1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Bone Miner Res. Author manuscript; available in PMC 2017 May 01.

-, HHS Public Access
«

Published in final edited form as:
J Bone Miner Res. 2016 May ; 31(5): 929-939. doi:10.1002/jbmr.2783.

1,25-dihydroxyvitamin D alone improves Skeletal Growth,
Microarchitecture and Strength in a Murine model of XLH,
despite enhanced FGF23 expression

Eva S. Liul2:3, Janaina S. Martins2:34, Adalbert Raimann?2:3:>, Byongsoo Timothy Chae?,
Daniel J. Brooks?8, Vanda Jorgetti4, Mary L. Bouxsein?3:6, and Marie B. Demay?3

1Division of Endocrinology, Diabetes, and Hypertension, Brigham and Women’s Hospital, Boston,
Massachusetts 02115

2Endocrine Unit, Massachusetts General Hospital, Boston, Massachusetts 02114

SHarvard Medical School, Boston, Massachusetts 02115

4Division of Nephrology, Universidade de S&o Paulo, Sdo Paulo, Brazil

SDepartment of Pediatrics and Adolescent Medicine, Medical University Vienna, Vienna, Austria

5Department of Orthopedics, Beth Israel Deaconess Medical Center, Boston, MA 02115

Abstract

X-linked hypophosphatemia (XLH) is characterized by impaired renal tubular reabsorption of
phosphate due to increased circulating FGF23 levels, resulting in rickets in growing children and
impaired bone mineralization. Increased FGF23 decreases renal brush border membrane sodium-
dependent phosphate transporter I1a (Npt2a) causing renal phosphate wasting, impairs 1-a
hydroxylation of 25-hydroxyvitamin D and induces the vitamin D 24-hydroxylase leading to
inappropriately low circulating levels of 1,25-dihydroxyvitamin D (1,25D). The goal of therapy is
prevention of rickets and improvement of growth in children by phosphate and 1,25D
supplementation. However, this therapy is often complicated by hypercalcemia and
nephrocalcinosis, and does not always prevent hyperparathyroidism. To determine if 1,25D or
blocking FGF23 action can improve the skeletal phenotype without phosphate supplementation,
mice with XLH (Hyp) were treated with daily 1,25D repletion, FGF23 antibodies (FGF23Ab), or
biweekly high dose 1,25D from d2 to d75 without supplemental phosphate.

All treatments maintained nhormocalcemia, increased serum phosphate and normalized parathyroid
hormone levels. They also prevented the loss of Npt2a, a-Klotho and pERK1/2 immunoreactivity
observed in the kidneys of untreated Hyp mice. Daily treatment with 1,25D decreased urine
phosphate losses despite a marked increase in bone FGF23 mRNA and in circulating FGF23
levels. Daily 1,25D was more effective than other treatments in normalizing the growth plate and
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metaphyseal organization. In addition to being the only therapy that normalized lumbar vertebral
height and body weight, daily 1,25D therapy normalized bone geometry and was more effective
than FGF23Ab in improving trabecular bone structure. Daily 1,25D and FGF23Ab improved
cortical microarchitecture and whole-bone biomechanical properties more so than biweekly
1,25D. Thus, monotherapy with 1,25D improves growth, skeletal microarchitecture and bone
strength in the absence of phosphate supplementation despite enhancing FGF23 expression,
demonstrating that 1,25D has direct beneficial effects on the skeleton in XLH, independent of its
role in phosphate homeostasis.

Introduction

X-linked hypophosphatemia is the most common cause of hypophosphatemic rickets, with
an incidence of 1:20,000 in the general population.() Affected children exhibit growth
retardation associated with rickets and osteomalacia.(?) The genetic basis for this disorder is
mutation of the PHEX endopeptidase, leading to increased expression of the phosphaturic
hormone FGF23, which in turn prevents activation of the vitamin D pro-hormone.(4) The
development of rickets in the Hyp mouse model of XLH and in other hypophosphatemic
disorders is due to impaired phosphate-mediated hypertrophic chondrocyte apoptosis.®: ©)
Of note, however, mice lacking the renal sodium-dependent phosphate transporter lla
(Npt2a) have the same degree of hypophosphatemia as other models, but enhanced 1,25D
signaling reverses rickets in these mice despite persistent hypophosphatemia.() Thus,
enhanced 1,25D action can prevent rickets in the setting of hypophosphatemia. In XLH,
1,25D is given along with phosphate supplementation to promote phosphate absorption and
prevent hyperparathyroidism due to phosphate monotherapy and hypocalcemia associated
with impaired activation of vitamin D.(!) This combination therapy improves the growth
plate phenotype in mouse models of XLLH () and in affected children.(2 9 While high dose
1,25D and phosphorus can cure osteomalacia, 9 this regimen often leads to hypercalcemia,
hypercalciuria and nephrocalcinosis,(!1) and even conventional doses of 1,25D lead to
nephrocalcinosis in the setting of phosphate supplementation.(®) Thus, there has been
significant interest in identifying treatments that reduce the need for oral phosphate by
blocking the actions of FGF23, thereby attenuating renal phosphate losses and enhancing
1,25D production.(12-16) |nvestigations in Hyp mice treated for 4 weeks with FGF23
blocking antibodies have demonstrated a 7 fold increase in circulating 1,25D accompanied
by improvement in the growth plate and an increase in skeletal ash weight.(2) Similarly,
interfering with FGF23 signaling by ablating FGFR1,(17) FGFR3/4, (18) or the FGF23 co-
receptor a-Klotho,(19) or treatment with a pan-FGFR inhibitor %) improves the Hyp bone
phenotype.

