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We induced chronic kidney disease (CKD) with adenine in WT mice, mice with osteocyte-specific
deletion of Cyp27b1, encoding the 25-hydroxyvitamin D 1(OH)ase [Oct-1(OH)ase™'-], and mice with
global deletion of Cyp27b1 [global-1a(0H)ase™-]; we then compared extraskeletal calcification. After
adenine treatment, mice displayed increased blood urea nitrogen, decreased serum 1,25(0H),D, and
severe hyperparathyroidism. Skeletal expression of Cyp27b1 and of sclerostin and serum sclerostin
all increased in WT mice but not in Oct-10(0H)ase ™/~ mice or global-1a(0OH)ase’- mice. In contrast,
skeletal expression of BMP2 and serum BMP2 rose in the Oct-10(0OH)ase™’- mice and in the global-
1a(0OH)ase™’- mice. Extraskeletal calcification occurred in muscle and blood vessels of mice with CKD
and was highest in Oct-1a(0OH)ase~-mice. In vitro, recombinant sclerostin (100 ng/mL) significantly
suppressed BMP2-induced osteoblastic transdifferentiation of vascular smooth muscle A7r5 cells
and diminished BMP2-induced mineralization. Our study provides evidence that local osteocytic
production of 1,25(0H),D stimulates sclerostin and inhibits BMP2 production in murine CKD,

thus mitigating osteoblastic transdifferentiation and mineralization of soft tissues. Increased
osteocytic 1,25(0H),D production, triggered by renal malfunction, may represent a “primary
defensive response” to protect the organism from ectopic calcification by increasing sclerostin and
suppressing BMP2 production.

Introduction

Mineral and bone disorder (MBD) develops during the course of chronic kidney disease (CKD), per-
turbing mineral homeostasis and inducing biochemical abnormalities that cause bone disease and
soft-tissue calcification, including vascular calcification. Vascular calcification appears to increase in
severity as CKD progresses (1). In both humans (2, 3) and mice (4), one of the earliest metabolic
modifications of mineral metabolism observed in CKD appears to be an increase in serum levels of
FGF23, the bone hormone involved in promoting phosphaturia, inhibiting synthesis of the active form
of vitamin D, 1,25-dihydroxyvitamin D [1,25(OH,D)] and reducing levels of parathyroid hormone;
concomitantly, circulating soluble Klotho, a protein synthesized by renal tubular cells and a corecep-
tor of FGF23, appears to decrease (5). These alterations in FGF23 and Klotho are regarded as some
of the earliest disturbances of bone-kidney cross-talk, which represent one of the pathophysiologic
components of CKD-MBD. The osteocyte, previously thought to be a relatively quiescent cell with a
role limited to skeletal mechanosensing, can act as an osseous endocrine cell (6) synthesizing FGF23,
but also sclerostin, a potent inhibitor of the Wnt growth factor signaling pathway and BMP2 (7-9).
The highest osteocyte expression of Sost, the gene encoding sclerostin, also occurs at initial stages of
CKD (10), and inhibition of the osteocyte Wnt pathway was demonstrated to be an early event in the
progression of CKD-MBD, using an animal model of CKD (10), although sclerostin may also be pro-
duced by calcified soft tissues (11) and increase as kidney function declines further (12).

BMP2 is a member of the TGF-f superfamily (9), members of which were originally discovered
as inducers of ectopic bone (13), and also detected in cartilage and bone (14). BMPs, by activating the
Wnt pathway, promote bone formation (15-17). Consequently, any factors that regulate their produc-
tion and activities might be expected to have an influence on the mineralization process in extraskele-
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tal as well as in skeletal compartments. Therefore, any disruption of the normal biology of the osteo-
cyte could trigger alterations in skeletal and extraskeletal mineralization.

Circulating concentrations of calcification inhibitors, such as fetuin-A and osteoprotegerin (OPG), and
promoters, such as phosphorus, may contribute to modulating the extraskeletal calcification that occurs in
CKD (18). However, site-specific transdifferentiation of muscle cells to osteogenic cells has also been described
as contributing to extravascular calcification. This process appears to be enhanced by the action of a variety
of secreted molecules, including IGF-1, FGF2, osteoglycin, family with sequence similarity 5 (FAMS5), IL-7,
IL-5, irisin, follistatin, osteonectin, and MMP-2 (19). Advanced glycation end products (AGE) have also
been demonstrated to induce transdifferentiation of vascular smooth muscle cells (VSMC) to bone cells, as
has strontium ranelate (20). Oxidant stress (21) and endoplasmic reticulum stress (22) may initiate VSMC
transdifferentiation by upregulating expression of runt domain-containing transcription factor 2 (Runx2), a
principal regulator in the process of differentiation of osteoblasts from their mesenchymal precursors (23) and
a key factor organizing gene transcription during the development and maturation of osteoblasts (24).

