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Tic. 4. Correlations between serum FGF-23 and serum inor-
ganic phosphorus (4), serum calcium (B), and serum creatinine
(C) in 5/6 nephrectomized rats fed with P;-controlled diet. 5/6
nephrectomized rats were fed either high P;, midrange P;, or low P; diet
for 4 weeks. Serum creatinine, serum inorganic phosphorus, and serum
FGF-23 were determined as described under “Experimental Proce-
dures.” Open circles represent the data from individual rats.
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Fic. 5. 1e,25-Dihydroxyvitamin D, administration increased
circulating FGF-23 in 5/6 nephrectomized rats. 5/6 nephrecto-
mized rats fed P;-controlled diets were given either vehicle or 50 ng/kg
1e,25-dihydroxyvitamin D, intravenously, twice a week for 4 weeks.
Serum FGF-23 was determined by ELISA. 1¢,25-Dihydroxyvitamin D,
injection to 5/6 nephrectomized rats induced a drastic increase in cir-
culating FGF-23 among all diet groups. Each column represents
mean * S.E. (n = 10 rats/group). *, statistically significant difference
between vehicle and 1a,25(0H),D; treated in each diet, p < 0.05 by
Student’s ¢ test. HPD, high P, diet; MPD, midrange P; diet; LPD, low P;
diet.

as serum phosphorus. To evaluate the effect of 1¢,25(0H),Dg
apart from serum phosphorus on FGF-23 production,
1,25(0H),D, was administered to thyroparathyroidectomized
rats with or without PTH infusion. 1,25(0H),D; also in-
creased serum FGF-23 in thyroparathyroidectomized, and the
effect was independent of serum phosphorus (Fig. 2, A-C). The
direct effect of 1¢,25(0H),D4 on FGF-23 production was con-
firmed by the fact that VDRKO mice did not respond to the
1a,25(0H),D5 administration.

Larsson et al. (18) reported phosphate deprivation and/or
phosphate loading to normal subjects did not affect serum
FGF-23; however, serum phosphorus weakly correlated with
serum FGF-23 in predialysis patients with chronic kidney dis-
ease. Recent studies also revealed that serum FGF-23 was
elevated in patients with end-stage renal disease (16, 20, 28).
In the present study, we investigated the effect of dietary
phosphorus on FGF-23 production using 5/6 nephrectomized
rats fed the diets with various kinds of phosphorus content.
Serum FGF-23 was elevated in uremic rats; however, serum
FGF-23 did not clearly correlate with serum creatinine in those
rats as was observed in human subjects. Serum phosphorus
was well controlled by the dietary phosphorus in 5/6 nephrec-
tomized rats (Fig. 834). Serum FGF-23 positively correlated
with serum phosphorus in those rats (Fig. 3C). In the physio-
logical condition, a high serum phosphorus suppresses
1a,25(0H),D, production in kidney. Thus, the elevation of se-
rum FGF-23 induced by a high P, diet was independent of
serum 1¢,25(0H),D,. Moreover, serum FGF-23 was drastically
elevated by 1¢,25(0H),D; administration in 5/6 nephrecto-
mized rats fed with various P,-controlled diets (Fig. 5). How-
ever, serum FGF-23 did not correlate with serum calcium,
serum creatinine, or serum PTH in those rats (Fig. 6, B-D).
These observations suggested that FGF-23 production was
mainly regulated by serum phosphorus and serum
1a,25(0H),D,. .

Recent studies (16, 17) reported that FGF-23 was elevated in
some patients with XLH. Serum phosphorus concentrations
were negatively correlated with circulating FGF-23 levels in
patients with XLH. Moreover, FGF-23 mRNA expression was
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Fic. 6. Correlations between serum FGF-23 and serum inorganic phosphorus (4), serum calcium (B), serum creatinine (C), and
serum PTH (D) in 5/6 nephrectomized rats with or without 1¢,25-dihydroxyvitamin D, administration. 5/6 nephrectomized rats fed
P;-controlled diets were given intravenously either vehicle or 50 ng/kg 1a,25-dihydroxyvitamin D, for 4 weeks. Serum creatinine, serum inorganic
phosphorus, and serum FGF-23 were determined as described under “Experimental Procedures.” Open circles represent the data from individual rats.

enhanced in the calvarial and mandible bones of Hyp-mouse,
which is a homologue of human XLH (13). Mutations in PHEX,
a phosphate-regulating gene with homology to endopeptidase
on the X-chromosome, are responsible for XLH. PHEX mRNA
is predominantly expressed in bone and teeth. 1¢,25(0H),Dg
decreased PHEX mRNA and PHEX protein in primary osteo-
blasts derived from newborn mouse calvaria as well as
MC3T3-E1 cells, a mouse osteoblastic cell line, in vitro (29). In
addition, PHEX mRNA expression in tibial bone was sup-
pressed by 1¢,25(0H),D; administration in 5/6 nephrecto-
mized rats in vivo (30). It is plausible that administration of
10,25(0H),D5 up-regulated circulating FGF-23 levels in 5/6
nephrectomized rats at least partly by down-regulation of
PHEX expression in bones.

FGF-23 induces hypophosphatemia by inhibiting both renal
and intestinal P; absorption by suppressing NaP;-ITa and -ITb
production (3, 12, 21, 22, 25). FGF-23 also inhibits
12,25(0OH),D3 production in renal proximal tubules, which re-
sults in the reduction of intestinal P, absorption and PTH
secretion. On the contrary, 1¢,25(0H),D4 induced an increase
in circulating FGF-23, and also loss of vitamin D signaling in
VDREKO mice led to very low serum FGF-23. In 5/6 nephrecto-
mized rats, serum phosphorus controlled by dietary phospho-
rus content positively correlated with serum FGF-23, suggest-
ing an increase in serum phosphorus induces FGF-23

production. We propose that a feedback loop exists between
serum phosphorus, 1¢,25(0H),D,, and FGF-23, in which the
novel phosphate-regulating bone-kidney axis would be inte-
grated with the parathyroid hormone-vitamin D5 axis in regu-
lating phosphate homeostasis.
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We previously reported the three-dimensional struc-
ture of human CYP27B1 (25-hydroxyvitamin Dy 1a-hy-
droxylase) constructed by homology modeling. Using
the three-dimensional model we studied the docking of
the substrate, 25-hydroxyvitamin Dy, into the substrate
binding pocket of CYP27B1. In this study, we focused on
the amino acid residues whose point mutations cause
vitamin D-dependent rickets type 1, especially uncon-
served residues among mitochondrial CYPs such as
GIn®® and Thr'%®, Recently, we successfully overex-
pressed mouse CYP27B1 by using a GroEL/ES co-expres-
sion system. In a mutation study of mouse CYP27B1 that
included spectroscopic analysis, we concluded that in a
la-hydroxylation process, Ser?%® of mouse CYP27B1 cor-
responding to Thr?®® of human CYP27B1 forms a hydro-
gen bond with the 25-hydroxyl group of 25-hydroxyvita-
min Dj;. This is the first report that shows a critical
amino acid residue recognizing the 25-hydroxyl group of
the vitamin Dj.

The hormonally active form of vitamin Dy, 1,25-(OH),D,,*
plays essential roles in calcium homeostasis, immunology, and
cell differentiation (1). 1,25-(OH),D; is produced by two-step
hydroxylations at the 25-position in the liver by mitochondrial
CYP27A1 and then at the la-position in the kidney by
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CYP27B1. The ¢cDNA for CYP27B1 was first cloned in 1997
(2-5), and the sequence analysis of the CYP27B1 gene con-
firmed that defects in CYP27B1 cause vitamin D-dependent
rickets type 1 (VDDR1). To date, 16 one-point mutants and
several frameshift mutants have been reported (6-9). The mu-
tated amino acid residues seemed to play important roles in the
function of la-hydroxylase, such as substrate binding, activa-
tion of molecular oxygen, interaction with adrenodoxin, and
folding of the P450 structure (10, 11).

To investigate the mutations in depth, spectral analyses
including reduced CO-difference spectra and substrate-induced
difference spectra are indispensable. However, the expression
levels of wild type and CYP27B1 mutants were too low to carry
out spectral analyses (11, 12). Thus, enhancement of the ex-
pression level of CYP27B1 is essential for structure-function
analysis of CYP27B1. Recently, we successfully overexpressed
mouse CYP27B1 by using a GroEL/ES co-expression system
(13). The expression level of CYP27B1 is sufficient for the
preparation of large amounts of wild type and CYP27B1 mu-
tants for structural analyses. In addition, we successfully con-
structed a three-dimensional structure of CYP27B1 by the
homology modeling technique using the structure of rabbit
microsomal CYP2C5 as a template, which is the first solved
x-ray structure as a eukaryotic CYP (14, 15). The three-dimen-
sional model of CYP27B1 provided much information about the
roles of amino acid residues at the mutated positions seen in
VDDRI1 patients. In this study, we focused on the mutants from
VDDR1 whose mutated amino acids are not conserved among
six mitochondorial P450s (Fig. 1). We demonstrate which
amino acid residue is responsible for substrate binding by
mutation studies that include spectral analysis of CYP27B1.

EXPERIMENTAL PROCEDURES

Materials—DNA modifying enzymes, restriction enzymes, and the
DNA sequencing kit were purchased from Takara Shuzo Co., Ltd.
(Kyoto, Japan). Primer DNAs for mutation were purchased from
GENSET KK (Kyoto, Japan) (Table 1). Escherichia coli DH5a (Takara
Shuzo Co.) was used as a host strain. The pKSDdl was constructed from
pkk223-3 as described previously (13). The GroEL/ES expression plas-
mid, pGrol2, was kindly given by the HSP research laboratory (Kyoto,
Japan). CHAPS was purchased from Dojindo (Kumamoto, Japan).
NADPH was purchased from Oriental Yeast Co. (Tokyo, Japan). Bovine
adrenodoxin and NADPH-adrenodoxin reductase were kindly given by
Dr. Y. Nonaka of Koshien University. 25-(OH)D,; was purchased from
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TaBLE I
Oligonucleotides used as PCR primers to generate CYP27B1 mutants

Mutation Oligonucleotides
S4081 5'-GATACGCTAGTCATCCTATGTCACTATGCC -3’
5'-GGCATAGTGACATAGGATGACTAGCGTATC -3’
S408T 5’ ~GATACGCTAGTCACCCTATGTCACTATGCC-3'
5’'-GGCATAGTGACATAGGGTGACTAGCGTATC -3’
S408V 5'~GATACGCTAGTCGTCCTATGTCACTATGCC-3'
5'-GGCATAGTGACATAGGACGACTAGCGTATC-3'
S408A 5'~GATACGCTAGTCGCCCTATGTCACTATGCC-3'
5'-GGCATAGTGACATAGGGCGACTAGCGTATC -3’
Q65H 5'-GGCTGCATGAACTGCACGTGCATGGCGCTG-3'
5'-CAGCGCCATGCACGTGCAGTTCATGCAGCC -3’
Q65E 5’ ~GGCTCCATCAACTGCAGCTCCATCGCECTG-3'
5'~CAGCGCCATGCACCTCCAGTTCATGCAGCC-3'
Q65A 5'-GGCTGCATGAACTGECGGTGCATGGCGCTG-3’
5’ -CAGCGCCATGCACCGECCAGTTCATGCAGCC -3
Q65L 5'-GGCTGCATGAACTGCTGETGCATGCCGCTG-3'
5'-CAGCGCCATGCACCAGCAGTTCATGCAGCC-3'
Q65N 5'-GGCTGCATGAACTGAATGTGCATGGCGCTG-3'

5'-CAGCGCCATGCACATTCAGTTCATGCAGCC-3'

Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Other chemicals
used were of the highest quality commercially available.

