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Abstract

Fibroblast growth factor-23 (FGF-23), a recently identified molecule that is mutated in patients with autosomal dominant
hypophosphatemic rickets (ADHR), appears to be involved in the regulation of phosphate homeostasis. Although increased levels of
circulating FGF-23 were detected in patients with different phosphate-wasting disorders such as oncogenic osteomalacia (OOM) and X-
linked hypophosphatemia (XLH), it is not yet clear whether FGF-23 is directly responsible for the abnormal regulation of mineral ion
homeostasis and consequently bone development. To address some of these unresolved questions, we generated a mouse model, in which the
entire Fgf-23 gene was replaced with the lacZ gene. Fgf-23 null (Fgf-23™'~) mice showed signs of growth retardation by day 17, developed
severe hyperphosphatemia with elevated serum 1,25(0H),D; levels, and died by 13 weeks of age. Hyperphosphatemia in Fgf-23 '~ mice
was accompanied by skeletal abnormalities, as demonstrated by histological, molecular, and various other morphometric analyses. Fgf-23 '~
mice had increased total-body bone mineral content (BMC) but decreased bone mineral density (BMD) of the limbs. Overall, Fgf-23 '~ mice
exhibited increased mineralization, but also accumulation of unmineralized osteoid leading to marked limb deformities. Moreover, Fgf-23 /=
mice showed excessive mineralization in soft tissues, including heart and kidney. To further expand our understanding regarding the role of
Fgf-23 in phosphate homeostasis and skeletal mineralization, we crossed Fgf-23 '~ animals with Hyp mice, the murine equivalent of XLH.
Interestingly, Hyp males lacking both Fgf-23 alleles were indistinguishable from Fgf-23 ™'~ mice, both in terms of serum phosphate levels
and skeletal changes, suggesting that Fgf~23 is upstream of the phosphate regulating gene with homologies to endopeptidases on the X
chromosome (Phex) and that the increased plasma Fgf-23 levels in Hyp mice (and in XLH patients) may be at least partially responsible for
the phosphate imbalance in this disorder.
© 2004 Elsevier B.V./International Society of Matrix Biology. All rights reserved.
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1. Introduction olism, but it is also essential for normal skeletal growth
and development. However, despite its broad biological

Inorganic phosphate (Pi) is not only essential for importance, the regulation of phosphate homeostasis is not
intracellular signalling, DNA synthesis, and energy metab- clearly understood. Recent advances have provided new

insights into the complex mechanisms involved in renal
phosphate handling and bone mineralization (Drezner,
* Corresponding author. Tel.: +1 617 432 5748; fax: +1 617 432 5767. 2002). Particularly the molecular definition of two
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phosphate-wasting disorders, X-linked hypophosphatemia
(XLH), which is caused by mutations in PHEX (Holm et
al.,, 1997; HYP_Consortium, 1995), and autosomal dom-
inant hypophosphatemic rickets (ADHR), which is caused
by mutations in FGF-23 (ADHR_Consortium, 2000;
Econs et al., 1997; White et al., 2001), has identified
important factors involved in the regulation of phosphate
homeostasis. Furthermore, overexpression of FGF-23 was
found in some tumors that cause oncogenic osteomalacia
(OOM) (Seufert et al., 2001; Shimada et al., 2001; White
et al., 2002); a significant elevation of plasma FGF-23
concentrations was detected in these patients (Jonsson et
al., 2003; Nelson et al., 2003; Yamazaki et al., 2002).
Several phosphaturic factors, including FGF-23, frizzled-
related protein 4 (FRP4), and matrix extracellular phos-
phoglycoprotein (MEPE) were cloned from cDNA libra-
ries derived from OOM tumors (Berndt et al., 2003; De
Beur et al.,, 2002; Rowe et al., 2004; Shimada et al.,
2001), for instance, hemangiopericytoma.

Understanding the molecular and cellular mechanisms
involved in the regulation of phosphate homeostasis is
particularly important as low serum phosphate levels can
result in defective skeletal growth and mineral ion
deposition, in turn leading to osteomalacia and rickets. In
contrast, high serum phosphate levels contribute to the
development of arteriosclerosis, soft tissue calcifications in
mice and human, and secondary hyperparathyroidism,
particularly in end-stage renal disease in human (Bai et
al., 2002; Dunstan et al., 2004; Imanishi et al., 2004;
Larsson et al., 2003; Schiavi and Kumar, 2004; Weber et
al., 2003).

Recently, recombinant FGF-23 was shown to selectively
enhance renal phosphate excretion when given in vivo
(Shimada et al., 2004a; Shimada et al., 2002). Furthermore,
transgenic mice overexpressing human wild-type FGF-23
under the control of different promoters showed hypophos-
phatemia and increased urinary phosphate excretion due to
reduced expression of the sodium-dependent phosphate
cotransporter types Ila (NaPi-2a) and Ilc (NaPi-2¢) in the
renal cortex (Larsson et al., 2004; Shimada et al., 2004b).
Renal phosphate wasting in these transgenic mice also led to
skeletal abnormalities such as disrupted growth plates and
reduced bone mineral density (BMD) (Larsson et al., 2004;
Shimada et al., 2004b). Similarly, transgenic mice over-
expressing human (R176Q) FGF-23, a mutant form of FGF-
23 resistant to degradation by furin-like proteases (Bai et al.,
2003), showed more pronounced hypophosphatemia and
rickets/osteomalacia (Bai et al., 2004) than animals express-
ing the wild-type FGF-23 (Bai et al., 2003; Saito et al.,
2003).

