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Abstract

Pathologic calcification is a significant cause of increased morbidity and mortality in patients with
chronic kidney disease (CKD). The precise mechanisms of ectopic calcification are not fully
elucidated, but it is known to be caused by an imbalance of pro-calcific and anti-calcific factors. In
the CKD population, an elevated phosphate burden is both highly prevalent and a known risk
factor for ectopic calcification. Here we tested whether osteopontin, an inhibitor of calcification,
protects against high phosphate load-induced nephrocalcinosis and vascular calcification.
Osteopontin knockout mice were placed on a high phosphate diet for eleven weeks. Osteopontin
deficiency together with phosphate overload caused uremia, nephrocalcinosis characterized by
substantial renal tubular and interstitial calcium deposition, and marked vascular calcification
when compared to controls. While the osteopontin-deficient mice did not exhibit hypercalcemia or
hyperphosphatemia, they did show abnormalities in the mineral metabolism hormone fibroblast
growth factor 23. Thus, endogenous osteopontin plays a critical role in the prevention of phosphate
induced nephrocalcinosis and vascular calcification in response to high phosphate load. A better
understanding of osteopontin’s role in phosphate induced calcification will hopefully lead to better
biomarkers and therapies for this disease, especially in patients with CKD and other at risk
populations.
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Introduction

Pathologic calcification of soft tissues has deleterious effects depending on the organ system
involved. Nephrocalcinosis is the deposition of calcium within the renal parenchyma and
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tubules. This accumulation of calcium in the kidney is due to increased urinary excretion of
calcium, phosphorus, and/or oxalate in combination with a loss of protective urinary
inhibitors of mineralization. There are many underlying diseases that cause nephrocalcinosis
and depending on the etiology, nephrocalcinosis can cause progressive renal dysfunction and
end stage renal disease (ESRD)?. Similar to nephrocalcinosis, vascular calcification (VC) is
caused by an imbalance in pro-calcific and anti-calcific factors. In the vasculature,
calcification is associated with increased cardiovascular morbidity and mortality? 3. While
VC is seen as a component of aging, the increased cardiac risk is especially prevalent in
certain disease states such as diabetes mellitus (DM) and chronic kidney disease (CKD)*-5.
V/C can involve either the intimal or medial layer of the arterial wall. Intimal calcification is
typically secondary to atherosclerosis while medial calcification is much more characteristic
of patients with DM and CKD’~10, Once thought to be a benign finding, arterial medial
calcification is associated with increased vessel wall stiffness, decreased vascular
compliance, increased pulse wave velocity and systolic hypertension!!: 12, Together these
symptoms lead to decreased coronary perfusion, left ventricular hypertrophy and eventually
to congestive heart failure or myocardial infarction!3. The mainstay of VC therapy involves
attempting to maintain mineral homeostasis with the use of oral phosphate binders, activated
vitamin D or vitamin D analogs, and calcimimetics, but at present there is no effective
treatment for this disease.

An elevated phosphate load is a known risk factor for the development of both renal and
vascular calcification. Administration of high doses of phosphate to rodents causes
nephrocalcinosis and significant renal damagel# 15, A higher phosphate diet leads to urinary
calcium phosphate supersaturation and an increase in calcium phosphate kidney stones in
settings of genetic hypercalciurial®. In humans, elevated phosphate loading from
colonoscopy preps or tumor lysis syndrome causes phosphate nephropathy and acute kidney
injury, which is now known to be a major risk factor for the development of CKD17-19, In
uremic animal models phosphate loading is known to cause VC and in patients with pre-
existing CKD, hyperphosphatemia is a significant risk factor for VC and for cardiovascular
mortality?0-22, Even in patients without CKD, elevated serum phosphate levels are
associated with increased cardiovascular risk?3. This is particularly concerning as the
phosphorus content of the US food supply continues to increase and correlates with the
rising use of phosphate additives, which are mostly inorganic phosphate salts with rapid
intestinal absorption and high bioavailability24.

The underlying mechanisms that lead to pathologic calcification are complex and thought to
involve active, regulated processes that are common to bone formation. Loss of anti-calcific
factors is considered a critical element contributing to both bone mineralization and
pathologic calcificationZ>. One important anti-calcific protein is osteopontin (OPN). OPN, a
multifunctional phosphoprotein and member of the ‘SIBLING’ (small integrin-binding
ligand N-linked glycoproteins) family, was initially discovered as a major non-collagenous
component of cortical bone28. OPN is produced by multiple cell types in bone and plays an
integral role in bone remodeling largely due to its function in osteoclast adhesion and bone
resorption?’. Osteopontin is rich in aspartic acid, glutamic acid, a polyaspartic acid motif,
and can be highly phosphorylated at serine and threonines, all of which allows it to bind to
both ionic calcium and to hydroxyapatite, making it a potent inhibitor of calcification28-30,
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As OPN is a multifunctional protein, it has been studied in a wide range of disease models
including cancer, osteoporosis, liver disease, and infectious diseases, but despite the large
number of studies utilizing OPN deficient mice, spontaneous vascular calcification has never
been described in these animals.