Molecular Modeling and Substrate Docking—Molecular modeling
and graphical manipulations were performed using SYBYL 6.9 (Tripos,
St. Louis, MO). 25-Hydroxyvitamin D; was docked into the substrate
binding pocket manually.

Construction of Expression Plasmids—The expression plasmid for
mouse CYP27B1 with the His tag at the C terminus, pKCHis-m1le, was
constructed as described (6). The expression plasmids for CYP27B1
mutants (84081, S408T, S408V, S408A, Q65H, Q65E, Q65A, Q65L,
Q65N) were generated by the QuikChange™ Site-directed Mutagene-
sis kit from Stratagene (Amsterdam, the Netherlands) according to the
instruction manual. The oligonucleotide primers for mutagenesis are
shown in Table I. Corrected generation of the desired mutations was
confirmed by DNA sequencing.

Cultivation of the Recombinant E. coli Cells—The E. coli DH5« har-
boring pGrol2 was transformed with the expression plasmid for wild
type CYP27B1 (pKCHis-m1e) or its mutants. Recombinant E. coli cells
were grown in TB media (pH 7.0) containing 50 pg/ml ampicillin and 25
rg/ml kanamycin at 26 °C under good aeration for 24 h. The induction
of transcription of CYP27B1 cDNA and the GroEL/ES gene was initi-
ated by addition of isopropyl 1-thio-g-p-galactopyranoside and arabi-
nose at a final concentration of 1 mM and 4 mg/ml, respectively. 8-Ami-
nolevulinic acid was also added at a final concentration of 1 mm.

Solubilization of Wild Type and CYP27B1 Mutants by CHAPS~The
recombinant E. coli cells were suspended in 100 mm Tris-HC1 buffer
(pH 7.4) containing 1% CHAPS, 1 mM EDTA, 0.1 mM phenylmethylsul-
fonyl fluoride, and 20% glycerol, and disrupted by sonication for 15 min
at 4 °C. Cell debris was removed at 1,200 X g for 10 min. Then the
supernatant was ultracentrifugated at 100,000 X g for 1 h at 4 °C. The
resultant supernatant was used for spectral and enzymatic analyses.

Measurement of Reduced CO-difference Spectra—Reduced CO-differ-
ence spectra were measured by a Shimadzu UV-2200 spectrophotome-
ter (Kyoto, Japan) as described previously (16). The concentration of
CYP27B1 was determined from the reduced CO-difference spectrum
using a difference of extinction coefficient at 446 and 490 nm of 91 mm ™!
em™! by Omura and Sato (17).

Measurement of Substrate-induced Difference Spectra—Substrate-
induced difference spectra of wild type and CYP27B1 mutants were
measured in the presence of 1.0 uM 25-(OH)D, by a Shimadzu UV-2200
spectrophotometer (Kyoto, Japan).

Western Blot Analysis of GIn®® Mutants—Anti-CYP27B1 antiserum
was prepared using a purified sample of mouse CYP27B1 as antigen
(13). The purified CYP27B1 (0.1 mg) was mixed with an equal volume
of Freund’s complete adjuvant and injected intradermally into a young
male Japan White rabbit. At 2, 4, 6, and 8 weeks after the first injection,
the rabbit was boosted with additional injections of 0.1 or 0.2 mg each
of the antigen mixed with Freund’s incomplete adjuvant.

The rabbit was bled 1 week after the final injection, and antiserum
was prepared. The solubilized fractions of wild type and CYP27B1
mutants containing 0.6 pg of protein were subjected to electrophoresis
on 5-20% linear gradient polyacrylamide sodium dodecyl sulfate gels,
and transferred electrophoretically from the gel to poly(vinylidene di-
fluoride) membrane. The membrane was probed with the anti-

Substrate Recognition of CYP27B1
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VDR
CYP27B1
CYP2TAL
CYP24
CYPTIAY
CyP1IBI
CYP1IB2

453 478 497

Fic. 1. Comparison of the amino acid sequences of human
CYP27B1 with other mitochondrial cytochromes P450 at the
mutated positions seen in patients with VDDRI1. The amino acid
residues that are identical and homologous in all the CYPs are shaded
dark and light, respectively. The amino acid residues at the non-con-
served position are surrounded by open boxes.

CYP27B1 antiserum mentioned above, and then reacted with horserad-
ish peroxidase-labeled rabbit IgG. The immobilized proteins were
detected by treating the membrane with a mixture of 4-chloro-1-naphtol
and hydrogen peroxide.

Measurement of Hydroxylation Activity Toward 25-(OH)D, Ia-
(OH)D,, and Vitamin D;~The la-hydroxylation activity toward 25-
(OH)D; was measured in a reconstituted system consisting of the sol-
ubilized CYP27B1 or each of its mutants (0.5-6.0 nm), 2.0 um
adrenodoxin, 0.2 uM NADPH-adrenodoxin reductase, 0.025-1.0 puM sub-
strate, 100 mu Tris-HCI (pH 7.4), 1 mm EDTA, 0.2% glycerol, and 0.1%
CHAPS in a final volume of 0.5 ml. The 25-hydroxylation activity
toward la-(OH)D, was measured in a similar manner except for the
concentrations of 1a-(OH)D, (0.05-1.0 um) and CYP27B1 (2.5 nm) or
S408V (50 nM). The vitamin D, metabolism was measured in a recon-
stituted system consisting of 2.0 uM adrenodoxin, 0.2 um NADPH-
adrenodoxin reductase, 46 nM of the purified sample of the wild type
(13), or 50 nM of the purified sample of S408V, 1.0 um vitamin D, 100
mM Tris-HCI (pH 7.4), 1 mM EDTA, 0.2% glycerol, and 0.1% CHAPS.
The concentration of CHAPS was determined on the basis of our pre-
vious study (13). After incubation at 37 °C for 3 min, the reaction was
initiated by adding NADPH at a final concentration of 1 mm. The
reaction was terminated by adding 2 ml of chloroform/methanol (3:1,
v/v). After extraction, the organic phase was recovered and dried. The
resulting residue was solubilized with acetonitrile and applied to HPLC
under the following conditions: column, YMC-Pack ODS-AM (4.6 X 300
mm) (YMC Co., Tokyo, Japan); column temperature, 40 °C; mobile
phase, linear gradient of 70~100% acetonitrile aqueous solution per 15
min; flow rate, 1.0 ml/min; UV detection, 265 nm. The kinetic param-
eters, K,, and k., were calculated by the nonlinear regression analysis
using the KaleidaGraph (Synergy software).

Other Methods—The concentrations of vitamin D, derivatives were
estimated by their molar extinction coefficient of 1.80 X 10* M *em ™' at
264 nm (18). Total protein concentrations were determined by the
Bradford method using bovine serum albumin as a standard. Mouse
CYP27B1, human CYP27B1, and rabbit CYP2C5 were aligned by using
ClustalW interfaced with Clustal X (version 1.81) for Windows.

RESULTS

Docking of 25-(OH)D, into CYP27B1—The three-dimen-
sional structure of CYP27B1, which was constructed and re-
ported in our previous paper (14), gave abundant insights in
regards to the function of each residue. We are greatly inter-
ested in how the CYP27B1 recognizes 25-(OH)D; and binds it
as a substrate. We noted amino acid residues whose point
mutant cause VDDR1 (Fig. 1). Fig. 1 shows comparison of the
residues of CYP27B1 with other human mitochondrial CYPs at
the mutated positions seen in patients with VDDR1. Residues
conserved in these CYPs are thought to be responsible for
common roles among mitochondrial CYPs, whereas residues
not conserved are thought to be involved in specific roles of
each enzyme such as substrate binding. Thus, we focused on
mutants Q65H, P143L, E189L, S323Y, T4091, and R429P. The
three-dimensional structure of CYP27B1 demonstrated that
P143L, E189L, S323Y, and R429P are responsible for protein
folding as previously reported (14) (Fig. 2a). On the other hand,
GIn® and Thr*% are lining the end of broad cavity above heme
in the three-dimensional model of CYP27B1 (Fig. 2a).

In the docking study of 25-(OH)D4 into the pocket, it is
important to determine the substrate binding site and the
conformation of 25-(OH)D;. Considering the importance of
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F16. 2. a, stereo view of the complex model of human CYP27B1 and 25-(OH)D,. Overall folding of CYP27B1 is represented by a ribbon-loop
drawing. Sixteen amino acid residues where point mutation causes VDDR1 (atom type color), heme (red), and 25-(OH)D; (yellow) are depicted as
a ball and stick model. b, the 25-hydroxyl group of 25-(OH)D, forms pincer-type hydrogen bond with GIn® (2.83 A) and Thr*®® (2.82 A), and the
hydrogen at the la position (cyan), which will be subjected to hydroxylation, orients to an iron atom of the heme. The distance between C(1) and
iron is 4.3 A and that between hydrogen at the lo-position and iron is 3.8 A. ¢, conformation of 25-(OH)D, docked into the substrate binding pocket
of CYP27B1. d, GIn®® may interact with Tyr®” on the S-sheet but not with the 25-hydroxyl group of the substrate.

Gln® and Thr*®® whose mutations cause VDDR1, we selected
the substrate binding site where 25-(OH)D; can form the hy-
drogen bond between the 25-OH group and Gln®® and/or
Thr%®, We docked 25-(OH)D, as follows: 1) the A-ring of 25-
(OH)D; was superimposed on 1R-camphor accommodated in
the substrate binding pocket of the P450cam protein (Protein
Data Bank code 1DZ4) (19), because, structurally and biologi-
cally, the best characterized P450 is P450cam and we analyzed
the docking modes of camphor into P450cam and found the
modes being approximately conserved. In addition, P450cam
belongs to the class 1 enzyme in the P450 superfamily as well
as mitochondrial CYPs. 2) The side chain of 25-(OH)D; was
positioned near GIn® and Thr*%®. 3) Spatial location of 25-
(OH)D,; was manually adjusted so as to minimize the van der
Waals bump between the substrate vitamin and the amino acid
residues lining the substrate binding pocket. The resulting
structure of CYP27B1 and 25-(OH)D, complex is shown in Fig.
2a. The distances between the 25-hydroxyl group and GIn®®
and the 25-hydroxyl group and Thr*®® are 2.83 and 2.82 A,
respectively. This suggests that the 25-hydroxyl group forms
pincer-type hydrogen bonds with GIn® and Thr*%?. The la-
hydrogen of 25-(OH)D,, which will be subjected to hydroxyla-
tion, orients to the iron atom as a constituent of heme in the
CYP (Fig. 2b).

Conformation of 25-(OH)D 3 Accommodated in CYP27B1—As
shown in Fig. 2¢, 25-(OH)D; is docked with a stable conforma-
tion in which the A-ring adopts the chair form and the side
chain adopts the gauche(+) conformation (43°) at C(16-17-20—

22) and the following anti-conformation from C(20) to the ter-
minal methyl group. A-ring adopts B-form. In this conforma-
tion, the distance between C(1) and iron is 4.3 A and between
hydrogen at the la-position and iron is 3.3 A (Fig. 2b), which
are consistent with the distances observed in the crystal struc-
tures: C(5)-iron (4.2 A) and H(5)-iron (3.2 A) in the camphor-
P450cam complex (1DZ4) (19); C(5)-iron (3.9 A) and H(5)-iron
(3.3 A) in the camphor-P450cam complex (1AKD) (20); C(1)-
iron (3.8 A) and H(1)-iron (2.9 A) in the androstenedione-
P450eryF complex (1IEUP) (21). If the A-ring of 25-(OH)D4
adopts the a-form, distances of C(1)-iron and C(2)-iron are 3.9
and 3.8 A, respectively, resulting in the absence of a rational
explanation for the selective hydroxylation that occurred at the
la-position but not the 2-position. Thus, our docking model
well explains the stereospecific hydroxylation at the la-posi-
tion of 25-(OH)D,.

