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Nuclear Isoforms of Fibroblast Growth Factor 2 Are Novel
Inducers of Hypophosphatemia via Modulation of FGF23
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FGF2 transgenic mice were developed in which type I collagen
regulatory sequences drive the nuclear high molecular weight
FGF2 isoforms in osteoblasts (TgHMW). The phenotype of
TgHMW mice included dwarfism, decreased bone mineral density
(BMD), osteomalacia, and decreased serum phosphate (P;). When
TgHMW mice were fed a high P; diet, BMD was increased, and
dwarfism was partially reversed. The TgHMW phenotype was sim-
ilar to mice overexpressing FGF23. Serum FGF23 was increased in
TgHMW mice. Fgf23 mRNA in bones and fibroblast growth factor
receptors 1c and 3c and Klotho mRNAs in kidneys were increased
in TgHMW mice, whereas the renal Na*/P; co-transporter Npt2a
mRNA was decreased. Inmunohistochemistry and Western blot
analyses of TgHMW kidneys showed increased KLOTHO and
decreased NPT2a protein. The results suggest that overexpression
of HMW FGEF2 increases FGF23/FGFR/KLOTHO signaling to
down-regulate NPT2a, causing P; wasting, osteomalacia, and
decreased BMD. We assessed whether HMW FGF2 expression was
altered in the Hyp mouse, a mouse homolog of the human disease
X-linked hypophosphatemic rickets/osteomalacia. Fgf2 mRNA
was increased in bones, and Western blots showed increased FGF2
protein in nuclear fractions from osteoblasts of Hyp mice. In addi-
tion, immunohistochemistry demonstrated co-localization of
FGF23 and HMW FGF2 protein in osteoblasts and osteocytes from
Hyp mice. This study reveals a novel mechanism of regulation of
the FGF23-P, homeostatic axis.

Fibroblast growth factor (FGF)? ligands and their receptors
(FGFRs) are important modulators of bone growth and devel-
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opment in mice (1-4). Mutations in FGFRs cause autosomal
dominant human chondrodysplasias (1-3). These mutations
result in aberrant or amplified signal transduction from the
tyrosine kinase domain of the FGFRs (1). However, only
recently have ligands for FGFRs been associated with human
diseases (1, 5). There are 22 FGF ligands. Recent studies have
shown that FGF23 is the phosphaturic factor (5) responsible for
autosomal dominant hypophosphatemic rickets (6) and tumor-
induced osteomalacia (7). FGF23 also mediates phosphate-
wasting disorders, such as X-linked hypophosphatemic rickets/
osteomalacia, the most common cause of vitamin D-resistant
rickets (5). Loss of function mutations in PHEX, a phosphate-
regulatory gene with homology to endopeptidases on the
X-chromosome, have been identified in X-linked hypophos-
phatemic rickets/osteomalacia (8); however, the mechanism by
which this elevates FGF23 levels remains unclear. Autosomal
recessive hypophosphatemic rickets/osteomalacia, caused by
loss of function mutations in DMP1 (dentin matrix protein), is
also associated with increased FGF23 (9). Increased FGF23 may
occur in McCune-Albright syndrome due to a somatic gain of
function mutation in GNASI1 arising during embryogenesis,
characterized by chimeric distribution of hyperpigmented skin
lesions, fibrous dysplasia of bone, and, often, hypophos-
phatemia (5). Murine models of this group of disorders include
the FGF23 transgenic mouse, a model of autosomal dominant
hypophosphatemic rickets (10); the Hyp mouse, a homologue
of X-linked hypophosphatemic rickets/osteomalacia with a
Phex deletion (11); and the Dmp1 null mouse, a model of auto-
somal recessive hypophosphatemic rickets/osteomalacia (12).
These murine homologues demonstrate many of the pheno-
typic changes of the human disorders, including elevated serum
FGF23.

Another FGF ligand, FGF2 (fibroblast growth factor-2) is
widely expressed and is a mitogen for many cell types, including
osteoblasts and chondrocytes (1, 13, 14). The FGF2 gene
encodes multiple FGF2 high molecular weight (HMW) protein
isoforms expressed from unique CUG alternative translation
start sites located 5’ to the classical AUG initiation codon for
the 18-kDa low molecular weight (LMW) exported isoform (1,

fluorescent protein; CMV, cytomegalovirus; L3, third lumbar; PTH, parathy-
roid hormone; Pp44/42, phospho-p44/42; RANKL, receptor activator of
NF-«B ligand; OPG, osteoprotegerin; Tg, transgenic; hFGF2, human FGF2;
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15). HMW FGF?2 isoforms are ordinarily not released from the
cells but have nuclear localization sequences and function in an
intracrine manner (16). In humans, there are three HMW iso-
forms of 22, 23, and 24 kDa and a LMW/18-kDa FGF2 protein
isoform. In rodents, there are two HMW isoforms of 21 and 22
kDa and a LMW/17.5-kDa FGF2 isoform that is exported from
cells (17, 18). The effect of the 18-kDa FGF2 isoform has been
studied in bone (1); however, there are limited studies on the
biological function(s) of the HMW FGF2 isoforms that have
been primarily studied in non-osseous tissue (19 -22). Because
there is interest in FGF2 as a therapeutic target (1), it is impor-
tant to understand whether there are differential effects of
FGF2 protein isoforms in bone. In support of such studies, glo-
bal overexpression of all isoforms of human FGF2 protein
(TgFGF2) in mice resulted in dwarfism (4), decreased bone
mass, and bone formation (23). Global knock-out of all iso-
forms of FGF2 in mice also resulted in reduced bone mass and
bone formation (24). Transgenic mice that express human
LMW 18-kDa FGF2 under the control of the Col3.6 promoter
had increased bone mass with normal calcium/phosphate
homeostasis (25).

The goal of the present work was to analyze the role of the
HMW isoforms of FGF2 in bone. Initial characterization of the
isoforms of FGF2 were described in detail by Florkiewicz et al.
(15), and the development of cDNA constructs for ALLFGF2
isoforms and mutants engineered to express individual or sets
of FGF2 isoforms was also described by Florkiewicz et al. (26).
Mutation to one or more of the upstream CUG codons to CUU
eliminated the expression of the corresponding high molecular
weight FGF2. Mutation of the AUG codon resulted in ablation
of the low molecular weight isoform expression, and a frame-
shift mutation eliminated all of the high molecular weight
isoforms.