Another important molecule involved in mineralization is Fibroblast Growth Factor-23
(FGF-23), which is primarily produced by osteocytes and functions to maintain phosphorus
homeostasis in the body3L. Increased phosphorus and 1,25(0H),D stimulate FGF-23 release
from osteocytes under the control of PHEX and DMP1 proteins32. Intact FGF-23 binds with
its co-receptor a-klotho, which is secreted by renal tubular cells, and this complex activates
FGF receptors (FGFR) in the renal proximal tubule and reduces expression of the type Il
sodium/phosphate co-transporters (NaPi2)33. In this fashion, FGF-23 prevents
hyperphosphatemia by decreasing urinary phosphate reabsorption. This effect is recognized
prominently in CKD, where FGF-23 levels increase to counter decreased glomerular
filtration of phosphorus as glomerular filtration rate (GFR) declines3. FGF-23 also inhibits
CYP27B1 (25-hydroxyvitamin D 1a hydroxylase) decreasing the production of 1,25
(OH),D and stimulates CYP24A1 (1,25-dihydroxyvitamin D 24-hydroxylase) increasing the
conversion of 1,25 (OH),D into inactive metabolites3®.

The aim of the present study was to determine whether endogenous OPN has a protective
role in renal and vascular calcification in the setting of a high phosphate load. To test this,
OPN knockout mice were exposed to a high phosphate burden by placement on a high
phosphate diet. We discovered that these mice developed both extensive renal and vascular
calcification as well as aberrations in serum FGF-23 levels compared to wildtype mice. The
data suggest that OPN has a major renal and vascular protective effect against ectopic
calcification induced by high phosphate loading.

Renal insufficiency and altered mineral metabolism in high phosphate-fed OPN KO mice

Serum chemistries were determined at termination and are shown in Table 1. BUN (blood
urea nitrogen) levels of the WT+NP and KO+NP groups were not significantly different. HP
feeding alone did not lead to significant increases in BUN in WT mice (compare WT+NP
group to the WT+HP group). In contrast, the KO+HP group had elevated BUN (36 mg/dL),
which was significantly higher when compared to all other groups, demonstrating renal
insufficiency in these mice. The only difference in serum calcium levels were between the
KO+NP and KO+HP groups, with the KO+HP group demonstrating lower calcium levels
than the KO+NP group. Serum phosphorus levels were lower in both HP fed mice compared
to their genotypic equivalent NP fed mice. There were no differences in phosphorus levels
when comparing mice between genotypes given the identical dietary phosphate load.
Parathyroid hormone (PTH) levels in the KO+HP group were significantly higher than the
WT+NP group but there were no other differences between groups. FGF-23 levels were
significantly elevated in the KO+HP group compared to all other groups. It is noteworthy
that FGF-23 levels were significantly higher in the KO+HP group compared to the WT+HP
group, and, although not reaching statistical significance, FGF-23 levels trended higher in
the KO+NP group compared to the WT+NP group.

Kidney Int. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Paloian et al. Page 4

OPN-null mice on high phosphate diet develop renal and vascular calcification

Renal histology and IF were performed to characterize renal morphology in all groups. H&E
staining of the kidneys was normal in both WT+NP and KO+NP groups. The WT+HP group
demonstrated some abnormalities including mild interstitial inflammation and some
subcapsular inflammation. This was more pronounced in the KO+HP group with marked
presence of inflammatory cells surrounding tubular mineral deposits and some of the more
cystic, dilated glomeruli (Figure 1, panels A-D). Tubular mineral deposits were also
frequently seen on the KO+HP group with H&E staining (Figure 1, arrowhead in panel D).
PAS staining demonstrated normal morphology in both NP groups. The WT+HP group
showed occasional tubular dilatation but this again was more prominent in the KO+HP
group which contained many dilated and degenerative tubules along with some cystic
appearing glomeruli (Figure 1, panels EH). Occasional tubular mineral deposits were also
noted in the WT+HP group (Figure 1, arrowhead in panel G). To confirm the presence of
inflammatory cells, CD45 IF was performed on adjacent kidney sections. Both NP groups
showed an occasional inflammatory cell throughout the kidney sections. CD45 IF confirmed
the mild interstitial and subcapsular inflammation in the WT+HP group. As expected, the
KO+HP group displayed massive areas of CD45+ inflammatory infiltrate, which surrounded
tubules and calcified deposits (Figure 1, panels 1-L). Von Kossa staining was performed to
detect the presence of phosphate deposition in the kidneys. VK staining did not detect any
mineralization in either the WT+NP and KO+NP groups. The WT+HP group did exhibit
occasional areas of phosphate deposition and these were confined to the renal tubules. In
comparison, the KO+HP group showed a substantial amount of mineral deposition in the
tubules. There was also positive VK staining seen intermittently in the renal parenchyma
(Figure 2.i). The VK scores were also higher in the KO+HP group signifying increased
calcium deposits (Figure 2.ii). OPN IHC demonstrated abundant OPN expression in the
renal tubular cells of both WT groups and the absence of OPN in the KO groups as expected
(Figure 3).