Expression of Wild Type and CYP27B1 Mutants with
GroEL/ES Co-expression System—Molecular modeling study
of CYP27BL1 strongly suggests that Ser®®® of mouse CYP27B1
corresponding to Thr®® of human CYP27B1, and/or GIn® are
involved in substrate binding (Fig. 3). To reveal each function
of the mutated amino acid residues, we generated multiple
forms of CYP27B1 mutants at positions 408 (409 in human
CYP27B1) and 65. As shown in Fig. 4, mutant S408I showed
the reduced CO-difference spectra similar to wild type. S408T
and S408A, and S408V, also showed similar spectra (data not
shown). The expression level of the wild type of CYP27B1 was
200-300 nmol/liter of culture, as described previously (13). The
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Fic. 3. Sequence alignment of mouse and human CYP27B1.
The A to L helices are labeled as defined by Williams et al. (15). Blue
boxes and green bars represent the substrate recognition site (SRES) and
a-helix, respectively. Black boxes show the amino acid residues where
the point mutation causes VDDRL.

AA = 0.01

o sreita
!
!
:‘ wild type
/ - 54081
{ ;
400 450 §00
(rm)

Fic. 4. Reduced CO-difference spectra of wild type mouse
CYP27B1 (—), and the mutant S408I (- - -).

expression levels of Ser?®® mutants, S4081 and S408A, were
nearly the same as the wild type, whereas those of S408T and
S408V were higher (400—450 nmolliter of culture). On the
other hand, the expression levels of GIn® mutants (Q65H,
Q65E, Q65A, Q65L, Q65N) were too low to be determined by
the reduced CO-difference spectra. However, Q65E showed a
substrate-induced difference spectrum. Thus, the expression
level of the Q65E hemoprotein was estimated to be 10 nmol/
liter based on the assumption that Q65E shows a substrate-
induced difference spectrum similar to wild type. In contrast,
Western blot analysis showed that the distinct bands reacted
with anti-CYP27B1 antiserum in the GIn®® mutants. The ex-
pression levels of the GIn®® mutants were not so different from
that of the wild type (Fig. 5). These results suggest that most
GIn®® mutants are expressed as apoproteins without a heme
molecule in E. coli cells.

Substrate Recognition of CYP27B1
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Fic. 5. Western blot analysis of wild type and GIn®® mutants of

mouse CYP27B1. The solubilized fractions expressing each of the
mutants Q65A (lane 1), Q65E (lane 2), Q65H (lane 3), Q65L (lane 4),
Q65N (lane 5), control (lane 6: prepared from the control DH5a/pGro12
cells), and the wild type (lane 7) were analyzed as described under
“Experimental Procedures.”
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Fic. 6. Substrate-induced difference spectra of wild type and
CYP27B1 mutants with 1.0 pm 25-(OH)D,. The difference spectra of
wild type and CYP27B1 mutants were measured in 100 mm Tris-HCl
buffer (pH 7.4) containing 0.1% CHAPS. Enzyme concentrations were
160 nM (wild type, S408T, S408I) and 190 nm (S408A, S408V),

respectively.

TasLE 1T
Kinetic parameters of wild type and CYP27B1 mutants for
25(0H)D, 1a-hydroxylation activity

CYP27B1 Eoat K, et/ K,
min~! M

Wild type 23.1+0.9 0.28 + 0.06 84 = 19

S408T 5916 0.13 = 0.03 46 + 11

S408A 0.34 = 0.06 0.24 = 0.04 1.5 +03

5408V 0.78 = 0.40 0.54 = 0.18 1.5 +079

S4081 0.050 = 0.020 0.18 = 0.06 0.31 = 0.10

TasLe I
Kinetic parameters of wild type and mutant S408V for
1(OH)D,, 25-hydroxylation activity

CYP27B1 Fecat K, bead K
min~' M

Wild type 0.60 = 0.12 0.52 = 0.05 1.1 =01

S408V 0.022 = 0.010 0.66 += 0.09 0.033 = 0.009

Analysis of Substrate Binding of Wild Type and Ser®®® Mu-
tants of CYP27B1 with 25-(OH)D;—As shown in Fig. 6, sub-
strate-induced difference spectra of wild type and CYP27B1
mutants with 25-(OH)D; showed Type I spectra, indicating the
change of spin state of heme iron of CYP27B1 from low spin to
high spin. The magnitude of AAggp_4q0 in S408T was slightly
larger than the wild type of CYP27B1. In contrast, the magni-
tude of AAggp_4g0 in S408V and S408A was quite small, but
S4081 showed no detectable spectral change. These results
suggest that the substrate, 25-(OH)D,, can remove the Hy,O
molecule as the sixth axial ligand of the heme iron of wild type
CYP27B1 and mutant S408T. In addition, the hydroxyl group
at the side chain of the amino acid at position 408 appears to be
essential for removal of the HyO molecule. It should be noted
that S4081 corresponding to T4091 from patients with VDDR1
cannot remove the HyO molecule by 25-(OH)Ds.

Analysis of 1a-Hydroxylation Activity of Wild Type and
CYP27B1 Mutants toward 25-(OH)D;—The la-hydroxylation
activity toward 25-(OH)D; was examined using solubilized
CYP27B1 by CHAPS as described under “Experimental Proce-
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dures.” As shown in Table II, kinetic parameters, K,, and k.,
of the wild type CYP27B1 were estimated to be 0.28 uM and
23.1 min "1, respectively. The &, and K, values of S408T were
significantly lower than those of the wild type CYP27B1. How-
ever, S408T appeared to have enough activity as a la-hydrox-
ylase for 25-(OH)D; based on its k,,/K,, value. On the other
hand, S408A and S408V showed much smaller %, values than
the wild type. As expected by spectral analysis, S4081 showed
the smallest activity among the mutants. Note that S408A,
5408V, and S4081I showed K,,, values not so different from the
wild type.

In the same way, la-hydroxylation activity toward 25-
(OH)D; of GIn® mutants was measured. Mutant Q65E showed
only a small activity, although other GIn® mutants showed no
detectable activity. The K,,, value of Q65E was estimated to be
0.80 pu, which is considerably higher than those of Ser*’®
mutants (Table IT). Because the concentration of Q65E hemo-
protein was not determined from reduced CO-difference spec-
trum probably because of its unstability, the & ,, value was not
determined. On the assumption that Q65E shows a substrate-
induced difference spectrum similar to wild type, k., was es-
timated to be 0.55 min~'.

Analysis of 1a-(OH)D4 25-Hydroxylation Activity of the Wild
Type and S408V—We consider that the mutant T409I of hu-
man CYP27B1 corresponds to S408I of mouse CYP27B1. How-
ever, it might be possible that the conversion of Thr to Ile
corresponds to the conversion of Ser to Val, judging from their
chemical structure. Thus, enzymatic properties of S408V were
compared with those of the wild type. As shown in Table III, the

kinetic parameters, K,,, and &,,, of the wild type for 1a-(OH)D;
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Fig. 7. HPLC profiles of vitamin D, and its metabolites by the
wild type (A and B) and S408V (C and D). The metabolites at 0 min
(A and C) and 40 min (B and D) were analyzed by HPLC according to
“Experimental Procedures.”
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25-hydroxylation was estimated to be 0.52 um and 0.60 min™?,
respectively. Thus, the k., /K, value was only 1.3% 1a-(OH)Dy
25-hydroxylation. Sert®® showed a similar K,,, value but a much
smaller &, value than wild type. These results are quite sim-
ilar to those for 25-(OH)D; la-hydroxylation, suggesting that
Ser?®® is involved in the binding of not only 25-(OH)D,; but
also lo-(OH)D,.

Vitamin D4 Metabolism by the Wild Type and S408V—Fig. 7
shows the HPLC profiles of vitamin D4 by wild type CYP27B1
and S408V. Both 1a-(OH)D; and 1-¢,25(0H),D5 were detected
in the metabolism by the wild type. However, 25-(OH)D5 was
not detected as reported previously (13). On the other hand,
S408V showed a clear peak of 25-(OH)D, in addition to those of
1la-(OH)D; and 1@,25-(OH),Dy. LC-MS analysis confirmed that
this metabolite is 25-(OH)D4 (data not shown). It is possible to
assume that 25-(OH)D; is not detected as an intermediate
because of its rapid conversion to 1¢,25-(OH),Dg by the wild
type CYP27B1, but 25-(OH)Dj is detected because of its slow
conversion by S408V. Fig. 8 shows the time courses of vitamin
D, metabolism. In the metabolism of wild type CYP27B1, la-
(OH)D; increased up to 10 min and thereafter reached plateau,
whereas 1a,25-(OH),D; continued increasing. On the other
hand, 25-(OH)D; was not detected as described previously (13).
In contrast, 25-(OH)D4 was detected as a metabolite of vitamin
D, by S408V. As shown in Fig. 7, 25-(OH)Dj, increased up to 10
min and thereafter reached plateau, whereas 1a-(OH)D3 con-
tinued increasing. On the other hand, 1¢,25-(OH),D; appeared
at 10 min, and then the rate of 1¢,25-(OH),D5 formation in-
creased with increasing time. Vitamin Dy metabolism together
with 25-(OH)D; 1a-hydroxylation and 1a-(OH)Ds 25-hydroxy-
lation by S408V strongly indicated that S408V has a dual
pathway to produce 1a,25-(OH),Dy from vitamin Dy as shown
in Fig. 9. Although 25-(OH)D; was not detected in the wild
type-dependent metabolism of vitamin Dj, it is possible that
the wild type has a dual pathway as well as S408V.

DISCUSSION

Kitanaka et al. (6, 7) cloned eight types of missense muta-
tions and one nonsense mutation from Japanese VDDR1 pa-
tients, and other groups identified nine missense mutations
from patients (8, 9). None of the CYP27B1 mutants expressed
in mammalian cells (6) and E. coli cells (11, 12) showed la-
hydroxylase activity toward 25-(OH)D5;. Thus, the mutated
amino acid residues seemed to play important roles in the
function of 1a-hydroxylase. Our previous study (11) suggested
that Arg'®”, Gly'2°, and Pro*®? destroyed the tertiary structure
of the substrate-heme pocket. It was also suggested that Arg38®
and Arg®®® of CYP27B1 were involved in heme-propionate
binding and that Asp'®* stabilized the 4-helix bundle consisting
of D, E, I, and J helices, possibly by forming a salt bridge.
Thr®?! was found to be responsible for the activation of
molecular oxygen.

As shown in Fig. 1, amino acid residues at positions 65, 143,
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Fic. 9. Metabolic pathway of vitamin D; by CYP27B1 and the
mutant S408V.

