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Abstract

Pediatric renal osteodystrophy is characterized by skeletal mineralization defects but the role of
osteoblast and osteocyte maturation in the pathogenesis of these defects is unknown. We evaluated
markers of osteocyte maturation (early osteocytes: e11/gp38; mature osteocytes: MEPE) and
programmed cell death (TUNEL) in iliac crest of healthy controls and dialysis patients. We
evaluated the relationship between numbers of FGF23-expressing osteocytes and
histomorphometric parameters of skeletal mineralization. We confirmed that CKD causes intrinsic
changes in bone cell maturation using an /n vitro model of primary CKD osteoblasts. FGF23 co-
localized with e11/gp38, suggesting that FGF23 is a marker of early osteocytes. Increased
numbers of early osteocytes and decreased osteocyte apoptosis characterized CKD bone. Numbers
of FGF23-expressing osteocytes were highest in patients with preserved skeletal mineralization
indices and packets of matrix surrounding FGF23-expressing osteocytes appeared to have entered
secondary mineralization. Primary CKD osteoblasts retained impaired maturation and
mineralization characteristics /n vitro. FGF23 did not affect primary osteoblast mineralization.
Thus, CKD is associated with intrinsic changes in osteoblast and osteocyte maturation and FGF23
appears to mark a relatively early stage in osteocyte maturation. Improved control of renal
osteodystrophy and of FGF23 excess will require further investigations into the pathogenesis of
CKD-mediated osteoblast and osteocyte maturation failure.
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Introduction

Bone deformities, fractures, and poor growth are features of childhood CKD that contribute
to significant lifetime morbidity.12 The majority of patients who develop kidney disease in
childhood have bone disease which persists into adulthood.! Even children with mild kidney
dysfunction—children with normal circulating calcium, phosphorus, and PTH
concentrations—have increased fracture rates.3 Defective skeletal mineralization is highly
prevalent in these children and likely contributes to their skeletal fragility. However, the
etiology of these defects remains poorly understood.

Genetically inherited diseases of bone under-mineralization highlight the tight link between
bone matrix mineralization and bone cell maturation. Defects in dentin matrix protein 1
(DMP1), an important regulator of osteoblast and osteocyte maturation®, and also of
phosphate metabolism®, are associated with concomitant defects in osteocyte maturation and
skeletal mineralization.” The /n vitro addition of exogenous phosphate restores normal
maturation to calvarial cells from DMP1 null animals® while augmentation of osteocyte
maturation similarly improves bone mineralization in these mice 77 vivo.” In contrast to
most genetic forms of rickets, the skeletal mineralization defects common to pediatric CKD
patients occur in the context of normal to elevated circulating phosphate concentrations.
Whether impaired osteocyte maturation contributes to skeletal mineralization defects in the
CKD population remains unknown.

We and others previously demonstrated that CKD bone is characterized by increased
numbers of osteocytes which express the phosphaturic hormone fibroblast growth factor 23
(FGF23).910 These FGF23-expressing osteocytes are the primary source of the elevated
circulating FGF23 levels!? which contribute to excess cardiovascular and infectious
mortality in the CKD population.11-13 Bone at the tissue level appears as a mosaic of
individual bone packets, each with specific mineral contents. Youngest bone packets are
found only on the periphery of trabecular bone and have generally lower mineral content
than older bone packets.115 FGF23 expression is uniquely restricted to osteocytes at the
trabecular periphery®19, suggesting that FGF23 expression may be a feature of newly-
embedded osteocytes in newly formed bone. Increased numbers of early, FGF23-expressing,
osteocytes might result either from an overall increase in osteocyte numbers or from a
generalized change in osteocyte maturation characteristics which favors the presence of a
relatively young cell phenotype in CKD bone. To investigate whether changes in osteocyte
maturation could contribute to excess FGF23 expression and to skeletal mineralization
defects, we evaluated numbers of live osteocytes, FGF23 expression, and markers of
osteocyte maturation in CKD bone. We further assessed the local mineral content in specific
bone packets with or without FGF23 expressing osteocytes. To gather insights into whether
increased numbers of early osteocytes are associated with an increase or a decrease in
osteocyte turnover, we also evaluated osteocyte apoptosis in these same CKD samples. We
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then used primary human osteoblasts from pediatric dialysis patients which maintain
intrinsic impairments in mineralization when removed from the uremic milieu® to evaluate
whether CKD-mediated skeletal mineralization defects are associated with impaired
osteoblast maturation /in vitro.

