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Abstract Fibroblast growth factor 23 (FGF23) overex-
pression has been identified as a causative factor for tumor-
induced osteomalacia (TIO) characterized by hypophos-
phatemia due to increased renal phosphate wasting, low
1,25(0OH),D3 serum levels, and low bone density. The
effects of long-lasting disturbed phosphate homeostasis on
bone mineralization are still not well understood. We report
on a patient with a 12-year history of TIO, treated with
1,25(0OH),D5 and phosphate, who finally developed hyper-
parathyroidism with gland hyperplasia before the tumor
could be localized in the scapula and removed. During sur-
gery a transiliac bone biopsy was obtained. FGF23
expression in the tumor cells was confirmed by in situ
hybridization. Serum FGF23 levels as measured by ELISA
were found to be extremely elevated before and decreased
after removal of the tumor. Bone histology/histomorphom-
etry and measurement of bone mineralization density
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distribution using quantitative backscattered electron
imaging were performed on the bone biopsy. The data
showed important surface osteoidosis and a slightly
increased osteoblast but markedly decreased osteoclast
number. The mineralized bone volume (—11%) and miner-
alized trabecular thickness (—18%) were low. The mean
degree of mineralization of the bone matrix (—7%), the most
frequent calcium concentration (—4.1%), and the amounts of
fully mineralized bone (—40.3%) were distinctly decreased,
while the heterogeneity of mineralization (444.5%) and the
areas of primary mineralization (4+131.6%) were dramati-
cally increased. We suggest that the elevated levels of
FGF23 and/or low phosphate concentrations disturb the
mineralization kinetics in vivo without affecting matrix
mineralization of pre-existing bone packets.
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Fibroblast growth factor 23 (FGF23) plays a central role as
a hormone regulator of phosphate and vitamin D metabo-
lism. It is a causative factor for tumor-induced
osteomalacia (TIO), a rare acquired disorder associated
with several different types of tumors [1, 2]. The clinical
and radiological findings in TIO include muscle pain and
weakness, spontaneous fractures, and/or osteomalacia.
Biochemical characteristics are hypophosphatemia due to
impaired renal reabsorption of phosphate and inappropri-
ately low levels of circulating 1,25(OH),D; [3, 4]. Tumors
causing TIO were recently shown to express abundant
amounts of FGF23, a protein which has emerged to be a
major phosphate-regulating molecule. FGF23 affects renal
and intestinal phosphate uptake and parathyroid glands and
plays an important role on overall ion homeostasis [5-7]. It
is now well accepted that FGF23 acts as a negative regu-
lator of phosphate and chronic increased levels of FGF23
result in phosphate deprivation and wasting. In the majority
of cases, FGF23-producing tumors are of mesenchymal
origin, benign, small, and often difficult to localize [4]. As
a result, even thorough examination of patients with sus-
pected TIO can fail to identify these neoplasms and it can
take several years from diagnosis until tumor removal [8],
which represents the definitive treatment of the disease [9—
12]. Consequently, affected patients develop and maintain
osteomalacia over a relative long time period.

Interestingly, the relationship among FGF23, phosphate,
and osteomalacia is not fully understood [6]. In the last
years transgenic mice models overexpressing FGF23
showing hypophosphatemia [13-15] and null mutants
characterized by hyperphosphatemia [16—18] have been
created. Confusion has arisen from the fact that both
genotypes display accumulation of unmineralized osteoid
layers. Although the precise mechanisms leading to
impaired bone development and mineralization abnormal-
ities are still not elucidated, there is increasing evidence
that the skeletal disorders in FGF23 transgenic animals are
mainly related to the concomitant profound alterations in
1,25(0OH),D5; metabolism, which appears to act as a FGF23
counter-regulatory hormone [19]. Moreover, beyond the
systemic effects of FGF23 on phosphate metabolism,
recent studies have also suggested an independent role of
phosphate and FGF23 in mineralization in rodents [20, 21]
and in humans [22]. It has been shown that, on one hand,
hypophosphatemia may suppress osteoclastogenesis [23]
and, on the other hand, FGF23 itself acts locally as a
negative regulator of osteoblast differentiation and bone
matrix mineralization [24, 25]. These results strengthen the
concept that in vivo chronic elevation of circulating FGF23
and low phosphate might severely hamper bone -cell
homeostasis in addition to mineral homeostasis.