189, 323, 409, and 429 of human CYP27B1 were not conserved
among mitochondorial P450s. Of these mutations, P143L,
E189G(K,L), and R429P are assumed to disrupt protein folding
because Pro and Gly residues are known to be helix breakers.
In addition, S323Y in the I helix appears to play an important
role in protein folding because the side chain of the amino acid
residue at position 323 is oriented to the opposite side of a heme
molecule, buried inside the protein structure (14). The three-
dimensional structure model of CYP27B1 implied that GIn®®
and/or Thr®® interacts with 25-(OH)D;, probably by forming a
hydrogen bond with the 25-hydroxyl group of the substrate. We
have not successfully overexpressed human CYP27B1 yet, but
we have successfully overexpressed mouse CYP27B1 by using a
GroEL/ES co-expression system. Thus, we generated mouse
CYP27B1 mutants for GIn®® and Ser?®®, corresponding to
Thr%® of human CYP27B1. The substitution of Ser*®® to Thr
did not cause significant alterations in substrate binding and
la-hydroxylation activity toward 25-(OH)D5;. However, the
substitutions to Ala, Val, and Ile dramatically decreased la-
hydroxylation activity and changed the substrate binding man-
ner. Judging from the K|, values of S408A, 5408V, and S4081,
these mutants have significant affinity for 25-(OH)D;. How-
ever, based on their substrate-induced manner, their binding
mode of the substrate appears unsuitable for displacement of
H,0 as the distal ligand. Because the displacement of the H,O
molecule by the substrate is essential for P450 reactions, good
correlation between the magnitude of Adgg, 490 in Fig. 5 and
k., value in Table IT is quite reasonable. Note that S408V has
much lower activity than S408T. The difference in the side
chain of Val from Thr is the difference between a methyl and a
hydroxyl group. Thus, the hydroxyl group is responsible for
substrate binding for the P450 reaction. It is possible to assume
that the hydroxyl group of Ser*®® of mouse CYP27B1 or Thr%®
of human CYP27B1 interacts with the 25-OH group of the
substrate through a hydrogen bond. The high affinity of S408A,
5408V, and S4081 for 25-(OH)D3 may suggest that another
amino acid residue takes the place of Ser?®® through a hydro-
gen bond with the substrate.

It is noted that not only 25-(OH)D; 1a-hydroxylation but also
1a-(OH)D; 25-hydroxylation by S408V was much less than
those of the wild type CYP27B1. These results suggest that the
hydroxyl group of Ser?®® of mouse CYP27B1 is involved in
substrate binding of both substrates. Note that the substrate is
fixed in the opposite direction in the substrate binding pocket of
CYP27B1 between 1a- and 25-hydroxylations. Thus, it appears

Substrate Recognition of CYP27B1

that the hydroxyl group of Ser®®® interacts with the la-hy-

droxyl group of 1a-(OH)Dj. On the other hand, la-hydroxyla-
tion and 25-hydroxylation activities of S408V toward vitamin
D, appear to be similar to those of the wild type, based on the
time courses of the metabolites shown in Fig. 7. These results
are consistent with the fact that vitamin D4 has no hydroxyl
groups at positions C-1a and C-25 to interact with the hydroxyl
group of the amino acid at position 408.

The significantly higher K,, and lower %, values of Q65E
than the wild type are consistent with an involvement of GIn®?
in binding of the substrate. However, Western blot and spectral
analyses of GIn® mutants indicated that most Gln mutants
were expressed as apoproteins without heme molecules,
whereas Q65E showed a small amount of hemoprotein and the
activity. These results strongly suggest that GIn% is involved
in protein folding.

In this study, we revealed that Ser'®® and GIn®® play impor-
tant roles in substrate binding and the folding of mouse
CYP27B1, respectively. The reasons why mutations T4091 and
Q65H of human CYP27B1 cause VDDR1 were also clearly
understood. It is noteworthy that the predictions derived from
the three-dimensional model showed good agreement with the
experimental data. Thus, this three-dimensional model gives
essential information on the structure-function relationship
of CYP27B1.
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Role of the vitamin D receptor in FGF23 action on phosphate metabolism
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FGF23 (fibroblast growth factor 23) is a novel phosphaturic factor
that influences vitamin D metabolism and renal re-absorption of
P;. The goal of the present study was to characterize the role of the
VDR (vitamin D receptor) in FGF23 action using VDR(—/—)
(VDR null) mice. Injection of FGF23M (naked DNA encoding
the R179Q mutant of human FGF23) into VDR(~/~) and wild-
type VDR(+4/+) mice resulted in an elevation in serum FGF23
levels, but had no effect on serum calcium or parathyroid hor-
mone levels. In contrast, injection of FGF23M resulted in signifi-
cant decreases in serum P; levels, renal Na/P; co-transport activity
and type II transporter protein levels in both groups when com-
pared with controls injected with mock vector or with FGFWT
(naked DNA encoding wild-type human FGF23). Injection of
FGF23M resulted in a decrease in 25-hydroxyvitamin D la-
hydroxylase mRNA levels in VDR(—/—) and VDR(+/+) mice,

while 25-hydroxyvitamin D 24-hydroxylase mRNA levels were
significantly increased in FGF23M-treated animals compared
with mock vector control- or FGF23WT-treated animals. The
degree of 24-hydroxylase induction by FGF23M was dependent
on the VDR, since FGF23M significantly reduced the levels of
serum 1,25(0OH),Ds [1,25-hydroxyvitamin Ds;] in VDR(+/4)
mice, but not in VDR(—/—) mice. We conclude that FGF23 re-
duces renal P; transport and 25-hydroxyvitamin D 1e-hydroxylase
levels by a mechanism that is independent of the VDR. In contrast,
the induction of 25-hydroxyvitamin D 24-hydroxylase and the
reduction of serum 1,25(0OH),Ds levels induced by FGF23 are
dependent on the VDR.

Key words: fibroblast growth factor 23, kidney, phosphate trans-
port, vitamin D receptor.

INTRODUCTION

P, (inorganic phosphate) is required for cellular function and skel-
etal mineralization. P, re-absorption in the renal proximal tubule is
amajor mechanism in the maintenance of overall P, homoeostasis;
it is a Na*-dependent, secondary active process involving Na/P,
co-transport across the renal brush-border membrane as rate-
limiting step, particularly via the Na/P; co-transporter [1-3].
Mammalian Na/P; co-transporters have been subdivided into
types I-II1. The type II Na/P; co-transporter isoforms (a—c) are the
major functional Na/P; co-transporters [ [-3]. The type Ila and Ilc
co-transporters are expressed in the proximal tubules of the
kidney, whereas type IIb is expressed in tissues such as the lung
and small intestine [1-3]. Serum phosphate concentrations are
maintained within a defined range by expression of type II Na/P,
co-transporters, which is, in turn, regulated by PTH (parathyroid
hormone) and vitamin D [ 1-3]. The actions of vitamin D and PTH
are important for the control of intestinal P; absorption or renal P,
excretion. However, adequate systemic phosphate homoeostasis
is likely to require the presence of additional bioactive molecules
[1,2].

Studies on patients with tumour-induced osteomalacia and
ADHR (autosomal dominant hypophosphataemic rickets) re-
sulted in the identification of FGF23 (fibroblast growth factor 23),
a protein that shares sequence identity with other FGFs and which
results in hypophosphataemic osteomalacia and inappropriately
low serum levels of 1,25(0OH),D; (1,25-dihydroxyvitamin D,)

[3-6]. The FGF23 protein is a secreted protein of 251 amino
acids, including a putative N-terminal signal peptide (residues
1-24) [3,4,6]. ADHR is caused by missense mutations at Arg'’
and Arg'” of FGF23, which are present in the consensus proteo-
lytic cleavage sequence RXXR [3-6]. Since mutations at Arg'”
and Arg'” prevent proteolytic cleavage, a large amount of the
mutant protein may escape proteolytic degradation [3,4].

XLH (X-linked hypophosphataemia) is the most common form
of inherited rickets, and is caused by inactivating mutations in
the PHEX (phosphate regulating endopeptidase homologue, X-
linked) gene [3,4]. XLH is characterized by hypophosphataemia
due to increased renal phosphate clearance, low or inappro-
priately normal levels of circulating 1,25(OH),D; and rickets/
osteomalacia [3,4]. Studies have demonstrated high serum levels
of FGF23 in patients with XLH; in addition, levels of FGF23
mRNA expression in bone were significantly increased in the
Hyp mouse (which is analogous to the human XLH patient), [7,8].
Thus current evidence indicates that FGF23 may be involved in
the pathogenesis of XLH.

Continuous exposure to recombinant FGF23 was shown to
cause increased renal P; clearance resulting from decreased renal
expression of type II Na/P; co-transporters [9—14]. These animals
showed paradoxically low/normal 1,25(OH),D; levels [9-15].
These reports indicate that FGF23 is an important regulator of
P, homoeostasis and vitamin D metabolism.

Vitamin D plays a central role in modulating P, homoeostasis
and P; uptake by the small intestine and the kidney [1,2]. It is

Abbreviations used: ADHR, autosomal dominant hypophosphataemic rickets; BBMV, brush-border membrane vesicle; FGF, fibroblast growth factor;
FGF23M, naked DNA encoding the R179Q mutant of human FGF23; FGF23WT, naked DNA encoding wild-type human FGF23; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; 1a(OH)ase, 25-hydroxyvitamin Dy 1e-hydroxylase; 24(OH)ase, 25-hydroxyvitamin D 24-hydroxylase; 1,25(0OH),D3, 1,25-
dihydroxyvitamin Ds; PTH, parathyroid hormone; RT-PCR, reverse transcription-PCR; VDR, vitamin D receptor; XLH, X-linked hypophosphataemia.

' To whom correspondence should be addressed: Nutritional Science, Department of Nutrition, School of Medicine, Tokushima University, Kuramoto-
Cho 3, Tokushima City 770-8503, Japan (email miyamoto@nutr.med.tokushima-u.ac.jp).
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possible that the inappropriately low levels of 1,25(OH),D; may
suppress the expression of renal and intestinal Na/P; co-trans-
porters. Indeed, we demonstrated previously that levels of type I1a
and type IIb Na/P; co-transporter proteins were significantly de-
creased in VDR(—/—) (vitamin D receptor null) mice [16].

Further, targeted ablation of FGF23 [FGF23(—/—) mice] re-
sulted in increased serum phosphate levels and renal phosphate
re-absorption, and an elevation in serum 1,25(0OH),D; levels sec-
ondary to enhanced expression of renal 1ee(OH)ase (25-hydroxy-
vitamin D 1a-hydroxylase). These results indicated that FGF23
is essential for normal phosphate and vitamin D metabolism [17].
In contrast, plasma PTH levels were normal, suggesting that
hyperphosphataemia in FGF23(—/—) mice occurs via a PTH-
independent mechanism [17]. Shimada et al. [14] suggested that
FGF23 suppresses renal 1a(OH)ase expression by co-operating
or competing with several humoral factors, such as PTH and
1,25(0H),D;. Thus, while the mechanisms responsible for the
high serum phosphate and 1,25(0OH),D, levels in FGF23(—/-)
mice remain unclear, it is possible that high serum 1,25(0OH),D,
levels stimulate the intestinal absorption and renal re-absorption
of P; via the apical Na/P; co-transporter. This is supported by the
fact that levels of the type Ila Na/P; co-transporter protein were
markedly increased in the apical membranes of renal proximal
tubule cells in FGF23(—/—) mice [17].

In our previous studies, we examined the effects of admin-
istration of FGF23WT (naked DNA encoding wild-type human
FGF23) or FGF23M (naked DNA encoding the R179Q mutant
of human FGF23) into rats [12]. Injection of FGF23M into rats
resulted in significant decreases in plasma P, levels, renal Na/P; co-
transport activity and type II Na/P; co-transporter levels. However,
injection of FGF23WT into rats had no significant effects.
Rats injected with,either FGF23WT or FGF23M highly expressed
the human FGF23 transcript in the liver. The levels of plasma
human FGF23 protein were markedly increased in rats injected
with FGF23M. However, this was not the case in rats injected with
FGF23WT [12]. Thus wild-type FGF23 protein may be degraded
in the liver or the blood.