We generated transgenic mice expressing HMW isoforms of
human FGF2 under the control of the same Col3.6 promoter
utilized in development of the LMW 18-kDa FGF2 isoform Tg
mice (25). In contrast to the high bone mass phenotype of LMW
18-kDa FGF2 mice, the TgHMW mouse phenotype included
dwarfism, decreased bone mineral density (BMD), osteomala-
cia, and hypophosphatemia. The decreased bone mass and
hypophosphatemia are similar to results reported in mice that
overexpress FGF23 with the same promoter (10). In FGF23
transgenic mice, phosphate wasting is associated with down-
regulation of the renal sodium/phosphate transporter NPT2a.
Therefore, we explored the potential involvement of the bone
kidney axis in the regulation of phosphate homeostasis in
HMW FGF2 transgenic mice.

EXPERIMENTAL PROCEDURES

Generation and Identification of Mice Expressing HMW Iso-
forms of hFGF2—To elucidate the role of endogenous HMW
FGF2 isoforms in a bone-specific manner, we generated an
expression vector, called Col3.6-Fgf2 24-, 23-, and 22-kDa iso-
forms-IRES/GFP (Col3.6-HMW Fgf2 isoforms-IRES-GFPsaph
or HMW). Col3.6-HMW Fgf2 isoforms-IRES-GFPsaph (Fig.
1A) was built by replacing a chloramphenicol acetyltransferase
fragment in previously made Col3.6-CAT-IRES-GFPsaph with
HMW isoforms of human Fgf2 cDNA between Afel and Scal
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sites. This expression vector (27) concurrently overexpresses
HMW FGF2 isoforms and GFPsaph from a single bicistronic
mRNA. Col3.6-IRES/GFP (Vector) construct was also prepared
as control to Col3.6-HMW Fgf2 isoforms-IRES-GFPsaph. The
construct inserts were released from Col3.6-IRES/GFP (Vec-
tor) or Col3.6-HMW Fgf2 isoforms-IRES-GFPsaph by diges-
tion with Asel and AflIl and purified according to standard
techniques. Microinjections into the pronucleus of fertilized
oocytes were performed at the Gene Targeting and Transgenic
Facility at the University of Connecticut Health Center. Foun-
der mice of the F2 (FVBN) strain were mated with wild type
mice to establish individual transgenic lines. Mice were main-
tained in a virus- and parasite-free barrier facility under a 12-h
light/12-h dark cycle at the Gene Targeting and Transgenic
Facility and weaned at 21 days of age. Mice were sacrificed by
CO, narcosis and cervical dislocation. The University of Con-
necticut Health Center Institutional Animal Care and Use
Committee approved all animal protocols. Homozygote male
mice were utilized at 2 months of age except where noted.

Diet—Mice were fed a regular diet of autoclaved Purina
rodent chow (catalog number 5010, Ralston Purina) containing
1% calcium, 0.67% phosphorus, and 4.4 IU of vitamin D/g,
except in the high phosphate diet rescue experiments. For the
high phosphate diet rescue experiments, 21-day-old mice were
fed either a regular diet or a high phosphate chow (catalog num-
ber TD.87133, Harlan Teklad) consisting of 2% phosphorus,
1.1% calcium, and 2.2 IU/g vitamin D, and 4 weeks later, the
mice were sacrificed according to a standard protocol.

Faxitron X-ray—X-ray pictures of the whole mouse and
selected areas of interest were taken using a Faxitron x-ray
MX20/DX50 (Faxitron X-Ray Corp., Wheeling, IL). X-ray
images were taken under constant conditions (25 kV, 20-s
exposure at X4.5 magnification) using Eastman Kodak Co.
BIOMAX XAR film.

Dual Beam X-ray Absorptiometry—Third lumbar vertebrae
(L3) were harvested and stored in 70% ethanol at 4 °C. BMD and
bone mineral content (BMC) were measured using a Piximus
Mouse 11 densitometer (GE Medical Systems, Madison, WTI).

Microcomputed Tomography (Micro-CT) Scanning of L3—
After measurement of the BMD and BMC, L3 vertebrae were
analyzed by micro-CT system (uwCT-20, Scanco Medical, Zur-
ich), as previously reported (16). Using two-dimensional data
from scanned slices, three-dimensional analysis was performed
to calculate morphometric indices, including bone volume den-
sity (bone volume (BV)/total volume (TV)), trabecular thick-
ness (equal to 2 X BV/bone surface (BS)), trabecular number
(equal to (BV/TV)/trabecular thickness), and trabecular sepa-
ration (equal to (1/trabecular number) — trabecular thickness).

Bone Histomorphometry—For static bone histomorphom-
etry, L3 from 2-month-old Vector or HMW (line 203) mice
were fixed in 4% paraformaldehyde at 4 °C, decalcified in 15%
EDTA, dehydrated in progressive concentrations of ethanol,
cleared in xylene, and embedded in paraffin. 5-um sections
were cut and stained for tartrate-resistant acid phosphatase to
visualize osteoclasts and counterstained with hematoxylin. His-
tomorphometric analysis was performed in a blinded, nonbi-
ased manner using a computerized image analysis system.
BV/TV, osteoblast surface, osteoclast surface, and osteoclast
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number/bone surface were measured. For dynamic histomor-
phometric measurements, Vector and HMW (line 203) mice
were weighed and injected on day 1 with calcein at 1 mg/100 g
body weight, a second injection was administered on day 8, and
mice were sacrificed on day 10. L3 vertebrae were dissected free
of tissue and fixed in 70% ethanol at the time of sacrifice. The L3
were dehydrated in increasing concentrations of ethanol,
cleared in xylene, and embedded in methyl methacrylate.
5-um-thick longitudinal serial sections were cut on a Reichert-
Jung Polycut S microtome (Reichert-Jung) with a D profile knife
(Delaware Diamond Knives Corp., Wilmington, DE). Sections
were taken from the middle of the L3. Unstained sections were
evaluated for dynamic parameters. Additional sections were
stained with modified Masson trichrome stain. Osteoblasts
were identified as cuboidal cells lining the trabecular bone.
Osteoclasts were identified as multinucleated cells on the tra-
becular bone surface. Histomorphometric measurements were
made in a blinded, nonbiased manner using the Bio-Quant
computerized image analysis system (R & M Biometrics, Nash-
ville, TN) interfaced with a Nikon E400 microscope (Nikon
Inc., Melville, NY). The terminology and units used are those
recommended by the Histomorphometry Nomenclature Com-
mittee of the American Society for Bone and Mineral Research
(28). Mineralizing surface/BS, the bone formation rate/BS,
interlabel thickness, and mineral apposition rate (wm/day)
were measured.