XLH is the most common form of inherited rickets,
which is caused by inactivating mutations in a phosphate-
regulating gene with homologies to endopeptidases on the
X-chromosome, termed PHEX (HYP_Consortium, 1995).
Hyp mice represent the murine homologue of XLH (Du et
al.,, 1996; Strom et al., 1997; Tenenhouse, 1999), and

these animals exhibit renal phosphate wasting and
hypophosphatemia, as well as high serum Fgf-23 levels
(Aono et al., 2003). On the other hand, targeted disruption
of Fgf-23 gene in mice was shown to result in hyper-
phosphatemia, diminished phosphate excretion, and up-
regulation of NaPi-2a expression in proximal tubular cells
as well as decreased bone mineral density (Shimada et al.,
2004a).

Despite recent advances in our understanding of FGF-23
in the regulation of phosphate homeostasis and bone
development, several key questions remain to be solved.
For instance, the cellular source of FGF-23 and effector
organs are not yet clearly defined (Carpenter, 2003;
Riminucci et al., 2003; Strewler, 2001).

Furthermore, reported studies provide conflicting data
regarding the role of PHEX in the degradation of FGF-23
(Bowe et al., 2001; Campos et al., 2003; Liu et al., 2003),
and it remains uncertain whether FGF-23 is responsible for
phosphate wasting in patients with XLH or in Hyp mice. To
address some of these partially resolved questions, we
generated Fgf~-23 null mice by replacing the entire coding
region (exons 1-3) of the mouse Fgf-23 gene with the lacZ
gene, thus providing a sensitive tool for examining the
expression pattern of Fgf-23 during embryonic and post-
embryonic development.

2. Results
2.1. Generation of Fgf-23 null mice

Targeted deletion of the Figf-23 gene resulted in viable
heterozygous (Fgf-23"~) and homozygous mutant ani-
mals (Fgf-237'7) (Fig. 1A and B). Heterozygous mice
appeared to be healthy and were fertile. Fgf-23 '~ mice
were born at the expected Mendelian ratio, and, at birth,
their gross appearance were indistinguishable from those
of their wild-type littermates. The number of males and
females born was comparable (30 females vs. 28 males).
By day 10, Fgf-23 null animals showed visually
detectable growth retardation, which became significantly
different by day 17. The mean body weight of Fgf-23~'~
mice at 11 weeks was 6.6£0.2 vs. 23.6x1.1 g for Fgf-
2377 and wild-type males, respectively (p<0.001).
Moreover, the longevity of the Fgfi23~'~ mice was
markedly shorter than that of either wild-type or hetero-
zygous Fgf-23"'~ littermates. The survival rate of
homozygous mice did not differ significantly between
male and female (p=0.6965); all Fgf-23~'~ animals had
died by 13 weeks of age.

2.2. Expression of lacZ under the control of the endogenous
Fgf-23 promoter

To study Fgf-23 expression prenatally, we performed
-galactosidase staining of heterozygous and wild-type
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Fig. 1. (A) Schematic representation of the murine Fgf-23 gene and the corresponding knock-out/in targeting vector. Exons 1 to 3 are shown in black
boxes. Vertical and horizontal shaded boxes represent the 5° and 3’ flanking regions of the Fgf-23 gene, respectively, which were used for homologous
recombination. The /acZ gene was cloned in frame with the initiator methionine of the Fgf-23 gene. The neomycin resistance (neo) gene is driven by
the phosphoglycerate kinase-1 (PGK-1) promoter and contains an Sv40 polyA adenylation site. Probe A was used as external probe to hybridize
genomic Southern blots (Bg/II digest) shown in (B) (wild type=+/+, heterozygous=+/—, homozygous=-/—). Panel (C) represents lacZ staining of a wild-
type (lower left) and a heterozygous Fgf-23 embryo (Fgf-23"~, lower right) at E12.5. Arrows depict lacZ positive tissues (somites, liver, and heart).
Upper panels demonstrate lacZ staining in a wild type (left) and Fgf-23 '~ (right) skull at 3 weeks. Blue staining represents expression of the Fgf-23

gene.

embryos at E11.5 (data not shown) and E12.5. LacZ-
positive staining was clearly detectable in three predom-
inant sites: heart, liver, and somites; wild-type littermates
did not show any staining (Fig. 1C). To evaluate the
expression of Fgf-23 postnatally, we performed lacZ
staining using skull bones, such as calvaria, obtained
from 4- and 6-week-old wild-type and Fgf-23~'~ mice.
Strong blue staining was visible in osteoblasts and cells at
the sutures of mutants; no lacZ staining was detected in
bones of wild-type controls, even after an extended period
of staining.

2.3. Serum measurements in Fgf-23 7~ mice

Serum phosphate levels of wild-type and Fgf-23 '~
male and female mice were assessed at 3 and 6 weeks.
Fgf-237'~ mice (n=7) showed significantly higher serum
phosphate levels than control littermates (n=15; 16.3+0.3
vs. 9.6£0.5 mg/dl) at 3 weeks (see Fig. 7B). In addition,
we detected significantly higher serum 1,25(0OH),D;
concentration in Fgf-23 '~ animals (368.1+£226.3 pg/ml)
than in wild-type mice (56.4%13.8 pg/ml). Similarly,
alkaline phosphatase activity was higher in Fgfi23~'~
than in wild-type mice (990.86+317.22 vs. 238.334+38.45
U/1). There was no significant change in PTH concen-

tration, both in wild-type and mutant mice (data not
shown).