The Wnt signaling pathway plays a critical role in osteogenic differentiation (25). In the canonical path-
way, binding of Wnt proteins to a membrane receptor, frizzled (Fzd), and a coreceptor, lipoprotein-related
protein (LRP) 5 or 6, results in phosphorylation of the intracellular cytoplasmic tail of LRP5 or LRP6, with
subsequent disruption of an intracellular “protein destruction” complex that includes dishevelled (Dsh), axin,
adenomatous polyposis coli (APC), and glycogen synthase kinase-33 (GSK-3 B) and that otherwise facilitates
the phosphorylation of B-catenin, thus targeting B-catenin for ubiquitin-dependent proteolytic degradation.
With reduced phosphorylation, stabilization and translocation of B-catenin to the nucleus occurs, and nuclear
B-catenin then interacts with transcription factors of the Tcf/Lef family to activate specific gene expression
programs enhancing osteoblastogenesis and inhibiting osteoclastogenesis (26). Exosomes from myoblasts
may promote osteoblastic differentiation by increasing miR-27a-3p levels in recipient preosteoblasts, decreas-
ing expression of APC, and activating the B-catenin pathway (27). Inflammatory cytokines may also activate
the Wnt pathway in mineralizing blood vessels, increasing expression of Runx2 (28) and other bone-related
genes, such as Rankl, osteocalcin (Bglap), and alkaline phosphatase (4/pl) (29). The Wnt signaling pathway
can also be downregulated by several molecules, including sclerostin, which can bind to the Wnt coreceptor
LRP5 (or LRP6) (30-32). In addition, a study of calcifying human primary aortic smooth muscle cells (33)
showed that sclerostin was able to downregulate Runx2 expression and restored a-smooth muscle actin activ-
ity. Direct inhibition of the osteoblastic Wnt pathway by FGF23 may also occur (34). Several studies have
also reported the association of FGF23 and sclerostin with cardiovascular calcification and mortality, and
anti-FGF23 and anti-Sost have been examined in the treatment of CKD; however, most of these studies were
conducted at an advanced or late stage of CKD, and no consensus was reached.

It has been reported that vitamin D deficiency is a risk factor for aortic calcification and a stimulator of
osteogenic gene expression (35), and low circulating levels of 25-hydroxyvitamin D [25(OH)D] have been asso-
ciated with an increased risk of cardiovascular disease in humans (36-40). In Ldlr”~ high fat—fed mice with
CKD, administration of doses of calcitriol and paracalcitol that normalized secondary hyperparathyroidism
were effective in protecting against aortic calcification; however, higher dosages produced the opposite effect
(41). It has also been reported that locally produced 1,25(OH),D in vascular cells may promote arterial calci-
fication in uremic rats and mice (42). Importantly, 1,25(OH),D, acting in bone cells, is also known to directly
upregulate gene expression of Fgf23 (4) and Sost (43—45) via binding of the vitamin D receptor (VDR) to vita-
min D response elements (VDREs); we previously reported in a mouse model of CKD (4) that increased local
1,25(OH),D production in mature osteoblasts/osteocytes increased FGF23 production. 1,25(0OH),D can also
transcriptionally repress Bmp2 gene expression through the VDR via an epigenetic mechanism (46).

Using our mouse model of adenine-induced CKD (4), we report here that bone la-hydroxylase may
play a central role in the regulation of sclerostin, BMP2, and FGF23 in CKD and that these osteocyte prod-
ucts contribute to the development and progression of extraskeletal calcification in CKD-MBD.

Results

Serum biochemistry. A mouse model of CKD was induced by feeding an adenine diet for 5 weeks to 8-week-
old male WT mice and mice in which the Cyp27b1 gene, which encodes the 25-hydroxyvitamin D-1la
hydroxylase (1a(OH)ase), was deleted specifically from osteocytes (Oct) or was globally deleted. Kidney
function was monitored by measuring blood urea nitrogen (BUN). Additional biochemistry parameters
were also monitored and results were compared with mice of the same genotype on an adenine-free diet.
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Figure 1. Serum biochemistry. Serum levels of (A) blood urea nitrogen (BUN), (B) calcium (Ca), (C) phosphate (P), (D) parathyroid hormone (PTH), and (E)
FGF23 in WT mice, osteocyte-specific 1aOHase™~ KO mice (Oct), and global TaOHase- KO mice (Global) at 13 weeks of age. “Ad” indicates treatment with
adenine. Global 1uOHase- KO mice remained on a high calcium diet during the course of the experiments. Data are the mean + SEM (n = 6-8 mice of each
genotype). ****P < 0.0001,***P < 0.001, **P < 0.01, *P < 0.05 compared with mice of the same genotype on a non-adenine-containing diet, and °*°P < 0.001,
%P < 0.01 compared with WT mice, determined by ANOVA with Bonferroni multiple comparison test.

insight.jci.org

After 5 weeks on the adenine diet, reduced kidney function was confirmed in all models by a significant
increase in BUN levels (Figure 1A). Calcium levels were increased in global-1a(OH)ase”~ mice that had received
adenine with a high calcium intake but were unchanged in Oct-10(OH)ase”~ and WT mice on the adenine diet
with normal calcium intake (Figure 1B). Phosphate levels were increased in all groups of adenine-treated mice
(Figure 1C). Serum parathyroid hormone (PTH) showed a significant increase in all groups of adenine-treated
mice compared with mice of the same genotype maintained on a non-adenine—containing diet (Figure 1D).
Serum FGF23 of adenine-treated WT mice rose to over 4,000 pg/mL; however, in Oct-1a(OH)ase™~ and in
global-1a(OH)ase™~ mice only a relatively small increase was observed with the adenine diet (Figure 1E).