FGF23 is a marker of early osteocytes

Previous studies have demonstrated that FGF23 is expressed in discrete clusters of
osteocytes at the periphery of trabecular bone.%10 The pattern of FGF23 expression is
similar in healthy individuals and in CKD patients; however, increased numbers of FGF23-
expressing cells are observed in each cluster in patients with kidney disease.910 To evaluate
whether this unique expression pattern results from localized expression of FGF23
regulators or whether FGF23 is merely expressed by osteocytes in an early stage of
maturation, we performed immunofluorescence on iliac crest samples from adolescent
dialysis patients who were not receiving vitamin D sterol therapy. We first evaluated the
proximity of FGF23 expression to that of its known negative regulator, dentin matrix protein
1 (DMP1).17 As shown in Figure 1, DMP1 was expressed in osteocytes throughout
trabecular bone. Some, but not all, FGF23-expressing osteocytes also expressed DMP1. Not
all DMP1-expressing osteocytes co-expressed FGF23.

E11/gp38 is the earliest identifiable osteocyte-selective protein in intact bone.18-20 While
bone extracts contain high concentrations of e11/gp38, its presence can be detected by
immunostaining only in early osteocytes.18 Sclerostin is a marker of the most mature
osteocytes in bone. Previous data have demonstrated that sclerostin does not co-localize with
FGF23 in adult CKD bone.%21 However, matrix extracellular phosphoglycoprotein (MEPE),
which is a marker of both mineralizing and mature osteocytes?8, is expressed throughout
trabecular bone.10 Thus, in order to determine whether FGF23 is a marker of an early phase
in osteocyte maturation, we evaluated the co-expression of FGF23 with e11/gp38 and
MEPE. As shown in Figure 2, e11/gp38 expression mirrored FGF23 expression and the two
proteins co-localized. By contrast, MEPE was detected only in the deepest FGF23-
expressing osteocytes. The most peripheral FGF23-expressing osteocytes did not co-express
MEPE and deeply-embedded MEPE-expressing osteocytes did not co-express FGF23
(Figure 3). These findings suggest that FGF23 is a marker of early osteocytes.

Osteocyte apoptosis is decreased, but osteocyte numbers are stable, in CKD bone

Increased numbers of early osteocytes, in the face of stable overall osteocyte numbers, could
reflect either an increase in osteocyte birth rate or a block in osteocyte maturation that
prevents early osteocytes from assuming a more mature phenotype. An increase in the
creation of early osteocytes, independent of any change in osteocyte maturation or death
rate, would increase osteocyte numbers. We thus quantified osteocytes numbers in 5 healthy
controls, 12 pre-dialysis CKD patients, and 10 pediatric dialysis patients using DAPI
staining. The demographic, biochemical, and bone histomorpometric parameters from these
patients are shown in the Supplemental Table. As shown in Figure 4a, osteocyte numbers did
not differ between control, pre-dialysis CKD, and dialysis patients; moreover, the proportion

Kidney Int. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pereira et al. Page 4

of FGF23-expressing osteocytes per bone area correlated with the proportion of FGF23-
expressing osteocytes per total osteocyte number (r=0.98, p<0.001) (Figure 4b). Thus,
increased numbers of FGF23-expressing osteocytes reflects an increased proportion of early
osteocytes in CKD bone.

To determine whether the increased proportion of early osteocytes reflects an increase in
osteocyte turnover, we next evaluated osteocyte apoptosis using terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) in trabecular bone. As shown in Figure 5,
apoptosis was detected in both osteocytes and bone marrow cells of healthy control subjects.
However, osteocyte and bone marrow apoptosis were decreased in dialysis patient bone.
Since CKD does not accelerate osteocyte loss, increased numbers of FGF23-expressing
osteocytes in CKD bone appears to reflect stalled osteocyte maturation.

Increased numbers of FGF23-expressing osteocytes mark packets of bone in early stages
of secondary mineralization

We and others have previously reported a correlation between circulating FGF23 levels?3:24,
numbers of FGF23-expressing osteocytes'0, and skeletal mineralization indices in CKD
bone. In order to evaluate the hypothesis that a high proportion of early-stage, FGF23-
expressing, osteocytes is an indication of well-mineralized bone, we evaluated the
relationship between numbers of FGF23-expressing osteocytes and the presence of a
mineralization defect in a cohort of 58 pediatric dialysis patients not receiving vitamin D
sterol therapy. The biochemical and histomorphometric parameters of these patients are
shown in Table 1. As shown in Figure 6a, osteoid volume was markedly increased (p<0.05
from the normal range) in patients with normal numbers of FGF23-expressing osteocytes but
was normal in patients with increased numbers FGF23-expressing osteocytes (NS from
normal range; p<0.05 from patients with normal numbers of FGF23-expressing osteocytes).
We subsequently divided patients based on the presence or absence of a true mineralization
defect, defined by an increase in osteoid volume combined with a prolonged osteoid
maturation time. As shown in Figure 6b, numbers of FGF23-expressing osteocytes were
higher in CKD patients with normal skeletal mineralization indices (n=42) as compared to
those with defective skeletal mineralization (n=14). Serum calcium, phosphorus, and PTH
levels did not differ in patients with normal versus those with increased numbers of FGF23-
expressing, osteocytes. Calcium, phosphorus, and PTH did predict numbers of FGF23-
expressing osteocytes in multivariable analysis.