2.4. Abnormal bone mineral content and density in
F, gf-23_/ " mice

Fgf-237'~ mice were markedly growth-retarded and
exhibited reduced body weight, size, and consequently
skeletal size. We analysed Fgf-23 '~ and wild-type litter-
mates by dual-energy X-ray absorptiometry (DEXA) for
whole-body bone mineral content (BMC) normalized to body
weight at 3 (control n=8, Fgf-23 '~ n=6), 6 (control n=9,
Fgf-23~'~ n=6), and 11 weeks (control n=2, Fgf-23 '~ n=2).
We observed that Fgf-23 '~ mice had significantly higher
BMC/g at all time points measured (Fig. 2A). Furthermore,
the difference in BMC/g calculated among Fgf-23 '~
animals differed significantly at 3, 6, and 11 weeks of age.
However, autoradiographic studies (Fig. 2B) showed that the
bone mineral density (BMD) of hindlimbs (and forelimbs,
data not shown) was strikingly decreased in Fgf-23 '~
animals. To further validate this observation, we performed
additional measurements of fore- and hindlimbs by DEXA.
These analyses confirmed that hindlimb BMD of Fgf-23 '~
animals was significantly reduced at all investigated time
points (Fig. 2C). The difference in BMD among Fgf-23 '~
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Fig. 2. (A) Graphic display of total bone mineral content (BMC) of control and Fgf-23 '~ animals at 3, 6, and 11 weeks. Each value obtained for BMC was
normalized to the body weight of the corresponding animal. Fgf-23 '~ mice show a statistical significant increase in total BMC when compared to control
littermates (*=p<0.05; ***=p<0.0001). A statistically significant increase in total BMC was also observed among Fgf-23 '~ mice with time (###=p<0.0001).
(B) X-ray autoradiography of hindlimbs from a wild-type (WT) and an Fgf-23 '~ mouse. Brackets depict length, and arrowhead depicts thickness of femur in
Fgf-23~'~ mouse. (C) Graph represents bone mineral density of hindlimbs measured by PIXImus analysis. Fgf-23 '~ mice show a statistically significant
decrease in BMD at 3, 6, and 11 weeks when compared to controls (***=p<0.0001). (D) BMD obtained from femoral shaft (left) and femoral methaphysis
(right) of wild-type (white bar) and Fgf-23 '~ animals (dark bar) by QCT at 4 weeks of age. Fgf-23 '~ mice show a statistically significant decrease in BMD
(**=p<0.001).

2.5. Abnormal bone formation, skeletal mineralization, and
development of soft tissue calcifications in Fgf-237/~
mutants

animals increased significantly with time. We extended our
measurements by peripheral quantitative computerized
tomography (pQCT) and again found that volumetric BMD

of the femoral shaft and the femoral metaphysis was lower in
—/—

Fgf-237'~ (n=7) mice compared with wild-type littermates
(n=T) at 4 weeks of age (Fig. 2D).

A

Fgf-23"-

To further examine bone mineralization in Fgf-23
animals, we performed Alizarin Red S staining of whole-

B Fgf-23"

ribs
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Fig. 3. (A) Alizarin red S staining of skeletal elements (ribs, paws, ulna/radius) from a wild type (left panels) and Fgf-23 '~ (right panels) at 3 weeks. Arrows
depict some areas with abnormal mineralization in Fgf-23~'~ bones. (B) Abnormal mineralization is shown in heart (top) and in and around the tubules of
Fgf-23~'~ kidney (bottom) at 11 weeks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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cortical bone growth plate

Fig. 4. Three-micrometer-thick undecalcified sections from 4-week-old wild-type (upper panels) and Fgf-23 = (lower panels) bones (cortical bone, growth
plate, ribs, vertebra) were stained with von Kossa/McNeal (magnification 20X, 10x). Black staining represents mineralization. More mineral deposition is
found in the area below the growth plate (methaphysis), ribs, and in vertebra. In contrast, areas of unmineralized osteoid (light blue) are found in cortical bone.

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

body skeletons and compared them with wild-type litter-
mates at 3 and 6 weeks. During dissections, it became
evident that Fgf-23 ™'~ mice suffered from severe axial and
appendicular skeletal malformations, which were confirmed
by staining for bone mineral (Fig. 3A). Furthermore, we
noted the presence of bone nodules at most ribs and paws
and the presence of lesions that were reminiscent of rachitic
changes, such as widened epiphysis (ribs) and transparency
of stained bones (paw). Excessive mineral accumulation

was also noted in areas surrounding the shaft of radius and
ulna of Fgf-23~'~ mice. However, despite increased yet
disproportionate accumulation of bone mineral, the mutant
bones were abnormally fragile and deformed. Von Kossa
staining of different soft tissues at various time points
postnatally showed considerable mineralization in non-
skeletal tissues of Fgf223 '~ mice. As shown in Fig. 3B,
abnormal mineralization was detected in various organs,
including heart and kidney of older animals.

osteopontin

Fig. 5. In situ hybridization was performed on 6pm-thick decalcified paraffin sections from tibia of wild-type (WT) and Fgf-23

The zone of hypertrophic chondrocytes was reduced in Fgf-23 ™/~

bone gla protein

~/~ animals at 3 weeks.