Expression of Cyp27b1 and Cyp24a in bone and serum levels of 25(OH)D and 1,25(0OH),D. We measured the
expression of Cyp27b1 mRNA by real-time PCR in bone of both WT mice and mice with osteocyte-spe-
cific deletion of Cyp27b1, maintained on a regular or an adenine diet for 2 days. Cyp27b1 expression in
bone of WT and Oct-1a(OH)ase™~ mice was low to undetectable when mice were kept on a regular diet;
2 days after beginning an adenine diet, skeletal Cyp27b1 expression increased significantly in WT mice,
whereas no change occurred in Oct-10(OH) '~ mice. The expression of skeletal Cyp24al, which encodes
the metabolizing enzyme 24(OH)ase, was low to undetectable on a regular diet and was not changed by
the adenine diet in all groups of mice (Figure 2A). The serum levels of 25(OH)D were not significantly
different from each other in WT, Oct-1a(OH)ase -, and global-1a(OH)ase~ mice both before and after
treatment with adenine (Figure 2B). Serum levels of 1,25(OH),D were not significantly different in WT
mice and in Oct-1a(OH)ase~ mice either before or after treatment with adenine, but serum 1,25(OH),D
fell in both WT and Oct-1a(OH)ase™~ mice after treatment with adenine compared with mice of the
same genotype on a regular diet (Figure 2C). Serum 1,25(OH),D was undetectable in all global-1a(OH)
ase”~ mice. Thus, an increase of Cyp27b1 expression in bone was an early response to adenine-induced
CKD in our mouse model but did not contribute to circulating 1,25(OH),D levels.
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Figure 2. mRNA levels of bone Cyp27b1 (encoding 10(OH)ase activity) and
Cyp24a1(encoding 24(0H)ase activity) and serum levels of 25(0H)D and
1,25(0H)ID. Total RNA was extracted from bone marrow-flushed femurs and mRNA
levels of bone Cyp27b1 and Cyp24al were determined by RT-PCR and normalized to
Gapdh mRNA (A). Data are the mean + SEM of at least 3 independent experiments,

AI‘ . n =3-6/experiment. ****P < 0.0001 in adenine-treated WT mice compared with

v WT mice on a regular diet, determined by Student’s t test. Serum levels of 25(0H)D
and (C) serum levels of 1,25(0H),D, as determined by ELISA, in WT mice, osteo-
cyte-specific 1TaOHase™~ KO mice (Oct), and global 1a0Hase™~- KO mice (Global). (B).
,i' d “Ad” indicates treatment with adenine. Global 100Hase”~ KO mice remained on a
T 'M high calcium diet during the course of the experiments. “d” represents the detection

insight.jci.org

‘?‘6 Qrb\ Yp limit of the assay for 1,25(QH),D. Data are the mean + SEM (n = 6-8 mice of each
N O ,b\" genotype). **P < 0.01 compared with mice of the same genotype on a non-adenine-
© containing diet, determined by ANOVA with Bonferroni multiple comparison test.

Upregulation of sclerostin. The effect of osteocytic production of 1,25(0OH),D on sclerostin was studied
after 1 week on an adenine diet by IHC analysis of femurs and compared with mice of the same genotype on
a regular diet (Figure 3A). Quantification of IHC staining was determined as the number of positively stained
cells per 300/mm? of bone tissue (Figure 3B). Sclerostin was detected in femurs of WT and Oct-1a(OH)ase”~
mice on a regular diet and of global-1a(OH)ase”~ mice on a high calcium diet, but there was less positive
staining in Oct-1a(OH)ase”~ and global-1a(OH)ase”’~ mice bone compared with WT mice (Figure 3, A and
B). However, 1 week after treatment with adenine, sclerostin expression in WT mice was increased, although
no increase was observed in Oct-1a(OH)ase - and global-a1(OH)ase ™~ mice (Figure 3, A and B). Serum scle-
rostin levels in WT mice rose after 1 week on an adenine diet and continued to increase as CKD progressed;
however, no significant increase was observed in Oct-10(OH)ase™~ and global-1a(OH)ase~ mice (Figure 3C).

Therefore, because sclerostin expression in bone and circulating sclerostin levels was increased when
Cyp27b1levels in osteocytes were increased (i.e., after adenine treatment of WT mice) and sclerostin was not
increased when Cyp27b1 in osteocytes was reduced (i.e., in the Oct-1a(OH)ase”~ and in global-1a(OH)ase”~
mice), our results indicate that bone sclerostin expression and secretion into the circulation in this CKD
mouse model was dependent on 1a(OH)ase activity in osteocytes.