To verify that the presence of FGF23-expressing osteocytes associates with improved quality
of matrix mineralization in CKD bone, we evaluated calcium content by quantitative
backscatter electron imaging (qBEI) in 4 biopsy samples (Figure 7). Specific bone packets
with or without FGF23-expressing osteocytes, mapped by comparison with images obtained
by immunohistochemistry, were identified on the backscattered electron image (Figure 7b).
As shown in Figure 7c, bone packets at the trabecular periphery with the lowest mineral
content (weight % calcium (Ca) below 18) did not contain FGF23-expressing osteocytes
(bone packet #1 in Figures 7b, 7c, and 7d). These areas demonstrated evidence of ongoing
bone formation (Figures 7e and 7f). Bone packets which contained FGF23-expressing
osteocytes demonstrated distinctly higher mineral content (weight % calcium 20.89); no
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ongoing bone formation was observed in these areas. These findings suggested that FGF23-
expressing osteocytes are confined to packets of bone that have completed primary
mineralization.

A model of primary CKD osteoblasts confirms that CKD results in intrinsic defects in
maturation of cells of the osteoblast/osteocyte lineage

We have previously shown that primary CKD osteoblasts removed from the uremic milieu
are highly proliferative, mineralize slowly, and have increased expression of the early
osteoblast markers.1® To evaluate whether these previously reported features represent an
intrinsic, CKD-mediated, delay in osteoblast maturation, we evaluated expression of
osteoblast maturation markers throughout the course of mineralization in primary
osteoblasts from 6 pediatric dialysis patients and 3 healthy controls. As previously
reported'8, CKD osteoblasts mineralized at a slower rate than did their healthy control
counterparts (Figure 8a and 8b). Expression of the osteoprogenitor marker Runx2 (RUNX)
increased with time (Figure 9a) (p<0.05 in both control and CKD osteoblasts at both 1 and 2
weeks from baseline). By contrast, expression of both osteocalcin (BGLAP) and alkaline
phosphatase (ALPL) were lower in CKD than in control osteoblasts at baseline (p<0.05
between CKD and control osteoblasts at baseline). Osteocalcin and alkaline phosphatase
expression remained lower in CKD osteoblasts after 1 week under pro-mineralizing
conditions (p<0.05 between CKD and control osteoblasts for both genes at 1 week) (Figure
9b and 9c). The lower expression of these more mature osteoblast markers suggest impaired
mineralization is associated with impaired maturation of CKD osteoblasts.

Exogenous FGF23 does not alter primary osteoblast maturation but does prevent
phosphate-induced osteocyte apoptosis in vitro

Osteoblast and osteocyte differentiation, as well as extracellular matrix mineralization, are
phosphate-dependent processes® and high concentrations of phosphate have been associated
with increased osteocyte apoptosis /77 vivo.2* To evaluate the local effect of FGF23 on
osteoblast maturation and osteocyte apoptosis, we cultured primary CKD and control
osteoblasts and immortalized murine long bone osteocyte (MLO-Y4) cells with varying
concentrations of phosphate and FGF23. As shown in Figure 10, phosphate stimulated
mineralization of cultured osteoblasts. FGF23 had no effect on osteoblast maturation (Figure
11) but decreased the number of dead and apoptotic MLO-Y4 cells cultured for 48 hours in
culture in high phosphate conditions (Figure 12a and 12b). Thus, FGF23 does not appear to
affect their maturation and/or mineralization but may play a role in counteracting phosphate-
induced apoptosis in mature osteocytes.

Discussion

Increased numbers of FGF23-expressing osteocytes are present in trabecular bone®19,
contributing to increased circulating FGF23 levels in CKD patients.1% Here we show that
FGF23 is a marker of an early phase in osteocyte maturation. Increased numbers of early,
FGF23-expressing osteocytes combined with a visible decrease in osteocyte apoptosis,
suggest that stagnant osteocyte maturation may contribute to skeletal pathology and
circulating FGF23 excess in this population.
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Clinical bone disease—including increased fracture rates—is present in patients with all
CKD stages® and skeletal mineralization defects can be identified in as many as 40% of
children and adults* with even mild kidney dysfunction. In contrast to most forms of rickets
in which low serum calcium and/or phosphate concentrations contribute to impaired
osteoblast and osteocyte maturation’-8, the skeletal mineralization defects associated with
CKD occur in the face of adequate amounts of circulating calcium and phosphorus. In the
current study, we show that CKD is associated with a decrease in osteocyte apoptosis.
Despite this decrease, numbers of osteocytes in trabecular bone are stable, suggesting that
osteocyte maturation is impaired. As we have previously shown, primary osteoblasts from
CKD patients have a hyper-proliferative phenotype with impaired mineralization
characteristics ex vivo and here we demonstrate that this phenotype is associated with a
sluggish increase in alkaline phosphatase and osteocalcin expression under pro-mineralizing
conditions. It thus appears that maturation impairments afflict cells throughout the
osteoblast/osteocyte lineage and likely contribute to bone mineralization impairments in
CKD. The etiology of this CKD-mediated delay in maturation remains unknown; however,
its presence is consistent across CKD etiologies from CAKUT to inflammatory disease, is
independent of underlying bone histology, and is independent of underlying bone FGF23
expression. Thus, the presence of CKD itself, and not underlying CKD etiology or bone
histology, appears to cause changes to the maturation characteristics of cells of the
osteoblast lineage.