Biochemistry—Mice were fasted overnight, and then blood
was collected from euthanized animals by cardiac puncture.
After clotting, the blood was spun, and serum was collected.
Serum phosphate and calcium were measured using the FAST
340 phosphorous reagent SET/calcium reagent SET (Eagle
Diagnostics, Cedar Hill, TX). Creatinine was measured using
the QuantiChrom™" creatinine assay kit (DICT-500) (Bio-
Assay Systems, Haywood, CA). Serum FGF23, 1,25-(OH),-vi-
tamin D, and parathyroid hormone (PTH) were measured by a
full-length FGF23 enzyme-linked immunosorbent assay kit
(Kainos Laboratories, Inc., Tokyo, Japan), a 1,25-dihydroxyvi-
tamin D enzyme immunoassay kit (ALPCO Diagnostic,
Windham, NH), and a mouse intact PTH enzyme-linked
immunosorbent assay kit (Immutopics, Carlsbad, CA), respec-
tively. Serum human FGF2 was measured using the Quan-
tikine® HS kit (R&D Systems, Minneapolis, MN). For the urine
phosphate assay, mice were kept in metabolic cages, and 24-h
urine was collected. Urine phosphate was measured using the
FAST 340 phosphorous reagent SET/calcium reagent SET
(Eagle Diagnostics). For measurement of the serum levels of the
bone turnover marker C-terminal telopeptide of type 1 collagen
(CTX), mice were fasted for ~14 h with free access to water
before being sacrificed. At sacrifice, blood was collected for
serum, which was assayed for CTX using a mouse sandwich
enzyme-linked immunoassay kit according to the manufactur-
er’s instructions (RatLaps Elisa kit, Nordic Bioscience (Chesa-
peake, VA)).

RNA Isolation, Northern Blot Analysis, and Real-time PCR—
Total RNA was extracted from bones or kidneys by TRI
REAGENT according to the manufacturer’s protocol. For
Northern analysis, 20 ug of total RNA was denatured and frac-
tionated on a 0.8% agarose, 1.1 M formaldehyde gel, transferred
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to filters by capillary blotting, and fixed to the filter by UV
irradiation. After a 4-h prehybridization, filters were hybridized
overnight with a [**P]cDNA probe for the mRNAs of Fgf2. For
real-time quantitative reverse transcription (RT)-PCR analysis,
RNA was reverse-transcribed by the SuperScript™ first strand
synthesis system for RT-PCR (Invitrogen). Quantitative PCR
was carried out using the iQ™ SYBR Green on a MyiQ™
instrument (Bio-Rad). B-Actin was used as an internal refer-
ence for each sample.

Primary Calvarial Osteoblast (OB) Cultures for Immunofluo-
rescent Staining—Calvarial OBs were obtained from newborn
mice by sequential digestion with 0.1% collagenase (Roche
Applied Science), as previously described (24). OBs were
pooled and then cultured on a coverslide in 6-well culture
dishes in Dulbecco’s modified Eagle’s medium (Invitrogen)
with 10% heat-inactivated fetal bovine serum, penicillin, and
streptomycin. Cells were grown for 7 days to ~80% confluence.
Then cells were briefly rinsed with 0.1 m PBS, pH 7.4, and fixed
in 4% paraformaldehyde for 20 min at room temperature. Cells
were washed three times in PBS, permeabilized with 0.3% Tri-
ton X-100 for 30 min, and incubated with 0.5% bovine serum
albumin diluted in PBS for 20 min at room temperature. Finally,
cells were incubated with mouse anti-FGF2 antibody (BD Bio-
sciences) diluted 1:50 in PBS for 2 h at room temperature. After
rinsing, cells were incubated with rhodamine (TRITC)-conju-
gated donkey anti-mouse IgG. After washing, coverslides were
mounted on slides with UltraCruz mounting medium (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), on which nuclei
were counterstained with 4’,6-diamidino-2-phenylindole.
Slides were imaged using a fluorescent microscope, and photo-
graphs were stored as electronic .tif files.

Western Blot Analysis of FGF2 Nuclear Proteins—Bone mar-
row stromal cells (BMSCs) were isolated using a modification of
previously published methods (25). Tibiae and femurs from
TgVector and HMW mice were dissected free of adhering tis-
sue. Bone ends were removed, and the marrow cavity was
flushed with a-minimum Eagle’s medium by slowly injecting
medium into one end of the bone using a sterile 25-gauge nee-
dle. Marrow cells were collected into tubes washed twice with
serum-free a-minimum Eagle’s medium. BMSCs were plated in
6-well plates (2 X 10° cells/well) in a-minimum Eagle’s
medium containing 10% heat-inactivated FCS and on day 3
were changed to osteogenic differentiation medium, and cul-
tures were fed every 3 days by replacing 100% of the medium
with fresh medium. On day 14, nuclear protein of BMSCs was
extracted using a nuclear extraction kit according to the man-
ufacturer’s instructions (Panomics, Fremont, CA). Total pro-
tein of kidneys was extracted using 1 X radioimmune precipita-
tion buffer (Cell Signaling Technology, Inc., Beverly, MA), and
protein concentration was assayed with BCA protein assay rea-
gent (Pierce).

400 pg of nuclear protein from BMSC or 300 ug of total
protein from kidney were diluted with 1X radioimmune pre-
cipitation buffer and incubated at 4 °C overnight with Protein
A/G PLUS-agarose (20 pl) (Santa Cruz Biotechnology) as well
as FGF2 (Millipore), KLOTHO (R&D Systems), Pp44/42 (Cell
Signaling Technology, Beverly, MA), or NPT2a (Alpha Diag-
nostic International Inc. San Antonio, TX) antibody. Beads
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FIGURE 1. Generation and identification of mice overexpressing hFGF2 HMW isoforms. A, schematic of Col3.6-HMW Fgf2 isoforms-IRES-GFPsaph expres-
sion vector. B, Northern blots show the overexpression of Fgf2 mRNA in calvariae and femurs from two lines (line 203 and line 204) of TgHMW compared with
their non-Tg WT littermates. Immunofluorescent (/F) staining of cultured calvarial osteoblasts (C) and anti-FGF2 immunostaining (/H) of femurs (D) shows
intense FGF2 labeling in nuclei of osteoblast from TgHMW mice compared with TgVector. E, analysis of FGF2 protein isoforms in BMSCs from TgVector and
HMW mice. Starting on day 3 of culture, BMSC were fed with osteogenic differentiation media, and cells were cultured for 2 weeks. Western analysis of nuclear
proteins revealed increased 22-, 23-, and 24-kDa FGF2 protein in cultures from TgHMW mice. F, scanning fluorescent microscopy shows the GFP expression in
femurs of 7-day-old TgVector and TgHMW mice. G, serum FGF2 levels of 2-month-old TgVector and TgHMW mice (n = 8). H, gross appearance (bright field (BF))
of 2-month-old TgVector and TgHMW mice. /, body weight of 2-month-old TgVector and TgHMW mice (n = 13-36). J, x-ray image of 2-month-old TgVector and
TgHMW mice. K, femoral length of 2-month-old TgVector and TgHMW mice (n = 6-16). L, x-ray image of lower limbs from 2-month-old TgVector and TgHMW
mice. Values are mean = S.E. ¥, significantly different from TgVector group, p < 0.05.
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were washed three times, and precipitated proteins were fol-
lowed by Western blot as described previously (25), using
FGF2, KLOTHO, Pp44/42, and NPT2a antibodies. Equivalent
amounts of total proteins were run on a separate gel and probed
for a-tubulin or total p44/42 as a loading control.