In TIO patients, osteomalacia is generally established
by laboratory findings, radiographic methods, DEXA, and
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pathohistology, however, until now there is little knowl-
edge of bone material quality. In fact, osteomalacia is
related to the histological appearance of bone and is
generally defined as accumulation of osteoid due to
defective mineralization rather than to increased bone
turnover caused by reactive hyperparathyroidism [26]. A
limitation is that histology or quantitative bone histo-
morphometry represents only a snapshot at the timepoint
when the biopsy was taken, and does not really reflect the
history of bone metabolism of the patient. Using quanti-
tative back-scattered electron imaging (qBEI), further
insight can be gained by characterizing the bone miner-
alization density distribution (BMDD) at the microscopic
level. The BMDD can be considered a fingerprint of bone
mineralization reflecting bone turnover, mineralization
kinetics, and tissue age. The variations/distribution
observed in local bone matrix mineralization is generated,
on one hand, by the bone turnover, the frequency of bone
remodeling (resorption of old bone and formation of new
bone) and, on the other hand, by the kinetics of bone
mineralization of the newly formed bone matrix (osteoid).
It can be shown that, once mineralization has been started
in the osteoid, the mineral content increases rapidly,
within a few days, up to 70% of its final value and is
referred to as primary mineralization. The last 30%
increase in mineral content occurs slowly, over a time
scale of months to years, and is referred to as secondary
mineralization. As a consequence, bone at the tissue level
appears as a mosaic of individual bone packets with
specific mineral contents depending on their age. The
young bone packets have the lowest, and the old ones
have the highest, mineral content. Thus, changes in bone
turnover as well as disturbances in the mineralization
process will have a profound impact on the shape of the
BMDD [27, 28]. Taking advantage of the fact that the
BMDD of healthy individuals shows remarkably little
biological variance [29], the method has been widely used
in the past as a diagnostic tool in diverse bone diseases
and/or treatments [30]. The impact of a long-term excess
of FGF23 and decreased phosphate levels on BMDD has
not been investigated up to now.

In the present investigation, we report on a male patient
who presented with a 12-year medical history of bone pain,
hypophosphatemia, and skeletal changes consistent with
osteomalacia as determined by radiological findings before
a mesenchymal tumor with a hemangiopericytoma-like
morphology in the scapula was detected, then excised, and
a transiliac bone biopsy was taken. In addition to mea-
surements of serum levels, FGF23 expression in tumor
tissue was confirmed by in situ hybridization (ISH). Bone
histomorphometry and BMDD data from the transiliac
biopsy were related to normative reference data [29], giv-
ing new insights into the material quality of bone in TIO.
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Materials and Methods
Subject

Biopsies of the scapula and of the iliac crest were obtained
during surgery with informed consent of the patient, a 54-
year-old male patient with severe bone pain, low serum
phosphate, and calcium and alkaline phosphatase levels at
the upper limit of normal range. Considering the tentative
diagnosis of idiopathic, acquired, hypophosphatemic
osteomalacia, treatment with 1,25(OH),D; and oral phos-
phate was initiated. Due to the fact that the patient had no
family history of bone disease, and his stature and devel-
opment had been normal, autosomal dominant
hypophosphatemic rickets, X-linked hypophosphatemia,
autosomal recessive hypophosphatemic rickets, and hypo-
phosphatemic hereditary rickets with hypercalcuria were
clinically excluded. Eleven years later, following a routine
checkup, increased levels of serum PTH and serum calcium
were found. MIBI scan resulted in enlarged parathyroid
glands and a discrete accumulation of tracer in the margo
medialis of the right scapula. Consequently, a total para-
thyroidectomy was performed and half of the right cranial
parathyroid gland was autotransplanted onto the upper pole
of the thyroid gland. During this surgical procedure,
biopsies of the scapula and of the iliac crest were taken.
The histopathological examination of the scapula biopsy
showed a mesenchymal tumor with hemangiopericytoma-
like morphology, which consequently was totally excised
together with a portion of the scapula.

Detection of Serum FGF23

Serum samples obtained at the time of parathyroidectomy
and 5 years after tumor removal were stored at —80°C
before chemical analysis. Serum FGF23 levels were
determined by a commercially available sandwich ELISA
to the C-terminal fragments of FGF23, according to the
manufacturer’s protocol (Immunotopics Inc., USA).