Elevated circulating FGF23 levels, coming from osteocytes in bonel?, contribute to
cardiovascular and infectious morbidity and mortality in the CKD population1112 but the
local implications of increased bone FGF23 expression in CKD remain poorly defined. Our
current findings suggest that FGF23 does not affect maturation and mineralization of
primary human osteoblasts but may protect osteocytes from phosphate-induced apoptosis.
Since adjacent bone marrow cells also appear to be protected from apoptosis in CKD bone,
increased bone FGF23 expression may represent a local, paracrine, response that protects
CKD bone from the pro-apoptotic effects of hyperphosphatemia.24

Since excess circulating levels of FGF23 contribute to osteomalacia in patients with normal
kidney function?®, it is tempting to ascribe the pathogenesis of defective skeletal
mineralization in CKD directly to increased bone FGF23 expression. However, FGF23
excess is associated with hypophosphatemia in patients with normal kidney function2> but
not in CKD patients with kidney disease and there are few data supporting a direct link
between bone FGF23 expression and skeletal mineralization defects in the CKD population.
The current data demonstrate that bone mineralization is preserved in patients with robust
numbers (i.e. above the range found in healthy controls) of FGF23-expressing, osteocytes.
This finding appears to reflect the time course of FGF23 expression relative to matrix
mineralization. Indeed, the mineral content of newly-formed osteoid increases within a few
days to about 18 weight % calcium. After this phase of primary mineralization, mineral
accumulation slows and a fully mineralized matrix is achieved over months to years
(secondary mineralization).1415 In the current study, signs of ongoing bone formation were
observed in peripheral bone matrix containing the lowest mineral content. This presumably
earliest, and least mineralized, bone matrix contained no FGF23-expressing osteocytes. The
co-localization of FGF23 with the early osteocyte marker e11/gp38, the higher mineral

Kidney Int. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pereira et al.

Page 7

content of bone packets containing FGF23-expressing osteocytes, and the lack of FGF23
expression in deep bone matrix, together suggest that FGF23 expression is confined to
osteocytes in a relatively early maturation stage—osteocytes in matrix which has completed
primary mineralization and has just entered secondary mineralization.

Increased bone FGF23 expression contributes to elevated circulating FGF23 concentrations
in CKD patients:19 how much of the increase in bone FGF23 expression is due to increased
per-osteocyte expression and how much is due to increased numbers of early osteocytes
constitutively expressing the hormone remains an open question. Many stimuli for FGF23
expression, including hyperphosphatemia?®, vitamin D sterol use?’, inflammation?® and iron
deficiency?? are present in patients treated with maintenance dialysis. However, it is
interesting to note that numbers of FGF23-expressing osteocytes have been shown to
correlate closely with circulating FGF23 levels in dialysis patients, 10 suggesting that much
of the variation in circulating FGF23 levels in dialysis patients results from differences in
numbers of early osteocytes between patients, rather than from hyper-stimulation of
individual osteocytes.

The current study was performed on tissue and cells obtained from young patients. Increased
numbers of FGF23-expressing osteocytes have similarly been observed in adult pre-dialysis
CKD and dialysis patients®10 and some data suggest that mineralization defects are also
prevalent in adult CKD patients.® However, other data suggest that mineralization defects are
rare in adults;30 thus, the interactions between CKD-mediated osteocyte maturation
impairment, numbers of early osteocytes, and bone mineralization outside the pediatric age
range warrant further investigation. Moreover, the maturation and mineralization
characteristics of primary osteoblasts from a limited number of patients were evaluated in
the current study. While these samples were chosen to represent the spectrum of renal
osteodystrophy, evaluation of a larger number of samples will be useful in future to confirm
the generalizability of these findings.