Immunohistochemistry—Paraffin-embedded sections of kid-
neys from 2-month-old mice or femurs from 7-day-old mice
were used. The primary antibodies were a monoclonal anti-
phospho-p44/42 MAPK antibody (Cell Signaling Technology,
Beverly, MA) utilized at a 1:100 dilution, anti-NPT2a antibody
(Alpha Diagnostic International Inc.) used at a 1:200 dilution,
and a monoclonal anti-KLOTHO antibody (Santa Cruz Bio-
technology, Inc.) used at 1:100 dilutions. Anti-FGF2 antibody
(BD Biosciences) was utilized at a concentration of 5 ug/ml.
Briefly, the sections were blocked (0.3% H,O,/methanol) for 30
min, followed by blocking in 1:200 normal serum for 30 min,
and then incubated with primary antibodies at 4 °C overnight.
The sections were washed three times for 5 min in PBS, and
then a horseradish peroxidase-conjugated secondary antibody
was applied for 30 min. Following three 5-min PBS washes,
color was developed with ABC reagent for 30 min. Slides were
counterstained with methyl green or hematoxylin. Slides were
mounted, examined, and photographed using bright field
microscopy (Nikon Corp., Shinagawa-ku, Tokyo, Japan).

Construction and Production of CMV/Fgf2/IRES/eGFP Ret-
roviral Vectors—CMV/IRES/eGFP (pMglcla) vector contain-
ing the enhanced GFP (eGFP) gene driven from an internal
cytomegalovirus (CMV) promoter was obtained from Dr A.
Lichtler (29). The coding sequence of the HMW or LMW Fgf2
was cloned into the EcoRI site of the CMV/IRES/eGFP retrovi-
ral vector. eGFP was used to visualize expression of protein
mediated by CMV vectors in cells. Control virus was CMV/
IRES/eGFP vector without inserted HMW or LMW Fgf2
cDNA.

293GPG packaging cell lines were infected by CMV/IRES/
eGFP, CMV/HMW Fgf2/IRES/eGFP, or CMV/LMW Fgf2/
IRES/eGEFP vector using the Lipofectamine™ 2000 reagent
(Invitrogen), following the product protocol. Infected 293GPG
packaging cell lines were grown in Dulbecco’s modified Eagle’s
medium containing 10% heat-inactivated fetal bovine serum,
penicillin, and streptomycin, 2 ug/ml puromycin, 0.1 ug/ml
tetracycline, and 0.4 mg/ml G418. To produce vector virus, tet-
racycline and G418 were removed from the media, and then
condition media were collected after 24, 48, 72, and 96 h and
passed through a 0.2-um Nalgene filter. Condition medium
was measured for reverse transcript activity then frozen at
—80°C.

Transduction of Mouse Primary Calvarial Osteoblasts—Pri-
mary calvarial osteoblasts from Fgf2 KO mice were plated in
6-well dishes and grown in Dulbecco’s modified Eagle’s
medium (Sigma) containing 10% heat-inactivated fetal bovine
serum plus 100 units/ml penicillin and 100 ug/ml streptomy-
cin. Cells were transduced with virus when 50% confluent.
Medium, including 1 ml of virus-containing medium and 1 ml
of Dulbecco’s modified Eagle’s medium containing 10% heat-
inactivated fetal bovine serum and 8 mg/ml protamine sulfate,
was added to the cell cultures for ~16 h, followed by fresh
medium replacement for 8 h. The cells were exposed to three
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FIGURE 2. Dual beam x-ray absorptiometry and micro-CT analysis of L3 ver-
tebrae from TgVector and TgHMW mice. A, L3 BMD (n = 13-36);B,L3BMC (n =
13-36); C, three-dimensional trabecular structure of L3 of 2-month-old male
homozygous TgVector and TgHMW mice (n = 5-11). D-G, three-dimensional
microstructural parameters were calculated using two-dimensional data
obtained from micro-CT of vertebral bone. Calculated morphometric indices
included bone volume density (BV/TV) (D), trabecular thickness (Trab. thickness)
(DT-Tb-Th) (E), trabecular number (Trab. number) (F), and trabecular spacing
(Trab. spacing) (G). *, significantly different from TgVector group (p < 0.05).

cycles of virus infection. Forty-eight hours after infection, total
RNA was extracted.

Analysis of Phex, Fgf23, and Fgf2 Expression in Hyp Mouse—
Two-month-old WT and Phex mutant mice were purchased
from Jackson Laboratory (Bar Harbor, ME). Bones were har-
vested from WT and Hyp mice as described above. For mRNA
expression of Phex, Fgf23, and Fgf2, total RNA was extracted
from the shaft of bones of WT and Hyp mice, and quantitative
RT-PCR analysis for Phex, Fgf2, and Fgf23 mRNA was per-
formed as described above.

For Western blot analysis, bone marrow was flushed, and cells
were cultured in osteogenic media as described above. Cultures
were terminated at 14 and 21 days, and cytosolic and nuclear pro-
tein fractions were obtained for Western analysis for FGF23 and
FGF2.