Downregulation of BMP2. Because downregulation of Bmp2 expression by 1,25(OH),D has been previ-
ously reported ex vivo and in vitro (46), we examined skeletal expression and serum levels of BMP2 in our
models. To examine Bmp2 expression, total RNA was extracted from bone and subjected to real-time PCR
analysis (Figure 4A). In the absence of adenine administration, bone expression of BMP2 was detected
in WT mice but was significantly higher in Oct-10(OH)ase’~ and global-10(OH)ase’~ mice (Figure 4A).
The results in global-1a(OH)ase’~ mice, with their inability to synthesize 1,25(OH),D, indicated the neg-
ative regulatory role of 1,25(0OH),D on Bmp2 expression; the results in Oct-1a(OH)ase '~ mice, which are
unable to synthesize 1,25(OH),D in osseous cells, indicated that locally produced 1,25(OH),D contributes
to this negative regulation. After 1 week of treatment with an adenine diet in the WT mice, in which osse-
ous Cyp 27b1 was elevated (Figure 2), bone Bmp2 expression was reduced; however, a significant increase
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Figure 3. Bone sclerostin expression by IHC and serum sclerostin levels. Positive immunohistochemical staining for sclerostin in osteocytes is shown in
brown and staining in canaliculi and/or lacunae are shown by the red arrows (A). Counterstaining was with Mayers Hematoxylin. Original magnification,
x400. IHC staining was quantified as the number of positively stained cells per surface area of bone tissue, using Image) software, and 300 mm? (650 x
500 um) of surface area was analyzed (B). Data are presented as the mean + SEM of the number of positively stained cells per area of bone tissue (300

mm?) in mice of the indicated geno

type. **P < 0.01 compared with mice of the same genotype maintained on a non-adenine-containing diet determined

by Student’s t test, °°P < 0.01 compared to WT mice on a non-adenine diet determined by ANOVA with Bonferroni adjustment. Serum levels of sclerostin

in WT mice, osteocyte-specific 100

Hase~ KO mice (Oct), and global TaOHase™’~ KO mice (Global). (C). Numbers refer to weeks after beginning adenine and

data are expressed as the mean + SEM (n = 6-8 mice of each genotype). **P < 0.01, *P < 0.05 compared with mice of the same genotype maintained on a

non-adenine-containing diet deter

mined by ANOVA with Bonferroni adjustment.

was observed in the adenine-treated Oct-10(OH)ase”~ mice that lacked osseous Cyp27b1, and expression
remained high in the global-10(OH)ase™~ mice that had global deletion of Cyp27b1. (Figure 4A).

Serum levels of BMP2 were significantly higher in Oct-1a(OH)ase”~ mice compared with WT mice,
indicating that locally produced 1,25(OH),D also contributes to its circulating levels and were even higher
in adenine-treated OCt-1(OH)ase’~ mice compared with adenine-treated WT mice (Figure 4B). Serum
levels of BMP2 in global-1a(OH)ase”~ mice, with or without CKD, were higher than the maximum mea-
surable level, i.e., greater than 20,000 pg/mL (Figure 4B).

Extraskeletal calcification in situ. Because no extraskeletal calcification was seen in the absence of CKD
(data not shown), we evaluated extraskeletal calcification of the mouse models in the presence of CKD. After
5 weeks on an adenine diet, both WT and Oct-1a(OH)ase™~ mice developed ectopic calcification in aorta seg-
ments and hearts as imaged (Figure 5A) and quantified (Figure 5B) by uCT. The same pattern of calcification
was further confirmed by Von Kossa staining (Figure 5C) in which again the calcification was more severe in
adenine-treated Oct-1a(OH)ase’~ mice compared with adenine-treated WT mice (Figure 5C).

Sclerostin inhibits BMP2-induced osteoblastic transdifferentiation and calcification in vitro. Using vascular
smooth muscle cells (A7r5) in vitro, we then examined the potential role of BMP2 and possible interaction
of sclerostin and BMP2 in contributing to osteoblastic transdifferentiation and mineralization. The A7r5
cells were treated with BMP2 in the absence and presence of sclerostin, and the osteoblastic phenotype
and calcification were determined by alkaline phosphatase (ALP) and Alizarin red staining, respectively.
Evidence that BMP2 induced an osteoblast phenotype and mineralization was demonstrated by positive
ALP and Alizarin red staining after adding BMP2 alone, but cotreatment with 100 ng/mL of human
recombinant sclerostin significantly suppressed the BMP2 effect (Figure 6, A and B). ALP staining and
mineralization were quantified for ALP activity (Figure 6C) and by assessing calcium content normalized
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Figure 4. Bone BMP2 expression by RT-PCR and serum BMP2 levels. BMP2 mRNA expression in bone (A). Total RNA was extracted from bone marrow-
flushed femurs 13 weeks of age and mMRNA levels of BMP2 were determined by RT-PCR. Data are expressed as mean + SEM, of 3-6 determinations nor-
malized to Gapdh mRNA. °°*°P < 0.0001, °P < 0.05 compared with WT mice not treated with adenine or to mice of the same genotype on a non-adenine-
containing diet *P < 0.05, determined by ANOVA with Bonferroni adjustment. Serum BMP2 levels at 13 weeks of age in mice of the indicated genotype (B).
Data are expressed as mean + SEM, (n = 3-6 mice of each genotype) compared with mice of the same genotype on a non-adenine-containing diet *P <
0.01 or compared to Wt mice ®°*°P < 0.0001, °P < 0.05 by ANOVA with Bonferroni adjustment
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to protein levels (Figure 6D). BMP2 increased both ALP (Figure 6C) and calcium (Figure 6D), and these
indices were reduced by coincubating cells with BMP2 plus sclerostin.