In conclusion, stagnant osteoblast and osteocyte maturation are features of CKD bone which
likely contribute to skeletal morbidity in this population. Increased numbers of FGF23-
expressing osteocytes reflect an increased proportion of early osteocytes in CKD bone. The
ability to maintain increased numbers of early, FGF23-expressing osteocytes may herald a
protective response to the uremic milieu, preserving bone mineralization and protecting
osteocytes from the toxic effects of phosphate excess. Increased circulating FGF23 levels,
coming from bone, trigger the development of secondary hyperparathyroidism31, contribute
to cardiovascular disease'2, impair immunity!! and are associated with early mortality.32
Improved management of CKD-associated bone disease and CKD-related mortality may
thus require therapies targeted at improving osteoblast and osteocyte maturation in patients
with all CKD stages.

Materials and Methods

Patients

Bone biopsy specimens from 68 CKD patients, ages 2—25 years, and from 5 controls were
included in this study. Twelve of the patients had stable CKD stages 2—4 and 56 had stable
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(>6 months) CKD stage 5 and were treated with maintenance dialysis (“dialysis patients™).
All underwent bone biopsy as part of clinical studies characterizing the spectrum of bone
disease across CKD stages.*27

Characterization of bone histomorphometry, immunohistochemistry, apoptosis, and matrix
mineralization

Histomorphometric analysis was performed in un-decalcified bone from all pediatric CKD
patients and healthy controls using the OsteometricsR system as previously described.33
Standard measures of bone turnover, mineralization, and volume were measured and
calculated.34 Mineralization defects were defined by concomitant increases in osteoid
accumulation (osteoid volume/bone volume>5.8%) and prolongations in mineralization rate
(osteoid maturation time>11.5 days).

Immunohistochemistry was performed to assess bone FGF23 expression in un-decalcified
sections of iliac crest from 56 pediatric patients with end-stage kidney disease treated with
maintenance dialysis, 12 pre-dialysis CKD patients, and 5 healthy controls.
Immunofluorescence was performed on samples from 4 of these dialysis patients. The
technique for immunohistochemical detection and quantification of protein expression was
previously reported.19 In brief, 5 um sections of bone were de-plasticized, rehydrated, and
partially decalcified. Sections were incubated with affinity purified polyclonal goat anti-
human FGF23(225-244) (Qidel, San Diego, CA) monoclonal primary antibody overnight at
4°C in a humidified chamber. Samples were then incubated with biotinylated horse anti-goat
secondary antibody (Vector, Burlingame, CA) followed by ABComplex/HRP complex
(\Vector), and developed using AEC kit (Vector) and counterstained with Mayer hematoxylin
(Sigma-Aldrich, St Louis, MO). Numbers of FGF23-expressing osteocytes were counted
and normalized to total tissue area.10 Anti-human FGF23, anti-human MEPE (LFMb33)(42-
525) (kindly provided by Dr. Larry Fisher, National Institutes of Health, DC), monoclonal
mouse anti-human DMP1 (LFMb31)(62-513) (Dr. Larry Fisher) and monoclonal mouse
anti-human e11/gp38 (sc-59347, Santa Cruz Biotechnology, Dallas, TX) primary antibodies
were used for immune-co-localization with Alexa Fluor conjugated anti-mouse, anti-rabbit,
and anti-goat (Invitrogen, Carlsbad, CA) secondary antibodies. DAPI staining was used to
assess numbers of live osteocytes in trabecular bone.

Apoptosis in non-decalcified bone sections was assessed via 7 sitt TUNEL reaction in iliac
crest samples from 5 healthy controls and 10 pediatric dialysis patients using Klenow
terminal deoxynucleotidyl transferase per manufacturer’s instructions (Oncogene Research
Products, La Jolla, CA). Positive staining was detected by peroxidase streptavidin
conjugated and 3,3’diaminobenzidine. Sections were counter-stained with methyl green.
Sections incubated with vehicle alone served as negative controls and a positive control was
generated by treating one of the samples with DNAse 1.

Matrix mineralization was assessed by gBEI in a subset of 4 bone biopsy samples from
adolescent dialysis patients. The procedure for qBEI has been previously described.3® In
brief, the surface of the residual sample block was prepared polishing to obtain a smooth
surface as close as possible to the section previously removed for FGF23
immunohistochemical staining. Subsequently, the sample was coated with a thin carbon
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layer by vacuum evaporation. gBEI was performed on a digital scanning electron
microscope equipped with a four-quadrant semiconductor BE detector (Zeiss Supra 40,
Oberkochen Germany). The entire cross-sectioned bone sample area was scanned and a
mapped for calcium (Ca) content with a spatial resolution of 1.8 um/pixel. Within the
resulting image, bone packets were selected according to the site of trabecular tissue
(periphery, adjacent deeper packets, and deep interstitial bone) and the presence or lack of
FGF23-expressing osteocytes in the adjacent histological section. The mean calcium content
(weight % Ca) was calculated per bone packet.