Immunofluorescent microscopy for FGF2 and FGF23
(monoclonal FGF23 antibody was purchased from R&D Sys-
tems) were also performed on BMSCs cultured in differentia-
tion medium for 1 week and on frozen sections of tibiae from
WT and Hyp mice.
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FIGURE 3. Bone histomorphometry analysis of L3 vertebrae and bone marker gene expression in tibiae from 2-month-old TgVector and TgHMW mice.
A-D, static bone histomorphometry analysis of L3 vertebrae from TgVector and TgHMW mice (n = 6). A, BV/TV. B, osteoblast surface (ObS)/BS. C, osteoclast
surface (OcS). D, osteoclast number (OcNo)/BS. E-H, dynamic bone histomorphometry analysis of L3 vertebrae from TgVector and TgHMW mice (n = 7).
E, mineralizing surface (MS)/BS. F, bone formation rate (BFR)/BS. G, interlabel thickness (IrLTh). H, mineral apposition rate (MAR). Values are mean = S.E. *,
significantly different from TgVector group, p < 0.05. /, von Kossa staining of non-decalcified sections from L3 vertebrae showed decreased mineralized
trabuculae in TgHMW mice. J, calcein double labeling showed decreased interlabel thickness in TgHMW mice compared with TgVector mice. K-N, real-time
RT-PCR analysis of Col1a1, osteopontin (OP), osteocalcin (OC), and matrix y-carboxyglutamic acid protein (MGP) mRNA expression in tibiae from both geno-

types. Data are expressed as mean = S.E. from three independent experiments. *, significantly different from TgVector, p < 0.05.

Statistical Analyses—All results were expressed as means *
S.E. Differences between groups were analyzed using Student’s
¢ test, and differences were considered significant at p values of
less than 0.05.

TABLE 1

Hematology and urine biochemistry

Blood, serum and urine were collected from 2-month-old male TgVector and
TgHMW mice. Values are mean * SE.

Vector HMW n
RESULTS Hematocrit (%) 4579 =028 4647 +0.22 4-17
. Serum creatinine (mg/dl) 0.98 * 0.06 1.07 + 0.08 13-14
TgHMW FGF2 Transgenic Mouse Phenotypes—Several foun- Serum calcein (mg/dl) 7.17 +0.18 774+ 014  13-16
: : ps ; o T Serum PTH (pg/ml) 132.20 = 29.41 24560 +42.32% 8
der mice were 1de.r1t1f1ed, and two v1able. FGF2 transgenic lines Sorum 1,25-(O4) vitamin D, 5411 = 541 62,05+ 652 9-10
carrying HMW (line 203 and line 204) isoforms of the hFGF2 (pg/ml)
transgene were established as well as a vector-only control 22;32 gT(ﬁ é?gl/)ml) 1;'23 - 3’;2 63}3 - Sﬁ: 13816
transgenic mouse (TgVector). Northern blots (Fig. 1B) show Urinary P, (mol)/creatinine ()  0.011 = 0.001  0.019 = 0.002*  3-4

overexpression of Fgf2 mRNA in calvariae and femurs from
both lines. Homozygous breeding pairs were maintained to
generate sufficient mice necessary for experimentation. Two-
month-old mice were studied unless stated otherwise. Local-
ized expression of HMW FGF2 isoforms from the transgene
was confirmed by immunofluorescent staining (Fig. 1, Cand D).
There was intense FGF2 labeling in nuclei of cultured calvarial
OB from TgHMW (203) mice (Fig. 1C) and intracellular local-
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“p < 0.05.

ization in OBs of femurs (Fig. 1D). As shown in Fig. 1E, there
was overexpression of the nuclear isoforms of human FGF2
protein in BMSCs from TgHMW mice compared with the
endogenous HMW isoform of the vector mice that did not
express the transgene. Fig. 1F shows GFP fluorescence in cor-
tical and trabecular bone of TgVector and TgHMW mice but
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bone. Real-time RT-PCR analysis of PHEX (A) and Fgf23 (B) expression in flushed bone. Data are expressed as mean =+
S.E. from three experiments. *, significantly different from TgVector, p < 0.05. C, detection of FGF23 protein expres-
sion in femurs from TgVector and TgHMW by immunohistochemistry staining. Increased FGF23 staining in osteo-
cytes (arrows) and osteoblasts in femurs of TgHMW mice compared with TgVector mice. BF, bright field.

no expression in the growth plate or bone collar. There was no
difference in serum FGF2 levels between TgVector and
TgHMW mice, suggesting that HM'W FGF2 expression was not
secreted (Fig. 1G). Phenotypic differences in body size (Fig. 1H)
were observed between TgVector and TgHM W (203) mice. The
mean body weights (Fig. 11) of TgHMW (line 203;19.8 = 0.2 g)

and TgHMW (line 204,21.7 = 0.4.g)
mice were both significantly differ-
ent (p < 0.05) from TgVector mice
(25.3 = 0.5g). X-rays (Fig. 1, Jand L)
showed shortened misshaped hy-
polucent bones with widened
growth plates in TgHMW mice with
significantly shorter femurs (p <
0.05) (Fig. 1K).

Dual Beam X-ray Absorptiometry
and Micro-CT—BMD of the L3 ver-
tebra (Fig. 2A4) was decreased (p <
0.05) in TgHMW/(203) by 13% and
in TgHMW (204) by 8%. BMC (Fig.
2B) was also significantly decreased in
comparison with TgVector mice (p <
0.05), by 26% in TgHMW/(203) mice
and by 10% in TgHMW (204) mice.

Micro-CT was used to compare
bone microarchitecture between
TgVector and TgHMW (203). The
platelike structure of the trabecular
bone was markedly decreased in
TgHMW mice compared with
TgVector mice (Fig. 2C). BV/TV (Fig.
2D) was decreased by 72% in
TgHMW (p < 0.05). Trabecular
thickness (Fig. 2E) was decreased by
15% (p < 0.05). Trabecular number
(Fig. 2F) was decreased, and trabecu-
lar spacing (Fig. 2G) was (p < 0.001)
increased.

Bone Histomorphometry—To de-
termine whether decreased bone
mass was caused by a decrease in
bone formation and/or an increase
in bone resorption, histomorpho-
metric analysis was performed on
the L3 vertebrae. There was a 60%
reduction in BV/TV (Fig. 34) in
TgHMW mice. Osteoblast sur-
face/BS (%ObS) (Fig. 3B) was
reduced by 54% in TgHMW mice
compared with TgVector mice.
Osteoclast surface (%OcS) (Fig. 3C)
and osteoclast number (OcNo)/BS (Fig. 3D) were increased by
179 and 190%, respectively, in TgHMW. Mineralizing surface
(MS)/BS (Fig. 3E), bone formation rate (BFR)/BS (Fig. 3F), and
interlabel thickness (Fig. 3, G and J) were decreased by 23, 27,
and 14%, respectively, in TgHMW mice. The mineral apposi-

%

HMW(203)

