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Introduction
Fibroblast growth factor 23 (FGF23) is a bone-derived humoral 
factor underlying the etiology of several inherited and acquired 
renal phosphate wasting diseases (1, 2). It is highly expressed in 
osteocytes (3), and following secretion, it reaches the kidney to 
stimulate urinary phosphate excretion by inducing endocyto-
sis of the sodium-phosphate cotransporters NPT2a and NPT2c 
from the apical membrane of renal proximal tubule cells (4).  
In addition, FGF23 impairs the production of renal 1,25- 
dihydroxyvitamin D [1,25(OH)2D] by inhibiting the expression 
of CYP27B1, the enzyme that converts 25-(OH)D to its active 
metabolite, 1,25(OH)2D (5). FGF23 also upregulates the expres-
sion of vitamin D 24-hydroxylase (Cyp24a1, herein referred to 
as Cyp24) (5), a mitochondrial enzyme responsible for inactivat-
ing vitamin D metabolites through the C-24 oxidation pathway. 
In the parathyroid, FGF23 directly inhibits the synthesis and 
secretion of parathyroid hormone (PTH) (6), perhaps utilizing it 
as a secondary mechanism for inhibiting 1,25(OH)2D synthesis. 
Therefore, FGF23 actions on the kidney and parathyroid glands 
appear to serve the primary purpose of maintaining phosphorus 

homeostasis by enhancing urinary phosphate excretion, while 
decreasing intestinal phosphorus absorption through lower cir-
culating serum concentrations of 1,25(OH)2D.

In a transgenic mouse model overexpressing the mutant 
form of FGF23, FGF23R176Q , which is associated with the auto-
somal dominant form of hypophosphatemic rickets (ADHR), we 
have reported high expression levels of Cyp24 in the kidneys (5, 
7). Similar observations have been made in Hyp mice (8, 9), the 
murine homolog of X-linked hypophosphatemic rickets (XLH), 
in which, in both humans and mice, inactivating mutations of 
phosphate-regulating endopeptidase homolog, X-linked (PHEX) 
also give rise to FGF23-dependent hypophosphatemia (10, 11). 
Hence, it was proposed that the paradoxical observation of low or 
inappropriately normal circulating 1,25(OH)2D levels observed in 
these disorders, despite the prevailing hypophosphatemia, arise 
from the decrease in its synthesis, along with the increase in its 
catabolism. This is unique to high FGF23–associated states, as in 
other renal phosphate wasting conditions, 1,25(OH)2D synthesis is 
appropriately increased by hypophosphatemia (12, 13).

We hypothesized, therefore, that increased CYP24 expres-
sion is a major contributor to the pathogenesis of renal phos-
phate wasting disorders due to excess FGF23 levels. Here, we 
have tested this supposition by crossing mice homozygous for 
the null Cyp24 allele with Hyp mice or with mice expressing the 
FGF23R176Q transgene, thereby obtaining in each case progeny 
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PTH concentration may have contributed in part to the further 
decrease in 1,25(OH)2D levels, as PTH normally serves to stimu-
late renal Cyp27b1 expression, which is elevated in kidneys from 
Hyp Y mice but nearly absent in kidneys from Cyp24–/– Hyp Y mice 
(Figure 2, G and H). The paradox of increased Cyp27b1 expres-
sion in the context of decreased enzymatic activity in FGF23-
mediated renal phosphate wasting disorders has been attributed 
to a defect in translational or posttranslational modification and 
not to aberrant transcriptional regulation (15). In summary, the 
lack of change in serum levels of calcium and, more specifically, 
phosphorus point to the involvement of other factors required to 
explain the profound skeletal amelioration in Hyp mice that arose 
following Cyp24 ablation.

Cyp24 deletion in FGF23R176Q-transgenic mice. Increased FGF23 
levels in Hyp mice arise due to loss of PHEX activity. We therefore 
questioned whether the skeletal improvements observed follow-
ing Cyp24 deletion in this mouse model were indeed related to 
changes in actions arising from FGF23 overactivity and not due to 
those arising from loss of PHEX action. We sought to address this 
question by introducing the Cyp24-null allele in a mouse model 
of ectopic FGF23 overexpression, but where PHEX activity is pre-
served. Therefore, Cyp24-null mice were crossed with mice over-
expressing human FGF23R176Q under the control of the human apo-
lipoprotein E3 (APOE3) promoter. These transgenic animals (FTg) 
express a mutant form of FGF23 described in patients with auto-
somal dominant hypophosphatemic rickets (ADHR) (14), which is 
resistant to proteolytic cleavage by furin proteases. This form of 
FGF23 has a longer circulating half-life and enhanced in vivo bio-
logical potency (16, 17), but PHEX activity remains normal. More-
over, ectopic expression of FGF23R176Q in mice gives rise to all the 
biochemical and rachitic and osteomalacic alterations observed as 
a consequence of FGF23 overactivity (7).

Following introduction of the Cyp24-null allele on an FTg back-
ground, progeny (Cyp24–/– FTg) were obtained that once again reca-
pitulated the physical and biochemical alterations that character-
ized the Cyp24–/– Hyp Y mice. As shown in Figure 3, A and B, these 
mice displayed a profound amelioration of the bony rachitic and 
osteomalacic changes associated with FGF23 overexpression, as 
determined by radiographic and μCT analysis. Histologic assess-
ment of long bones confirmed the amelioration in growth plate 
development and calcification and bone mineralization (Figure 3, 
C and D). Moreover, the serum biochemical profile paralleled that 
of the Cyp24–/– Hyp Y mice (Figure 4, A–F); that is, serum phospho-
rus and its renal handling as well as calcium levels did not change, 
while circulating PTH levels decreased and 1,25(OH)2D was 
reduced further, while transgenic FGF23 levels remained elevated 
following Cyp24 ablation (Figure 4G). In contrast to what was 
observed in Cyp24–/– Hyp Y mice, endogenous FGF23 levels did 
not change, as indicated by the suppressed carboxyl terminal frag-
ment of FGF23 in the serum (Figure 4H). As anticipated, serum 
osteocalcin levels rose in Cyp24–/– FTg mice compared with levels 
detected in FTg mice, consistent with increased bone formation 
and mineralization (Figure 4I). Moreover, renal Cyp27b1 expres-
sion was profoundly decreased in kidneys from Cyp24–/– FTg mice 
(Figure 4, J–L). Our findings, therefore, would suggest that loss 
of CYP24 activity affects FGF23 actions, irrespective of whether 
FGF23 levels increase as a consequence of loss of PHEX activity or 