Primary osteoblast maturation and mineralization potential and gene analysis

Primary osteoblasts were obtained at the time of bone biopsy as previously described.16
Osteoblasts from 6 adolescent CKD patients and from 3 healthy adolescent controls were
used for these experiments. All CKD patients were treated with maintenance dialysis and
end stage kidney disease was due to congenital anomalies of the kidneys and urinary tract
(n=3) and glomerulonephritis (n=3). Bone FGF23 expression was within the range observed
in healthy controls in 2 patients, above the normal range in 2 patients, and markedly
increased from control values in 2 patients. Bone turnover (as defined by bone
histomorphometry) was high in 3 patients and low in the other 3. Bone and cells from
healthy adolescent controls were obtained at the time of surgery for idiopathic scoliosis or
for maxillofacial surgery requiring grafting. Mineralization potential was assessed in
primary osteoblasts plated in 12 well plates at equal density (1 x 104 cells per well). Primary
osteoblasts were grown to confluence in the presence of DMEM, 10% fetal bovine serum,
and 100 ug/ml ascorbic acid and then stimulated to mineralize by adding 10 mM B-glycero-
phosphate and 1078 M dexamethasone and varying (0 mM, 2 mM, 5mM, and 10 mM)
concentrations of B-glycero-phosphate or recombinant human FGF23 (0 and 100 ng/mL)
(R&D Systems, Minneapolis, MN). Mineralization was quantified by staining cultures at
weekly intervals with 1% (w/v) solution of Alizarin red S (pH 6.4) (Sigma-Aldrich, St.
Louis MO). Dye was extracted from the cell layer and the supernatant was analyzed at 490
nm. The coefficient of variation between technical replicates was less than 6%.

RNA was isolated from parallel cultures and quantitative real-time PCR amplification was
performed using QuaniTect ® Probe PCR kit (Qiagen, Hilden, Germany). Tagman assays
were used to quantify the expression of osteocalcin (BGLAP), Runx2 (RUN.X), and alkaline
phosphatase (ALPL), along with the housekeeping gene GAPDH. Relative quantification
studies of threshold cycle were performed with Sequence Detector software (Applied
Biosystems, Foster City, CA). Samples from each individual patient were assayed in
triplicate at each time point; the coefficient of variation between these technical replicates
was less than 4% for each gene at each time point.

In vitro evaluation of osteocyte apoptosis

The effects of phosphate and FGF23 on osteocyte apoptosis were evaluated in immortalized
murine osteocytes (MLO-Y4) which were cultured to 80% confluence. After overnight
serum deprivation, cells were cultured in either normal (3 mM phosphate) or phosphate
enriched (10 mM phosphate) media in the presence or absence of FGF23 (100 ng/ml).
Apoptosis was assessed visually under fluorescent microscopy (510/540 nm excitation
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filters) by acridine orange/ethidium bromide with trypan blue exclusion staining at 24 hours.
Using this technique, live cells appear uniformly green; early apoptotic cells stain green and
contain bright green nuclear dots (indicating chromatin condensation and nuclear
fragmentation); and late apoptotic cells stain orange and also display bright green nuclear
dots.

Statistical analysis

Measurements are reported as mean = standard error or median (interquartile range), or
percentage + standard error of normal values. The Student’s T-test and the Wilcoxon Signed
Rank test were used to assess between-group differences. The Pearson correlation coefficient
was used to assess the relationship between FGF23 measurements normalized to bone area
and those normalized to osteocyte number. Multiple linear regression was performed to
assess the contribution of biochemical and bone histomorphemetric variables to numbers of
FGF23-expressing osteocytes. All statistical analyses were performed using SAS software
(SAS Institute Inc.) and all tests were two-sided. A probability of type | error less than 5%
was considered statistically significant and ordinary p values are reported.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: DM P1 co-localizes with some, but not all, FGF23-expressing osteocytes.
Representative bone section showing immunofluorescence for A) FGF23 (red); DMP1

(green); and their co-expression (yellow). Live nuclei stain blue (DAPI). Solid arrows
indicate FGF23 immunoreactivity and dashed arrows signify DMP1 immunoreactivity;
arrowheads identify osteocytes with co-expression. TB: trabecular bone; BM: bone marrow.
The diffuse, low-intensity marrow auto-fluorescence in each section contrasts with the
bright, distinct staining of individual osteocytes in trabecular bone.
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Figure 2: FGF23isamarker of early, €11/gp38-expressing, osteocytes.
FGF23 (red); the early osteocyte marker e11/gp38 (green); and their co-expression (yellow)

in cancellous bone of a pediatric dialysis patient. Live nuclei stain blue (DAPI). Solid arrows
indicate FGF23 immunoreactivity and dashed arrows signify e11/gp38 immunoreactivity;
arrowheads identify osteocytes with co-expression. TB: trabecular bone; BM: bone marrow.
The diffuse, low-intensity marrow auto-fluorescence in each section contrasts with the
bright, distinct staining of individual osteocytes in trabecular bone.
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Figure 3: FGF23 isnot expressed in mature (M EPE-expressing) osteocytes.
FGF23 (red); MEPE (green); and their co-expression (yellow) in cancellous bone of a