, which was confirmed by decreased collagen type X mRNA expression. In contrast,

osteopontin mRNA expression was elevated in osteoblasts of Fgf-23~'~ animals, while bone gla protein (osteocalcin) mRNA expression was

diminished.
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Fig. 6. (A) Gross features of three male littermates at 3 weeks. Shown are Hyp/Fgf23"~ (left), Fgf23 '~ (right), and compound mutants Hyp/Fgf23 '~
(middle). (B) X-ray autoradiographs of hindlimbs from the same animals shown in panel (A). Arrows point to the growth plate of tibia. The features typical of
rickets shown in Hyp/Fgf23"'~ (left panel) had improved considerably in compound mutants Hyp/Fgf23~'~ (middle panel). Arrowheads depict thickness of
femoral shaft of these animals. Hyp/Fgf23 '~ compound mutants (middle) exhibit longer (brackets) and thinner long bones than Hyp/Fgf23+/ ~ (left) animals.

To further study the mineralization patterns of mutant
bones, we performed histological analyses on methylme-
thacrylate sections (Fig. 4). Histological examination of
femurs from 4-week-old Fgf-23~/~ mice revealed
increased osteoid formation in cortical bone. In addition,
the growth plates were narrowed with decreased numbers
of hypertrophic chondrocytes in the mutants. More
mineral deposition was apparent in the primary spongiosa
immediately adjacent to the hypertrophic chondrocytes.
Histology of ribs and vertebra showed a marked increase

A

HyplFgf-23*

Hyp/Fgf-23"

paws

in woven bone formation and a striking accumulation of
osteoid.

2.6. Chondrocyte and osteoblast differentiation in
Fgf-237"~ mice

To further analyse the differentiation status of bone cells,
we performed in situ hybridizations on paraffin sections from
tibia of Fgf-23~'~ mice (n=6) and wild-type littermates
(n=0) at 3 weeks of age (Fig. 5). We were able to confirm the
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Fig. 7. (A) Alizarin red S staining of skeletal elements (ribs, paws) from a Hyp/Fgf23 "~ (left), Hyp/Fgf23 '~ (middle), and Fgf23 '~ (right) mice at 3 weeks.

Arrows depict some areas with abnormal mineralization in Hyp/Fgf23 ~~ bones resembling the phenotype of Figf23

~/~ skeleton. Lower panels represent 3pum-

thick undecalcified sections from femur of 3-week-old Hyp/Fg/23+/ = (left), Hyp/Fgf23 /= (middle), and Fgf23 /= (right) mice stained with Von Kossa/
McNeal. Panel (B) represents a graph comparing serum phosphate levels of wild-type controls, Fgf23~'~, and Hyp/Fgf23 ™'~ compound mutants at 3 weeks of
age. The horizontal dotted line illustrates published serum phosphate levels in Hyp mice (mean: 4.45 mg/dl) (¥**=p<0.0001; **=p<0.001) (Lorenz-Depiereux

et al., 2004).
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previously noted (Shimada et al., 2004a) reduction of
hypertrophic chondrocytes from 6-10 cell layers in wild-
type to 3-5 cell layers in mutant animals, as demonstrated by
the marked decrease in collagen type X expression. We also
examined expression of osteopontin, a marker of late
hypertrophic chondrocytes and early osteoblasts, and
observed a relative increase in expression in osteoblasts
from Fgf-23~'~ mice. In contrast, expression of bone gla
protein, a marker for mature osteoblasts, was clearly reduced
in Fgf-23~'~ mice.

2.7. Generation and analyses of male Hyp mice lacking

both Fgf-23 alleles

To analyse the consequences of complete ablation of
both Fgf-23 and Phex, we generated male Hyp mice that
were null for Fgf-23 (Hyp/Fgf-23~'7) and compared the
findings to male animals of the genotypes Hyp/Fgf-23"~
and Fgf-23~'~; analyses were performed at 3 weeks of age.
Compound mutants (Hyp/Fgf-23~'7) were viable and
indistinguishable from wild-type animals at birth. Gross
appearances among the three analysed genotypes are shown
in Fig. 6A. Evaluation of bones by X-ray studies (Fig. 6B)
showed that Hyp/Fgf-23"~ animals exhibited extremely
short and thickened femurs, as well as cupping of the
metaphysis below the growth plates, findings which are
characteristic of Hyp mice (Miao et al.,, 2001). In
comparison, bones of compound mutants were longer and
thinner with relatively regular appearing growth plates. We
further analysed the mineralization pattern of the skeleton of
these animals by Alizarin Red S staining (Fig. 7A) at 3
weeks of age. In contrast to Hyp/Fgf-23"'~ animals, which
did not show any apparent changes compared to wild-type
males (see Fig. 3A), the skeleton of the compound mutants
Hyp/Fgf-23~'~ resembled more closely that of Fgf-23 /'~
mice. In particular, Hyp/Fgf-23~'~ animals showed similar
nodular deformities in ribs and paws that were initially
observed in Fgf-23 '~ mice (Fig. 7A, shown by arrows).
Histological analyses on methylmethacrylate sections of
femurs from 3-week-old mice showed strong resemblance in
the mineralization pattern of Hyp/Fgf-23~'~ and Fgf-23 7'~
mice. Serum phosphate level was significantly higher in
Hyp/Fgf-23~'~ animals (14.2+1.6 mg/dl, n=2) than in Hyp
mice (about 4 mg/dl), as previously reported (Lorenz-
Depiereux et al., 2004), and thus were similar to those
observed in Fgf—23*/* mice (16.3£0.28) (Fig. 7B; Shimada
et al., 2004a).