with high circulating levels of FGF23 but lacking CYP24 enzy-
matic activity. We show that in the absence of CYP24, serum 
levels of phosphorus and 1,25(OH)2D did not improve, but the 
rachitic/osteomalacic bone abnormalities were ameliorated in 
these 2 animal models with high levels of FGF23 activity in the 
circulation. We have observed similar skeletal improvements 
using pharmacologic inhibition of CYP24 activity in Hyp and 
FGF23R176Q-transgenic mice. Our findings, therefore, substantiate 
the concept that excess Cyp24 expression accompanying excess 
FGF23 activity lends itself to pharmacologic inhibition and could 
serve as a novel adjuvant therapeutic avenue for the treatment of 
FGF23-mediated renal phosphate wasting disorders.

Results
Analysis of Cyp24–/– Hyp Y mice. We first determined whether 
silencing of CYP24 enzymatic activity would alter any of the bio-
chemical and/or skeletal manifestations arising from increased 
FGF23 expression. To address this question, we undertook a 
murine genetic approach and crossed Hyp mice with a strain 
homozygous for the null allele at the Cyp24 locus (14) to obtain 
Cyp24–/– Hyp Y progeny (Figure 1A). Normally, only half of the 
Cyp24-null mice survive perinatally from the prevailing hyper-
calcemia and exhibit adaptive serum biochemical changes that 
serve to normalize serum calcium and phosphate levels. For the 
Hyp mice, we focused on males because of the likelihood of having 
more consistently severe disease due to the presence of only one 
X chromosome and, therefore, no WT allele for Phex. In contrast, 
heterozygous females have 1 normal and 1 abnormal Phex allele. 
Interestingly, the phenotypic features of these mice more closely 
approximated those of WT and Cyp24–/– animals (larger size,  
longer limbs and tail) than those of Hyp mice. Plain radiographs of 
long bones confirmed the apparent increase in long bone length 
and, in addition, the dramatic amelioration of the rachitic features 
such as widening of the growth plate and epiphyseal splaying that 
are characteristic of the Hyp phenotype (Figure 1B).

Cyp24–/– Hyp Y skeletal phenotype. We next examined in 
detail the skeletal changes arising in Hyp mice in the absence 
of CYP24 enzymatic activity. Micro-CT (μCT) analysis of long 
bones (Figure 1C) as well as histological and histomorphometric 
assessment (Figure 1, D–F) confirmed the pronounced decrease 
in unmineralized growth plate thickness and bone osteoid in 
Hyp mice following Cyp24 deletion. Taken together, these find-
ings added credence to our supposition that CYP24 activity is 
central to the rachitic and osteomalacic skeletal alterations 
associated with excess FGF23–mediated activity.

Serum biochemistry and renal Cyp27b1 expression in Cyp24–/–  
Hyp Y mice. The question then arose as to whether there were 
concomitant improvements in Hyp serum levels of phospho-
rus, 1,25(OH)2D, and FGF23 in the absence of Cyp24 that could 
account for the observed skeletal amelioration. However, we did 
not detect any such changes in serum biochemistry (Figure 2, A–F). 
In fact, serum levels of phosphorus, alkaline phosphatase (ALP) 
activity, and intact FGF23 paralleled those in Hyp mice, with the 
latter two increasing further following Cyp24 ablation. In contrast, 
circulating PTH levels became markedly suppressed and were 
accompanied by a further reduction in serum 1,25(OH)2D con-
centrations, while calcium levels remained unaltered. The lower 
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subfamily V, member 5 (TRPV5) channel (18) may have accounted 
in part for the maintenance of serum calcium levels. Indeed, Trpv5 
levels were increased in kidneys from Cyp24–/– FTg mice compared 
with levels in transgenic mice (Figure 5A). In addition, augmented 
expression of other key regulators of calcium renal handling was 
observed, such as for Trpv6, calbindin-D28K (Calb1), and calbind-
in-D9k (S100g) (Figure 5, B–D). Similar changes were observed in 
other active vitamin D–responsive tissues, specifically the duode-
num, where expression of Trpv6 and S100g was significantly 
potentiated (Figure 5, E and F). These findings provide an expla-
nation for the capacity of Cyp24–/– FTg and probably Hyp Y Cyp24–/– 

from direct ectopic expression, as observed in the FTg mice. Given 
these additional observations, we can conclude that loss of CYP24 
activity leads to a dramatic amelioration of the bone phenotype 
associated with FGF23-mediated renal phosphate wasting disor-
ders, without impacting serum calcium or phosphorus concentra-
tions and despite further decreasing levels of serum 1,25(OH)2D.