Impairing FGF23 action in XLH leads to increased circulating levels of 1,25D, thus these
studies cannot distinguish to what extent the improved phenotype reflects enhanced 1,25D
action versus decreased renal phosphate losses. Therefore, studies were undertaken to
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address the hypothesis that 1,25D attenuates FGF23-independent effects of the PHEX
mutation, thus will improve the skeletal phenotype of Hyp mice in the absence of phosphate
supplementation. Hyp mice were treated with biweekly high dose 1,25D or daily 1,25D
from d2 to d75. Their skeletal phenotype was compared to that of Hyp mice treated with an
anti-FGF23 antibody (FGF23Ab), which led to circulating phosphate levels
indistinguishable from that of Hyp mice receiving 1,25D alone.

Materials and Methods

Animal Studies

Animal studies were approved by the institutional animal care committee. All mice were on
a C57BL/6J background, maintained in a virus and parasite free barrier facility and exposed
to a 12 hour light/dark cycle. Mice were weaned day 18 onto acidified water and house chow
(1% calcium, 0.6% phosphate) and housed in up to 5 mice per cage. Male Hyp mice were
subcutaneously injected daily with 1,25D (175 pg/g/day d2-65; 90 pg/g/day d66—75 to
maintain normocalcemia, Akorn, Inc.), 3 times per week with an FGF23 blocking antibody
(35 mcg/g, Amgen), or biweekly with 1,25D (1.5 ng/g 2x/week) starting on day 2. Wild type
and Hyp control male littermates received vehicle or isotype matched antibody (35 mcg/g).
Each control or treatment group had at least 5 mice. Primary outcomes were growth and
changes in skeletal phenotype; secondary outcomes were alterations in serum mineral ions
and hormones. Body weight was monitored on each treatment day. Calcein (30 mg/kg) was
injected 2 and 9 days prior to sacrifice day 75. Serum and urine were collected 24 hours after
the last treatment. The vertebral column and tail were subjected to x-ray analyses(HP
Faxitron #43855A). The length of the lumbar (lumbar levels 1 to 6) and tail (caudal levels 4
to 8) vertebrae was assessed using a standard present on each film.

Serum and urine parameters

Histology

Serum calcium, phosphate, and BUN were measured using a HESKA DRI CHEM 7000
veterinary analyzer. Serum PTH and FGF23 were analyzed using the Mouse Intact PTH 1-
84 Kit (Immutopics) and the Mouse C-Terminal FGF23 Kit (Immutopics), respectively. The
Phosphorus-Liqui-UV and Creatinine Liquicolor (Endpoint) kits (Stanbio) were used for
urine chemistries. Serum 1,25D was measured by competitive ELISA (1dT).

Tissues were fixed and processed for paraffin sectioning. Phospho-ERK1/2 (pERK1/2)
immunohistochemistry was performed as previously described.(> 20) Sections were blocked
with goat anti-mouse Fab fragments (Jackson ImmunoResearch Labs) prior to incubation
with anti-SLC34A1 (1:50, Novus Biologicals NBP2-13328). Detection was performed with
sodium tyramide amplification (Perkin-Elmer). Sections were blocked with 10% heat
inactivated FBS following antigen retrieval and incubated with rabbit anti-Klotho (5
mcg/mL, Abcam ab154163). Signal was detected using goat anti-rabbit HRP (Santa Cruz).
In situhybridization was performed as previously reported.(20)
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TUNEL assay

The TUNEL assay was performed using an /n situ cell death detection kit (Roche
Diagnostics).©)

Evaluation of Chondrocyte proliferation

Three hours prior to sacrifice, d35 mice were injected with 250 mcg/g of 5-bromo-2/-deoxy-
uridine (BrdU) and 30 mcg/g fluorodeoxyuridine (FdU). BrdU was detected using the BrdU
detection kit (Invitrogen).

Cell Culture

Primary chondrocytes were isolated and cultured as previously described.(®) Chondrocytes
were serum restricted (0.5% FBS) and treated with 10~8 M 1,25D 18h prior to exposure to
sodium sulfate or sodium phosphate.