pediatric dialysis patient. Live nuclei stain blue (DAPI). Solid arrows indicate FGF23
immunoreactivity and dashed arrows signify MEPE immunoreactivity; arrowheads identify
osteocytes with co-expression. TB: trabecular bone; BM: bone marrow. The diffuse, low-
intensity marrow auto-fluorescence in each section contrasts with the bright, distinct staining
of individual osteocytes in trabecular bone.
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Figure 4: Osteocyte numbersare stablein CKD bone; increased numbers of FGF23-expressing
osteocytesreflect an increased proportion of early osteocytes.

(A) The total number of osteocytes in bone, as determined by the number of osteocytes
staining for DAPI normalized by bone area, in trabecular bone of 5 pediatric healthy
controls, 12 pediatric pre-dialysis CKD patients, and 10 pediatric dialysis patients not
receiving active vitamin D sterol therapy. (B) The relationship between numbers of FGF23-
expressing osteocytes expressed as a percentage of total, DAPI-positive, osteocytes (X axis)
(FGF23-expressing osteocytes/osteocyte number) and the number of FGF23-expressing
osteocytes per trabecular bone area (Y axis) (FGF23-expressing osteocytes/B.Ar). Closed
(black) circles show represent healthy controls; open circles represent pre-dialysis CKD
patients; closed grey circles represent dialysis patients.
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Figure 5: Osteocyte apoptosisisdecreased in CKD bone.
TUNEL staining of iliac crest trabecular bone from (A) a healthy pediatric control subject

and (B) a pediatric dialysis patient. A positive control (trabecular bone treated with DNasel)
is shown in (C). A negative control, obtained by omitting Klenow from the reaction, is
shown in (D). Brown stain indicates positive TUNEL staining (arrows); green stain indicates
viable cells. Viable osteocytes are denoted by arrowheads.
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Figure 6: High numbers of early osteocytes are associated with preserved mineralization in CKD
bone.

(A) Osteoid volume (displayed as mean + standard error) in 28 pediatric dialysis patients
with normal numbers of early (FGF23-expressing) osteocytes (“NI bone FGF23”) as
compared to values in 28 pediatric dialysis patients with numbers of FGF23-expressing
osteocytes above the upper range of normal (“High bone FGF23”). (B) Number of FGF23-
expressing osteocytes (FGF/B.Ar) in 42 pediatric dialysis patients with normal
mineralization parameters on bone histomorphometry (NI min) as compared to numbers of
FGF23-expressing osteocytes in 14 pediatric dialysis patients with a mineralization defect
(min defect). The asterisk indicates a significant (p<0.05) difference between groups. Grey
shading in each panel represents the normal range.
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Figure 7: FGF23 expression is a feature of osteocytesin bone packets of early secondary
miner alization.

(A) Schematic depiction of phases of mineral accumulation in newly formed bone packets.
The dotted line marks the transition between primary and secondary mineralization. (B)
Trabecular bone section demonstrating immunohistochemical staining for FGF23. The red
arrow points to area of bone with a cluster of FGF23 expressing osteocytes; the blue arrow
points to an area of peripheral bone with active bone formation. (C) Backscattered electron
image of bone core adjacent to the FGF23-stained section shown in (B). Heterogeneously
mineralized bone matrix is observed with dark gray areas corresponding to low and bright
gray to high mineral contents. Bone packets are circled in white; calcium content of each
(weight % Ca) is written adjacent to each circumscribed packet. Red font is used to indicate
weight % Ca of the FGF23-containing packet. (D) Image (C) with red pixels depicting areas
of bone with mineral content below 16 weight % calcium and with bone packets numbered
to correspond to mineral accumulation phases depicted in (A). (E) An enlarged image of
bone packet #1 (i.e. an area of active bone formation). (F) Confocal laser scanning
microscopic fluorescence image from the area of bone packet #1 demonstrating tetracycline
incorporation at the mineralization front.
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Figure 8: Mineralization of primary CKD osteoblastsisimpaired in vitro.
(A) Alizarin red S staining of primary osteoblasts from 2 separate representative healthy

controls and 2 separate representative dialysis patients grown to confluence and then
cultured under standard pro-mineralizing conditions for 2 weeks. (B) Quantification of
extracted Alizarin Red S dye from healthy control and pediatric dialysis patient primary
osteoblasts grown to confluence and cultured under standard pro-mineralizing conditions for
3 weeks. Values represent the mean + standard error values for the 3 controls and 6 patients.
The asterisk indicates a between-group difference in mineral accumulation at 2 weeks in
culture.
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Figure 9: Impaired osteoblast maturation co-occurswith mineralization failure of primary CKD
osteoblastsin vitro.