Increased renal and intestinal calcium transport. We then ques-
tioned why the decreases in circulating PTH and 1,25(OH)2D serum 
levels failed to have a negative impact on serum calcium concen-
trations. Increased calcium reabsorption at the level of the kidney 
by FGF23 through the transient receptor potential cation channel, 

Figure 1. Generation of Cyp24–/– Hyp Y mice and bone morphology. (A). Southern blot analysis of tail genomic DNA. The presence of Sry and the absence of 
Phex were used to identify male mice of the Hyp genotype. (B) Representative contact radiographs of femurs from mice of the 4 indicated genotypes illus-
trating the increase in bone length observed in Hyp mice following Cyp24 ablation. Arrow shows widening of the growth plate; bracket shows splaying of the 
epiphysis. (C) μCT of long bones. Top panel: 3D reconstructed front views of the proximal ends of tibiae (arrow illustrates widening and lack of mineralization 
of the Hyp growth plate); middle panel: longitudinal; bottom panel: cross-sectional views of tibiae obtained from μCT scan images of 52-day-old mice of the 
indicated genotypes. Quantitative analyses of (D) unmineralized thickness of growth plates, (E) percentage of osteoid volume (OV) per bone volume (BV), 
and (F) number of osteoclasts per total area, as measured by computer-assisted image analysis. Each value represents the mean ± SEM of determinations 
in 5 mice of each genotype. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with WT mice; #P < 0.05, ##P < 0.01, and ###P < 0.001 compared with Cyp24–/– 
mice; and †P < 0.5, ††P < 0.01, and †††P < 0.001 compared with Hyp Y mice, all determined by 1-way ANOVA with Tukey’s multiple comparisons post test.
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the other hand, in the developing bone, it would lead to improved 
mineralization of the growth plate and amelioration of the rachitic 
and osteomalacic changes observed.

To confirm this supposition, we examined tissue 1,25(OH)2D 
levels in kidney and confirmed the anticipated increase in 
Cyp24–/– FTg mice compared with levels detected in FTg mice (Fig-
ure 5G). A similar trend was also evident in long bones, although 
the differences were not statistically significant (Figure 5H). 
This rise in local 1,25(OH)2D levels occurs despite the evident 
decrease in its circulating concentration, thereby substantiat-
ing the increased local tissue production of the hormone in the 
absence of CYP24 enzymatic activity.

Pharmacologic inhibition of CYP24 activity in vivo. We then 
examined whether pharmacologic inhibition of CYP24 activity in 
vivo could be used to improve the associated rachitic and osteo-
malacic abnormalities that arise from increased FGF23 activity in 
Hyp Y mice. To address this question, we administered either vehi-
cle or a specific CYP24 inhibitor, CTA102 (IC50 8.5 nM) (Figure 6, 
A–D), to Hyp Y mice i.p. daily for 8 weeks, starting at 4 weeks of 
age, and measured serum biochemical and bone parameters.

mice to maintain serum calcium concentrations in the presence of 
decreasing circulating levels of PTH and 1,25(OH)2D. In addition, 
these findings implicate factors other than FGF23 being responsi-
ble for the observed increase in calcium handling.

Increased tissue levels of 1,25(OH)2D in Cyp24–/– FTg mice. 
1,25(OH)2D acts as one of the key regulators of calcium handling 
in kidney and duodenum by acting on the vitamin D response ele-
ment and altering expression of the main calcium transport pro-
teins TRPV5, TRPV6, CALB1, and S100G (19–22). Since circulat-
ing levels of active vitamin D were decreased in Cyp24–/– FTg mice, 
a plausible explanation stems from the likelihood that it is the 
tissue levels of 1,25(OH)2D that increase due to local production 
by CYP27B1 in association with a completely ineffective catabolic 
pathway, in other words, a total absence of CYP24 activity. Cyp24 
expression is not unique to the proximal renal tubule epithelium 
but has been observed in many other tissues including the para-
thyroid glands, chondrocytes, and enterocytes (23, 24). Therefore, 
rising tissue levels of 1,25(OH)2D in renal and intestinal epithelial 
cells would increase calcium transport, while in the parathyroid 
cells, it would cause the observed decrease in PTH secretion. On 

Figure 2. Serum biochemistry and renal Cyp27b1 expression in Cyp24–/– Hyp Y mice. Serum levels of (A) phosphorus, (B) calcium, (C) PTH, (D) ALP activity, 
(E) 1,25-dihydroxyvitamin D3 [1,25(OH)2D3], and (F) intact FGF23 in mice of the indicated genotypes. Results represent the mean ± SEM (n = 8–9 mice/
group). *P < 0.05, **P < 0.01, and ***P < 0.001, relative to WT mice; #P < 0.05, ##P < 0.01, and ###P < 0.001, relative to Cyp24–/– mice; †P < 0.05, ††P < 0.01, 
and †††P < 0.001, relative to Hyp Y mice, all determined by 1-way ANOVA with Tukey’s multiple comparisons post test. (G) Northern blot analysis of renal 
Cyp27b1 expression in kidneys from WT, Cyp24–/–, Hyp Y, and Cyp24–/– Hyp Y mice. Gapdh expression was used as a loading control. (H) Graphic representa-
tion of Cyp27b1/Gapdh expression ratio in kidneys from the indicated genotypes.
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A–F). We made similar observations in FGF23R176Q-transgenic 
mice treated with CTA102 (data not shown). Although the 
serum biochemical changes did not completely reflect those 
observed following complete Cyp24 deletion, they once again 
illustrated the beneficial consequences of CYP24 inhibition on 
the actions of 1,25(OH)2D and specifically on its osteoanabolic 
effects, despite higher circulating levels of FGF23 and persistent 
hypophosphatemia. These findings therefore add credence to 
our observation that inhibition of CYP24 enzymatic activity in 
Hyp mice positively impacts skeletal mineralization by improv-
ing the rachitic and osteomalacic bone abnormalities that arise 
as a consequence of increased activity of circulating FGF23.