Western Analysis and Subcellular Fractionation

Subcellular fractionation of primary hypertrophic chondrocytes and evaluation of pERK1/2
phosphorylation was performed as previously described.(20)

Real Time PCR

Humeri were dissected free of muscle and connective tissue and following removal of both
growth plates, marrow was flushed with phosphate-buffered saline to permit isolation of
cortical bone, which was then homogenized in Trizol (Thermo Fisher Scientific). Total RNA
was precipitated using 100% ethanol and purified using the RNeasy mini kit (Qiagen). To
evaluate PTHrP mRNA expression the head of the humerus was embedded vertically in
OCT. Sequential cryosections were stained for 30 seconds in Safranin-O to allow isolation
of the peri-articular chondrocytes. Chondrocyte RNA was isolated from the first 50 microns
using the RNeasy mini kit (Qiagen). In initial studies, humeri were then reembedded
horizontally and cryosectioned to confirm that only sections with periarticular chondrocytes
had been included in the RNA isolation. RNA was reverse transcribed with SuperScript™ 11
(Roche). Quantitative real time-PCR was performed using the QuantiTect SYBR Green RT-
PCR kit (Qiagen) on an Opticon DNA engine (MJ Research). Gene expression was
normalized to that of a control gene for each sample, using the methods of Livak and
Schmittgen.®

Micro-computed tomography (UCT)

MCT imaging was performed on the mid-diaphysis and distal end of the femur using a high-
resolution desktop imaging system (UCT40, Scanco Medical AG, Brittisellen, Switzerland)
as previously described.(?1) The length of the regions of interest (ROI) was adjusted based
on the average femur length for each of the groups. The bone volume fraction of the entire
distal femur was also analyzed on contours that were drawn around the outer cortex starting
at the top of the trabecular ROI and extending distally to the end of the femur. Thresholds of
316 and 733 mg HA/cm?3 were used for the evaluations of trabecular and cortical bone,
respectively, based on adaptive-iterative thresholding (AIT) that was performed on the wild-

type group.
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Mechanical testing

Torsion testing was performed rather than 3 point bending due to the short length of the
femora of Hyp mice, which did not allow for span lengths long enough to meet the criteria
for beam bending. The distal and proximal end of each femur was potted in Polymethyl
methacrylate (PMMA). A fixed gage length of 5 mm was maintained between the pots for
all specimens. Torsional testing was performed on an electromagnetic mechanical testing
machine (ElectroForce 3200, Eden Prairie, MN) with a 0.2 N-m torque sensor. The proximal
end of the specimen was held fixed while the distal end was rotated at 1°/sec and rotation
and torque data were recorded at 50 Hz. Rotation and torque data were used to calculate
maximum torque (N-m), rotational stiffness (N-m/rad), and work to maximum torque (mJ).

Histomorphometry

Histomorphometry analyses were performed according to the criteria established by the
American Society of Bone and Mineral Research.(22) Trabecular static, structural and
dynamic parameters were measured in the distal femoral metaphysis, 0.2mm below the
epiphyseal growth plate, using an Osteomeasure image analyzer (Osteometrics, Atlanta, GA,
USA). For cortical bone ten unbroken fields were sequentially selected for cortical osteoid
evaluation (magnification 100X). All analyses were performed in a blinded fashion.

Statistical Analysis

All data shown are reported as mean + standard deviation (SD). One-way ANOVA followed
by Fisher’s least significant difference (LSD) test was used to analyze significance between
all control and treatment groups. Significance was defined as a P< 0.05.

Results

Treatment with 1,25D or FGF23Ab improves serum ions and hormones in Hyp mice

Hyp mice were treated from d2 to d75 with daily 1,25D, FGF23Ab (3x/week), or biweekly
high dose 1,25D. All mice had normal serum calcium levels and preserved renal function
(Table 1). Nephrocalcinosis was not observed in any of the control or treated mice, nor was a
significant increase in BUN (data not shown). Although daily 1,25D treatment of Hyp mice
increased calcium levels compared to Hyp control mice, levels were not significantly
different from those of WT mice. The treatment groups had similar improvement in serum
phosphate levels (Table 1). Both daily 1,25 D and FGF23Ab therapies led to a significant
decrease in urinary phosphate excretion, while biweekly 1,25 D treatment did not alter this
parameter. All treatments normalized serum PTH levels. Untreated Hyp mice exhibited a
significant elevation of serum FGF23 that was further increased by daily and biweekly
1,25D treatment.