Changes in (A) Runx2, (B) osteocalcin, and (C) alkaline phosphatase gene expression in
confluent osteoblasts cultured under standard pro-mineralizing conditions. Values represent
fold of control cell expression at baseline. The asterisk indicates a difference (p<0.05)
between control and dialysis patient osteoblasts; the double asterisk indicates an increased in
gene expression (p<0.05) for both control and dialysis patients osteoblasts over time.
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Figure 10: Phosphate increases primary osteoblast mineralization in vitro.
Quantification of extracted Alizarin Red S dye from healthy control (closed bars) and

pediatric dialysis patient (open bars) primary osteoblasts grown to confluence and cultured
under standard pro-mineralizing conditions in varying concentrations of p-glycerol-
phosphate for 2 weeks. Values represent the mean + standard error values for the 3 controls
and 6 patients. The asterisk indicates a between-group difference in mineral accumulation;
the double asterisk indicates a difference from the no added B-glycerol-phosphate condition.
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Figure 11: Exogenous FGF23 does not alter primary osteoblast mineralization in vitro.
Quantification of extracted Alizarin Red S dye from healthy control (closed bars) and

pediatric dialysis patient (open bars) primary osteoblasts grown to confluence and cultured
under standard pro-mineralizing conditions in the presence or absence of exogenous human
FGF23 for 2 weeks. Values represent the mean + standard error values for the 3 controls and
6 patients. The asterisk indicates a between-group difference in mineral accumulation.
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Figure 12: FGF23 decreases osteocyte apoptosisin vitro.
A) Ethidium bromide (Et.Br)/acridine orange (Ac.O) staining of serum deprived MLO-Y4

cells after 48 hours in 100 nM FGF23. B) The percentage of dead cells, as defined by the
percentage of cells staining with Et.Br (orange) relative to the total number of live cells
staining with Ac.O (green), after 48 hours in culture under control (3mM phosphate) and
high phosphate (10mM phosphate) conditions with varying (0 and 100 ng/mL) FGF23
concentrations. Values represent the average * standard error for n=8 replicates. The asterisk
indicates a difference (p<0.01) from cells treated with 10 mM Pi.
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Table 1:

Biochemical values and trabecular bone histomorphometric indices of turnover, mineralization, and volume in
a cross-section of 56 dialysis patients, not receiving active vitamin D sterol therapy, whose bone biopsy
samples were evaluated for FGF23 staining.

Normal numbers of FGF23- Increased numbersof FGF23-  Normal Range”

Demographic Data

expressing osteocytes (N=28)

expressing osteocytes (N=28)

Age (years) 15.8+0.8 15.8+1.0 NA
Gender (M/F) 22/6 20/8 NA
Cause of kidney disease (n) (CAKUT/glomerular 7/13/8 10/11/7 NA
disease/unknown)

Biochemical Values

Calcium (mg/dl) 9.0+0.2 89+0.3 8.4-10.2
Phosphorus (mg/dl) 57+0.3 6.1+0.3 (age specific)
pTH¥ (ogimi) 457 (238, 873) 407 (123, 741) 10 - 65
For23*¥ RuImI) 1147 (705, 1989) 1989 (476, 9351) ™ <100
Trabecular Bone Turnover

Bone formation rate (BFR/BS) (pm3/mm?/yr) 47.7 (30.0, 67.7) 42.0(10.4,75.2) 8.0-734
Trabecular Bone Mineralization

Osteoid surface (OS/BS) (%) 40.0+26 33.6+3.0 43-317
Osteoid volume (OV/BV) (%) 88+23 52+0.7 02-58
Osteoid thickness (O.Th) (um) 12.2+0.7 91+06%" 20-132
Osteoid maturation time (OMT) (d) 13.7 (11.5, 19.9) 9.1(7.7,16.5) 1.2-115
Mineralization lag time (MLT) (d) 28.5(20.9, 104.7) 28.6 (16.3, 54.9) 2.3-63.8
Trabecular Bone Volume

Bone volume (BV/TV) (%) 351+21 304+13 8.9-34.4

*
normal range for bone histomorphometric variables from n=31 healthy controls as previously reported (Bakkaloglu SA 2010 Clin J Am Soc

Nephrol 5:1860-1866)

NA: not applicable

*:

ok
p<0.05 between groups

PTH: 15t generation immunometric assay (Quidel Corporation, San Diego, California), which detects full-length PTH as well as large C-terminal

fragments (normal range: 10-65 pg/ml)

¥¥C-terminal FGF23: 2nd generation C-terminal FGF23 assay (Quidel), which detects both the full-length and C-terminal portions of the molecule

in circulation
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