FGF23 Expression in Excised Tumor Tissue
Construction of mRNA Probes for In Situ Hybridization

Part of the third exon of human FGF23 DNA was amplified
by PCR from genomic DNA comprising AA 98-221 (for-
ward primer, 5'-GAC CGG GAG AAC TGC AGG TT-3';
reverse primer, 5'-CTG GCC ATC GGG CTG TTG TC-3").
The PCR product was cloned into the pGEM®-T Easy
vector (Promega, USA). The sequence of the cloned DNA
fragment was verified by automatic sequencing. The plas-
mid was linearized with Spel or Sphl to generate antisense
and sense biotin-labeled transcripts using either T; or SPq

RNA polymerase, respectively (Biotin RNA Labeling Kit,
Roche).

In Situ Hybridization of Tumor Tissue

After surgical resection, the tumor from the right scapula
and the removed parathyroid glands were fixed in 4%
paraformaldehyde for 24 h and embedded in paraffin. For
ISH, sections of 5-pm thickness were mounted on silan-
coated slides, air-dried, incubated for 2 h at 37°C, and
dewaxed with xylene. The deparaffinized sections were
rehydrated by sequential 2-min immersions in 30%, 50%,
70%, and 96% ethanol and fixed again in 4% paraformal-
dehyde for 20 min at room temperature. The fixed sections
were dehydrated by sequential 2-min immersions in graded
series of ethanol and, finally, chloroform, then air-dried.
The transcripts (RNA probes) were freshly diluted in a
hybridization mixture containing 1 pg/ml probe, 50%
deionized formamide, 10% dextransulfate, 2x SSC,
1.1 pg/ml denatured, sheared salmon sperm DNA (Sigma),
and 0.02% sodium dodecylsulfate. For hybridization
100 pl of hybridization mixture was directly applied to the
sections and they were covered with coverslips. To ensure
permeabilization and denaturation of probes and targets,
slides were heated for 10 min at 80°C and then incubated
overnight in a humid chamber at 50°C. After hybridization,
the sections were washed with 2x SSC for 30 min. To
remove any single-stranded (unbound) RNA probe, slides
were incubated with 1x SSC with deionized formamide
(50%) at 40°C for 1 h. Afterward, slides were incubated
with ExtrAvidin (Sigma) conjugated with horseradish
peroxidase diluted 1:50 in blocking solution (Roche) in
TBS (50 mM Tris-Cl, 150 mM NaCl, pH 8.0) for 1 h at
room temperature. After rinsing the slides with TBS, the
sections were developed with diaminobenzidine/H,O,
(DAB substrate kit for peroxidase; Vector Laboratories) for
about 5 min at room temperature. The reaction was stopped
with water, and the slides were counterstained with he-
malaun, mounted in Aquatex (Merck), and imaged with a
light microscope (Axiophot; Zeiss, Oberkochen, Germany)
equipped with a videocamera (AxioCam; Zeiss) (Fig. 1).

Bone Histomorphometric Evaluation

The transiliac bone biopsy was fixed in 70% ethanol,
dehydrated in a graded series of ethanol, and embedded
undecalcified in polymethylmethacrylate. Consecutively,
3-um-thick sections were cut from the tissue block with a
Jung K microtome (Reichert-Jung, Heidelberg, Germany).
The sections were deplastified with 2-methoxyethyl-acetate
before being stained with a modified Goldner’s Trichrome
method. Histological analysis was performed according to
Parfitt et al. [31] on the whole area of the bone sections. A
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Fig. 1 Detection of FGF23
mRNA expression on tumor
tissue by ISH. a Tumor tissue
resembling fibroblasts and thin-
walled blood vessels. Only a
portion of the tumor cells was
positively labeled. ¢ Tumor
tissue with bone particle of the
scapula. Osteoblasts (OB and
osteocytes (OC) showed FGF23
expression (arrows). b, d No
expression signals were visible
in cells hybridized with sense
FGF23 probe. Counterstaining
of the cells was done with
hemalaun. Bars represent 20 pm

light microscope (Axiophot; Zeiss) equipped with a Zeiss
AxioCam videocamera was used to obtain digital images of
the section (Fig. 2). The images were analyzed using
standard procedures (NIH Image software versions 1.62
and 1.63; Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA) on a Power Macintosh G4.