To further confirm an effect on osteoblastic transdifferentiation, expression of osteoblast-related genes
was evaluated by real-time PCR (Figure 7). Our results demonstrated that BMP2 was able to significantly
induce the expression of Alpl, Bglap, Rankl, and Runx2 in A7r5 cells and that cotreatment with 100 ng/mL
of mouse recombinant sclerostin significantly suppressed the BMP2 effect (Figure 7).

Discussion

In this study, adenine-treated mice were evaluated over time to assess the early effects of osteocyte secretory
activity on calcium deposition in soft tissues. Mice had not reached adulthood when assessed and it is possible
that the deposition of calcium in growing bones in our mouse models acted as a reservoir for calcium (and
other minerals); consequently, the growing bones could have mitigated extraskeletal mineralization that might
otherwise have been even more pronounced than observed. In most mouse strains, peak bone mass is generally
achieved at 4-6 months of age, as determined by dual-energy X-ray absorptiometry (47). However, use of adult
mice might have introduced another potential confounder, i.e., loss of bone with aging (48) that generally occurs
after 6 months and that might have accentuated extraskeletal bone mineralization. Irrespective of these consid-
erations, vascular calcification has been recognized as an important consequence of CKD in both children (18)
and adults, i.e., in the presence of both growing and resorbing skeletons, and the underlying pathophysiology at
both life stages may be similar. However, further studies are needed to carefully examine these issues.

Renal tubular Cyp27b1 expression and consequent 1a(OH)ase activity is at least partly hormonally reg-
ulated, with positive effects of PTH and hypophosphatemia and negative regulation by FGF23, hypercalce-
mia, and generated 1,25(OH),D (via “product inhibition”). In contrast, extrarenal Cyp27b1, as exemplified
by macrophage Cyp27b1, is generally not regulated by PTH or calcium, but may be substrate dependent and
can be regulated by cytokines (49). After induction of CKD in our studies, circulating levels of 1,25(0H),D,
fell in WT mice (Figure 2) almost certainly the result of reduced renal synthesis secondary to adenine-in-
duced renal damage. This point is reemphasized by the fact that in the absence of adenine administration
(Figure 2), Oct-la(OH)ase ™~ mice, despite lacking osseous Cyp27b1, had circulating 1,25(OH),D levels
that were not significantly different than WT mice; circulating 1,25(OH),D levels then fell in Oct-10(OH)
ase™~ mice after adenine treatment, consistent with adenine-induced renal impairment. Furthermore, after
adenine treatment, bone Cyp27b1 increased in osseous cells of WT mice with no rise in osseous Cyp24A41
(24(OH)ase) (Figure 2), consistent with increased production of intraosseous 1,25(OH),D, but this rise
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Figure 5. Extraskeletal calcification. Representative micro-CT scan-derived images from 3 independent experiments
showing extraskeletal calcification (A). All groups of adenine-treated mice developed calcification in the aorta and heart.
Calcification was more severe in adenine-treated Oct mice compared with adenine-treated WT mice. Quantitation of calci-
fication of micro-CT images expressed as MV/TV (mineralized tissue volume/total tissue volume) (B). *P < 0.1 **P < 0.05
compared with adenine-treated WT mice determined by Student’s t test. Representative sections of Von Kossa staining of
aorta segment and heart of mice of the indicated genotype (C). Calcified tissues stain black. Original magnification, x200.

was not reflected in circulating 1,25(0OH),D which fell after adenine treatment of the WT mice. These data
emphasize that 1,25(OH),D produced in osteocytic cells is not a source of circulating, hormonally active
1,25(0OH),D and likely acts locally as an intracrine/paracrine factor within the osseous cell.

Cytokines are increased early in kidney disease (50-52). Because proinflammatory cytokines are also
able to activate the expression of Cyp27b1 (49), such cytokines/proinflammatory factors from adenine-in-
duced kidney damage may well be the mediators of the early upregulation of Cyp27b1 in bone of WT mice
in our CKD model. The increase of Cyp27b1 expression in bone was associated with increased expression
of the osteocyte secretory product sclerostin as well as with higher circulating sclerostin levels, whereas
specific deletion of Cyp27b1 in osteocytes significantly suppressed these changes. Our results thus align with
a study in the jck mouse, a genetic model of polycystic kidney disease that exhibits progressive renal disease
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Figure 6. Sclerostin inhibits BMP2-induced transdifferentiation and calcification in vascular smooth muscle cells. Representative images of A7r5
vascular smooth muscle cells from 3 independent experiments. A7r5 cells were treated with BMP2 (150 ng/mL) in the presence and absence of scleros-
tin (100 ng/mL), and subjected to ALP (alkaline phosphatase) staining (A) and alizarin red staining (B). Red color denotes positive staining. Osteoblast
transdifferentiation was quantified as ALP activity (C). Results are the mean + SEM of at least 3 independent experiments, ****P < 0.0001, ***P

< 0.0005 compared with vehicle-treated cells, °°°P < 0.0005 compared to treatment of BMP2 alone, determined by ANOVA followed by Bonferroni
adjustment. Osteoblast mineralization was quantified as calcium content normalized to the protein content, respectively. (D) Results are the mean

+ SEM of at least 3 independent experiments, ****P < 0.0001, **P < 0.01 compared with vehicle-treated cells, °P < 0.05 compared with treatment of
BMP2 alone, determined by ANOVA followed by Bonferroni adjustment.
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in which an increase of sclerostin was reported at an early stage of the disease (10), and also extend our pre-
vious findings that specific deletion of Cyp27b1 in bone significantly suppressed the rise in FGF23 in mice
with adenine-induced CKD (4). Overall, our results suggest that the increases in FGF23 and sclerostin and
the reduction in BMP2 we observed are at least in part the result of the effects of cytokines on stimulating
osteocytic Cyp27b1 with resultant increased local production of 1,25(0OH),D in bone (Figure 8).