Since treatment with the FGF23Ab precludes accurate measurement of serum FGF23 levels,
FGF23 mRNA was assessed in the humeral diaphysis of treated mice. While all treatments
increased FGF23 mRNA expression, levels in mice treated with daily 1,25 D were
significantly higher than those in the other two treatment groups (Fig. 1A). Because of the
dramatic increase in FGF23 mRNA expression in the setting of improved renal phosphate
reabsorption in mice treated with daily 1,25D and FGF23Ab, immunohistochemistry for
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markers of FGF23 signaling was performed on kidneys. Relative to WT kidneys, Hyp
control kidneys exhibited decreased immunoreactivity for Npt2a, a-Klotho, and pERK1/2.
Despite increased FGF23 expression, all three treatments restored renal Npt2a
immunoreactivity, as well as that of a-Klotho and pERK1/2 (Fig. 1B). RT-qPCR was
performed to determine whether the expression of genes whose ablation increases (DMP1,
ENPP1, FAM20c) or decreases (GALNT3, FGFR1c) circulating FGF23 levels was
altered (17.23-27) in the bones of treated mice. FGF23Ab treatment normalized DMP1 and
FAM20c mRNA levels, while DMP1 and FAM20C were increased in both 1,25D treatment
groups. The expression of ENPP1 was increased by all three treatments, whereas that of
FGFR1c was normalized (Supplemental Fig. 1). The increase in FAM20C, ENPP1 and
DMP1 expression with treatment suggests that enhanced FGF23 signaling may exert a
negative feedback loop, inducing the expression of genes that inhibit its expression.

1,25D improves growth plate maturation in Hyp mice in the absence of phosphate
supplementation

Extracellular phosphate is critical for hypertrophic chondrocyte apoptosis and growth plate
maturation.(® However, enhanced 1,25D signaling in Npt2a knockout mice results in normal
growth plates in the presence of hypophosphatemia,(”) thus we addressed whether 1,25D
therapy could exert similar effects in Hyp mice. Growth plate analyses by H&E staining
demonstrated that Hyp control mice have dramatically altered morphology compared to WT
mice, characterized by a wide, disorganized growth plate accompanied by abnormal
morphology of the primary spongiosa (Fig. 2A). All treatments dramatically improved
growth plate morphology, restoring the columnar organization of growth plate chondrocytes
and improving metaphyseal organization. /n situ hybridization for collagen type X (ColX), a
specific marker for hypertrophic chondrocytes, confirmed that all treatments improved the
hypertrophic chondrocyte abnormalities in Hyp mice. In contrast to FGF23Ab and biweekly
1,25 therapies, daily 1,25D resulted in further improvement of growth plate and metaphyseal
organization, closely approximating normal morphology (Fig. 2A).

Previous studies have demonstrated that extracellular phosphate induces mitochondrial
ERK1/2 phosphorylation,29) leading to hypertrophic chondrocyte apoptosis.®: ©) Hyp
control mice exhibited a dramatic decrease in pERK1/2 immunoreactivity, leading to
expansion of the hypertrophic chondrocyte layer where pERK1/2 is localized. All treatments
increased pERK1/2 immunoreactivity (Fig. 2A) and hypertrophic chondrocyte apoptosis
assessed by TUNEL (Fig. 2A and B). Since blocking FGF23 signaling increases 1,25D, we
undertook studies to examine whether phosphate-independent 1,25D effects on ERK1/2
phosphorylation could be implicated in these effects. Subcellular fractionation was
performed on primary hypertrophic chondrocyte cultures exposed to 1078M 1,25D for 18
hours prior to 60 minutes treatment with phosphate or sulfate. While 1,25D modestly
enhanced cytosolic ERK1/2 phosphorylation in the absence of phosphate, it increased both
total and mitochondrial pPERK1/2 in the presence and absence of phosphate (Fig. 2C).

To evaluate whether attenuation of rickets translates into an improvement in growth, weights
and vertebral and long bone growth were analyzed day 75 (Fig. 2D). Compared to WT mice,
Hyp control mice have a significant reduction in body weight, lumbar vertebral height, tail
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length, and femur length. Daily 1,25D normalized body weight and lumbar vertebral height,
whereas FGF23Ab and biweekly 1,25D increased, but did not normalize lumbar vertebral
height and had no effect on body weight (Figure 2D). All treatments increased tail and femur
length; however, 1,25D was more effective than FGF23Ab at improving these parameters
(Fig. 2D and E).

To determine whether the more beneficial effects of 1,25D treatment on growth were due to
altered chondrocyte proliferation, d35 mice were injected with BrdU to evaluate the
percentage of proliferating chondrocytes (Supplemental Fig. 2). Unlike biweekly 1,25D,
Daily 1,25D and FGF23Ab normalized the impaired chondrocyte proliferation observed in
Hyp mice and decreased height of the proliferative chondrocyte zone. Since PTHrP
suppresses chondrocyte hypertrophy, expanding the proliferative chondrocyte layer,(28)
expression of PTHrP mRNA in the peri-articular cartilage of the humeral head was
evaluated. Consistent with the effect of these treatments on the height of the proliferative
chondrocyte layer, both daily 1,25D and FGF23Ab significantly suppressed peri-articular
PTHrP expression, while biweekly 1,25D did not (Supplemental Fig. 2).