3. Discussion

In the present study, we generated mice in which the
entire coding region of the Figf-23 gene had been replaced
with the lacZ gene and the neomycin-resistance cassette. In
comparison to wild-type littermates, mice with ablation of
both Fgf-23 alleles were smaller in size, showed gross

deformities of numerous skeletal elements, and died pre-
maturely. These animals furthermore had severe hyper-
phosphatemia and elevated serum 1,25(OH),D; levels,
which confirms that Fgf-23 is an important regulator of 1-
alpha hydroxylase activity (Larsson et al., 2004; Shimada et
al, 2004a) In contrast, heterozygous Fgf-23 " animals
showed no obvious skeletal abnormalities, and their size and
longevity were similar to those of wild-type littermates,
suggesting that Fgf-23 haploinsufficiency does not lead to
obvious consequences. Since our findings were indistin-
guishable from those recently described for mice homozy-
gous for ablation of Fgf-23 exon 1 alone (Shimada et al.,
2004a), the replacement of Fgf-23 with the lacZ reporter, as
in the animals described in this report, does not appear to
affect the phenotype of Fgf-23 ™'~ mice.

Earlier studies have shown that treatment of wild-type
mice with recombinant intact human FGF-23 increases
urinary phosphate excretion leading to hypophosphatemia
(Shimada et al., 2001). Furthermore, the transgenic expres-
sion of wild-type or mutant FGF-23 resulted in severe
rickets/osteomalacia (Bai et al., 2004; Larsson et al., 2004;
Shimada et al., 2004b), but it remained uncertain whether
these changes were due to direct effects of Fgf-23 on
cartilage and bone or were simply related to changes in
phosphate homeostasis. FGF-23 is expressed in normal
bone-forming osteoblasts and their progenitors, with a
particularly prominent increase of its mRNA at sites of
new bone formation due to fractures (Riminucci et al., 2003).
This makes it plausible that Fgf-23 is directly involved in
normal bone formation. In accord with the notion, our Fgf-
23 null animals displayed considerable reductions in BMD.
Similar observations had also been documented and reported
earlier (Shimada et al., 2004a). It thus appears likely that Fgf-
23, locally produced in bone cells, affects through paracrine/
autocrine mechanisms the regulation of bone formation,
while the observed mineralization defect may be caused, at
least partially, by changes in phosphate homeostasis and/or
increased 1,25(0OH),Dj5 levels.

Lack of Fgf-23, however, led to exostotic changes at
several sites, e.g., ribs and phalanges (see Fig. 3A). This
makes it plausible that this novel growth factor also has an
important role in preventing bone formation at certain
skeletal sites (see also below). Fgf~23 null mice furthermore
showed a decreased zone of hypertrophic chondrocytes,
making it likely that Fgf-23 has a role in chondrocyte growth
and differentiation, unless the observed changes are secon-
dary to the abnormalities in serum phosphate and/or
1,25(0OH),D5 concentration or to other changes that involve
PTHrP-dependent signalling through the PTH/PTHrP recep-
tor (Kronenberg, 2003). In addition, Fgf-23 may contribute
to regulating the expression of other molecules, such as
PHEX (HYP_Consortium, 1995), MEPE (Argiro et al.,
2001; Quarles, 2003; Rowe et al., 2004), LRP-5/Wnt, and/or
FRP4 (Schiavi and Kumar, 2004).

Fgf-23 is expressed only at low levels in certain tissues
and organs, including brain, bone, heart, and thymus (Liu et
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al., 2003; Riminucci et al., 2003; Shimada et al., 2001;
Yamashita et al., 2000). The presence of lacZ as a marker for
Fgf-23 expression therefore provided a useful marker for
assessing its expression pattern during embryonic and
postembryonic development of Fgf-23"~ mice, i.e., animals
with presumably undisturbed phosphate homeostasis. The
expression pattern of Fgf-23 in embryonic tissues has not yet
been studied in any detail, while some studies have reported
very weak expression of FGF-23 transcripts in adult liver,
lymph node, thymus, heart, and brain (Liu et al., 2003;
Shimada et al., 2001; Yamashita et al., 2000). The presence
of the lacZ gene may furthermore allow a rapid detection of
changes in Fgf-23 expression induced by phosphate,
1,25(0OH),D3, and other factors, and it may help with the
identification and isolation of Fgf-23"~ cells, which could
be useful in studying the regulation of Fgf-23 synthesis and
secretion in vitro. Our Fgf-23"'~ mice with knock-in of the
lacZ gene will therefore be of particular significance for
further exploring the cells producing Fgf-23 and studying
the molecules that regulate its synthesis and secretion.