Quantitative Backscattered Electron Imaging

Residual block samples containing cancellous and cortical
bone were prepared to planoparallel surfaces by grinding
and polishing and coated with carbon by vacuum evapo-
ration for gBEI analysis in a scanning electron microscope
(SEM). Trabecular BMDD was determined by gBEI
according to previously published procedure [32]. Briefly,

Fig. 2 Light microscopic
analysis of transiliac bone
sections (Goldner’s Trichrome
staining). a Surface osteoidosis.
OS, enlarged osteoid without
adherent osteoblasts; rims of
lipocytes surrounding the
trabeculae (boldface arrows). b
A single trabecular area
showing endosteal fibrosis (EF)
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a digital scanning electron microscope (DSM 962; Zeiss)
equipped with a four-quadrant semiconductor backscat-
tered electron (BE) detector was used. The accelerating
voltage of the electron beam was adjusted to 20 kV, the
probe current to 110 pA, and the working distance to
15 mm. The entire cancellous bone areas were imaged at
x50 nominal magnification, corresponding to a pixel res-
olution of 4 pum/pixel using a scan speed of 100 s/frame,
resulting in digital calibrated BE images of 512 x 512
pixels. From the digital images, gray-level histograms were
deduced, displaying the percentage of bone area occupied
by pixels of a certain gray level. The transformation of
these into calcium weight percentage (wt%) histograms led
to a bin width of 0.17 wt% calcium. A technical precision
of 0.3% was achieved. BMDD parameters such as the
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Fig. 3 Bone mineralization density distribution (BMDD) parameters
as derived from reference BMDD of normal adult trabecular bone
published previously [29, 30]. Parameters characterizing the BMDD:
Capjean, Weighted mean Ca concentration (integrated area under
BMDD curve); Cape,x, most frequent Ca concentration (BMDD peak
position); Cawiqn, heterogeneity of mineralization (peak width at
half-maximum); Ca; .., amount of low mineralized bone (bone less
mineralized than the 5th percentile of the reference BMDD); Cagjgp,
amount of fully mineralized bone (bone mineralized above the 95th
percentile of the reference BMDD)

mean and the most frequent calcium concentration in the
sample (Capgean, and Cape,y), the width of the distribution
(Cawiqm) reflecting the heterogeneity in matrix minerali-
zation, the amount of lowly mineralized bone (Cay y; Sth
percentile of reference BMDD), and the amount of fully
mineralized bone (Cay;gn; 95th percentile of reference
BMDD) [29, 30] were derived from the histogram (Fig. 3).

bone turnover

Derivation of the Mineralization Law

The connection between the BMDD and the processes of
remodeling and mineralization can be understood gualita-
tively using the example displayed schematically in Fig. 4.
While the remodeling process is described by the new bone
volume formed per year, the mineralization process is
characterized by the mineralization law, which describes
the increase in Ca content in a newly formed bone packet
with time (upper right graph in Fig. 4). For normal turn-
over and normal mineralization, the resulting BMDD
equals the reference BMDD for healthy humans defined in
Ref. 29 (light-gray BMDD in Fig. 4, corresponding to case
[1 + A]). An increase in turnover together with a normal
mineralization reduces the time available for each bone
packet to mineralize (Fig. 4; left image, which shows
darker bone packets with respect to the right image, cor-
responding to normal bone). Therefore the peak of the
BMDD is shifted to lower values of Ca concentration
(dark-gray BMDD in Fig. 4; case [2 + A]). A normal bone
turnover, but a disturbance in the mineralization process,
causes a reduction in the Ca incorporated in the bone
packet (case (1 + B) and will, therefore, also lead to a shift
of the BMDD toward lower Ca values (again, the dark-gray
BMDD in Fig. 4; case [1 + B]). Extraction of information
about the mineralization process has recently been trans-
lated in a mathematical model and the kinetics of the
mineralization process can now be quantitatively obtained

mineralization law

A
. remodeling _ mineralization B
—_— ooqa.-- process process |5
c
g normal= 1 A =normal §
new bone formation high= 2 B =low ¥
BMDD time -
low mineralization 1+A normal mineralization
density density
% B.Ar.