To determine the role of OPN in VVC, calcium content of the aortic arch and lower abdominal
aorta was determined. The total combined calcium content of the aortic arch plus the lower
abdominal aorta in the KO+HP group was over 6 fold higher than the WT+HP group with
average tissue calcium levels of 18.9 + 5.0 g calcium/mg dry tissue weight vs 2.9 + 0.5 ug
calcium/mg dry tissue weight respectively. Calcium content of the aortic arch plus the lower
abdominal aorta in both of the NP groups was low with 2.3 + 0.9 ug calcium/mg dry tissue
weight in the WT+NP group and 1.3 £+ 0.6 pg calcium/mg dry tissue in the KO+NP group
(Figure 4.i).

Avrterial calcification was also evaluated histologically by examining cross sections of
abdominal aorta. H&E staining demonstrated normal vascular architecture of the WT+NP,
KO+NP, and WT+HP groups. Examination of KO+HP group by H&E showed straightening
of elastic fibers with no atherosclerotic lesions at areas of calcification (data not shown).
Advanced vascular mineral deposits in the KO+HP group were positive for Alizarin Red as
shown in Figure 4.ii. These calcifications were confined exclusively to the medial layer of
the vessel. AR staining did not detect aortic mineralization in any of the remaining three
groups including the WT+HP group. SM22a IHC was positive in aortic sections along the
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entirety of the medial layer in the WT+NP, KO+NP, and WT+HP groups (Figure 5). In the
KO+HP group SM22a was absent in large segments of the medial layer correlating with
areas of mineralization. As expected, OPN IHC did not detect OPN in the vasculature of
either of the WT groups nor the KO+NP group, due to the lack of mineralization. No OPN
was detected in the KO+HP group as expected despite the presence of mineral in the vessel
wall (Figure 6).

Increased production of FGF-23 by bone in OPN KO mice

FGF-23 expression in osteocytes was assessed by performing immunofluorescence (IF) on
femurs from study mice from all four groups. FGF-23 expression examined by IF was noted
to be markedly increased in both HP groups with the KO+HP group showing the highest
number of FGF-23 positive osteocytes (Figure 7i). As seen on H&E femur sections, both HP
groups displayed wider diaphyseal cortical bone and cortical porosity (Figure 7ii, panels C
& D) indicative of remodeling. Interestingly, the KO+HP group showed multiple, large
trabecular protrusions that contained many positive FGF-23 cells (Figure 7ii, panels D & H).
Representative FGF-23 IF micrographs are shown in Figure 7ii, panels E — H. There were no
abnormalities in H&E femur sections from the NP groups (Figure 7ii, panels A & B) and no
appreciable difference in FGF-23 expression between the WT+NP and KO+NP groups
(panels E & F).

Discussion

Our study demonstrates that high phosphate feeding in the setting of OPN deficiency leads
to nephrocalcinosis, uremia, and vascular calcification in mice. While other experimental
models have clearly demonstrated OPN’s anti-calcific property, our findings are unique in
that they establish OPN as a simultaneous protector of both vascular and renal calcification.
This is particularly noteworthy as clinical studies show a strong correlation between kidney
stone formation and VVC, and pathogenic links between nephrocalcinosis and VC have been
hypothesized®: 36, Also, previous /n vivo calcification models utilizing OPN KO animals
have induced calcification in various ways such as graft implantation or oxalate
administration (given orally or via injection)37-39. While both of these scenarios are of
clinical importance, our study is the first to show significant calcification with oral
phosphate administration. With the growing use of phosphate-based food additives and the
further comprehension of phosphate as a vascular toxin, it is critical to fully understand the
interaction of phosphate and OPN in ectopic calcification.