1,25D and FGF23Ab treatment of Hyp mice improve microarchitecture and biomechanics

MicroCT and biomechanical analyses were performed to compare the effect of these
treatments on bone microarchitecture and strength. Hyp control mice have significantly
decreased cortical thickness (Ct.Th) and cortical area fraction (Ct.Ar/Tt.Ar) accompanied by
increased cortical porosity, relative to WT mice (Fig. 3A, Supplemental Table 1). While both
daily 1,25D and FGF23Ab therapy significantly improved these cortical parameters,
biweekly 1,25D treatment improved Ct.Ar/Tt.Ar, but not Ct.Th or cortical porosity. None of
the treatments altered trabecular BV/TV. However, images of the distal femurs demonstrate
a dramatic increase in mineralization in the daily 1,25D treated mice (Fig. 2D and 3B).
Therefore, analysis of total BV/TV (cortical and trabecular) of the femur including the
metaphysis, growth plate, and secondary ossification center was performed. While all
treatments improved the reduction in total BV/TV observed in the untreated Hyp mice, daily
1,25D had a greater effect than FGF23Ab, which in turn was superior to biweekly 1,25D
therapy (Fig. 3A).

Micro-CT evaluation of inferred biomechanical parameters demonstrated a significant
reduction in polar moments of inertia (pMOI), Imin and Inax in the Hyp mice (Fig. 4A).
Daily 1,25D improved the geometry of the femoral diaphysis to the extent that all these
parameters were normalized. FGF23Ab treatment significantly improved but did not
normalize pMOI and Iin, whereas biweekly 1,25D had no effect on I,ax. To formally
characterize biomechanical properties, femurs of d75 control and treated mice were
subjected to torsion testing analyses. Relative to WT mice, Hyp control mice have decreased
whole-bone strength(Max Torque), stiffness, and toughness (work to Max Torque). All
treatments increase strength(Fig. 4B), with daily 1,25D treatment trending towards a more
significant increase relative to other treatments(Max Torque p=0.06 vs FGF23Ab; p=0.06 vs
biweekly 1,25D) (Fig. 4C). Although both daily 1,25D and FGF23Ab led to a significant
improvement in torsional stiffness, only daily and biweekly 1,25D improved toughness(work
to Max Torque)(Fig. 4C).
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Effect of 1,25D and FGF23Ab treatment of Hyp mice on histomorphometric parameters

The lack of improvement in trabecular parameters observed in the UCT of treated Hyp mice
could represent impaired bone mineralization, little to no improvement in bone formation or
a combination thereof. To further evaluate this, histomorphometric analyses were performed
(Fig. 5, Supplemental Table 2). A decrease in bone volume/tissue volume (BV/TV) and
trabecular number (Th.N) was observed in the Hyp control mice, accompanied by an
increase in trabecular separation (Th.SP) and osteoid volume (OV/BV). Daily and biweekly
1,25D treatments significantly improved BV/TV and trabecular parameters, while FGF23Ab
did not alter this parameter. Daily 1,25D normalized the increased Ct.Th observed in Hyp
mice, while neither FGF23Ab nor biweekly 1,25D altered this parameter. Daily 1,25D and
FGF23Ab treatment normalized, while biweekly 1,25D significantly decreased OV/BV. The
impaired mineral apposition rate (MAR) observed in Hyp mice was not normalized by any
treatment. However, unlike Hyp control mice, where no dual calcein labels were observed,
MAR was quantifiable in femurs from each of the treated groups, and MS was significantly
increased in daily 1,25D treated mice (Supplemental Table 2). To determine if improved
mineralization reflects enhanced expression of genes involved in mineralization, RNA was
isolated from the humeral diaphysis of treated and control mice d75. The expression of
PHOSPHO1,(29) ANK, (30.31) and matrix gla protein (MGP)(32) was decreased in Hyp
control humeri (Supplemental Fig. 3). Both daily and biweekly 1,25D increased the
expression of ANK, PHOSPHO1 and MGP, whereas FGF23Ab therapy increased only ANK
expression. Expression of sclerostin (SOST), an inhibitor of bone formation that impairs the
differentiation and mineralization of cultured osteoblasts, is known to be increased by
1,25D.(33.34) EGF23Ab and biweekly 1,25D normalized the low sclerostin expression
observed in untreated Hyp mice, whereas daily 1,25D induced SOST expression to 3 fold
above that of WT mice (Supplemental Fig. 3).

FGF23Ab transiently increases serum 1,25D in Hyp mice

Because daily 1,25D treatment was more effective than FGF23Ab at improving growth plate
morphology, growth, skeletal mineralization, and bone volume, serum 1,25D levels were
analyzed in Hyp mice treated with the FGF23Ab (Table 2). Day 35 Hyp control mice had
lower serum 1,25D levels than WT mice. FGF23Ab treatment resulted in serum1,25D levels
significantly higher than both WT and Hyp control mice day 35 but not day 75.

All treatments decrease osteocyte apoptosis in Hyp mice

The beneficial effects of 1,25D on the cortical phenotype of the Hyp mice, in the setting of a
dramatic increase in FGF23 suggest that the actions of 1,25D may be phosphate- and
FGF23- independent. Analyses of cortical bone demonstrated a 30% decrease in osteocyte
number in Hyp mice compared to WT mice (Fig. 6A), associated with an increase in
osteocyte apoptosis. All treatments normalized osteocyte apoptosis (Fig. 6B).