Negative control

FIGURE 4. High phosphate diet partially rescues the bone phenotype of TgHMW mice. TgVector and TgHMW mice were fed either a normal or high
phosphate diet for 1 month immediately after weaning. They were sacrificed at 51 days old, and the following parameters were determined. A, body weight of
TgVector and TgHMW mice (n = 4-7). B, serum phosphate level of TgVector and TgHMW mice (n = 4-7). C, serum FGF23 level of TgVector and TgHMW mice
(n = 5-7). D, total body BMD of TgVector and TgHMW mice (n = 4-7). E, total body BMC of TgVector and TgHMW mice (n = 4-7). F, x-ray of whole body of
TgVectorand TgHMW mice. G, bright field (BF) of femurs from TgVector and TgHMW mice. H, x-ray of femurs from TgVector and TgHMW mice. Shown is Masson
trichrome stain of growth plate (/) (note the arrows pointing to islands of cartilage surrounded by chondrocytes and mineralized bone) and cortical bone
(magpnification, X100) of femurs from TgVector and TgHMW mice (J). K, calcein double labeling (magnification, X200) of femurs from TgVector and TgHMW

male mice. *, p < 0.05.
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FIGURE 6. Effect of hFGF2 HMW isoform overexpression on FGF23-KLOTHO axis in kidney. Shown is
real-time RT-PCR analysis of Fgfric (A), Fgfr3c (B), Klotho (C), and Npt2a (D) mRNA expression in kidney from
2-month-old male mice. Data are expressed as mean = S.E. from three experiments. ¥, significantly different
from TgVector, p < 0.05. E, immunohistochemistry for detection of KLOTHO, Pp44/42, and NPT2a protein
expression in mouse kidneys from 2-month-old male TgVector and TgHMW mice. Note increased KLOTHO
protein expression in both proximal and distal tubules of kidney from TgHMW mice. Negative control had no
primary antibody during immunostaining. F, Western blot analysis of KLOTHO, Pp44/42, and NPT2a protein.
Protein extracted from kidneys showed increased expression of KLOTHO and Pp44/42 but decreased expres-

cin expression that occurs later in
osteoblast differentiation was de-
creased by 27% in TgHMW bone.
Matrix y-carboxyglutamic acid pro-
tein that inhibits matrix mineraliza-
tion (31) was increased by 446% in
TgHMW bone.

Hematology and  Biochemistry—
Anemia and kidney abnormalities
have been reported in rats following
systemic administration of FGF2
(32). To determine whether these
effects developed in TgHMW mice,
hematocrit and serum creatinine
were measured in 2-month old
mice. As shown in Table 1, hemato-
crit and creatinine were similar
between TgVector and TgHMW
mice. The TgHMW mice had low
serum phosphate (P;) but normal
serum calcium compared with
TgVector controls. To determine
whether hypophosphatemia is due
to renal P, wasting, urinary P,/g
creatinine was determined. Uri-
nary P,/g creatinine was increased
(p < 0.05) by 71% in TgHMW
mice. Because PTH and vitamin D
are important hormones involved
in kidney P; physiology, serum
PTH and 1,25-(OH,)-vitamin D
were also measured. There was an
86% increase (p < 0.05) in serum
PTH in TgHMW mice compared
with TgVector mice. There was no
difference in serum 1,25-(OH,)-
vitamin D. To further assess bone
resorption, serum levels of CTX
(33) were measured and were sig-
nificantly higher in TgHMW mice.

sion of NPT2a from TgHMW mice compared with TgVector mice.

tion rate (Fig. 3H) was also decreased by 14% in TgHMW mice.
von Kossa staining of non-decalcified sections from L3 verte-
brae showed decreased mineralized trabeculae in TgHMW
mice (Fig. 3]). These data suggest that decreased bone mass in
TgHMW mice is due to both decreased bone formation and
increased bone resorption.

Differential Bone Marker Gene Expression—To further assess
the reduced bone formation, expression of mRNA for genes
important in osteoblast precursor differentiation and mineral-
ization was measured. Whole tibiae were analyzed by real-time
PCR (Fig. 3, K-N). Type 1 collagen (Collal) (Fig. 3K) was
decreased by 56% in bones from TgHMW compared with
TgVector mice. Previous reports showed that osteopontin was
regulated by FGF2 in periodontal cells (30). A 174% increase in
osteopontin mRNA was observed in TgHMW bone. Osteocal-
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The comparatively normal levels
for serum 1,25-(OH,)-vitamin D in
TgHMW mice could be considered
inappropriately low in the presence of hypophosphatemia and
increased PTH. In addition, there were no significant differ-
ences in mRNA levels for 25-hydroxyvitamin D-1a-hydroxy-
lase (Cyp27b1) or 24-hydroxylase (Cyp24) (supplemental Fig. 1).

Effects of High Phosphate in TgHMW Mice—The phenotype
of TgHMW mice includes osteomalacia, decreased BMD, and
dwarfism, which could be due to hypophosphatemia. To deter-
mine whether an increase in dietary phosphate could rescue
TgHMW mice, 21-day-old TgVector mice and TgHMW mice
were fed a normal or high phosphate diet for 4 weeks. The high
phosphate diet increased the body weight (Fig. 4A4), but it was
still different from the TgVector normal diet group. Serum P;
was increased to the level of TgVector mice on a normal diet
(Fig. 4B). BMD (Fig. 4D) and BMC (Fig. 4E) in TgHMW normal
diet mice were increased to the level of TgVector mice on a
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FIGURE 7. Effect of hRFGF2 HMW isoform overexpression on Fgf23 and Phex transcripts in cultured Fgf2
KO calvarial osteoblasts. A, schematic of CMV-HMW Fgf2 isoforms-IRES-eGFP expression vector. Shown is
real-time RT-PCR analysis of Fgf2 (B), Phex (C), and Fgf23 (D) mRNA expression in Fgf2 KO calvarial osteoblasts.
Data are expressed as mean = S.E. from three experiments. ¥, significantly different from vector transduction,

p < 0.05.

normal diet. Reversal of the body weights, BMD, and BMC by
the high phosphate diet also led to partial reversal of the
TgHMW dwarfism phenotype in mice maintained on the high
P, diet for 4 weeks (Fig. 4, F-H). Because the TgHMW pheno-
type was similar to that reported for FGF23 transgenic mice
(10), serum FGF23 was measured in TgVector normal diet,
TgHMW normal diet, and TgHMW high P, diet mice (Fig.
4C). Serum FGF23 was significantly increased in TgHMW
normal diet mice compared with TgVector normal diet mice.
Serum FGF23 levels were further increased after TgHMW
mice were fed the high P; diet.