Ca-content

Fig. 4 Schematic of the connection between the processes of
remodeling and mineralization resulting in a BMDD. Remodeling
leads to newly formed nonmineralized bone packets. The minerali-
zation process is characterized by the mineralization law, which
describes the increase in Ca concentration as a function of time in a
newly formed bone packet (top right). This leads to a mosaic structure

of bone packets of different ages (middle left and right). The effect of
three different scenarios on the BMDD is sketched (bottom): (1 + A)
normal turnover and normal mineralization; (2 + A) high turnover
and normal mineralization; (1 + B) normal turnover and altered
mineralization
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Fig. 5 gBEI analysis of transiliac biopsy from a TIO patient. a
Biopsy (overview) with zoomed-in trabecular detail (250 x 200
pixels; 4 pm per pixel) displaying a high heterogeneity in mineral
content. The white arrow points to a highly mineralized bone packet
(whitish) corresponding to older bone, and the black arrow points to a
lowly mineralized bone packet (dark gray) corresponding to younger

bone. b Corresponding bone mineralization density distribution
(BMDD). N, normal reference [30] (Fig. 3). ¢ Mineralization kinetics

from the measured BMDD curve [27, 28]. The mathe-
matical details of how the transformation from the BMDD
to the mineralization law is performed are given in Refs. 27
and 28. To obtain the mineralization law for the TIO
patient (Fig. 5), equation (B6) from Ref. 27 was applied to
the measured BMDD (Fig. 5b). The main assumption for
the applicability of the transformation is that the BMDD
histogram reaches roughly a steady state, i.e., does not
change significantly with time. Since phosphate homeo-
stasis is disturbed in the TIO patient for longer than a
decade, the assumption seems well satisfied.

Results

Normalization of Circulating Bone Markers After
Tumor Excision

As reported in Table 1, the patient displayed slightly ele-
vated calcium and alkaline phosphatase serum levels and a
high PTH value shortly before tumor removal. All values
were normalized within 1 week after surgery, and in par-
ticular, the low serum phosphate was increased to normal
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derived from the BMDD histograms via 29,eq. (B6) of Ruffoni et al.
[27]. The thick line corresponds to the mineralization law of the TIO
patient; the thin line, to the normal population (N) [27]. Both curves
are numerical transforms of the BMDDs in B. Inset: The same data
but plotted only for the first 2 years for better visibility of the primary
mineralization phase at early times. To obtain time in units of years, a
turnover time of 5 years for trabecular bone was assumed [27]

range. Remarkably, the very high FGF23 serum level
measured before surgery was significantly decreased also
5 years after tumor resection (Table 1).

FGF23 was Strongly Expressed in Tumor Cells
and in Osteoblasts and Osteocytes of the Excised
Scapula

Examinations of tumor tissue by ISH showed strong
expression of FGF23 (Fig. l1a). Brownish signals were
scattered between the spindled tumor cells, which resem-
bled activated fibroblasts and thin-walled blood vessels.

Table 1 Specific serum levels of TIO patient before and after sur-
gical removal of parathyroid gland and tumor

Serum variable Before  After Normal range
Phosphate (mmol/l) 0.5 1.0 0.8-1.6
Calcium (mmol/l) 2.8 2.4 2.1-2.7
Alkaline phosphatase (U/L) 161 54 60-160
Parathyroid hormone (pg/ml) 470 Normal 10-65
C-term FG F23 (RU/ml) 3330 248 22-80
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Remarkably, some cells of the tumor tissue did not express
FGF23 (Fig. 1a). Additionally, high expression was
observed in osteoblasts and osteocytes within the neigh-
boring bone tissue of the remaining scapula (Fig. 1c). No
positive labeling was found using the sense probe as a
negative control (Figs. 1b and d). ISH on the removed
hyperplastic parathyroid glands revealed no detectable
expression of FGF23 in parathyroid tissue (not shown).

Histomorphometric Analyses of Bone Biopsy Revealed
Osteomalacia and Decreased Bone Turnover

Cancellous bone volume (BV/TV) and trabecular thickness
(Tb.Th) of the patient appeared to be within normal range
compared to normals (see Table 2). In this context, it
should be emphasized that in conventional histomorpho-
metric analyses, tissue volume includes mineralized tissue
and nonmineralized osteoid tissue, which under normal
conditions is rather small. However, in the biopsy of the
TIO patient a striking surface osteoidosis (Fig. 2a) was
apparent, resulting in a dramatic increase in all three
osteoid indexes: volume (OV/BV; +546%), surface (OS/
BS; +492%), and thickness (O.Th; +124%). Therefore, we
took advantage of the fact that BEI does not detect un-
mineralized tissue and further determined structural
parameters from back-scattered images and found a
slightly decreased mineralized bone volume (mdBV/TV;
—11%) and mineralized trabecular thickness (mdTb.Th;