Discussion
The findings described in this work highlight the pivotal role 
of CYP24 activity in the pathophysiology of FGF23-dependent 
renal phosphate wasting disorders and bring to the forefront the 
importance of the extrarenal expression of this enzyme in local 
tissue and total body physiology (Figure 9). CYP24 is expressed 
in a variety of tissues, including kidney, intestine, and bone, and 
is induced by 1,25(OH)2D itself, thus regulating its own break-

Treatment with CTA102 did not alter body weight or serum 
levels of phosphorus, calcium, or PTH, but it significantly 
increased the levels of circulating 1,25(OH)2D (Figure 7, A–E). 
The latter is a true indicator of CYP24 inhibition and contrasts 
with the negative effects on vitamin D metabolism by the adap-
tive responses that had taken place in the Cyp24-null mice to 
prevent early lethality due to hypervitaminosis D. Moreover, 
there was a parallel rise in serum levels of FGF23 (Figure 7F). 
This could have occurred, in part, in response to the increase 
in serum 1,25(OH)2D levels. Nevertheless, while serum levels 
of 1,25(OH)2D in CTA102-treated Hyp Y mice were comparable 
to those in WT mice, FGF23 immunostaining was significantly 
more pronounced in the CTA102-treated growth plates (Figure 
7, G and H), suggesting that local increases of 1,25(OH)2D in 
tissues are likely an additional contributor to the higher FGF23 
expression levels. Examination of long bones from treated mice 
identified improvements in a number of μCT-derived param-
eters including decreased growth plate thickness and bone 
osteoid, with parallel increases in bone volume and trabecu-
lar numbers with less separation, all of which are indicators of 
improved skeletal development and mineralization (Figure 8, 

Figure 3. Bone morphology of Cyp24–/– FTg mice. (A) Representative contact radiographs of femurs. (B) μCT of long bones. 3D reconstructed front views 
of the proximal end of tibiae (top panel), longitudinal sections (middle panel), and cross sections (lower panel) of tibiae from μCT scanned images of mice 
of the indicated genotypes. (C) Histologic analysis of long bones from 52-day-old mice of the indicated genotypes. Representative micrographs (original 
magnification, ×20) of Picrosirius red– (for the histological visualization of collagen fibers) and von Kossa– (to visualize mineralization) stained sections 
from the distal ends of femurs from mice of each indicated genotype. (D) Higher magnification (original magnification, ×200) of the growth plate (top), 
metaphysis (middle), and cortex (bottom).
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down (25). Increased renal Cyp24 mRNA and immunoreactive 
protein has been proposed as one of the mechanisms for acceler-
ated 1,25(OH)2D catabolism in Hyp XLH mice (26, 27). Moreover, 
CYP24 activity and plasma concentrations of 24,25(OH)2D were 
reported to be significantly higher in Hyp mice than in WT mice 

when both groups were fed a normal diet (28). Hence, in Hyp mice, 
CYP24 activity is reset, such that it is inappropriately high for the 
prevailing serum phosphorus level over a wide range of concen-
trations, leading to both increased catabolism of 1,25(OH)2D and 
decreased substrate availability for its formation.

Figure 4. Serum biochemistry and CYP27B1 expression in Cyp24–/– FTg mice. Serum levels of (A) phosphorus, (B) renal threshold for phosphorus 
(TmPO4/GFR.), (C) calcium, (D) PTH, (E) ALP activity, (F) 1,25(OH)2D, (G) FGF23, (H) C-terminal fragment of FGF23, and (I) osteocalcin in mice of the 
indicated genotypes. GFR, glomerular filtration rate. Results are expressed as the mean ± SEM (n = 7–9 mice/group). *P < 0.05, **P < 0.01, and  
***P < 0.001, relative to WT mice; #P < 0.05, ##P < 0.01, and ###P < 0.001, relative to Cyp24–/– mice; †P < 0.05, ††P < 0.01, and †††P < 0.001, relative 
to Hyp Y mice, all determined by 1-way ANOVA with Tukey’s multiple comparisons post test. (J) Northern blot analysis of renal CYP27B1 expression 
in kidneys from WT, Cyp24–/–, FTg, and Cyp24–/– FTg mice. Gapdh expression was used as a loading control. (K) Graphic representation of the Cyp27b1/
Gapdh expression ratio in kidneys from mice of the indicated genotypes. (L) CYP27B1 immunoreactivity in kidney from the indicated mouse geno-
types (original magnification, ×400).
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CYP24 is the major 1,25(OH)2D-inactivating enzyme. It is 
considered the pivotal determinant of the biological half-life 
of 1,25(OH)2D and plays a key role in fine-tuning the levels and 
actions of 1,25(OH)2D at the tissue level. Intervention with vita-
min D analogs often stimulates the expression of CYP24 (29, 
30), resulting in rapid elimination of the active metabolites. This 
property drastically reduces the effectiveness of the treatment 
with 1,25(OH)2D and could be responsible for its controversial 
efficacy in the treatment of disorders such as chronic kidney dis-
ease, cancers, psoriasis, and perhaps now renal phosphate wast-
ing disorders caused by excess FGF23 activity that would oth-
erwise respond to endogenous or supplemental vitamin D in a 
favorable way. Therefore, the unbalanced high and/or long-last-
ing expression of CYP24 contributes to the pathology of these 
diseases by reducing the local availability of 1,25(OH)2D and 
hence its beneficial efficacy.

What, then, are the consequences 
of decreased 1,25(OH)2D function in the 
peripheral tissues of Hyp mice? Extrarenal 
synthesis of 1,25(OH)2D plays a key role in 
the regulation of cell growth and differen-
tiation at various sites in the body. At the 
parathyroid level, for example, transcrip-
tion of PTH is repressed by 1,25(OH)2D. 
The hormone binds to the vitamin D recep-
tor (VDR), and the ligand-VDR complex, in 
association with the retinoic acid X receptor 
(RXR), binds to a vitamin D response ele-
ment within the promoter region of the PTH 
gene (27). Deletion of the VDR specifically 
in the parathyroid increases basal PTH lev-
els, confirming that the vitamin D signaling 
plays a role in parathyroid physiology (31). 
Increased CYP24 expression in the Hyp 
parathyroid cell would reduce local con-
centrations of 1,25(OH)2D in the tissue and 
hence its repressive effect on Pth transcrip-

tion. On the other hand, deleting or pharmacologically inhibiting 
CYP24 activity allows for locally produced 1,25(OH)2D to exert its 
repressive effects on gene transcription, leading to the observed 
decrease in serum PTH secretion, despite increased serum levels 
of FGF23 and lower renal CYP27B1 activity, with further attenua-
tion of circulating 1,25(OH)2D.