Discussion

Current treatment for XLH includes both phosphate supplementation and 1,25D, the latter of
which is traditionally used for preventing secondary hyperparathyroidism and promoting
intestinal absorption of phosphate.(11: 3%) Treatment of Hyp mice with phosphate alone has
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been shown to improve growth plate thickness,®) but does not normalize the Hyp bone
phenotype and does not necessarily increase serum phosphate levels. In contrast, Alzet
minipump infusion of 1,25D into Hyp mice for 4 weeks after weaning, along with a diet rich
in phosphate, normalizes the growth plate and dramatically improves osteoid thickness,(0)
suggesting that 1,25D has phosphate-independent or phosphate additive effects on Hyp
bone. Because oral phosphate is rapidly cleared and suppresses endogenous 1,25D,(37) and
because treatment with high dose 1,25D with phosphate leads to hypercalcemia and
nephrocalcinosis, we addressed the hypothesis that 1,25D without phosphate
supplementation will improve the Hyp skeletal phenotype. Based on the ability of FGF23
blocking antibodies to decrease renal phosphate excretion and increase endogenous 1,25D in
Hyp mice, FGF23Ab treated mice were used as controls. FGF23Ab treatment, in contrast to
phosphate and 1,25D therapy, offers the distinct advantage of also blocking phosphate-
independent actions of FGF23 However, a limitation of the current study is the absence of
control groups of hyp mice treated with phosphate alone or phosphate with 1,25D.

Unlike our observations, the studies examining the effects of 28 days of 1,25D and
phosphate therapy initiated post weaning?), did not normalize vertebral length despite a
daily 1,25D dose identical to that used in our studies. The more beneficial effects of 1,25D
that we observed in the current study may reflect the critical actions of 1,25D on the period
of rapid growth prior to weaning, the lack of suppression of endogenous 1,25D by dietary
phosphate,37) or differential effects of daily administration versusinfusion of 1,25D on
PTH, FGF23 expression, or bone. Biweekly high dose 1,25D treatment was used in our
studies to address whether pharmacological doses of 1,25D are more effective at suppressing
PTH levels and attenuate the increase in circulating FGF23 observed with 1,25D. However,
the levels of these hormones were indistinguishable in the two 1,25D treatment groups.
Despite a more profound increase in bone FGF23 mRNA in the daily 1,25D treated mice,
this treatment regimen was uniformly superior to biweekly high dose 1,25D.

Consistent with the role of FGF23 in renal phosphate wasting, treatment strategies directed
at blocking FGF23 signaling improve the growth plate phenotype of Hyp mice (1215, 17-19)
with one exception. Blocking FGF23 signaling using a MEK1/2 inhibitor reduced renal
phosphate excretion, improved cortical parameters but did not alter the disorganized Hyp
growth plate observed.(8) This is consistent with our previous findings that MEK1/2
phosphorylation of ERK1/2 is required for phosphate-induced hypertrophic chondrocyte
apoptosis;®) thus in spite of the improvement in phosphate homeostasis, phosphate-
induction of hypertrophic chondrocyte apoptosis remains blocked in the MEK1/2 inhibitor
treated mice.

The current studies demonstrate a specific role for 1,25D in growth plate maturation, where
daily treatment with 1,25D alone improved growth plate and metaphyseal morphology more
than the FGF23Ab, despite similar levels of circulating calcium, phosphorus and PTH;
however, while serum 1,25D levels were increased by FGF23Ab treatment d35, by d75 they
were not different from those of WT or Hyp mice. Based on our /n vitro studies
demonstrating that 1,25D increases basal and phosphate-induced mitochondrial ERK1/2
phosphorylation, which is crucial for hypertrophic chondrocyte apoptosis, it is likely that the
inability of the FGF23Ab to sustain elevated circulating 1,25D levels contributes to the less
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favorable metaphyseal phenotype observed. It is also likely that this underlies the more
beneficial effects of 1,25D on Hyp bone. 1,25D therapy is also likely to provide therapeutic
benefit in improving growth plate abnormalities and osteomalacia in hypophosphatemic
disorders other than XLH. However, the effect of 1,25D observed on bone and osteocyte
apoptosis in our studies may be a direct consequence of attenuating FGF23-independent
effects of PHEX mutations, thus may not be generalizable to other hypophosphatemic
disorders.