The goal of the present study was to use VDR(—/—) mice to
determine (i) whether vitamin D is involved in the regulation of
renal P; re-absorption by FGF23, and (ii) whether the VDR is re-
quired for the down-regulation of 1o:(OH)ase activity by FGF23.

EXPERIMENTAL
Animals and diet

VDR(—/—) mice were generated by gene targeting as described
previously [18]. VDR genotypes were confirmed by analysing the
DNA obtained from each mouse approx. 3 weeks after birth. Gen-
omic DNA was extracted from tail clippings and amplified by PCR
using primers specific for VDR(+/+) exon 2 or the neomycin-
resistance gene, as described previously [16].

VDR(+/+) and VDR(—/—) mice were weaned at 3 weeks of
age, and given free access to water and a control diet containing
0.5% P, and 0.5% Ca for 5 weeks. After 5 weeks, naked DNA
(encoding FGF23 or FGF23 R179Q) or the empty vector was
administered by intravenous injection [12,15].

FGF23 mutant construct and injection of naked DNA

DNA encoding human FGF23 or the FGF23 R179Q mutant was
subcloned into the pCAGGS3 expression plasmid vector at a
unique EcoRI site between the CAG promoter and a 3'-flanking
sequence of rabbit B-globin. The empty pCAGGS3 plasmid
(kindly provided by Dr J.-i. Miyazaki, Osaka University, Osaka,
Japan) was used as a mock control. Next, 1.5 ml of DNA solution

© 2005 Biochemical Society

containing 10 pg of each expression plasmid [pCGF23 (wild-
type human FGF23), pCGFM2 (human FGF23 R179Q mutant) or
PCAGGS3 vector] was administered intravenously, as described
previously [12,15]. At 4 days after the injection of naked DNA,
blood samples were obtained from the abdominal vein, and tissues
were rapidly removed under anaesthesia.

Quantitative analysis of FGF23 mRNA

Total RNA was extracted from the livers of transfected animals
using ISOGEN (Nippon Gene, Tokyo, Japan), and cDNA was syn-
thesized using M-MLV (Moloney murine leukaemia virus) Re-
verse H reverse transcriptase (Superscript; Invitrogen) and an
oligo(dT),,_i5 primer. The amount of human FGF23 cDNA relative
to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) cDNA
was determined by competitive RT-PCR (reverse transcription—
PCR) using a 7700 Sequence Detector (PE Applied Biosystems)
[12,15]. The PCR primers used for these experiments did not
amplify cDNA of the endogenous mouse FGF23 homologue.

Detection of serum FGF23

The serum concentration of exogenous human FGF23 in mice was
determined using the Human FGF23 (C-term) ELISA kit (Im-
munotopics, San Clemente, CA, U.S.A.), which only detects
human FGF23 [12,15]. The serum concentration of endogenous
mouse FGF23 was determined using the FGF-23 ELISA kit
(KAINOS Laboratories, Inc., Tokyo, Japan). We analysed the
cross-reactivity of FGF23 proteins between mouse and human
(see Figure 1b). The human FGF-23 (C-term) ELISA kit did not
detect endogenous mouse FGF23 in either VDR(+4/4) or
VDR(—/—) mice. In contrast, the mouse FGF23 ELISA kit clearly
detected endogenous mouse FGF23 in both VDR(+/+) and
VDR(—/—) mice. Serum FGF23 protein levels were significantly
lower in VDR(—/—=) than in VDR(+/+) mice. These results
indicated that the human FGF23 (C-term) ELISA kit did not
cross-react with the endogenous mouse FGF23.

Serum calcium, P;, PTH and 1,25(0H),D; levels

The serum concentrations of Ca®* and P; were determined by the
Calcium-E test and the Phospha-C test (both from Wako, Osaka,
Japan) respectively. Serum concentrations of PTH were deter-
mined using the mouse PTH ELISA kit (Immunotopics) [16,17].
Serum concentrations of lo,25(OH),D; were determined by a
radioreceptor assay (Mitsubishi BCL, Tokyo, Japan) [15].

Northern blot analysis

Poly(A)*" RNA (3 ug/lane) isolated from mouse intestine or kid-
ney was separated on a 1 % (w/v) agarose gel in the presence
of 2.2 M formaldehyde and blotted on to a Hybond N* mem-
brane (Amersham Pharmacia Biotech) as described previously
[12,16,19]. Specific probes for la(OH)ase, 24(OH)ase (25-hy-
droxyvitamin D 24-hydroxylase) and each Na/P; co-transporter
were labelled with [*P]dCTP using the Megaprime DNA
Labeling System (Amersham Pharmacia Biotech) [12,16,19]. The
specific probes for le(OH)ase and 24(OH)ase were similar to
those used for RT-PCR. Hybridization proceeded for 3 h at 65°C,
and the blot was evaluated by autoradiography using a Fujix BAS-
1500 bioimaging analyser (Fujifiim, Tokyo, Japan).

RT-PCR for 1o(OH)ase and 24(0H)ase

Kidney total RNA extraction and cDNA synthesis were performed
as described above. The PCR primers were designed for 1o(OH)-
ase and 24(OH)ase as follows: la(OH)ase (forward/reverse;
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5'-3"), CCGCGGGCTATGCTGGAAC/CTCTGGGCAAAGGC-
AAACATCTGA,; 24(OH)ase (forward/reverse; 5'-3"), TGGGA-
AGATGATGGTGACCC/ACTGTTCCTTTGGGTAGCGT. PCR
were performed for 32 cycles, with cycle conditions of 94 °C for
I min, 58 °C for 1 min, and 72°C for 1 min. All amplicons were
sequenced to confirm the specificity of amplification.

Preparation of BBMVs (brush-horder membrane vesicles)
and transport assay

BBMVs were prepared from mouse kidney or intestine by the Ca**
precipitation method, as described previously [12,16,19]. BBMV
P uptake was measured by the rapid filtration technique. A
sample of 10 ul of vesicle suspension was added to 90 ul of incu-
bation solution (100 mM NaCl, 100 mM mannitol, 20 mM Hepes/
Tris and 0.1 mM KH,*PO,), and the preparation was incubated
at 20°C. Transport was terminated by rapid dilution with ice-cold
saline, and the reaction mixture was transferred immediately to
a remoistened filter (0.45 yum) and maintained under a vacuum
[12,16].

Immunoblotiing

Protein samples were heated at 95°C for 5 min in sample buffer
in the presence of 2-mercaptoethanol and subjected to SDS/PAGE.
The separated proteins were transferred by electrophoresis to
a Hybond-P PVDF transfer membranes and then treated with
diluted affinity-purified antibodies against type Ila (1:4000) or
type Ic (1:1000) Na/P; co-transporters [17,18]. Mouse anti-actin
monoclonal antibody (CHEMICON) was used as an internal con-
trol. Horseradish peroxidase-conjugated anti-rabbit or anti-mouse
1gG was utilized as the secondary antibody (Jackson Immuno-
Research Laboratories), and signals were detected using the ECL
Plus® system (Amersham Pharmacia Biotech) [12,16,19].

Statistical analysis

One-way ANOVA (post hoc Scheffé F-test) and two-factor fac-
torial ANOVA were performed. Data are expressed as means +
S.E.M. Statistical analysis of endogenous serum FGF23 measure-
ments in VDR(—/—) and VDR(+/+) mice was performed using
Welch’s test. P < 0.05 was considered significant.

RESULTS
Effects of FGF23 on food intake in VDR(+/+) and VDR(—/—) mice

VDR(—/—) and VDR(+/+) mice were weaned at 3 weeks of age,
housed in plastic cages, and given free access to water (distilled
water) and diet containing 0.5 % calcium and 0.5 % phosphorus
for 5 weeks, as described in the Experimental section. We meas-
ured the dietary intake of all VDR(—/—) and VDR(+4/+) mice
used in the study. As shown in Table 1, there were no differences
in food intake between VDR(+/+) and VDR(—/~) mice for up
to 4 days after the injection of naked DNA.

Expression of mutant FGF23 mRNA and protein

We demonstrated previously that injection of naked DNA
plasmids encoding the human FGF23 gene into animals resulted
in the expression of FGF23 protein in the liver for at least 4 days
[12,15]. To determine if the effect of FGF23 on intestinal and
renal phosphate transport is dependent on vitamin D, naked DNA
plasmids encoding the human FGF23 gene were injected into
VDR(+/-+) and VDR(—/—) mice. At 4 days after injection, wild-
type human FGF23 and mutant FGF23-R179Q mRNAs were
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Figure 1 Expression of FGF23 in VDR(+/+) and VDR(—/—) mice

At 4 days after administration of FGF23WT, FGF23M or empty vector to VDR(+-/+) mice and
VDR(~/~}mice, we analysed the expression of human FGF23 mRNAand protein. (a) Expression
of FGF23 in the liver, as assessed by competitive RT-PCR (see the Experimental section). FGF23
mRNA levels are shown relative to those of GAPDH mRNA. One-way ANOVA (post hioc Schelfé
F-test) and two-factor factorial ANOVA were performed. Values are means + S.E.M. (n = 5-6);
*P < 0.05 compared with mock vector control. (B3) Serum concentrations of endogenous mouse
FGF23 (mFGF23) protein in VDR(+/+) and VDR(—/—) mice were determined using two
separate ELISA kits, as described in the Experimental section. Statistical analysis of endogenous
serum FGF23 levels in VDR(—/~) and VDR(+/+) mice was performed using Welch's test.
Values are means + S.EM. (n=10); *P < 0.05 for VDR(<4-/+) compared with VDR(—/—)
mice. (¢) Serum concentrations of exogenous human FGF23 protein (hFGF23) were determined
by ELISA in VDR(+/-+) and VDR(~—/—) mice injected with naked DNA. One-way ANOVA (post
hoc Schefté F-test) and two-factor factorial ANOVA were performed. Values are means + S.EM.
(n="5-6); *P < 0.05 compared with mock vector control. ND, not detected.

present in liver tissue at relatively high levels in both VDR(+/+)
and VDR(—/—) mice, as shown by quantitative PCR (Figure 1a).

Using the human FGF23 (C-term) ELISA kit, we demonstrated
that protein levels of human FGF23 were markedly increased in
both VDR(4+/+) and VDR(—/~) mice injected with FGF23M,
but not in mice injected with FGF23WT (Figure 1c).

© 2005 Biochemical Society

Iv-172



328 Y. Inoue and others

Table 1 Effects of FGF23 on food intake in VDR(+-/+) and VDR(~/~) mice

One-way ANOVA (post hoc Scheffé F-test) and two-factor factorial ANOVA were performed. Values are means + S.EM. (n=6-10).