Table 2 Histomorphometry of transiliac bone biopsy taken from
patient at tumor removal

Histomorphometric variable TIO patient Normal + SD*

BV/TV (%) 17.9 192 £ 5.0
mdBV/TV (%) 15.2 -

Tb.Th (m) 145 138 & 28
mdTb.Th (um) 1413 -

Tb.N (L/mm) 1.2 1.5+ 04
OV/BV (%) 15.5 24+ 1.1
OS/BS (%) 734 124 + 42
O.Th (um) 19.3 8.6+ 2.5
0b.S/BS (%) 6.5 47+ 1.1
Oc.S/BS (%) 0.1 07 +0.3
ES/BS (%) 1.6 35+ 15
Ct.Th (mm) 0.42 1.20 £ 0.1

—18%) (Table 2). Interestingly, Goldner’s Trichrome
staining revealed, in addition to the large seam of unmin-
eralized osteoid, only a single area with endosteal fibrosis
(Fig. 2b). Evaluation of static parameters of bone forma-
tion and bone resorption revealed only a slight increase in
osteoblast surface (Ob.S/BS; +38.3%) but a significant
reduction in osteoclast surface (Oc.S/BS; —85.7%) com-
pared to normal, indicating a situation of low bone
turnover.

gBEI Analyses Revealed an Increase in Mineralization
Heterogeneity and a Slowdown of Mineralization

The gBEI image showed the presence of well-delimited
differently mineralized bone packets throughout the tra-
beculae. Areas of fully mineralized bone packets in the
central part of the trabeculae coexisted with broad “seams”
of low-mineralized bone packets on trabecular surfaces
(Fig. 5a). The mineralized trabecular bone matrix exhibited
a significant reduction in mean and most frequent mineral
concentration (Capean, —7.0%; Capear, —4.1%) while the
heterogeneity of mineralization was substantially increased
(Cawiqm, +44.5%) (Fig. 5b). The amount of low-mineral-
ized bone packets, corresponding to areas of primary
mineralization, was dramatically increased (Cap gy,
+131.6%), whereas the amount of fully mineralized bone
packets was found to be markedly decreased (Capjgh, —
40.3%) compared to normal (Table 3). When the BMDD
histogram was numerically transformed into a mineraliza-
tion law (time course of mineralization of bone packets), a
reduced slope in the primary mineralization phase (slowed-
down mineralization) compared to a normal reference
BMDD was found (Fig. 5c). Also, the secondary mineral-
ization phase deviated from the time course of normal
adults, but the curve was slowly approaching the normal
level (Fig. 5c).

Table 3 Bone mineralization density distribution (BMDD) of trans-
iliac bone biopsy taken from patient at tumor removal

BMDD parameter TIO patient Reference + SD?

Capgean (Wt% Ca) 20.64 222 £ 045
Capeyi (Wt% Ca) 22.01 22.94 £ 0.39
Cawigmn (Awt% Ca) 4.84 335+ 0.34
Cap oy (%) 11.42 4.93 £+ 1.57
Capign (%) 3.31 5.55£332

Note: BV/TV, trabecular bone volume; Tb.Th, trabecular thickness;
mdBV/TV, only the mineralized part of the tissue as visualized by
gBEI (Fig. 2a) is evaluated; Tb.N, trabecular number; OV/BV, oste-
oid volume; OS/BS, osteoid surface; Ob.S/BS, bone surface covered
by osteoblasts; Oc.S/BS, bone surface covered by osteoclasts; ES/BS,
eroded surface; Ct.Th, cortical thickness

4 Bone histomorphometric normative data for male (age range, 60 to
70 years) [54]

Note: Capjean, weighted mean Ca concentration; Cape,i, most frequent
Ca concentration found in the bone area; Cawiqn, Width at half-
maximum of BMDD peak (heterogeneity of mineralization); Cay oy,
amount of bone area less mineralized than the 5th percentile of the
reference (normally, range of primary mineralization); Cagjgp,
amount of bone area higher mineralized than the 95th percentile of
the reference (full secondary mineralized bone matrix)

4 Reference for BMDD of adult trabecular bone [29]
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Discussion

The present study addresses for the first time the effects of
long-term tumor-induced osteomalacia (TIO) on bone
mineralization density distribution (BMDD), a powerful
tool to characterize bone material quality in individuals
with and without bone diseases [30]. For better character-
ization of the rare disorder we also measured FGF23 in
serum and by in situ hybridization (ISH) in the tumor
tissue.