Deletion of Cyp27b1 from osteocytes increased osseous expression of Bmp2 both in the absence and pres-
ence of CKD, and serum BMP?2 levels were elevated after Cyp27b1 deletion from osteocytes compared with WT
mice, thus demonstrating the contribution of osteocytic BMP2 to circulating concentrations of BMP2. Howev-
er, in WT mice with CKD, although Bmp2 skeletal expression was diminished when Cyp27b1 skeletal expression
was increased, serum BMP2 levels were not lower, suggesting that extraskeletal sources of BMP2 may also con-
tribute to circulating BMP2 in WT mice with CKD. This finding was supported by the elevated levels of serum
BMP2 observed in the mice with global deletion of Cyp27h1 and suggests that negative regulation of BMP2 by
1,25(0OH),D also occurs in extraskeletal sites of BMP2 production. On a non-adenine—containing diet, the high-
est and lowest levels of Brmp2 mRNA were observed in mice with global deletion of 1a(OH)ase and in WT mice,
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Figure 7. Gene expression of osteoblastic markers. Genes encoding the osteoblastic enzyme alkaline phosphatase
(Alpl); the bone matrix protein osteocalcin, also called bone Gla-protein (Bglap); the osteoclast stimulator, receptor
activator of nuclear factor x-B ligand (Rankl); and the osteoblastic transcription factor, Runx2 (Runx2) were determined
by real-time PCR, and expressed relative to Gapdh mRNA. Results are the mean + SEM of at least 3 independent exper-
iments. Results were compared with vehicle-treated cells (**P < 0.01) or to cells treated only with BMP2 (°°P < 0.01)
and determined by ANOVA followed by Bonferroni adjustment.

respectively, thus confirming an inhibiting effect of circulating 1.25(OH),D levels on Bmp2 expression. Because
circulating 1,25(OH),D alone was not able to suppress the level of Bmp2 observed in Oct-la(OH)ase™~ mice
compared with WT mice, there is evidence of an important contribution of local production of 1,25(0H),D,
not only on Fgf23 and Sost induction but also on Bmp2 suppression. Overall, these findings suggest that bone
represents a primary target in renal dysfunction and plays a dynamic role in the development and progression of
CKD by increasing the expression of skeletal 1o-hydroxylase and thus increasing local synthesis of 1,25(0H),D
that upregulates the production of Fgf23 and Sost and downregulates Bmp2.

The role of BMPs in mediating vascular calcification is supported by several in vivo studies. Thus,
over-expression of BMP2 in smooth muscle accelerated vascular calcification in atherogenic mice (53),
constitutive activation of BMP signaling induced ectopic calcification (54, 55), and loss of matrix Gla
protein (MGP), which may function as an endogenous BMP inhibitor, caused extensive calcification of
elastic and muscular arteries (56). Taken together, these findings suggest that regulation of BMP activity is
essential for maintaining normal blood vessel media.

Sclerostin, which inhibits the WNT signaling pathway (57), can, as a result of this action, inhibit bone
formation promoted by BMP2 (57-59). Using vascular smooth muscle cells lines, we demonstrated that
sclerostin was able to inhibit BMP2-induced osteoblastic differentiation in A7r5 cells and suppressed the
expression of Runx2, Rankl, Bglap, and Alpl. Our results are supported by an in vitro study in calcified pri-
mary human aortic smooth muscle cells in which sclerostin was able to downregulate RUNX2 and recover
a-smooth muscle actin activity in calcification media (60) and by an in vivo study in which BMP-induced
ectopic bone formation in calf muscle of mice was prevented by coexpression of sclerostin (57).

Therefore, our findings suggest that the inhibiting effects of sclerostin on the WNT pathway are not limited
to bone but can also occur as an endocrine effect at extraskeletal sites. Thus, in Oct-1o(OH)ase”’~ mice with
CKD, lower sclerostin and higher BMP2 levels accelerated soft-tissue transdifferentiation to osteoblastic cells
and resultant calcification. The patchy soft-tissue mineralization that was observed in extraskeletal tissues in our
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duced transdifferentiation of osseous cells in the arterial wall and reduce arterial calcification.

studies may have been the result of local tissue mechanisms that mitigate calcification. Thus, FGF21 has been
reported to attenuate VSMC calcification in vitro via an FGF21/FGFR1/3/-klotho/P38MAPK/RUNX-2
signaling pathway (61), and myostatin, TGF-B, activin, IL-6, ciliary neurotrophic factor (CNTF), and monocyte
chemotactic protein-1 (MCP-1) have all been reported to act as inhibitors of osteoblastic differentiation (19).