Food intake (g/day)

Mice Injection No. of days of injection... —1 0 1 2 3 4

VOR(+/+)  Mock 42+08 36+10 47+09 38+09 53+08 42+08
FGF23WT 39409 35411 45406 37409 52408 3.9+09
FGF23M 41409 38+09 48405 35409 47405 41409

VDR(—/—-) Mock 45408 37+12 43408 38408 46408 39+12
FGF23WT 42409 39409 47406 35410 49408 36+1.0
FGF23M 44408 36+09 42+09 41+11  47+08 35409

Table 2 FEffects of FGF23 on serum levels of caleium, P;, 1,25(0H),D; and PTH in VDR(+/+) and VDR(—/—) mice at 4 days after injection
One-way ANOVA (post hoc Scheffé F-test) and two-factor factorial ANOVA were performed. Values are means + S.E.M. (n = 6-10). Significance of differences: *P < 0.05 compared with VDR(-+-/+)

(mock); 1P < 0.005 compared with VDR(--/4) (FGF23WT); %P < 0.005 compared with VDR(—/—) (mack); §P < 0.05 compared with VDR(—/—) (FGF23WT)

VDR(-H+) VDR(—/-)

Mock FGF23WT FGF23M Mock FGF2SWT FGF23M
Calcium (mg/dl) 9.0240.14 9.03+023 9244024 6.61+052* 6.90+0.39 746 +0.16
P, (mg/d) 743¥040 743 %031 5.87 016" 5734027 5124030 350+ 0,364
1,25(0H),D; (pg/mi) 82+ 16 130+ 47 640,16 630 +6* 617+ 16 51048
PTH (pg/ml) 19.3+ 3.0 185423 1603 1.0 343+ 25.9* 281+ 476 277+ 253

Table 3 Effects of injection of FGF23M on intestinal and renal Na+-dependent P; transport activity in VDR(+/+) and VDR(—/—) mice

Na+-dependent P; co-transport activity was assessed by the measurement of P; uptake into intestinal or renal BBMVs. One-way ANOVA (post hoc Scheffé F-test) and two-factor factorial ANOVA
were performed. Values are means + S.E.M. (n = 5-6). Significance of differences: *P < 0.05 compared with mock; 1P < 0.05 compared with FGF23WT.

P; uptake (nmol/30s per mg of protein)

VDR(+/+) VDR(—/-)

Mock FGF23WT FGF23M Mock FGF23WT FGF23M
Intestine 0.533+0.03 0.467 +0.070 0.304 + 0.050"7 0.33840.040 0.364 +0.020 0.315+0.060
Kidney 1.024+0.133 0.984+0.100 0.743 +0.040"+ 1.104+0.171 0.960 +0.161 0.733+0.060*t

Effects of FGF23M on serum levels of calcium, P;, PTH
and vitamin D

Serum calcium, P;, PTH and 1,25(OH),D; levels were determined
4 days after injection of FGF23WT, FGF23M or mock vector in
VDR(+/+) and VDR(—/—) mice (Table 2). Serum calcium and
P, levels were significantly decreased in VDR(—/—) mice com-
pared with VDR(+/+) mice, as described previously [16,18].
In contrast, serum PTH and 1,25(0OH),D; levels were markedly in-
creased in VDR(—/—) mice compared with VDR(+/+) mice
[16,18]. Injection of FGF23M resulted in a significant decrease
in serum P;, but did not affect serum calcium or PTH, in both
VDR(+/+) and VDR(—/—) mice. However, FGF23M resulted in
a significant decrease in 1,25(0OH),D; levels only in VDR(+/+)
mice. There were no significant differences in any serum
parameter when comparing mice injected with FGF23WT and
those injected with mock vector.

Effects of FGF23M on renal and intestinal Na/P; transport aclivily
in VDR(+/+) and VDR(—/~) mice

We reported previously that intestinal Na/P; co-transport activity
in VDR(—/—) mice was reduced to 60% of that seen in

© 2005 Biochemical Society

VDR(+/+) mice, and that expression of intestinal Na/P; co-trans-
porter (type IIb) protein was markedly suppressed in VDR(—/-)
mice when compared with VDR(+/+) mice [16]. Further,
whereas renal BBMV Na/P; co-transport activity was similar
when comparing VDR(~/—) mice and VDR(4/+) mice, ex-
pression of type Ila Na/P; protein was slightly and significantly
decreased in VDR(—/—) mice, and there was no difference in
type Ilc Na/P; protein expression between VDR(—/—) and
VDR(-+/4) mice [16].

In the present study, injection of FGF23M resulted in a
significant reduction in intestinal Na/P, co-transport activity in
VDR(+/4+) mice, but had no such effect in VDR(—/—) mice
(Table 3). Injection of FGF23M also resulted in a significant
reduction in renal Na/P; co-transport activity in both VDR(+/+)
and VDR(—/—) mice.

Effects of FGF23M on renal type Il Na/P; co-transporter proteins
in VDR(+/+) and VDR(—/-) mice

Injection of FGF23M resulted in significant attenuation of type Ila
and type Ilc renal Na/P; co-transporter protein expression in
both VDR(+/+) and VDR(—/—) mice (Figures 2I and 2II, left

IV -173



FGF23 action in phosphate metabolism 329

(1) VDR {(+/+) mice =

P —

FGFIY FGR23
Wt

relative intensity

Mock

M

type iia Na/Pi protein

ansissssssossercrssrsssy

fype kla
Wt ™

type e /¥

o~
A d

actin — S o

=
23

tvpe He Ma/Pi protein
relative intensity

Mock

(I1) VDR (-/-) mice ftw‘
i i
B 10— e i
gz |
FR i
a2
Aoy, FGE23 FGE23 $ o
Mock M i 057
it 3
B =
= i
§ e N L. ....
Mok FGFR FGR3

WT M
ik .

type He o

actin o

. FGFIIFGR3
Mock “wop  m

type Tic Ma/Pi protein
relative intensity

Figure 2 Western hiot analysis of renal type Il Na/P; co-transporters

BBMVs (20 .g/lane) isolated from the kidneys of VDR(+-/+) and VDR(—/—) mice injected
with empty vector, FGF23WT or FGF23M were loaded into each lane. Upper panels, type lla
co-transporter; middle panels, type lic Na/P; co-transporter; lower panels, actin (internal control).
The immunoreactive band intensity for mice injected with the empty vector was 1.0. One-way
ANOVA (post hoc Schefté F-test) and two-factor factorial ANOVA were performed. Values
are means + S.E.M. (n=5-6); the significance of differences is indicated by *P < 0.05 and
**P <0.01.

panels). As shown in Figure 2 (right panels), the levels of type Ila
Na/P; co-transporter protein in BBMVs were decreased to 50 %
and those of type Ilc protein were markedly reduced, compared
with BBMVs from mock vector control-injected animals, in both
VDR(+4/4) and VDR(—/—) mice. However, injection of FGF23M
had no effect on type Ila or type llc transporter mRNA levels
in VDR(+/4) or VDR(—/—) mice (Figure 3). As described
previously [12,15], injection of mock vector or FGF23WT had no
effect on intestinal or renal Na/P; co-transport activity, or trans-
porter protein or mRNA levels, in VDR(4/+) or VDR(—/—) mice
(Table 2, Figures 2 and 3).
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Figure 3 Northern blot analysis of renal Na/P; co-transporters

Poly(A)* RNA was extracted from the kidneys of VDR(+/+) and VDR(—/—) mice that had
been injected with FGF23WT, FGF23M or the empty vector. Each lane was loaded with 3 ng of
RNA. Upper panels, type lla co-transporter; middle panels, type llc Na/P; co-transporter; lower
panels, GAPDH (internal control). The visualized band intensity for the mice injected with the
empty vector expression was designated as 1.0, and all other band intensities were expressed
relative to this value. One-way ANOVA (post hoc Scheffé F-test) and two-factor factorial ANOVA
were performed. Values are means + S.EM. {(n=5-6).

Effects of FGF23 on 1«(OH)ase and 24(0H)ase mRNA levels

VDR(—/—) mice have higher 1a(OH)ase mRNA levels and lower
24(OH)ase mRNA levels when compared with VDR(4/+) mice
[20,21]. Injection of FGF23M resulted in a marked reduction in
la(OH)ase mRNA levels (Figure 4) and a significant increase
in 24(OH)ase mRNA levels (Figure 4) in both VDR(+/4) and
VDR(—/—) mice. However, the increase in 24(OH)ase mRNA
levels was much less in VDR(—/—) mice than in VDR(+/+)
mice.

DISCUSSION

The present study used VDR(+/+) and VDR(—/—) mice to inves-
tigate whether vitamin D is involved in the FGF23-mediated
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Figure 4 Effects of injection of FGF23M on 1a(OH)ase and 24(0H)ase
mRNA levels

Poly(A)Y+ RNA was extracted from the kidneys of VDR(+/+) and VDR(—/—) mice that had
been injected with FGF23WT, FGF23M or the empty vector. Each lane was loaded with 3 ug
of RNA. Upper panel, 1e(OH)ase; middle panel, 24(OH)ase; lower panel, GAPDH (internal
control). In the histograms, the visualized band intensity for the VDR(+/4) mice injected with
the empty vector was designated as 1.0, and all other band intensities are expressed relative
to this value. One-way ANOVA (post hoc Scheffé F-test) and two-factor factorial ANOVA were
performed. Values are means + S.EM. (n=5-6); *p < 0.05 compared with VDR(+/+) mock
vector control., °p < 0.05 compared with VOR(—/—) mock vector control.

regulation of renal P; re-absorption, and whether the VDR is
required for the FGF23-mediated down-regulation of 1,25-
(OH),D, levels. The key findings are: (1) VDR may affect the
hepatic expression of exogenous FGF23 mRNA, (2) VDR is not
involved in the FGF23-mediated suppression of renal Na/P; co-
transport activity, (3) VDR may be involved in the FGF23-
mediated down-regulation of intestinal Na/P; co-transport activity,
(4) VDR is involved in the FGF23-mediated induction of renal
24(OH)ase mRNA, and (5) VDR is important in the FGF23-
mediated regulation of plasma 1,25(OH),D; levels.

Previous studies demonstrated that injection of FGF23WT into
rats resulted in an increase in the hepatic expression of FGF23
mRNA, but not in serum FGF23 levels [12]. This lack of a change

© 2005 Biochemical Society

in serum FGF23 levels may result from protein degradation of
wild-type FGF23 in the liver or the circulation, since rats that
received FGF23M showed high levels of mRNA in the liver, and
serum FGF23 protein levels also increased. Indeed, the present
study demonstrated that wild-type FGF23 was degraded in
VDR(+/+) and VDR(—/—) mice. Moreover, the expression of
both wild-type and mutant FGF23 in the liver was higher in
VDR(~/—) than in VDR(+/+) mice (Figure 1a), which suggests
that VDR may control the stability of FGF23 mRNA in the liver.
Further studies are needed to clarify the mechanisms underlying
the hepatic expression of of FGF23.

Recent studies reported that administration of FGF23 resulted
in decreases in type II Na/P; co-transporter mRNA and proteins
levels in the kidney [11,12,14], suggesting that FGF23 may affect
the transcriptional step of type II transporter synthesis. How-
ever, the present study demonstrated that down-regulation of
type II Na/P; co-transporter expression was not dependent on tran-
scriptionally regulated changes in mRNA. Murer et al. [2] found
that changes in type II Na/P; co-transporter mRNA levels were
either rather small or occurred only after prolonged stimulation
by thyroid hormone (3,3',5-tri-iodothyronine) and feeding of a
low-P; diet; furthermore, they occurred after changes in specific
transporter protein content, suggesting that changes in mRNA re-
present a phenomenon secondary to the primary event (i.e. down-
regulation or up-regulation of brush border type Ila co-transporter
expression) [2]. Thus FGF23 may directly modulate trafficking
of the transporter from the apical membrane to the intracellular
organelles.

Injection of FGF23M decreased intestinal Na/P; co-transport
activity in VDR(+4/+4) mice, but not in VDR(—/—) mice, which
suggests that the action of the mutant FGF23 on intestinal P; trans-
port is VDR-dependent. Further, VDR(—/—) mice were charac-
terized by hypophosphataemia, hypocalcaemia and high PTH and
1,25(0H),D; levels, which may also affect the action of FGF23M.
In a previous study, we investigated the effects of FGF23 in hypo-
phosphataemic animals (fed a low-P; diet) [12]. After injection of
naked FGF23 DNA, renal Na/P; co-transport activity and type II
phosphate transporter protein levels were significantly deceased
in hypophosphataemic rats [12]. la(OH)ase mRNA levels and
intestinal Na/P; co-transport activity were also deceased in those
animals. These data suggested that hypophosphataemia itself does
not affect the function of FGF23 in VDR(—/—) mice. Further
investigations aimed at characterizing the regulation of intestinal
Na/P; co-transporter (type IIb) gene expression by VDR and
mutant FGF23 would be of benefit.