In vitro studies using cells of the osteogenic lineage have cor-
roborated the expression of CYP27B1 and CYP24 in these cells as 
they metabolize 25(OH)D to 1,25(OH)2D and 24,25(OH)2D (32). 
Locally produced 1,25(OH)2D then promotes differentiation, in 
part by upregulation of p21Waf1/Cip1 and decreased expression of 
cyclin D1. Ultimately, these actions enhance bone mineral depo-
sition (33–36). Moreover, enhanced vitamin D activity in mature 
osteoblasts achieved by increasing levels of VDR or CYP27B1 leads 
to improved bone mineral volume and mineralization (37, 38). Con-
versely, CYP24 overexpression in bone cells (39) would reduce the 

Figure 5. Altered expression of calcium trans-
porters and 1,25(OH)2D levels in tissue from 
Cyp24–/– FTg mice. (A) Trpv5, (B) Trpv6, (C) Calb1 
(calbindin D28K), and (D) S100g (calbindin D9K) 
expression in kidneys. Results are expressed as 
the mean ± SEM (n = 6 mice/group). (E) Trpv6 
and (F) S100g expression in the proximal intes-
tinal tract (duodenum). Values are expressed as 
the ratio over actin expression, normalized to  
1 for the WT samples. *P < 0.05, **P < 0.01, 
and ***P < 0.001, relative to WT mice;  
#P < 0.05, ##P < 0.01, and ###P < 0.001, relative 
to Cyp24–/– mice; †P < 0.05, ††P < 0.01, and  
†††P < 0.001, relative to FTg mice. (G) 1,25(OH)2D3 
levels in kidney and (H) bone. Results are 
expressed as the mean ± SEM  
(n = 6 mice/group). *P < 0.05, relative to WT 
mice; #P < 0.05, relative to Cyp24–/– mice; and 
†P < 0.05, relative to FTg mice. All statistics 
were calculated using 1-way ANOVA with 
Tukey’s multiple comparisons post test
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graphs was partially corrected. Together, 
these findings provide strong evidence that 
the genesis of skeletal abnormalities in Hyp 
mice are not entirely mediated by serum 
phosphate concentrations (48).

It follows from this discussion that phar-
macologic inhibition of CYP24 would have 
beneficial actions, and inhibition of CYP24 
could be the appropriate strategy to increase 
the half-life and thereby the function of vita-
min D in tissues. The present study there-
fore contributes to the currently emerging 
concept of intracrinology (49), whereby 
locally produced bioactive steroid hormones 
exert their action in the cells in which their 
synthesis occurs, without release into the 
extracellular space, including the circula-
tion. This has been demonstrated in tissues 
such as keratinocytes (50), osteoblasts (33), 
and chondrocytes (43) and implicates a 

transition from a hormone acting at a distant site of synthesis to 
a local factor acting in an intracrine/autocrine manner. Further-
more, by inhibiting the inactivating enzyme, the amount of active 
vitamin D or its analogs required to elicit beneficial effects could 
be reduced in vivo, thereby preventing untoward side effects from 
their administration (51, 52). Hence, inhibition of CYP24 opens up 
a field of possible therapeutic applications for the prevention and 
treatment of FGF23-mediated renal phosphate wasting diseases.

The Hyp mouse has serum FGF23 concentrations 10-fold 
higher than those found in WT mice (53). Although there is wide 
variation, the majority of patients with XLH, the most common 
inherited form of rickets, also have elevated serum FGF23 con-
centrations (54). The inhibition of FGF23 production or activity, 
therefore, is theoretically an ideal treatment for these hypophos-
phatemic states. It is recognized, however, that, while the current 
therapeutic intervention for patients with XLH involving high-
dose phosphate and calcitriol improves the osteomalacia (55), it 
remains less than ideal, as growth remains suboptimal in many 
patients (56) and complications such as diarrhea, nephrocalcino-
sis, hyperparathyroidism, and the imperfect restoration of bone 
due to persistence of undermineralization prevail (57). In fact, it 
has been stated that, at times, the treatment may be worse than 
the disease (58). Therefore, newer therapeutic approaches such 
as inhibitors of the FGF receptor (59) and of extracellular sig-
nal–regulated kinase (60) as well as anti-FGF23 Abs (61) remain 
under active investigation.

Although it could be argued that a local increase of 1,25(OH)2D 
in the osteocyte by CYP24 inhibitors may in fact be detrimental by 

local cellular concentration of 1,25(OH)2D and hence attenuate its 
osteoanabolic effects (40). Consequently, deletion or pharmaco-
logical inhibition of CYP24 activity in Hyp mice would allow locally 
synthesized 1,25(OH)2D to exert its beneficial effects on bone and 
the observed amelioration of the various bone parameters.

In addition to osteoblasts, growth plate chondrocytes 
also express VDR (41), CYP27B1, and CYP24 and respond to 
1,25(OH)2D and 24,25(OH)2D (23). Therefore, local production of 
1,25(OH)2D in an autocrine or paracrine fashion likely contributes 
to the differentiation of these cells. This would explain why bone 
growth remains impaired in Cyp27b1-null mice following correc-
tion of mineral homeostasis (42), an observation subsequently 
confirmed by chondrocyte-specific targeted deletion of Cyp27b1 
(43). These results corroborate the phenotype observed in chon-
drocyte-specific VDR-ablated mice (44) and support an autocrine/
paracrine role for 1,25(OH)2D in chondrocyte development in vivo. 
It would be anticipated, therefore, that deletion or pharmacologic 
inhibition of CYP24 activity in Hyp mice would result in higher 
local concentrations of 1,25(OH)2D and the observed amelioration 
in growth plate development and calcification.