Hyp mice, the murine equivalent of XLH patients, show
renal phosphate wasting leading to hypophosphatemia and
thus impaired skeletal mineralization (Xiao et al., 1998). In
these animals, Fgf-23 levels were shown to be elevated
(Aono et al., 2003), which is similar to the findings in
patients with XLH (Jonsson et al., 2003; Shimada et al.,
2002; Weber et al., 2003). Using our Fgf—237/7 mice, we
were able to modify the hypophosphatemia and rickets in
Hyp mice. In fact, serum phosphate levels were reversed in
the compound Hyp/F, gf—237/7 mice. This could indicate that
Phex/PHEX is either directly or indirectly involved in the
degradation of intact biologically active FGF-23. However,
in vitro studies have thus far provided no consistent results
regarding the role of Phex/PHEX in this process; only one
reported study suggested PHEX-dependent degradation of
wild-type FGF-23 (Bowe et al., 2001) but not of FGF-23
with the R176Q mutation (Bai et al., 2003; Liu et al., 2003).
Our compound Hyp/Fgf-23~'~ mice showed biochemical
and morphological features that are similar to those we
found in Fgf-23~'~ knockout mice. Indeed, in contrast to
the hypophosphatemia observed in Hyp mice (Lorenz-
Depiereux et al., 2004), Hyp/Fgf-23~'~ males showed
serum phosphate levels that were indistinguishable from
those of Fgf-23~/~ animals. This suggests that Fgf-23
resides upstream of Phex, although it does not provide
enough information for a direct role of this endopeptidase in
the degradation of Fgf-23. The “rescued” Hyp mice
furthermore showed exostosis-like skeletal changes at ribs
and digits, emphasizing the fact that Fgf-23 is not only
involved in bone formation but may also have additional
roles in preventing bone formation at aberrant sites.

One of the significant findings of this study was
extensive soft tissue mineralization in Fgf-23 '~ mice. This
is of particular importance because high serum phosphate
levels could contribute to the development of arterio-
sclerosis and other soft tissue calcifications and could lead

to secondary hyperparathyroidism; these are major compli-
cations encountered in end-stage renal disease patients
undergoing haemodialysis. The cardiovascular mortality
rate is 20 to 40 times higher for adults on dialysis than for
the general population (Collins et al., 2001). Recent studies
documented hyperphosphatemia and increased calcium
phosphate product as contributing factors to increased
mortality in dialysis patients (Block et al., 1998; Block
and Port, 2000; Ganesh et al., 2001). Although accelerated
coronary calcification in end-stage renal disease patients is
thought to be related to inadequate or inappropriate treat-
ment of hyperphosphatemia, our lack of understanding of
phosphate homeostasis makes it difficult to develop any
long-term therapeutic strategies. Commonly used phosphate
binders to minimize hyperphosphatemia contain aluminum
or calcium. Aluminum accumulates in the tissues and causes
neurologic, skeletal, and haematologic toxicities (Alfrey et
al., 1976; Ott et al., 1982), while ingestion of calcium
carbonate, an effective phosphate binder, leads to hyper-
calcemia and increases the risk of vascular calcification in
end-stage renal disease patients (Meric et al., 1990;
Slatopolsky et al., 1986). Recently, a novel calcium- and
aluminum-free phosphate binder, poly(allylamine hydro-
chloride) (RenaGel), was reported to reduce serum phos-
phorus and iPTH concentrations without significant changes
in serum calcium levels (Chertow et al., 1997; Slatopolsky
et al., 1999); it will be interesting to determine whether the
phosphate-lowering effects of this newly developed agent
exert its effect through manipulating FGF-23.

In summary, we have generated Fgf-23 knockout
animals, which showed hyperphosphatemia, increased
levels of 1,25(0OH),D;, and numerous skeletal abnormal-
ities, which reversed the development of hypophosphatemia
in Hyp mice. These animals will facilitate further explora-
tion of Fgf-23 biology. Since Fgf-23 was replaced with the
lacZ reporter, our mice will also provide an additional in
vivo tool to determine the role of Fgf-23 during early
development and will facilitate designing in vitro studies to
examine the transcriptional activation, synthesis, and
secretion of Fgf-23.

4. Experimental procedures
4.1. Generation of Fgf-23 null animals

Using the cDNA encoding mouse Fgf-23, kindly provided
by Dr. Tim Strom, Gesellschaft fiir Umwelt und Gesund-
heitsforschung, Munich, Germany, a Sv129J mouse genomic
library in lambda Dash II (kindly provided by T. Doetsch-
mann) was screened. Three clones (clones 24, 25, and 27)
were identified containing the full-length gene and additional
15 kb of 5" and 3’ flanking sequences. For construction of the
targeting vector, the entire coding region (exons 1-3) of
the mouse Figf-23 gene was replaced with the /acZ gene and
the neomycin (neo) resistance gene. The coding region of
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the lacZ gene was cloned—in frame—downstream of the
initiator methionine of Figf-23 such that lacZ translation will
start at the translational start site for Figf~-23.