Bones (Fig. 41) showed an organized epiphyseal growth plate
in TgVector normal diet, a widened and largely disorganized
growth plate was observed in TgHMW normal diet mice that
was partially rescued in the TgHMW high P; diet group. Min-
eralized bony trabeculae in the primary and secondary spon-
giosa were decreased in TgHMW normal diet mice, an effect
that was partially rescued by the high P; diet. Increased osteoid
around the growth plate, in cortical bone and trabecular bone
(Figs. 4, I and J), was observed in TgHMW normal diet mice.
This mineralization defect was corrected in TgHMW mice fed
a high P, diet. The indistinct fluorescent double labeling in
TgHMW normal diet also improved after high P, diet (Fig. 4K).
Finally, similar to FGF23 Tg mice (10), islands of cartilage sur-
rounded by chondrocytes and mineralized bone were observed in
the metaphysis of mice overexpressing TgHMW hFGF?2 (Fig. 41).
These islands disappeared on the high P, diet.

TgHMW FGF2 Affects the FGF23 Regulatory Axis—To deter-
mine whether overexpression of HMW FGF2 was associated
with increased FGF23 expression in bone, mRNA and protein
levels were determined by real-time PCR. There was a 3.1-fold
increase in Fgf23 mRNA in flushed tibiae from TgHMW mice
(Fig. 5B). Also, the mRNA for Phex, an osteoblast/osteocyte
enzyme, which when disrupted leads to increased circulating
FGF23 levels (34), was increased 5.7-fold (Fig. 54). There was
increased staining for FGF23 protein in osteoblasts and osteo-

JANUARY 22, 2010-VOLUME 285-NUMBER 4

Relative
mRNA level

cytes (arrows) of femurs from
TgHMW mice compared with
TgVector mice (Fig. 5C).

FGF23 activates FGF receptors,
which require the presence of the
co-receptor, KLOTHO, forming a
FGF23-KLOTHO-FGFR1c com-
plex, necessary for the transduction
of the FGF23 signal, which results in
phosphorylation of ERK (Pp44/42)
and down-regulation of NPT2a (5,
34). To evaluate whether the
FGF23-KLOTHO axis is involved
in renal regulation of phosphate
homeostasis in TgHMW mice,
mRNA levels of whole kidneys were
determined by real-time PCR. We
found significant increases in
mRNA for Fgfric, Fgfr3c, and Klotho
in TgHMW (Fig. 6, A-C). By con-
trast, mRNA of the renal Na™ /P, co-
transporter NPT2a was significantly
decreased (Fig. 6D). Immunohistochemistry for KLOTHO
and Pp44/42 (Fig. 6E) showed increased expression in kid-
neys of TgHMW mice, whereas NPT2a protein was
decreased. As shown in Fig. 6F, Western blot confirmed the
increase in KLOTHO and Pp44/42 and decreased NPT2a
protein in kidneys of TgHMW mice.

In vitro experiments were performed to evaluate whether
increased production of FGF23 and PHEX was a direct effect
from HMW FGF2 isoform overexpression in osteoblasts. To
control for endogenous FGF2 expression, Fgf2 KO osteo-
blasts (15) were transduced with CMV/IRES/eGFP (Fig. 7A)
as a control or CMV/HMW Fgf2/IRES/eGEP retrovirus for
48 h. Overexpression of the HMW FGF2 isoforms in Fgf2 KO
osteoblasts was confirmed by real-time PCR (Fig. 7B). There
was no Fgf2 mRNA in Fgf2 KO osteoblasts transduced with
the CMV/IRES/eGEFP control vector. Transduction of Fgf2
KO osteoblasts with CMV/HMW Fgf2/IRES/eGFP retrovi-
rus for 48 h increased Fgf23 (Fig. 7D) and Phex (Fig. 7C)
mRNA levels 6.3- and 1.6-fold, respectively.

Analysis of FGF2 mRNA and Protein in Bones and Osteo-
blasts from Hyp Mouse—We determined whether HMW
FGF2 expression was altered in the Hyp mouse, a model of
human X-linked hypophosphatemic rickets/osteomalacia. As
shown in Fig. 8, A—C, Phex mRNA was decreased (Fig. 84), and
Fgf23 mRNA was increased (Fig. 8B), as was the mRNA for
FGF2 (Fig. 8C). Western blot (Fig. 8D) shows increased nuclear
accumulation of FGF2 compared with WT cultures. As shown
in Figs. 9 and 10, immunofluorescent microscopy showed
increased FGF23 and FGF2 protein in cultured BMSCs and in
osteocyte in tibiae from Hyp mice, and merged images show
co-localization of both proteins.

Fgf23

ON A OO U
*

Vector HMW

DISCUSSION

These studies demonstrate that mice overexpressing the
nuclear HMW human FGF2 isoforms in bone manifest an
abnormal skeletal phenotype characterized by dwarfism,
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FIGURE 8. Analysis of Phex, Fgf23, and Fgf2 mRNA and FGF2 protein in bones from Hyp mice. Shown is
real-time RT-PCR analysis of Phex (A), Fgf23 (B), and Fgf2 (C) mRNA expression in flushed bones. D, Western blot
detection of FGF2 and FGF23 protein expression in nuclear fractions of BMSCs from WT and Hyp cultured for 2
and 3 weeks in osteogenic media. Increased HMW FGF2 and FGF23 protein is observed in nuclear fractions
from Hyp mice compared with WT mice.
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FIGURE 9. Immunohistochemistry for detection of FGF23 and FGF2 protein in osteoblasts from Hyp mice.
BMSCs from WT and Hyp mice were grown to confluence for 7 days and then cultured in osteogenic medium
foran additional 7 days. Immunohistochemistry for detection of FGF23 (green), FGF2 (red), and 4’,6-diamidino-
2-phenylindole (DAPI; blue) labeling of nuclei was performed. Note increased FGF23 and FGF2 protein expres-
sion in Hyp cultures. Merge images show co-localization of FGF23 and FGF2 in many cells from Hyp mice.
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decreased BMD, rickets/osteomala-
cia, and a disorganized growth plate.
This phenotype is accompanied by
local and systemic increases in the
phosphatonin FGF23 (22), resulting
in hypophosphatemia due to in-
creased renal P; wasting. Increased
renal P; clearance is mediated by
FGF receptors and the co-receptor
protein, KLOTHO, to activate
downstream signaling via the
MAPK/ERK pathway, which in turn
results in reduced expression of the
Na™/P, co-transporter, NPT2a.

The HMW FGF2 isoforms are
ordinarily not released from the
cells but function in an intracrine
manner (16). Consistent with this,
we observed increased nuclear
labeling but no increased FGF2
either in osteoblast-conditioned
medium or sera from HMW mice.
Thus, the HMW FGF2 isoforms
may mediate their effects on bone
and kidney by modulating the
expression of other FGF family
members, such as FGF23, which is
secreted to act locally or systemi-
cally in a paracrine or endocrine
manner. In support of this hypothe-
sis, we observed increased FGF23
expression in osteoblasts as well as
increased serum FGF23 in TgHMW
mice.