It was rather unanticipated to see such a dramatic ameliora-
tion in growth plate calcification and bone mineralization in the 
murine models studied, given the lack of improvement in circulat-
ing phosphate levels. Previous studies, however, substantiate our 
findings. For example, overexpression of PHEX under the control 
of bone-specific (osteocalcin or type I collagen) or β-actin promot-
ers did not correct phosphate wasting (45–47), yet the mineraliza-
tion defect in bones we observed in histological studies and radio-

Figure 6. Biochemical properties of the CYP24 
inhibitor CTA102. (A) Molecular structure of 
CTA102. (B) CYP24 inhibitory activity of CTA102 
(IC50 8.5 nM) compared with that of ketoconazole. 
(C) Induction of CYP24 enzymatic activity by 
CTA102 compared with that induced by calcitriol. 
(D) CYP27B1 inhibitory activity of CTA102 (IC50 
>1,000 nM) compared with that of ketoconazole.
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that leads to the improved growth plate development and bone 
mineralization. Targeting CYP24 therefore provides the oppor-
tunity to increase endogenous levels of 1,25(OH)2D or reduce the 
effective dose of exogenous 1,25(OH)2D. A theoretical advantage 
of using CYP24 inhibitors in combination with calcitriol is based 
on the overexpression of CYP24 within normal tissues. Therefore, 
inhibition of this enzyme would result in higher calcitriol levels in 
target cells such as chondrocytes and osteoblasts, thus enhancing 
their differentiation and function.

In conclusion, we report that introduction of the null Cyp24 
allele into Hyp and FGF23-transgenic backgrounds prevents the 
development of the rachitic and osteomalacic bone phenotype 
by improving the histomorphometric parameters of bone health. 
We also provide evidence that this effect arises independently 
of the associated abnormalities in phosphorus handling, corrob-
orating the supposition that it is the autocrine/paracrine effects 
of 1,25(OH)2D that mediate these beneficial effects within the 
skeletal microenvironment.

potentially increasing FGF23 expression and secretion (62), this 
may not be the case. Treatment of XLH patients with phosphate 
and calcitriol is associated with concomitant increases in circulat-
ing FGF23 concentrations, but that may not necessarily diminish 
the therapeutic efficacy of these agents (63). The consequences of 
increasing FGF23 concentrations are not yet clear, because it is not 
known whether the degree of elevation in FGF23 levels correlates 
with disease severity in XLH patients (63).

We now provide in vivo experimental evidence that pharma-
cological inhibition of CYP24 enzymatic activity profoundly influ-
ences the detrimental skeletal effects of the excess FGF23 activity 
that underlies FGF23 excess conditions such as Hyp and ectopic 
FGF23 expression. Remarkably, the observed improvements in 
skeletal abnormalities following CYP24 ablation or pharmacologic 
inhibition arose despite the persistence of hypophosphatemia. 
The implication is that the phosphaturic effect of FGF23 is not 
altered; rather, it is the inhibition of CYP24 activity in peripheral 
tissues such as parathyroid cells, osteoblasts, and chondrocytes 

Figure 7. Body weight and serum biochemistry of vehicle- and CTA102-treated Hyp Y mice. (A) Body weight and measurements for serum (B) phosphorus, 
(C) calcium, (D) PTH, (E) 1,25(OH)2D, and (F) intact FGF23. For comparisons between the 2 groups, statistical analyses were performed using an unpaired, 
2-tailed Student’s t test and are expressed as the mean ± SEM (n = 8 mice/group). *P < 0.05 and **P < 0.01, compared with vehicle-treated Hyp Y mice. 
(G) FGF23 immunostaining shows methylene green–counterstained growth plate sections from WT and vehicle- and CTA102-treated Hyp Y mice. Original 
magnification, ×400. (H) Quantitative analysis of FGF23 immunostaining. Data represent the mean ± SEM (4 animals/group). ###P < 0.001 compared with 
WT mice; **P < 0.01 for CTA102-treated mice compared with vehicle. Statistics were calculated using an unpaired, 2-tailed Student’s t test.
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hybridized to the radiolabeled DNA frag-
ment at 42°C overnight. The membranes 
were washed and autoradiograms prepared 
using Kodak BioMax film at –80°C with 
intensifying screens.

DNA fragments for the template DNA to 
identify FTg mice and mouse sex (sex-deter-
mined region on the Y chromosome [SRY]) 
were previously described (9). Exon 12 of 
Cyp24, corresponding to nucleotides 1957–
3147 of the mouse gene (NCBI accession 
number D49438) was amplified by PCR using 
a pair of primers (forward: 5′-CCCTTCTG-
CAAGAAAACTGC-3′; reverse: 5′-GCCTGT-
GTCAGCCATACAAA-3′), subcloned, and 
sequenced, and this fragment was used as the 
template DNA to identify Cyp24–/– mice.

To identify Hyp mice, oligonucle-
otide primers (forward: 5′-ATTGCT-
GACCATTTCCCTTG-3′; reverse: 
5′-TGGAATCTTGGGGAAGTCAT-3′) were 
used to amplify a 1,024-bp fragment. The 
PCR product was sequenced using an auto-
mated ABI 310 sequencer (Applied Biosys-
tems, Thermo Fisher Scientific) for verifi-

cation and then used as a probe in Southern blot analyses of tail-tip 
genomic DNA digested with BamHI.

Northern blot analysis. cDNA fragments corresponding to nucleo-
tides 535–1586 of mouse 25-hydroxyvitamin D 24-hydroxylase (Cyp24; 
accession number D49438) and to nucleotides 421–1471 of mouse 
25-hydroxyvitamin D3 1α-hydroxylase (1α-hydroxylase) (Gene Expres-
sion Omnibus [GEO] accession number AB006034) were prepared by 
quantitative PCR (qPCR) of mouse kidney total RNA, subcloned, and 
sequenced. DNA probes for CYP24, 1α-hydroxylase, and GAPDH were 
prepared using a Random Primed DNA Labeling Kit (Roche Molecu-
lar Diagnostics) and [γ-32P] dCTP (800 Ci/mmol; PerkinElmer Life 
Sciences). Total RNA was isolated from kidney with TriPure Isolation 
Reagent (Roche Life Science), and 20-μg aliquots were fractionated by 
electrophoresis on a 1% formaldehyde agarose gel, transferred to nitro-
cellulose membranes by upward capillary transfer in 20 × SSC over-
night, and hybridized to the radiolabeled cDNA fragments (48% form-
amide, 10% dextran sulfate, 5 × SSC, 1 × Denhardt’s solution and 100 
μg/ml salmon sperm DNA) at 42°C overnight. The membranes were 

Methods
Animals. Hyp and C57/BJ6 WT mice were purchased from The Jackson 
Laboratory, and Hyp mice were maintained on a C57/BJ6 background. 
FGF23-transgenic (FTg) mice and Cyp24-heterozygous mice (Cyp24+/–) 
were generated in our respective laboratories (7, 14). All mice were 
fed a commercial rodent diet (2018 Rodent Laboratory Chow; Harlan 
Laboratories) and drank tap water.