Studies by other investigators employing an alternative FGF23 blocking antibody
demonstrated that treatment normalized body weight and significantly improved trabecular
bone structure.(2) However, Hyp mice in those studies were treated for 28 days and had
serum 1,25D levels 7 fold higher than Hyp controls, whereas our investigations were
performed for 11 weeks and demonstrated increased 1,25D levels after 35 days, but not 75
days of treatment. The inability of the FGF23Ab to sustain increased levels of 1,25D in our
studies correlates with the divergence in the growth curve of the FGF23Ab and daily 1,25D
treated Hyp mice. The molecular basis for the waning effect of the FGF23Ab on serum
1,25D levels is not known. Future investigations will be required to determine if antibody
therapy leads resistance to the effects of the FGF23Ab on the vitamin D 1 a-hydroxylase or
the vitamin D 24-hydroxlyase. It is notable, however, that the peak increase in 1,25D
observed in XLH patients treated with an FGF23 blocking antibody wanes with prolonged
duration of treatment (14) as does the effect of an FGFR inhibitor in Hyp mice.(1%)

In the current studies, daily 1,25D treatment normalized body weight, vertebral height, and
trabecular separation as well as improved all biomechanical parameters. Both 1,25D
regimens improved femur and tail length more so than FGF23Ab. Consistent with the
hypothesis that 1,25D has beneficial effects on Hyp bone that are independent of its actions
on phosphate homeostasis, FGF23Ab improved but did not normalize growth or trabecular
bone structure. Interestingly, daily 1,25D resulted in a decrease in urine phosphate/
creatinine, despite marked increases in FGF23 mRNA and plasma levels, and PTH levels
that did not differ significantly from those of WT mice. This suggests that 1,25D may impair
the biological activity of FGF23 or lead to FGF23 resistance. Notable in this respect, daily
1,25D treated mice have a significant increase in the expression of FAM20C, which
phosphorylates FGF23, enhancing its cleavage by preventing glycosylation.(38) Thus, it is
possible that 1,25D increases the ratio of C-terminal to intact levels of serum FGF23 due to
impaired glycosylation. Accumulation of C-terminal fragments could lead to FGF23
resistance by blocking receptor-ligand interactions. 39 Alternatively, 1,25D may directly
alter FGF23 receptor expression or downstream signaling events.

Daily 1,25D improved bone volume despite an increase in the expression of SOST, an
inhibitor of bone formation. All three treatments improved mineralization, associated with
increased ANK expression. Corresponding to increased expression of both ANK and
PHOSPHO1, increased mineralization was seen in the distal femur of Hyp mice treated
daily with 1,25D.

Both daily 1,25D and FGF23Ab treatments improved cortical microarchitecture and whole-
bone biomechanical properties, while daily 1,25D normalized the inferred biomechanical
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parameters on micro-CT. Consistent with normalization of the moments of inertia, daily
1,25D treatment, unlike FGF23Ab or biweekly 1,25D, significantly increased total cross
sectional area (Supplemental Table 1), indicating an increase in periosteal expansion. The
difference in inferred biomechanical and whole-bone biomechanical analyses suggests that
significant abnormalities in the material properties of bone persist in the daily 1,25D treated
mice. This is consistent with transplantation studies and studies in cultured

osteoblasts (40-42) that demonstrate an intrinsic osteoblast defect in Hyp mice. Although
FGF23 impairs mineralization,(43) the dramatic increase in FGF23 mRNA in the bones and
serum of daily 1,25D treated mice in the setting of improved mineralization suggests that the
abnormalities cannot be solely attributed to local production of FGF23. Whether 1,25D
modulates the production of ASARM peptides, which have been implicated in the impaired
mineralization of Hyp bone,(4) or exerts its effects on other PHEX-dependent pathways
remains to be determined. While increased FGF23 results in hypophosphatemia and rickets,
it is likely that other significant FGF23-independent consequences of PHEX mutations are
responsible for the bone abnormalities in XLH. Our studies demonstrate increased strength
and improved histomorphometric parameters in Hyp mice with 1,25D therapy, despite a
dramatic increase in FGF23. This suggests that 1,25D attenuates FGF23-independent
consequences of PHEX mutations that may be critical determinants of skeletal pathology in
XLH. Future investigations in mouse models with PHEX-independent FGF23
overexpression will be required to identify skeletal abnormalities specifically due to PHEX
ablation versus FGF23 excess.

These investigations demonstrate clear beneficial effects of 1,25D on improving growth in
the setting of PHEX mutations, thus have clear implications for the treatment of children
with XLH, as well as adults whose growth plates are fused. 1,25D without phosphate
supplementation, would be anticipated to decrease the risk of nephrocalcinosis in affected
individuals. Furthermore, our studies indicate that close attention should be given to
repleting 1,25D levels in FGF23Ab-treated subjects when increased circulating 1,25D is not
observed. Although there is no consensus regarding indications for treatment of adults with
XLH,® oral phosphate and 1,25D therapy attenuate symptoms and improve
histomorphometric parameters in affected individuals.(4>) Our investigations demonstrate
beneficial effects of 1,25D without phosphate supplementation on the microarchitectural and
biomechanical properties of Hyp bones. Thus, treatment of XLH with 1,25D alone is likely
to offer significant benefit without the complications observed with combined 1,25D and
phosphate therapy.©: 11)
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Fig 1.