The skeletal phenotype of the
TgHMW mice is similar to that
of the FGF23 transgenic mouse (10),
the Hyp mouse (11), and the Dmp1
null mouse (12). In addition, all
three models have high levels of cir-
culating FGF23 as well as increased
osteoblast/osteocyte FGF23 expres-
sion. There are other similarities
and differences between TgHMW
and these mouse models. For exam-
ple, similar to FGF23 Tg mice (35),
long bones of TgHMW have
increased mRNA for alkaline phos-
phatase, an early marker of osteo-
blast differentiation that has been
shown to be elevated in human rick-
ets and osteomalacia (36). In con-
trast to the FGF23Tg mice, there
were significant reductions in a1(I)
collagen and increased expression
of osteopontin mRNA in long
bones of TgHMW compared with
TgVector mice. Both TgHMW and
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FIGURE 10. Immunohistochemistry for detection of FGF23 and FGF2 in cortical bone from WT and Hyp
mice. Tibias were collected from WT and Hyp mice, and immunohistochemistry was performed on frozen
sections for detection of FGF23 (green) and FGF2 (red). The periosteal (P) and endosteal (E) regions of the
cortical bones are shown. Nuclei were labeled with 4’,6-diamidino-2-phenylindole (DAPI; blue). Increased
FGF23 and FGF2 staining was observed in osteocytes (note the arrowheads) in tibiae of Hyp mice compared
with WT mice. Merge images show co-localization (yellow) of FGF23 and FGF2 in osteocytes from Hyp mice.

FGF23Tg mice had elevated serum concentrations of CTX, a
marker of increased bone degradation. However, in contrast
to the FGF23Tg mice, histomorphometry demonstrated
increased osteoclast number and activity in the TgHMW
mice. Interestingly, we did not observe any significant differ-
ences in mRNA for receptor activator of NF-«B ligand
(RANKL) or osteoprotegerin (OPG) or the RANKL/OPG ratio
that is important in osteoclastogenesis (supplemental Fig. 2).
These results are in contrast to the reported significant increase
in RANKL/OPG ratio reported in bones of FGF23Tg mice (35).

Because hypophosphatemia is a major defect in these rachitic
models, we assessed the effect of a high phosphate diet in res-
cuing the TgHMW phenotype. There was reversal of the dwarf-
ism and partial rescue of the osteomalacia similar to that
obtained in high phosphate rescue diets in the Hyp (37) and
Dmp1 null mice (9) as well as in humans with vitamin D-resist-
ant rickets (38). The failure to fully correct the osteomalacia in
these models suggests a direct effect for FGF23 on mineraliza-
tion. Similarly, lack of Dmp1I resulted in defective mineraliza-
tion, and a high phosphate diet did not fully rescue the osteo-
malacia, suggesting that the lack of functional DMP1 in
osteocytes was responsible for osteomalacia (9). However, we
did not observe a decrease in Dmpl mRNA in flushed bones of
HMW mice. As a matter of fact, Dmpl mRNA was significantly
increased in flushed bones from TgHMW mice (supplemental
Fig. 3).

It was originally proposed that PHEX and FGF23, which are
both produced by bone, are part of a bone-kidney axis regulat-
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Negative control

ing phosphate homeostasis and
mineralization (39). This hypothesis
was supported by the finding of
increased FGF23 in the setting of
inactivating PHEX mutations in
osteocytes (40 —42). However, Phex
deficiency was not the cause of the
TgHMW phenotype because its
mRNA was significantly increased
in the bones of these mice. This
observation is similar to that
reported for Dmpl null mice in
which Phex mRNA was also
increased (43).

Several studies have shown that
FGF23 modulates phosphate homeo-
stasis via FGFRs and KLOTHO in
kidney to affect downstream signal-
ing pathways, such as the MAPK/
ERK pathway, resulting in down-reg-
ulation of the Na-P;, co-trans-
porter Npt2a (44—46). Our studies
support FGF23 signaling via
FGFR1c and/or FGFR3c as well as
KLOTHO and ERK to reduce
expression of Npt2a in kidneys from
TgHMW mice. The importance of
KLOTHO in phosphate homeosta-
sis was first shown in Klotho null
mice, a model of senescence with
hyperphosphatemia (47). KLOTHO was shown to function as a
co-receptor for FGF23 with several subtypes of FGFRs (44, 48,
46). Controversy also exists as to the specific FGF receptor that
mediates the action of FGF23 in kidneys. There are four FGFR
genes and several splice variants, resulting in multiple FGFR
subtypes (46, 49). Interestingly, a recent immunohistochemical
study demonstrated increased FGFR3 but not FGFR1, FGFR2,
or FGFR4 in the proximal tubule of Hyp mice (50). However,
crossing the Hyp mouse with an FGFR3 null mouse or FGFR4
mouse did not correct any of the metabolic abnormalities of the
Hyp mouse (50).

The Fgf2 null mouse allowed us to examine whether endog-
enous FGF2 played a role in mediating the effects of HMW
FGF2 isoforms to regulate FGF23 and PHEX. The specificity of
the regulation of FGF23 by the HMW FGF2 is clearly demon-
strated in FGF2 null osteoblasts transfected with an empty vec-
tor or the cDNA that encodes only for HMW FGF2, whereas
Fgf2 null cells transfected with the cDNA encoding LMW
18-kDa FGF2 had no increase in Fgf23 mRNA (supplemental
Fig. 4).

The availability of the Hyp mouse a mouse homolog of
X-linked hypophosphatemic rickets/osteomalacia allowed us
to determine the potential relevance of HMW FGF2 in phos-
phate wasting disorders. The observation that FGF2 mRNA
and protein was increased in bones/osteoblasts and that FGF23
and HMW FGF2 protein colocalized in osteocytes from the
Hyp mouse confirms the importance of this new mouse model
for the study of phosphate homeostasis.
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Nuclear FGF2 Isoforms, Phosphate Homeostasis, Hyp Mice

In summary, this study describes a novel P;-regulating system
in mice, which involves a cascade of signals involving HMW
FGF2, FGF23, and other phosphate regulators in bone, which is
then able to modulate renal phosphate transport. Specifically,
FGF2 HMW isoforms differentially regulate bone phosphate
metabolism and renal phosphate transport through an FGF23-
dependent pathway. These new observations in the TgHMW
and Hyp mice indicate a potentially important pathogenic role
of FGF2 isoforms in human phosphaturic disorders and merit
further exploration.
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