We crossed male Cyp24+/– and female Cyp24+/– Hyp mice to obtain 
male homozygotes on a Hyp background (Cyp24–/– Hyp Y) and male 
Cyp24+/– FTg and female Cyp24+/– mice to obtain male homozygotes 
carrying the FGF23 transgene (Cyp24–/– FTg). Mice were sacrificed 
approximately 50 days postpartum. Sera and tissues were procured 
for analysis and comparison with WT, Cyp24–/–, FTg, and Hyp controls.

Mouse genotyping. Mice were screened by Southern blot analysis 
of tail-tip DNA prepared from a 1-cm portion of their tails. Briefly, 
10 μg genomic DNA was digested with BamHI (for the FGF23 trans-
gene, Cyp24, and Phex) or EcoRI (for SRY), separated by 1% agarose 
gel electrophoresis, transferred to nitrocellulose membranes, and 

Figure 8. μCT and histomorphometric analysis 
of Hyp Y long bones following treatment with 
CTA102. (A) Proximal tibiae 3D reconstruction 
from μCT scans. Top panel: growth plate; middle 
panel: trabecular bone; bottom panel: cross  
section of cortex. (B) Quantitative histomor-
phometry for growth plate thickness, (C) osteoid 
volume (%), (D) ratio of bone volume over total 
volume (BV/TV), (E) trabecular number, and (F) 
trabecular separation. Data represent the mean ± 
SEM (8 animals/group). *P < 0.05 and **P < 0.01 
for CTA102-treated mice compared with vehicle. 
Data were calculated using an unpaired, 2-tailed 
Student’s t test.
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Histology. Tissues were removed and fixed in PLP fixative over-
night at 4°C and processed histologically as previously described 
(65). Briefly, the proximal end of the tibiae and the distal end of the 
femurs were decalcified in EDTA glycerol solution for 5 to 7 days 
at 4°C. Decalcified femurs and tibiae and other tissues were dehy-
drated and embedded in paraffin, after which 5-μm sections were 
cut on a rotary microtome. The sections were stained with H&E for 
tartrate-resistant acid phosphatase (TRAP) and with Picrosirius red 
for total collagen D expression. Undecalcified bones were embed-
ded in LR White acrylic resin (London Resin Co. Ltd.). Sections of 
1 μm thickness were cut on an ultramicrotome and stained for ALP 
and mineral with the von Kossa staining procedure using toluidine 
blue as a counterstain.

Histochemical staining for ALP and TRAP. Enzyme histochemistry 
for ALP activity was performed as previously described (17). Briefly, 
following preincubation overnight in 1% magnesium chloride in 100 
mM Tris-maleate buffer (pH 9.2), dewaxed sections were incubated 
for 2 hours at room temperature in a 100-mM Tris-maleate buffer 
containing 0.2 mg/ml naphthol AS-MX phosphate (Sigma-Aldrich) 
dissolved in ethylene glycerol monomethyl ether (Sigma-Aldrich) as 
a substrate, and 0.4 mg/ml Fast Red TR (Sigma-Aldrich) as a stain 
for the reaction product. After being washed with distilled water, the 
sections were counterstained with VECTOR Methyl Green (Vector 
Laboratories) and mounted with Kaiser’s glycerol gelatin.

Enzyme histochemistry for TRAP was performed as previously 
described (66). Dewaxed sections were preincubated for 20 min-
utes in buffer containing 50 mM sodium acetate and 40 mM sodium 
tartrate at pH 5.0. Sections were then incubated for 15 minutes at 
room temperature in the same buffer containing 2.5 mg/ml naph-
thol AS-MX phosphate in dimethylformamide as a substrate and 0.5 

washed in 0.1% SDS plus 2 × SSC for 15 minutes at room temperature 
with rotation and then in 0.1% SDS plus 0.1% × SSC for another 15 min-
utes at 60°C. The autoradiograms were prepared using Kodak BioMax 
film at –80°C with intensifying screens. Quantification of signal inten-
sity on autoradiograms was performed using ImageJ software (NIH).

Serum biochemistry. Serum concentrations of calcium, inorganic 
phosphorus, creatinine, and serum ALP were determined by routine 
methods following the manufacturer’s instructions (Pointe Scientific 
Inc.). Serum-intact PTH was measured using an ELISA (Immutopics Inc.), 
whereas 1α,25(OH)2D3 determinations were performed using a commer-
cially available radioimmunoassay kit (Immunodiagnostic Systems Ltd.). 
Mouse serum levels of FGF23 were measured by an ELISA (KAINOS 
Laboratories Inc.). Serum osteocalcin and plasma FGF23 (C-terminal 
fragment) levels were measured using ELISA kits (Immutopics Inc.).

Skeletal radiographs. The femur was removed and dissected free 
of soft tissue, and radiographs were taken using a Faxitron Model 805 
radiographic inspection system under constant conditions (22 kV volt-
age and a 4-minute exposure time) using Kodak X-Omat TL film.

