease
burden. On the other hand, serum levels of FGF-23 are
not significantly elevated in patients with FD who are
free of a phosphate-wasting syndrome. These patients,
as we have shown, are characterized by a significantly
lower disease burden. Thus, clinical observations are

Table 3
Comparisons of serum FGF-23 levels in normal donors and FD
patients without and with phosphate wasting

Age range Comparisons (ANOVA) Scheffe F test
All Normal versus NPW 2.78
(1-84 years) Normal versus PW 27.767
NPW versus PW 28.307
Pediatric Normal versus NPW 1.74
(<18 yrs) Normal versus PW 18.864
NPW versus PW 15.354
Adult Normal versus NPW 0.876
(>18 yrs) Normal versus PW 14.32A
NPW versus PW 23.25%

ASignificant at greater than or equal to 95%.
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of major differences between normal and FD cells when
FGF-23 production is evaluated at the single cell level.
In addition, the observation that disease burden signif-
icantly correlates with serum FGF-23 and serum phos-
phate and urinary deoxypyridinoline levels in FD
patients fits well with the observed incidence of phos-
phate wasting in patients with more extensive disease.
Current views of the role of FGF-23 in phosphate
metabolism inscribe both inherited and acquired
phosphaturic disorders into a common paradigm
(39). Excess circulating FGF-23 is postulated
to represent a final common pathway of
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priate cellular production). In FD, an excess
of osteogenic cells, normally competent to
release FGF-23, accumulate in fibrous dys-
plastic tissues (28) (inappropriate amount of cells
normally producing FGF-23).

In summary, our results provide direct evidence for
the production of FGF-23 by normal, active
osteogenic cells, and by osteogenic cells in fibrous
dysplastic lesions, for elevated levels of circulating
FGF-23 in FD patients and for their relationship to an
associated state of renal phosphate wasting and
hypophosphatemia. These data provide a novel
insight into mechanisms underlying the more
(hypophosphatemic rickets; refs. 21-23) and less
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(localized intralesional osteomalacia; ref. 25) con-
spicuous consequences of renal phosphate wasting in
FD that are increasingly recognized as an important
determinant of skeletal disease severity (26, 27). In
addition, they extend the range of human disorders
for which FGF-23 is clinically and biologically rele-
vant as a candidate for a circulating phosphaturic fac-
tor and the range of pathophysiological mechanisms
leading to excess circulating bioactive FGF-23. Final-
ly, they raise the interesting possibility that bone cells
themselves may act as an endocrine organ regulating
systemic phosphate metabolism.
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