In conditions in which osteocytic Cyp27b1 was elevated, i.e., after adenine administration to WT mice
(Figure 2), both serum FGF23 (Figure 1) and serum sclerostin (Figure 3) were elevated and extraskeletal
calcification was low. In contrast, after deletion of Cyp27bI from osteocytes or globally, serum FGF23
as well as sclerostin were reduced and calcification was increased. Consequently, reduced FGF23 also
appeared to be associated with more severe extraskeletal calcification. Whether this was the result of
increased phosphate retention as a result of the decreased renal action of reduced FGF23 or whether
FGF23 exerts an as yet unknown inhibitory action on extraskeletal calcification remains to be determined
in future studies; however, FGF23 has been reported to inhibit the Wnt pathway in osteoblasts (25).

Consequently, at an early stage of CKD, 1,25(0OH),D-mediated increased production of osteocytic neg-
ative regulators of the WNT pathway, such as sclerostin, and FGF23 (34) may significantly mitigate ectopic
calcification at extraskeletal sites (Figure 8). Some reduction in the glomerular filtration rate accompanies
aging because of the physiologic reduction in the number of nephrons, and aging persons may also mani-
fest osteoporosis, which may coexist with renal osteodystrophy (62). Although blocking antibodies to scle-
rostin increases bone mineral density in postmenopausal osteoporosis in women (63), our studies in mice
may suggest that the use of sclerostin antibodies in uremic patients could accelerate vascular calcification
and should be introduced with caution (64).
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In summary, in early CKD, increase of the local osteocytic production of 1,25(OH),D, triggered by
renal malfunction, may represent a “primary defensive response” to protect the organism from ectopic
calcification by increasing sclerostin and by suppressing BMP2 production.

Methods

Materials. Recombinant Human/Mouse/Rat BMP2 (355-BEC-010) and Recombinant Human SOST/
Sclerostin Protein (T406-ST-025) were obtained from R&D Systems. Sclerostin was reconstituted at 100
pg/mL in sterile 4 mM HCI containing 0.2% BSA and BMP2 was reconstituted at 200 pg/mL in sterile
PBS containing 0.1% BSA. Fast Red TR/Naphthol AS-MX Alkaline Phosphatase Substrate Tablets Set
(MilliporeSigma, F4523), Alkaline Phosphatase Yellow (pNPP) Liquid Substrate (MilliporeSigma, P7998),
B-Glycerol 2-phosphate disodium salt hydrate (MilliporeSigma, G9422), and L-Ascorbic acid (MilliporeSig-
ma, A4544) were obtained from MilliporeSigma and prepared according to the manufacturer’s protocol.

A7r5 VSMCs, originally derived from embryonic rat aorta, were purchased from ATCC (ATCC-CRL-1444).
They were grown in Minimum Essential Medium (aMEM) supplemented with 10% FBS, 150 units/mL penicil-
lin, and 150 pg/mL streptomycin (Wisent). Cells were incubated at 37°C in 5% CO, and 95% air.

In vivo experiments. Mice were maintained in a virus and parasite-free barrier facility and exposed to a
12-hour/12-hour light/dark cycle. Eight-week-old C57BL/6N male mice were supplied by Charles River.

To generate mice lacking 1a(OH)ase in osteocytes (Oct-1a(OH)ase™~), the 9.6 Kb Dmp1-Cre mice (65)
were obtained from the Jackson Laboratory and were mated with mice homozygous for a floxed Cyp27b1
allele, derived from mice generated in-house. Mice with global deletion of Cyp27b1 have been previously
described (66) and were maintained on a high calcium diet containing 1.5% calcium gluconate (Thermo
Fisher Scientific, A116490) in water throughout the study. For genotyping, genomic DNA was isolated
from mouse tail and analyzed by PCR, for the DMP1-Cre using reverse primer (5-TTGCCTTTCTCTC-
CACAGGT) and forward primer (F-primer) 5'-CATGTCCATCAGGTTCTTGC and floxed-Cyp27b1 using
reverse primer (R-primer) (5-TGCAGACCAGTTTAAAAGTGGGCC) and forward primer (F-primer)
(5'-TCCCAGACAGAGACATCCGTGTAGQG) (67). Mice were maintained on standard chow or on an
adenine diet to induce kidney injury. A CKD mouse model was developed by adapting an original rat mod-
el (68) with modifications for use in mice (4). Briefly 8-week-old male WT and Oct-10(OH)ase™~ mice were
kept on a regular diet (regular mouse chow) containing 0.25% adenine (Harlan Teklad), and global-1a(OH)
ase™’~ mice were kept on a diet containing 1.5% calcium gluconate (high calcium diet) and 0.25% adenine.
Mice were sacrificed after up to 5 weeks, and serum, tissues, and bone were collected for analysis.

Serum biochemistry. Serum biochemistry was measured by the Diagnostic Laboratory of the Animal Resource
Center of McGill University. Calcium (Ca) and phosphate (P) were determined by autoanalyzer (Beckman Syn-
chron 67, Beckman Instruments) and urea nitrogen (BUN) was measured by colorimetric assay. ELISAs were
used, according to the manufacturer’s protocol, to measure mouse intact PTH (ImmunoDiagnostic Systems),
intact-FGF23 (Kaino), 25(OH)D (Immunodiagnostic Systems Ltd.), and 1,25(OH),D (Immunotopics).