μCT analysis. Tibiae were removed and dissected free of soft tis-
sue, fixed in PLP fixative (2% paraformaldehyde containing 0.075 M 
lysine and 0.01 M sodium periodate solution) overnight at 4°C, and 
analyzed by μCT using a SkyScan 1072 Scanner (Bruker) and the asso-
ciated SkyScan analysis software, as described previously (64). Briefly, 
image acquisition was performed at 100 kV and 98 mA with a 0.9° 
rotation between frames. During scanning, the samples were enclosed 
in tightly fitted plastic wrap to prevent movement and dehydration. 
Threshold was applied to the images to segment the bone from the 
background. 2D images were used to generate 3D renderings with the 
3D Creator software supplied with the instrument. The resolution of 
the μCT images is 18.2 μm.

Figure 9. Schematic representation of CYP24 action and inactivation in Hyp Y mice. Left panel illustrates the role of CYP24 activity in Hyp Y mice. The 
preexisting FGF23 overactivity (green arrows) impairs CYP27B1 enzymatic action, while concurrently promoting that of CYP24 in renal and extrarenal 
tissues (bone, cartilage, parathyroid, kidney, duodenum), so that local tissue levels of 1,25(OH)2D decrease. This results in increased PTH secretion from 
the parathyroids and impairment of cellular differentiation and matrix mineralization at the bone and cartilage level. Cyp24 inactivation (right panel) 
increases cellular 1,25(OH)2D concentrations, thereby inhibiting PTH secretion and improving cellular differentiation and matrix mineralization at the 
bone and cartilage level, despite a further rise in circulating FGF23 levels. Hypocalcemia does not ensue, as rising local concentrations of 1,25(OH)2D in 
the duodenum and kidneys promote expression of transport proteins critical for calcium absorption and reabsorption, respectively.
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CAATGTTCAGCACCT-3′ and reverse, 5′-GGCAAAGGTGGCAT-
AGGTAA-3′; Trpv6: forward, 5′-GCACTGTTCAGCACCTTTGA-3′ 
and reverse, 5′-GCAAAGGCAGCGTAGATAAC-3′.

Computer-assisted image analysis. After staining of sections from 
mice of each genotype, images of fields were photographed with a 
Sony digital camera. Imagines of micrographs from single sections 
were digitally recorded using a rectangular template, and recordings 
were processed and analyzed using Northern Eclipse image analysis 
software as previously described (64).

CYP24 inhibitor. The CYP24 inhibitor CTA102 was provided by 
Cytochroma Inc. (now OPKO Health Inc.). Twenty-five-day-old male 
Hyp mice were injected i.p. daily with either 100 μl vehicle (saline/
propylene-glycol at a ratio of 45%:55%) or vehicle containing CTA102 
(25 μg/kg/day) for 8 weeks. Mice were sacrificed, and sera and tissues 
were procured for analysis.

Statistics. Statistical comparisons for all genotypes were made 
using 1-way ANOVA with Tukey’s multiple comparisons post test 
with Prism software, version 4 (GraphPad Software). For compari-
sons between 2 groups, statistical analysis was performed using an 
unpaired, 2-tailed Student’s t test. All data are presented as the mean ± 
SEM. A P value of less than 0.05 was considered significant.

Study approval. All animal experiments were reviewed and 
approved by the IACUC of McGill University.
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mg/ml Fast Garnet GBC (Sigma-Aldrich) as a color indicator for the 
reaction product. After washing with distilled water, the sections 
were counterstained with methyl green and mounted in Kaiser’s 
glycerol gelatin.

IHC for FGF23 and CYP27B1. Sections were deparaffinized and 
hydrated through a series of baths from 100% to 30% ethanol, fol-
lowed by washing under running water. Sections were digested with 
0.05% hyaluronidase (Sigma-Aldrich) for 20 minutes and washed 3 
times with Tris-buffered saline–Tween 20 (TBST) containing 20 mM 
Tris, 0.15 M NaCl (pH 7.6), and 0.1% (wt/vol) Tween-20. Tissue sec-
tions were blocked in TBST containing 0.5% BSA and 10% normal 
serum for 1 hour. Primary FGF23 Ab (R&D Systems; MAB26291) and 
sheep anti-mouse CYP27B1 IgG fraction (The Binding Site Group 
Ltd.) were applied for 17 hours at room temperature in a humidified 
chamber. Sections were washed with Tris-buffered high-salt saline–
Tween-20 (TBST–high NaCl) containing 20 mM Tris, 1.5 M NaCl 
(pH 7.6), and 0.1% (wt/vol) Tween-20 for 10 minutes and washed 
twice in TBST each time for 5 minutes.

Biotin-conjugated secondary Abs were diluted (1:200) in TBST–
0.05% BSA and applied to the sections for 1 hour at room temper-
ature in a humidified chamber. Washings with sequential TBST–
high NaCl solution, followed by TBST, were performed to remove 
unbound Abs. ABC-AP solutions diluted in TBST were applied to the 
sections for 45 minutes at room temperature in a humidified cham-
ber. After washing, positive signals were developed using a mixture 
of naphthol and phosphate and fast red dye in Tris-malate buffer 
(pH 9.5) in the presence of levamisole.

qPCR analysis. Total RNA was isolated from kidney and duode-
num with TriPure Isolation Reagent (Roche Molecular Diagnostics). 
cDNA was synthesized using the Expand Reverse Transcriptase and 
Primer p(dT)15 (Roche Molecular Diagnostics). qPCR analysis was 
performed with the LightCycler FastStart DNA Master SYBR Green 
I Kit and LightCycler V2.0 (Roche Molecular Diagnostics). Results 
were normalized to actin levels. The primers used for qPCR were 
as follows: actin: forward, 5′-AAGGCCAACCGTGAAAAGAT-3′ 
and reverse, 5′-GTGGTACGACCAGAGGCATAC-3′; calbindin 
D9K (S100g): forward, 5′-TCCTGCAGAAATGAAGAGCA-3′ and 
reverse, 5′-GCTGGGGAACTCTGACTGAA-3′; calbindin D28K 
(Calb1): forward, 5′-CCACCTGCAGTCATCTCTGA-3′ and reverse, 
5′-TTCCGGTGATAGCTCCAATC-3′; Trpv5: forward, 5′-CACAG-
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