1,35D and FGF23Ab treatment increase FGF23 mRNA levels and restore renal Npt2a, a—
Klotho and pERK1/2 immunoreactivity in Hyp mice. A. RNA isolated from the humeral
diaphysis of d75 mice was subjected to RT-gPCR for evaluation of FGF23 mRNA levels. All
treatments dramatically increased long bone FGF23 mRNA expression. Data, normalized for
actin in each sample represents RNA isolated from 3 mice per genotype/treatment group. B.
Immunohistochemical evaluation of Npt2a, a-Klotho and pERK1/2 was performed on
sections of kidneys obtained d75, 24h after the final treatment. All treatments increased
Npt2a, a-Klotho and pERK1/2 immunoreactivity relative to untreated Hyp control mice.
Data are representative of that obtained from 3 mice per genotype/treatment group. * =p
value <0.05 vs WT, # =p value <0.05 vs Hyp Con (Hyp control), a =p value <0.05 vs Daily
1,25D.
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Fig. 2.

1,25D and FGF23Ab effects on growth plate and metaphyseal morphology and growth in
Hyp mice. A. H&E, Col X /n situ hybridization, pPERK1/2 immunoreactivity and TUNEL
labeling of the growth plates of d75 mice. Yellow arrows indicate TUNEL labeled
hypertrophic chondrocytes. Data are representative of 3 mice per genotype/treatment group.
B. The number of TUNEL labeled nuclei in the last two rows of the hypertrophic
chondrocyte layer was quantitated. Data are representative of 3 mice per genotype/treatment
group. C. 1,25D increases basal and phosphate-induced mitochondrial pERK1/2. Subcellular
fractionation of hypertrophic chondrocytes treated with 1078 M 1,25D prior to addition of
7mM sodium sulfate (=) or sodium phosphate (Pi). HSP90 is used as a cytosolic control and
VDAC as a mitochondrial control. Data are representative of that obtained from 3
independent chondrocyte preparations. D. Weight, lumbar vertebral height, tail length and
femur length of d75 mice. Data are representative of that obtained from 3 to 5 mice per
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genotype/treatment group. E. Radiographs of representative femurs. * =p value <0.05 vs
WT, # =p value <0 vs Hyp Con, a =p value <0.05 vs Daily 1,25D, b =p value <0.05 vs
FGF23Ab.
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Fig. 3.

1,35D and FGF23Ab treatment improve microarchitecture. A. MicroCT scans were
performed on femurs isolated from d75 mice. Ct. Th, cortical thickness; Ct.Ar/T.Ar, Cortical
Area/Total Area; BV/TV, Bone Volume/Tissue Volume. Data represent that obtained from 5
mice per genotype/treatment group. * =p value <0.05 vs WT, # =p value <0.05 vs Hyp Con,
a =p value <0.05 vs Daily 1,25D, b =p value <0.05 vs FGF23Ab. B. Representative images
of microCT scans are shown.
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Fig. 4.

1,35D and FGF23Ab improve bone strength. A. Inferred biomechanical parameters from
microCT analyses. pMOlI, polar moment of inertia. B. Torsion testing was performed on d75
femurs. Representative torque rotation curves are shown. C. Torsion testing evaluation of
whole-bone strength (Max Torque), stiffness and toughness (work to Max Torque). Data
represent that obtained from 5 mice per genotype/treatment group. * =p value <0.05 vs WT,
# =p value <0.05 vs Hyp Con, a =p value <0.05 vs Daily 1,25D.
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Fig. 5.
1,25D and FGF23Ab improve mineralization. A. von Kossa and trichrome staining of the

distal femur of d75 mice. B. Histomorphometric parameters. BV/TV, Bone Volume/Tissue
Volume; Th.N, Trabecular Number; Th.Sp., Trabecular Separation; OV/BYV, Osteoid Volume/
Tissue Volume; MAR, Mineral Apposition Rate; Ct.Th., Cortical Thickness. Data are
representative of that obtained from 5-8 mice per treatment/genotype. * =p value <0.05 vs
WT, # =p value <0.05 vs Hyp Con, a =p value <0.05 vs Daily 1,25D, b =p value <0.05 vs
FGF23Ab.
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Osteocyte apoptosis is increased in Hyp cortical bone. A. The number of osteocytes 4 to
5mm proximal and contralateral to the tibiofibular junction in d75 mice was quantitated.
Data represent that obtained from three mice per genotype/treatment group. B. Osteocyte
apoptosis was quantitated in the tibial cortex of d75 mice. Data represent that obtained from
3 mice per genotype/treatment group. * =p value <0.05 vs WT, # =p value <0.05 vs Hyp
Con
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FGF23Ab transiently increases serum 1,25D. Serum levels of 1,25D were evaluated in d35 and d75 mice in

Table 2

the treatment groups indicated.

WT Hyp Con FGF23Ab

d35 68.3+8.1 43641227 108.6+20.1°%

d75 35.8+11.8 42.6%115  55.2+13.0

Data represent the mean and SD of that obtained from 5 mice per genotype/treatment group.

*
p value <0.05 vs WT,

#p value <0.05 vs Hyp Con.
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