The reported case of TIO had a typical long history
(12 years) of hypophosphatemia, treated with 1,25(0OH),D;
and oral phosphate, without substantial clinical improve-
ment. Serum levels of phosphate were abnormally low,
while FGF23 protein levels were extremely elevated.
Despite the treatment, normal phosphate serum levels were
not achieved, nor was osteomalacia prevented. Subse-
quently, the patient developed reactive hyperparathyroidism
with gland hyperplasia, a feared complication of the treat-
ment [33-36], shortly before the responsible tumor could be
localized and removed. After surgery serum markers nor-
malized and remained stable, and in particular, FGF23
values were found to be much lower also 5 years postsur-
gery. It should be noted that, in our patient, the extremely
high serum levels of FGF23 were found to be reduced
(—=92%) compared to presurgical values but were still
markedly above the published reference range [37, 38].
Indeed, other studies report a dramatic drop in FGF23 from
circulation to undetectable levels after tumor excision for
about 10 days before they increase to a normal concentra-
tion [38]. This can be explained by the fact that in TIO the
tumor becomes the main source of circulatory FGF23 and
endogenous production of FGF23 from other tissues is
suppressed due to a negative feedback mechanism until the
tumor is removed [39, 40]. Unfortunately, we did not have
the chance to measure the FGF23 levels in our patient
immediately after surgery. We also cannot fully rule out the
possibility that the tumor was incompletely removed and
therefore was still active in FGF23 production. However, all
other laboratory and diagnostic parameters of the patient
remained normalized and the patient was asymptomatic
from the time after surgery onward. The concentration of
serum FGF23 measured 5 years after excision of the tumor
could also corroborate the hypothesis that serum FGF23
increases with age [41]. Moreover, it is also known that in
some patients, FGF23 was elevated without apparent
abnormalities of phosphate homeostasis or renal function
[41-43].

Analysis of the tumor material using ISH showed
expression of FGF23 mRNA on mesenchymal tumor tis-
sue, but not in all cells in the tumor, which confirms earlier
findings [44, 45]. This indicates that only a portion of the
total number of tumor cells was responsible for FGF23

@ Springer

production. In phosphaturic tumor cells, FGF23 expression
and metabolism are regulated locally at the single-cell level
[46], which may lead to the observed mosaicism of FGF23
expression. The importance of local regulators in the tumor
tissue is further highlighted by the fact that, in TIO, cir-
culating high levels of FGF23 are based on the excessive
production of this factor by a relatively small number of
cells. This pattern of patchy expression of FGF23 in tumor
tissue is in striking contrast to the case of fibrous dysplasia,
where hypophosphatemia is caused by a severe excess of
osteogenic cells that produce FGF23 at normal levels [46,
47]. A few cells expressing FGF23 in the neighborhood of
the tumor were morphologically classified as osteoblasts
and osteocytes of the remnants of the scapula. The possi-
bility that hyperplastic parathyroid gland tissue might be
contributing to the elevated serum FGF23 expression was
explored, but we were unable to detect FGF23 mRNA
transcripts by ISH (data not shown). This negative result is
in line with an expression analysis of FGF23 in parathyroid
glands of a patient with primary hyperparathyroidism that
demonstrated the absence of expression in this tissue [48].