The pPNT plasmid was used as a backbone to construct
the targeting vector (Bradley, 1987). A ~5-kb EcoRI-BamHI
fragment derived from the 5’ noncoding region of Fgf-23
was chosen as the 5’ flanking region. After cutting with
EcoRI and blunt-ending, the EcoRI-BamHI fragment was
released from the genomic DNA clone with BamHI. This
fragment was then cloned into the BamHI site and the blunt-
ended Xbal site of the vector carrying the lacZ gene
(ppGal); the restriction sites for EcoRI in the fragment of
the mouse gene and the Xbal site in the vector are thus no
longer present. A “BamHI connector” carrying the initiator
methionine was cloned into the preserved BamHI site to
connect the 3’ end of the 5’ flanking region of Figf-23 to the
lacZ gene. The combined fragment was then released by
digestion with Notl/Xhol and cloned into Notl/Xhol sites of
the pPNT targeting vector, immediately upstream of the neo
cassette. A 4-kb Xhol-EcoRI fragment derived from the 3’
end of the Fgf~-23 gene was made blunt by Klenow enzyme
and was then cloned immediately downstream of the neo
gene by ligation into blunt-ended EcoRI sites of the vector
to generate the final targeting vector, pPNT-Fgf-23; 5/ and
the 3’ nucleotide sequences and orientation of each DNA
fragment were confirmed by sequence analysis. Since the
pPNT-Fgf-23 vector contains also the herpes simplex virus
thymidine kinase (HSV-tk) gene flanked by the PGK-I1
promoter and polyadenylation signal, the vector is thus
designed to allow double selection for homologous recom-
bination events prior to screening by Southern blot analysis
(Karaplis et al., 1994). The pPNT-Fgf-23 was linearized
using the restriction enzyme NotI and electroporated into ES
cells. After double selection of ES cells for the presence of
the neo gene with G418 (300 ug/ml), and for absence of the
HSV-Tk gene with FIAU (0.2 uM), 192 surviving ES cell
clones were isolated and expanded, and 27 (14%) were
shown by Southern blot analyses to have undergone
homologous recombination (data not shown). Two inde-
pendent ES cell clones resulted in germline transmission.
Mice were fed standard diet (7012 Harlan Teklad LM-485
autoclavable rodent diet), containing 0.62% phosphorus and
0.84% calcium, and autoclaved tap water. All animal
experiments were approved by the institutional care and
use committee at the Forsyth Institute (Harvard School of
Dental Medicine).

4.2. Southern blot and PCR analyses

Genotyping was performed initially by Southern blot
analysis. Genomic DNA (~10 pg) purified from tail clips
using standard procedures was digested with Bg/Il and
hybridized to an external probe (Probe A 367 bp) (Fig. 1).
The expected lengths of the Bg/II fragments were 17 kb for
the wild-type allele and 10 kb for the mutant allele (Fig. 1A,
B). Further genotyping of mice was performed by PCR

using the following specific primers: Fgf-23 forward 5'-
AGT GGA CGC TGG AGA ATG GCT ATG-3, Fgf-23
reverse 5'-CTG GGA AAG GGG CGA CAC C-3; Neo
forward 5'-GAT CGG CCA TTG AAC AAG ATG-3, Neo
reverse 5'-AAG GTG AGA TGA CAG GAG ATC-3'. After
an initial denaturation for 5 min at 94 °C, amplification
cycles consisted of denaturation at 94 °C for 1 min,
annealing at 58 °C for Neo and 65 °C for Fgf-23 for 1
min, and 1-min extension at 72 °C for 35 cycles followed by
a final extension for 10 min at 72 °C. The expected product
size for Figf-23 is 397 bp and, for Neo, 310 bp.

4.3. LacZ staining

Fegf-23 mRNA expression was achieved through p-
galactosidase staining of Fgf-23"~ embryos at E12.5 and
calvaria of Fgf-:23~'~ animals at 3 and 6 weeks. Tissues
were fixed in a mixture of 37% formaldehyde and 25%
glutaraldehyde on ice for a maximum of 2 h followed by
three washes (15 min each) in a rinse buffer containing
0.02% NP-40 (Roche)/PBS at room temperature. Subse-
quently, tissues were stained at 37 °C for 30 min (calvaria)
and overnight (embryos) in a shaker placed in a dark
incubator. Staining solution contained 5SmM K;Fe(CN)g
(ACROS Organics), SmM K4Fe(CN)g (ICN Biomedicals),
0.01% DCA, 2mM MgCl,, 0.02% NP-40, SmM EGTA, and
1 mg/ml X-gal (TAKARA), in 1x PBS.

4.4. PIXImus and quantitative computerized tomography

(POCT)

Bone mineral density (BMD) and bone mineral content
(BMC) were determined on 3-, 6-, and 11-week-old wild-
type and Fgf-23 null animals. Mice were anaesthetized by
intraperitoneal injection with ketamine and xylazine (0.087
mg of ketamine and 0.013 mg of xylazine per 1 g of body
weight). Measurements were determined using the PIXImus
small animal dual-energy X-ray absorptiometry (DEXA)
system (Lunar), with data analysis of software version 1.4x.
Bone mineral density is a two-dimensional measurement
comprised of mineral within the area determined to be bone
by the present thresholds in the PIXImus densitometer. The
resolution of the PIXImus is 0.8x0.18-mm pixels with a
usable scanning field of 80x100 mm, allowing for
measurement of single whole mice and collection of isolated
specimens. Calibrations were performed with a phantom of
known density, and quality assurance measurements were
performed prior to BMD measurements.