Tissue harvest and histology. Tissues were collected and fixed overnight in Periodate-Lysine-Paraformaldehyde
(PLP) fixative solution and placed in 70% Ethanol. Fixed tissues were embedded in paraffin and sectioned.

For bone THC, femur sections from 6-8 mice per experimental group were fixed in PLP and decal-
cified prior to the paraffin embedding. Primary anti-sclerostin antibody (AF1589; Goat IgG anti-mouse
SOST Affinity Purified Ab, R&D Systems) diluted 1:100 with 2% rabbit serum in PBS was incubated
with dewaxed paraffin sections overnight. After washing with high salt buffer, slides were incubated with
secondary antibody, washed and processed using the Vectastain ABC-AP kit (Vector Laboratories), and
mounted with Permount (Fisher Scientific). Images from 4 to 6 sections were processed blindly using image
analysis software (Bioquant Image Analysis). IHC staining was quantified as the number of positively
stained cells per surface area of bone tissue, using ImageJ (NIH) software (69).

To detect extraskeletal calcification, soft tissues were collected, fixed in PLP for uCT analysis, embed-
ded in paraffin and sectioned. Sections were stained for mineral using the Von Kossa staining procedure.

RNA extraction and quantitative real-time PCR. After flushing out the bone marrow, total RNA was extract-
ed from long bone using the TRIzol reagent (Invitrogen) according to the manufacturer’s protocol, then
reverse transcribed into cDNA using SuperScript IT (Invitrogen), and end analyzed by quantitative real-time
(RT) PCR using the following primer: Cyp27b1, forward 5-CAAACCCTGGAAAGCCTATCG and reverse
5'-CGCTGCCACTCCTGTCCTT; Cyp24al, forward 5-ACCGTGGACAGAACGCAATGG-3' and reverse
5-AAATCCAGAGCGTGCTGCCTG-3"; Bmp2, forward 5-GGTCACAGATAAGGCATTGC and reverse
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5-GCTTCCGCTGTTTGTGTTTG; Alpl, forward 5-ACACCTTGACTGTGGTTACTGCTGA and reverse
5'-CCTTGTAGCCAGGCCCGTTA; Rankl, forward 5-GATTTTTCAAGCTCCGAGCTG and reverse
5'-CCTGAACTTTGAAAGCCCCAA,; Runx2, forward, 5-AATTGCAGGCTTCGTGGTTG and reverse
5" TCCCCTGAATGGCTGTATGGT; Bglap, forward 5-TTCTGCTCACTCTGCTGACCCT and reverse
-5'-CCTGCTTGGACATGAAGGCTT; Gapdh, forward 5-GCATCTCCCTCACAATTTCCA and reverse
5-GTGCAGCGAACTTTATTGATGG. Relative expression values were evaluated with the 2-AACt method
and values were normalized to Gapdh signals. cDNAs from 3 independent experiments were analyzed.

Microcomputed tomography. Fixed tissues were analyzed by microcomputed tomography (uCT) with a
SkyScan 1072 scanner and associated analysis software (SkyScan) as described (70). For quantitation of
calcification, 3-dimensional renderings of the samples were reconstructed using 2-dimensional data from
scanned slices with the 3D Creator software supplied with the instrument. The region of interest was
drawn, and 3-dimensional analysis was performed to calculate mineralized tissue volume (MV)/total tissue
volume (TV). The resolution of the microcomputed tomography images was 18.2 um.

In vitro experiments. The A7r5 cells were maintained in minimal essential medium (o-MEM) supplement-
ed with 10% FBS, 150 units/mL penicillin, and 150 pg/mL streptomycin. Transdifferentiation of vascu-
lar smooth muscle cells was studied in regular growth medium. A7r5 cells were cultured in 6-well plates in
o-MEM; after reaching full confluence, BMP2 (150 ng/mL) was added for 24 hours after pretreatment with
sclerostin (100 ng/mL) for 24 hours. The reaction was stopped by washing with PBS. RNA was extracted for
gene expression analysis. Histochemical staining for ALP was carried out using naphthol AS-MX phosphate
(MilliporeSigma, F4523) and ALP activity in the cells was determined using Alkaline Phosphatase Yellow
(pNPP) Liquid Substrate (MilliporeSigma, P7998) according to the manufacturer’s protocol.

Mineralization was assessed by Alizarin red staining, and the calcium content was determined using a
calcium colorimetric assay kit (BioAssay Systems, DICA-500). Following decalcification using 0.6 N HCI
and solubilization with 0.1 N NaOH/0.1% SDS, the protein content was measured using Bradford’s meth-
od (Bio-Rad Protein Assay, 500-0006).

Statistics. Statistical comparisons, using Graph-Pad Prism analysis software were made using 2-tailed Stu-
dent’s ¢ test or ANOVA, followed by a Bonferroni multiple comparison test. P < 0.05 was considered significant.

Study approval. All animal protocols were reviewed by the McGill University Animal Care and Use Com-
mittee, and experiments were carried out in compliance with and approval of this institutional review board.
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