The iliac bone biopsy displayed marked surface osteo-
idosis with marginal endosteal fibrosis. Endosteal fibrosis
is a typical skeletal feature of severe hyperparathyroidism
where resorbed bone is replaced by vascular fibrous tissue
and has been described in patients with chronic renal
failure [26, 49]. The fact that just one area with fibrosis was
viewed in our biopsy indicates that the emerging hyper-
parathyroidism of the described patient had not altered the
bone phenotype of osteoidosis and low bone cell activity.
Indeed, the most obvious histological feature of the bone
sample was accumulation of unmineralized osteoid. It is
widely accepted that osteomalacia develops either follow-
ing increased bone turnover [50] or, in contrast,
in situations of decreased bone cell activity due to pro-
longation of mineralization lag time and/or inhibition of
osteoblast function [26]. In our sample, the osteoblast
surface was slightly increased, whereas the osteoclast sur-
face was clearly decreased. It has to be emphasized that in
our TIO patient the increased amount of osteoblasts did not
lead to an increased amount of mineralized matrix, since
mineralized bone volume and mineralized trabecular
thickness were found to be markedly reduced. The osteo-
blastic activity was also reflected by slightly increased
levels of alkaline phosphatase, which is consistent with
other reports in TIO patients [11, 39]. Indeed, alkaline
phosphatase is considered a key enzyme for mineralization
[21], and it has been suggested that, in situations of severe
hypophosphatemia, enhanced expression of alkaline phos-
phatase could be part of a compensatory mechanism to
increase mineralization-promoting proteins [51] and/or
reflect an autonomous cellular dysfunction [52]. Moreover,
also the excess of circulating FGF23 itself might have
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hampered bone formation in our patient. According to
recent findings, FGF23 negatively regulates osteoblast
differentiation and matrix mineralization in an autocrine/
paracrine manner independently of its systemic effects of
phosphate homeostasis [24, 25]. The reduced number of
osteoclasts observed in our patient could be the result of
impaired bone turnover but might also be more directly
related to phosphate metabolism. Indeed, a significant
reduction in number of osteoclasts has been reported in
hypophosphatemic mice, and concomitantly a suppression
of osteoclast differentiation and function has been observed
in bone marrow cell cultures with a low phosphate con-
centration [23]. Taken together, these findings indicate a
situation of marked prolongation in mineralized matrix
formation associated with decreased bone resorptive
activity [26].

The BMDD measurements in our patient revealed a
decrease in the mean degree of mineralization and an
increase in the heterogeneity of mineralization compared to
the reference population [29]. Normally, high bone turn-
over is the cause of such an undermineralization and
increased heterogeneity, because of the generation of high
amounts of new bone packets, which are not yet fully
mineralized [53, 54]. In contrast, low bone turnover gen-
erally leads to an increased amount of higher or fully
mineralized bone packets concomitant with a transient
increase in the homogeneity of mineralization density [55,
56]. Since the histomorphometric data on the TIO patient
did not reveal a situation of high bone turnover, the
increase in Caw;gy and Cap,, has to be related to a dis-
turbance in mineralization kinetics.

The observation of a generally reduced mineral content in
the bone matrix in a situation where the turnover is not
enhanced could indicate modified mineralization kinetics of
the bone matrix. Numerical transformation of the TIO
BMDD into a curve indicating the time course of mineral-
ization confirmed this assumption. Because the turnover rate
is not higher in the TIO patient than in normal individuals,
this analysis shows that the primary mineralization kinetics
is slowed down. This difference would be even larger for a
reduced turnover in the TIO patient. It is also interesting to
note that the secondary mineralization kinetics shows much
less difference between the patient and controls. This is most
likely because the relevant bone packets were formed
10 years or more previously, which corresponds to the time
before the breakout of the disease. Compared to healthy
individuals, the BMDD of the patient showed about half of
the fully mineralized bone packets coexisting with more
than double the amount of low-mineralized bone matrix.
Keeping in mind that fully mineralized bone corresponds to
bone formed before the outbreak and spared by the remod-
eling process, it must be assumed that these bone areas
correspond to remnants of normal mineralized matrix. In

contrast, the newly formed bone matrix, which normally
reaches 70% of complete mineralization within several
days, seems to mineralize more slowly than expected,
leading to an increase in the inhomogeneous mineral content
and to the observed increase in the BMDD peak width.
Taken together, these data suggest strongly that our patient
had a normal BMDD most likely due to normal bone turn-
over and mineralization kinetics before the phosphaturic
tumor appeared. As a consequence of this disease, bone
turnover decreased and primary mineralization was slowed
down, leading to osteomalacia and decreased bone mineral
content in the newly formed bone matrix without an effect
on the older one.

In summary, we have shown that, during long-lasting
TIO, the mineralization kinetic in the newly formed bone
matrix is profoundly disturbed, whereas pre-existing non-
resorbed bone remains unaffected. The formation of bone
mineral (hydroxyapatite) requires calcium and phosphate at
a certain ratio, and the role of extracellular phosphate as a
prime determinant of mineralization is widely accepted.
Beyond its crucial role in the maintenance of a physiologic
phosphate balance, there exists increasing evidence that
FGF23 also modulates, in an autocrine/paracrine manner,
osteoblast differentiation and matrix mineralization. Further
investigations are necessary to elucidate the interrelation-
ship among FGF23, calcium, phosphate, 1,25(OH),D5, and
PTH and their role in bone metabolism and mineralization.
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