BMD of the left femur was measured by peripheral
quantitative computerized tomography (pQCT) using a
XCT Research M+pQCT machine (Stratec Medizintechnik,
Pforzheim, Germany). The measurements were made with a
collimator opening of 0.2 mm on specimens stored in 70%
ethanol. One slice in the middiaphysis of the femur, and
three slices in the distal femoral metaphysis located 1.5, 2,
and 2.5 mm proximal to the articular surface of the knee
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joint were measured. All BMD values of the distal femoral
metaphysis were calculated as the mean over three slices. A
voxel size of 0.070 mm and a threshold of 600 mg/cm® were
used for calculation of cortical BMD.

4.5. X-ray studies

X-rays of mice were taken by the Faxitron MX-20
Specimen Radiography System (Faxitron X-ray, Wheeling,
IL) using a Kodak Portal Oncology film (Eastman-Kodak).
Measurements were taken at 33 kV with a 30-s exposure.
The image was developed by a Kodak M35A X-OMAT
processor (Kodak Diagnostic Imaging).

4.6. Skeletal staining with Alizarin Red S

The mineralization pattern of the skeleton was analysed
in 3- and 6-week-old mice as described earlier by McLeod
(McLeod, 1980). Briefly, adult mice were skinned, eviscer-
ated, and fixed in 95% ecthanol. Subsequently, acetone was
used to remove fat. Skeletons were then stained by Alizarin
Red S and sequentially cleared in 1% potassium hydroxide.
Mineralized bones were visualized by red staining.

4.7. Histology and tissue preparation

For histological analyses, paraffin sections of bones and
soft tissues were produced at 3 and 11 weeks postnatally.
Animals were dissected, and tissues were fixed in 4%
paraformaldehyde (PFA)/PBS pH 7.4 at 4 °C for several
days. Bones were subsequently demineralized for 1-2 weeks
in 20% EDTA. All tissues were rinsed in PBS, dehydrated at
room temperature through an ethanol series: 70% for 6 h,
80% for 1 h, 96% for 1 h, and 100% for 3 h, cleared twice in
xylene for 1 h/step, embedded in paraffin, serial sectioned at 6
pum using a Microm HM 360 microtome (Microm, Walldorf,
Germany), and mounted on SuperFrost Plus slides.

To obtain methylmethacrylate sections, samples were
fixed in 4% PFA for 24 h at 4 °C and washed overnight in
PBS containing 10% sucrose at 4 °C. Subsequently, bones
were dehydrated and embedded undecalcified in methylme-
thacrylate. Three-micrometer-thick sections were prepared
from various sites of the skeleton, including ribs, vertebra,
and femurs using a HM 360 microtome (Microm) and
stained with von Kossa/toluidine blue (Schenk et al., 1984).

4.8. Riboprobes and in situ hybridization

Complementary *°S-UTP-labeled riboprobes (comple-
mentary RNAs for collagen type X, osteopontin, and bone
gla protein) were used for performing in situ hybridization
on paraffin sections. Plasmids encoding the cDNA were
linearized with appropriate restriction enzymes to transcribe
either antisense or sense riboprobes in vitro using the
appropriate RNA polymerase. In situ hybridization was
carried out as described previously (Lanske et al., 1998).

Briefly, bone sections were deparaffinized in xylene and
rehydrated in a decreasing ethanol series (100%, 90%,
70%). After proteinase K treatment and postfixation in 4%
PFA, sections were incubated in 0.2N HCI. Sections were
then acetylated with 0.25% acetic anhydride in triethanol-
amine buffer. Before hybridization was performed, sections
were dehydrated in 70% and 95% ethanol and air-dried.
Sections were then hybridized with **S-labeled antisense
riboprobes in a humidified chamber at 55 °C for 16 h. After
hybridization, nonspecifically bound riboprobes were
removed by washing the slides with 2x SSC and 2X
SSC/50% formamide at 50 °C and treating them with
RNase at 37 °C for 20 min. The final wash steps were
performed once in 2x SSC and twice in 0.2x SSC at 50 °C
for 20 min. To detect the hybridization of riboprobes on
tissues, sections were dehydrated in 70% and 95% ethanol
and air-dried. To estimate the intensity of bound riboprobes,
slides were exposed overnight to X-ray film (Kodak
Biomax MR-1) at room temperature. Sections were then
coated with Kodak NTB2 emulsion, exposed for the time
needed (determined by autoradiography), developed with
Kodak Dektol developer, and fixed with Kodak fixer. After
counterstaining with hematoxylin and eosin, tissue sections
were analysed with a Zeiss microscope using bright- and
dark-field optics.

4.9. Measurement of biochemical serum and urinary
parameters

Blood was obtained from the vena cava of 3-4-, and 6-
week-old wild-type and Fgf-23 null animals. Serum was
isolated by centrifugation at 3000 X g for 10 min and stored
at —80 °C. Serum PTH levels were measured using a Mouse
Intact PTH ELISA kit (Immunotopics, San Clemente, CA).
Serum concentrations of 1,25(OH),D; were measured using
a radioreceptor assay (Immundiagnostik, Bensheim, Ger-
many). Serum phosphorus and serum alkaline phosphatase
were determined using a Hitachi 766 autoanalyzer (Boeh-
ringer Mannheim, Mannheim, Germany).

4.10. Statistical analysis

Statistically significant differences between groups were
evaluated by Student’s ¢ test for comparison between two
groups or by one-way analysis of variance (ANOVA) for
multiple comparison. All values were expressed as mean-
+S.E.M. A p value less than 0.05 was considered to be
statistically significant. All analyses were performed using
Microsoft Excel and GraphPad Prism 3.0.
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