FGF23 acts to decrease 1o(OH)ase mRNA levels and increase
24(OH)ase mRNA levels. Renal la(OH)ase and 24(OH)ase are
regulated by several factors, including PTH, calcium, P, and
1,25(0H), D5 [3-5]. In target tissues, 1,25(0OH),D, exerts most of
its biological actions by binding to the VDR, and feedback regu-
lation of 1o (OH)ase gene expression by 1,25(OH),D, has been
reported [22-24]. Thus VDR may be important in the regulation
of 1a(OH)ase and 24(OH)ase mRNAs by FGF23.

In the present study, injection of FGF23M induced a decrease
in 1e(OH)ase mRNA and an increase 24(OH)ase mRNA levels in
both VDR(+/4) and VDR(—/-) mice. These results suggest that
the actions of FGF23 are independent of the VDR-mediated de-
crease in la(OH)ase mRNA and increase in 24(OH)ase mRNA.
The lack of a decrease in serum 1,25(OH),D; levels in VDR(—/—)
mice injected with FGF23M may be for several reasons. First,
degradation of 1,25(0OH),D; may be insufficient in VDR(—/—)
mice, as expression of 24(OH)ase, which is required for the in-
activation and degradation of vitamin D metabolites, was re-
latively low in these mice. Secondly, the serum calcium concen-
tration may directly regulate serum 1,25(0OH),D; levels.
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Panda et al. [25] studied groups of VDR(—/—) mice exposed to
(1) a high-calcium diet, (2) a high-calcium diet plus injection of
1,25(OH),D;, and (3) arescue diet (high calcium, high phosphate
and high lactose), and showed that only VDR(—/—) mice receiv-
ing a rescue diet had normal plasma calcium levels. Further,
VDR(—/—) mice had normalized plasma P;, 1,25(0OH),D; and
PTH concentrations, as well as increased 24(OH)ase mRNA
and decreased in la(OH)ase mRNA levels {25]. These data sug-
gest that the normalization in serum calcium levels may be related
to normalization of serum 1,25(OH),D; in mice fed the rescue
diet. In the present study, injection of FGF23M did not affect
serum calcium levels in either VDR(+/4) or VDR(—/—) mice.
Since serum calcium levels remained low in VDR(—/-)
mice, high levels of 1,25(OH),D; may persist in these mice.
Further studies to investigate the FGF23 signalling pathway would
be of benefit in clarifying the physiological role of FGF23 in
vitamin D metabolism.

In conclusion, the present study has demonstrated that injection
of FGF23M lowered renal P; transport and la(OH)ase levels by
a mechanism that is independent of the VDR. In contrast, the
induction of 24(OH)ase and reduction in serum 1,25(0OH),D,
levels by FGF23 is dependent on the VDR.

We thank Miss Kazuyo Shiozawa for technical support. This work was supported by grants
from the Ministry of Education, Science, Sports and Culture of Japan {grants 15790430
to H.S. and 11557202 to K. M.} and the 21st Century COE Program, Human Nutritional
Science on Stress Control, Tokushima, Japan.

REFERENCES

1 Miyamoto, K., Segawa, H., Ito, M. and Kuwahata, M. (2004) Physiological regufation of
renal sodium-dependent phosphate cotransporters. Jpn. J. Physiol. 54, 93-102

2 Murer, H., Hernando, N., Forster, |. and Biber, J. (2000) Proximal tubular phosphate
reabsorption: molecular mechanisms. Physiol. Rev. 80, 1373-1409

3 Tenenhouse, H. S. and Sabbagh, Y. (2002) Novel phosphate-regulating genes
in the pathogenesis of renal phosphate wasting disorders. Pflugers. Arch. 444,
317-326

4 Quarles, L. D. (2003) FGF23, PHEX, and MEPE regulation of phosphate homeostasis and
skeletal mineralization. Am. J. Physiol. Endacrinol. Metab. 285, E1-E£9

5 The ADHR Consortium (2000) Autosomal dominant hypophosphatemic rickets is
associated with mutations in FGF23. Nat. Genet. 26, 345-348

6 White, K. E., Jonssen, K. B., Camn, G., Hampson, G., Spector, T. D., Mannstadt, M.,
Lorenz-Depiereux, B., Miyauchi, A., Yang, 1. M., Liunggren, 0. et al. (2001) The
autosomal dominant hypophosphatemic rickets (ADHR) gene is a secreted polypeptide
overexpressed by tumors that cause phosphate wasting. J. Clin. Endocrinol. Metab. 86,
497-500

7 Liu, S, Simpson, L. G., Xiao, Z. S., Burnham, C. E. and Quales, L. D. (2003) Regulation of
fibroblastic growth factor 23 expression but not degradation by PHEX. J. Biol. Chem.
2178, 37419-37426

8 Yamazaki, Y., Okazaki, R., Shibata, M., Hasegawa, Y., Satoh, K., Tajima, T., Takeuchi, Y.,
Fujita, T, Nakahara, K., Yamashita, T. and Fukumoto, S. (2002) Increased circulatory level
of biologically active full-length FGF-23 in patients with hypophosphatemic rickets/
osteomalacia. J. Clin. Endocrinol. Metab. 87, 49574960

Received 26 October 2004/25 April 2005; accepted 10 May 2005
Published as BJ Immediate Publication 10 May 2005, doi:10.1042/8J20041799

IV-176

16

17

18

20

21

23

24

25

Bai, X. Y., Miao, D., Golzman, D. and Karaplis, A. C. (2003) The autosomal dominant
hypophosphatemic rickets R176Q mutation in fibroblast growth factor 23 resists
proteolytic cleavage and enhances in vivo biological potency. J. Biol. Chem. 278,
9843-9849

Bai, X. Y., Miao, D., Li, J., Golzman, D. and Karaplis, A. C. (2004) Transgenic mice
overexpressing human fibroblast growth factor 23 (R176Q) delineate a putative role for
parathyroid hormone in renal phosphate wasting disorders. Endocrinology 145,
5269-5279

Larsson, T., Marsell, R., Schipani, E., Ohlsson, C., Ljunggren, 0., Tenenhouse, H. S.,
Juppner, H. and Jonsson, K. B. (2003) Transgenic mice expressing fibrablast growth
factor 23 under the control of the a1(1) coltagen promoter exhibit growth retardation,
osteomalacia and disturbed phosphate homeostasis. Endocrinology 145, 3087-3094
Segawa, H., Kawakami, E., Kaneko, ., Kuwahata, M., Ito, M., Kusano, K., Saito, H.,
Fukushima, N. and Miyamoto, K. (2003) Effect of hydrolysis-resistant FGF23-R179Q on
dietary phosphate regulation of the renal type-1l Na/Pi transporter. Pilugers Arch. 448,
585-592

Shimada, T., Mizutani, S., Muto, T, Yoneya, T, Hino, R., Takeda, S., Takeuchi, Y.,

Fuijita, T., Fukumoto, S. and Yamashita, T. (2001) Cloning and characterization of FGF23
as a causative factor of tumor-induced osteomalacia. Proc. Natl. Acad. Sci. U.S.A. 98,
6500-6505

Shimada, T., Hasegawa, H., Yamazaki, Y., Muto, T, Hino, R., Takeuchi, Y., Nakamura, K.,
Fukumoto, S. and Yamashita, T. (2004) FGF-23 is a potent regulator of vitamin D
metabolism and phosphate homeostasis. J. Bone Miner. Res. 19, 429-435

Saito, H., Kusano, K., Kinosaki, M., Ito, H., Hirata, M., Segawa, H., Miyamoto, K. and
Fukushima, N. (2003) Human fibroblast growth factor-23 mutants suppress
Na*-dependent phosphate co-transport activity and 1a,25-dihydroxyvitamin D3
production. J. Biol. Chem. 278, 2206-2211

Segawa, H., Kaneko, 1., Yamanaka, S., Ito, M., Kuwahata, M., Inoue, Y., Kato, S. and
Miyamoto, K. (2004) Intestinal Na/Pi cotransporter adaptation 1o dietary Pi content in
vitamin D-receptor (VOR) null mice. Am. J. Physiol. Renal Physiol. 287, F39-F47
Shimada, T., Kakitani, M., Yamazaki, Y., Hasegawa, H., Takeuchi, Y., Fujita, T,
Fukumoto, S., Tomizuka, K. and Yamashita, T. (2004) Targeted ablation of FGF23
demonstrates an essential physiological role of FGF23 in phosphate and vitamin D
metabolism. J. Clin. Invest. 113, 561-568

Yoshizawa, T., Hanada, Y., Uematsu, Y., Takeda, S., Sekine, K., Yoshihara, Y.,

Kawakami, T., Akioka, K., Sato, H., Ushiyama, Y. et al. (1997) Mice lacking the vitamin D
receptor exhibit impaired bone formation, utering hypoplasia and growth retardation after
weaning. Nat. Genet. 6, 391-396

Ohkido, 1., Segawa, H., Yanagida, R., Nakamura, M. and Miyamoto, K. (2003) Cloning,
gene structure and dietary regulation of the type-He Na/Pi cotransporter in the mouse
kidney. Pflugers Arch. 446, 106-115

Li, X., Zheng, W. and Li, Y. C. (2003) Altered gene expression profile in the kidney of
vitamin D receptor knockout mice. J. Cell. Biochem. 88, 709-719

Takeyama, K., Kitanaka, S., Sato, T., Kobori, M., Yanagisawa, J. and Kato, S. (1997)
25-Hydroxyvitamin D3 1a-hydroxylase and vitamin D synthesis. Science 277,
1827-1830

Barletta, F., Dhawan, P. and Christakos, S. (2004) Integration of hormone signaling in the
regulation of human 25(0H)D3 24-hydroxylase transcription. Am. J. Physiol.
Endocrinol. Metab. 286, E598-E608

Christakos, S., Dhawan, P, Liu, Y., Peng, X. and Porta, A. (2003) New insights into the
mechanisms of vitamin D action. J. Celt. Biochem. 88, 695-705

Christakos, S., Barletta, F., Huening, M., Dhawan, P, Liu, Y., Porta, A. and Peng, X. (2003)
Vitamin D target proteins: function and regulation. J. Cell. Biochem. 88, 238244
Panda, D. K., Miao, D., Bolivar, 1., Li, J., Huo, R., Hendy, G. N. and Goltzman, D. (2004)
Inactivation of the 25-hydroxyvitamin D 1alpha-hydroxylase and vitamin D receptor
demonstrates independent and interdependent effects of catcium and vitamin D on
skelefal and mineral homeostasis. J. Biol. Chem. 278, 16754-16766

© 2005 Biochemical Society



JB Minireview—Reproductive / Urogenital Organ Development and Molecular Genetic Cascades

o. Biochem. 138, 105110 (2005)
DOI: 10.1093/jb/mvil18

Study of Androgen Receptor Functions by Genetic Models

Takahiro Matsumotol?2, Ken-ichi Takeyama!l, Takashi Sato! and Shigeaki Katol,2"

Unstitute of Molecular and Cellular Biosciences, University of Tokyo, 1-1-1 Yayoi, Bunkyo-ku, Tokyo, 113-0032; and
2ERATO, Japan Science and Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama, 332-0012

Received April 6, 2005; accepted April 20, 2005

Androgens exert most of their bioclogical activities through binding to the androgen
receptor (AR). The AR belongs to the nuclear receptor superfamily and acts as a lig-
and-inducible transeriptional factor. AR dysfunction causes a diverse range of clini-
cal conditions, such as testicular mutation (Tfm) syndrome, prostate cancer, and spi-
nal and bulbar muscular atrophy (SBMA). However, the molecular basis of the AR
function underlying these AR-related disorders remains largely unknown due to the
lack of stable genetic models. Here we review recent results of our studies into
genetic models of the loss of AR function in mice and the gain of AR function in Dro-
sophila.

Key words: androgen receptor (AR), androgen receptor knockout (ARKO), Dro-
sophila-eye model, polyQ repeat, spinal and bulbar muscular atrophy (SBMA), testic-
ular feminization mutation (Tfm).

Abbreviations: AR, androgen receptor; ARE, androgen response element; KO, knockout; SBMA, spinal and bulbar
muscular atrophy; Tfm, testicular feminization mutation.

Androgens as male sex hormones have a critical role in
wide rage biological processes (I, 2). These include sper-
matogenesis, virilization of genitalia and brain functions.
Most actions of androgens are mediated by the nuclear
androgen receptor (AR), which acts as ligand-inducible
transcription factor (3, 4). Liganded AR forms homodim-
ers and binds specific DNA elements in the target gene
promoter. The DNA element that binds AR is the com-
mon sequence 5'-AGAACANNNTGTTCT-3', referred to
as the consensus androgen response element (ARE). To
date, a number of clinical disorders of the AR have been
reported. Classical AR functional abnormalities cause a
spectrum of disorders of androgen insensitivity syndrome
(AIS) or testicular feminization mutation (Tfm) (6-9). AR
mutations underlying these disorders include amino acid
substitutions in the DNA or ligand binding domains,
point mutations leading to premature stop codons, and
deletions of the AR gene (6, 8, 9). In addition, expansion
of a polyQ repeat region within AR has been implicated
in the pathogenesis of a motor neuron disease called spi-
nal and bulbar muscular atrophy (SBMA) (5, 7). ARis a
relatively large protein compared to other steroid recep-
tors, due to its long N-terminal A/B domain that contains
this polyQ repeat. However, the molecular basis of AR
function underlying these AR-related disorders remains
largely unknown due to the lack of stable genetic models.
In this article, we present recent results of our studies
into genetic models of loss of AR function in mice (10-12)
and gain of AR function in Drosophila (13).

*To whom correspondence should be addressed at: Institute of
Molecular and Cellular Biosciences, University of Tokyo, Yayoi,
Bunkyo-ku, Tokyo 113-0032. Fax: +81-3-5841-8477, Tel: +81-3-
5841-8478, E-mail: uskato@mail.ecc.u-tokyo.acjp
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Domain features of androgen receptor

In the late 1980s, the cloning the human AR opened an
avenue for understanding the molecular mechanism of
androgen actions (I4). The AR gene comprises eight
exons that encode a 110-kDa protein. In common with
other members of the nuclear receptor superfamily, the
AR contains distinct structural and functional domains
referred to as domains A to E(F) (3, 4). The highly con-
served middle region (C domain) acts as a DNA binding
domain, while the ligand binding domain (LBD) is
located in the C-terminal E/F domain. The L.LBDs of most
nuclear receptors, including AR, have been analyzed and
are comprised of 12 o helixes that form a pocket to cap-
ture cognate ligands (15, 16). Upon ligand binding, the C-
terminal o helix 12 (H12) in the LBD shifts position to
create a space, with helixes 3 to 5 serving as the key
interface following dissociation of corepressor complexes
and association of coactivator complexes (3, 17). During
ligand-induced transactivation, the N-terminal domains
A/B and the steroid receptor LBD act as interacting
regions for the co-activator complexes. The autonomous
activation function-1 (AF-1) within the A/B domain is lig-
and-independent, while AF-2 within the LBD is induced
upon ligand binding (18). While unliganded LLBD appears
to suppress the function of the A/B domain, ligand bind-
ing to the LBD is thought to evoke LDB function and
restore A/B domain function through an as yet unde-
scribed intramolecular alteration of the entire steroid
receptor structure.

Generation of AR-null mutant mice by gene target-
ing using the Cre-loxP system

Although androgens seem to exert beneficial effects in
males, the physiological role of AR-mediated androgen
signaling in male physioclogy and behaviors has not been
established. This is because estrogens are locally con-
verted from serum androgens by aromatase in target

© 2005 The Japanese Biochemical Society.
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Fig. 1. Schematic representa-

indifferent gonads tion of reproductive organs
/ ' in male ARKO mice. Male
ARKO mice are characterized by
female-typical appearance, in-
cluding a clitoris-like phallus
and a vagina with a blind end,
as well as the absence of inter-
nal male and female reproduc-
tive organs, except for the pres-
ence of atrophic testes.

Wild male ARKO male

A B Fig. 2. Ablation of AR in
male mice resulted in the

100 - _ **,_*'*—*, 1001 —o- WT male lack of both male and fe-
! 1 x . —a& ARKO male male sexual behaviors. (4)

801 —o- WT female Loss of all components of male
sexual behavior in intact
(Gonads: +) 10-week-old ARKO
mice, (B) Lordosis was not in-
duced in gonadectomized ARKO

I 201 male mice after treatment with

0 0 0 0 E2. (C) Schematic representa-
Genotype ~ WT WT WT WT KO KO KO KO iinledinddadihdind tion of AR function in perinatal
Sex male male male male male male male male 2 46 8 1012141618 brain masculinization and de-

Gonads + “ - - + - - = : i feminization.
Troatmon Tria o B2 T PLa oiT B2 Days after implantation of E2 peliet

Mount
N 2 [¢)] [s2]
o O @ O o

% of mice Showing
OO
o O

Lordosis Quotient

(=]
f

. Biochem.

IV-178



Study of Androgen Receptor Functions by Genetic Models 107

A B C Testis Fat tissue
BMD of femur etc.
60 ] * p<0.01 A B A E
WT ,—3——«* ## p<0.05 i
male NS aromatase] | [aromatase]
555 >’
g€
50
ARKO
male

WT ARKO WT ARKO
male male female female

WT male ARKO male

Bone mass

Fig. 3. Osteopenia in male ARKO mice. (A) Three-dimensional male ARKO mice by BMD analysis. (C) Schema of skeletal sex hor-
computed tomography images of distal femora from representative mone action.
8-week-old male ARKO mice. (B) Bone loss in femur of 8-week-old

organs. The AR gene is located on the X chromosome, and
A therefore exists as a single copy in males. As male ani-

mals lacking a functional AR gene would be expected to
show Tfm abnormalities with complete infertility, suc-
cessful targeted disruption of the AR gene, essential for
reproduction, necessarily prohibits its transmission to
the next generation. Therefore, to define AR function, an
AR-null mutant mouse line was generated by means of
the Cre-loxP system (19), which was used to circumvent
the problem of male infertility. We first generated floxed
AR mice, in which the AR gene locus was flanked by loxP
sites. Floxed AR mice were fully fertile and showed nor-
mal expression of AR protein. We then crossed these mice
with mice that expressed the Cre recombinase ubiqui-
tously under the control of a CMV promoter, and obtained
male and female ARKO mice at theoretical Mendellian
frequencies. No AR transcript or protein was detected,
male male which indicates that they were complete null mutant

mice for the AR gene.

B Tfm abnormalities in male ARKO mice

As expected, the AR-null mutation in males resulted in
the ablation of masculinization of reproductive organs
(11). ARKO mice exhibited female-typical external
appearance, including a vagina with a blind end and a
clitoris-like phallus, instead of a penis and scrotum (Fig.
1). Male reproductive organs, such as seminal vesicles,
vas deferens, epididymis and prostate were absent in
ARKO males. However, no ovaries or uteri were
observed, although small inguinal testes were present.
Histological examination of the testes showed that sper-
matogenesis was severely arrested. These observations
in ARKO males are similar to a human hereditary disor-
der, AIS or Tfm, in which mutations in the AR gene have
been identified in several families. Testicular androgen
c levels were very low, whereas serum estrogen levels

appeared normal in ARKO males.

appearance of 30-week-old male ARKO mice. (B) Subcutaneous
white adipose tissues from 30-week-old male ARKO mice. (C)
Schema of AR function in adipogenesis.

I Adipﬁsa Fig. 4. Late onset of obesity in male ARKO mice. (A) External
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Fig. 5. Androgen-dependent structural alteration by the
polyQ-expanded human AR. It is considered that the polyQ-
expanded AR is inactive in the transactivation without the agonists

Brain masculinization requires AR function

Next, we investigated the AR function in perinatal
brain masculinization (11). Intact ARKO males showed
no male sexual behaviors and impaired male aggressive
behaviors (Fig. 2A). Treatment with the non-aromatiz-
able androgen 5o-dihydrotestosterone (DHT) partially
rescued impaired male aggressive behaviors in ARKO
males, suggesting that DHT activity in male aggressive
behaviors is mediated via both AR-independent and
-dependent pathways in the adult. In contrast, no female
sexual behavior was induced in ARKO males even when
estrogen alone or both estrogen and progesterone was
administered (Fig. 2B), suggesting that the brains of
ARKO males were defeminized (Fig. 2C). The AR func-
tion in brain masculinization at a limited perinatal stage
was further studied in ARKO females. While DHT-
induced masculinization of female brain at the perinatal
stage led to adult female mice sensitive to both E2 and
DHT with the expression of male-typical behaviors, such
responses were completely abolished in ARKO females.
These data provide genetic evidence that once the brain
is perinatally masculinized through liganded-AR, the
sexually developed brain becomes sensitive to both
androgen and estrogen with regard to the expression of
male-typical behaviors in adulthood (Fig. 20).

High turnover osteopenia in male ARKO mice
Beyond the reproductive physiology, sex steroid hor-
mones are implicated in involvement of homeostatic proc-
esses, such as bone metabolism. Sex hormone status is
reflected in bone mass, and hormonal deficiency is well
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(androgens); but in the presence of the agonists, it alters the molecu-
lar structure and also recruits the co-activators, while the polyQ
repeat induces apoptosis by their aggregation.

known to lead to progressive bone loss. The most striking
example, osteoporosis in postmenopausal women, is a
state of estrogen deficiency coupled with imbalanced
bone remodeling. However, the physiological role of the
AR-mediated androgen signaling in the skeletal tissues
has not yet been established. We performed in vivo anal-
yses of the bone of 8-week-old ARKO males and found
that the trabecular and cortical bone volumes were
remarkably reduced (Fig. 3, A-B) (12). Bone loss in
ARKO mice was only partially prevented by treatment
with aromatizable testosterone (Fig. 3C). Histomorpho-
metric analysis further showed that both bone formation
and resorption were enhanced in ARKO males, but the
increase in bone resorption exceeded that in formation.
In view of these findings, we concluded that bone loss
found in ARKO males was based on the high bone turno-
ver osteopenia.

Late onset of obesity in male ARKO mice

Another hallmark of ARKO males was late-onset cbes-
ity (Fig. 4A) (10). From birth, ARKO male mice were
externally indistinguishable from normal female WT lit-
termates in terms of ano-genital distance and growth
curve up to 10 weeks. However, thereafter, the growth of
ARKO males rapidly increased, and at 12 weeks of age,
male ARKO mouse body weights exceeded that of WT
male littermates. This late onset of drastically increased
ARKO male growth curve led to the clear development of
obesity, with 30-week old ARKO males showing signifi-
cantly increased wet tissue weights in white adipose tis-
sues (Fig. 4B). Such clear increases were not detected in
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