Both wildtype and OPN knockout mice placed on the high phosphate diet developed renal
tubular phosphate deposition, but this was much more severe in the OPN knockout mice and
correlated with worsening uremia. Wild type mice on a high phosphate diet had no signs of
arterial calcification; the combination of OPN deficiency and a high phosphate load led to
significant VC, which was located entirely in the medial layer of the artery consistent with
pathologic states such as CKD. Calcium and phosphorus levels fluctuated somewhat across
the study groups but the OPN+HP group affected with calcification and uremia did not
demonstrate hypercalcemia or hyperphosphatemia. As expected, FGF-23 and PTH levels
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were highest in the HP fed groups with FGF-23 levels significantly elevated in the KO+HP
mice.

Our findings are consistent with previous studies showing that OPN is a potent inhibitor of
in vitro and in vivo calcification. In the kidney, OPN is normally expressed in the renal
tubule with highest concentrations in the distal tubule and is an important inhibitor of renal
calcium-containing crystal formation“®: 41, This was demonstrated by Mo et al who
discovered that OPN-null mice developed spontaneous renal calcification at a rate of 10%
which increased to 65% when challenged with ethylene glycol3’. While the previous study
examined renal calcium oxalate deposition, our studies are consistent with their findings,
and indicate that the absence of OPN aggravates pathologic mineralization of the kidney also
under the condition of elevated phosphate loading. Interestingly, we observed no evidence of
spontaneous ectopic calcium deposition in the OPN-null mice on a standard phosphate diet.
Our studies are also in agreement with other published data examining the protective role of
OPN on vascular smooth muscle calcification. The addition of OPN to vascular smooth
muscle cells (VSMCs) grown in a pro-calcific media dose dependently inhibits calcification
and when VSMCs obtained from OPN knockout mice are cultured, the cell cultures
demonstrate enhanced susceptibility to calcification*2 43, In an /n vivo model, Kaartinen et
al revealed that OPN is up regulated in the calcified arteries of MGP-null mice*4. In
addition, 3 different OPN double knockout mouse models (with MGP, ApoE, and LDLR)
have been created and developed more vascular calcification than the original knockout
mouse with OPN intact*>~47. Together, these studies support the idea that endogenous OPN
protects against renal and vascular calcification.

Our findings of a protective role of OPN against HP-induced renal calcification is
particularly important as there has been growing evidence linking abnormal renal
calcification and loss of renal function. In analyses of CKD patients, especially those at very
high risk for developing ectopic calcification, there was a clear association between altered
mineral metabolism and progressive loss of renal function#8: 49, Phosphate nephropathy and
nephrocalcinosis are also likely under-recognized causes of ongoing loss of GFR%%: 51, A
recent study by Evenepoel et al demonstrated that microscopic nephrocalcinosis was quite
common in patients with CKD and prevalence increased with worsening glomerular
filtration rate and correlated with elevated serum phosphate and parathyroid hormone
levels®2. It is likely that OPN is involved in this process as Lorenzen et al. discovered that
OPN levels increased with worsening GFR53. These increased levels also correlated closely
with serum phosphate and intact parathyroid hormone. Comparable findings by Barreto et al
in CKD patients and Yamaguchi et al in diabetic patients with renal failure demonstrated
increased serum OPN levels that associated with loss of renal function®* 55, It is likely that
OPN levels increase to offset further pathologic renal calcification as OPN is upregulated at
sites of pathologic calcification. This was first described by Giachelli et alin 1993 when
OPN (not normally found in the vasculature) was detected at sites of human atherosclerosis
and seen most prominently at regions of intimal calcification®®. In the rat kidney, Matsuzaki
et al demonstrated that a high phosphate diet induces expression of OPN in the renal
tubules®’. Since the OPN KO mice in our study were incapable of expressing or
upregulating OPN under the stimulus of a high phosphate load, they were highly susceptible
to developing ectopic calcification. This mechanism of amelioration of pathologic
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mineralization by OPN may underlie the elevated OPN levels observed in CKD patients,
although OPN’s utility as a biomarker or therapeutic is still unclear.

One surprising finding of this study was the development of glomerular cysts in the OPN
KO+HP mouse. Cystic glomeruli are seen in multiple different clinical scenarios, but many
involve abnormal development of the glomerulus either from genetic disorders or from fetal
urinary obstruction. While this has not been commonly described in cases of adult
nephrocalcinosis or nephrolithiasis, this has been observed in multiple animal models of
induced tubulointerstital disease, the most recent by Schulte et al in which glomerular
detubularization and atubular glomeruli were produced by electrocoagulation®®. This
resulted in significant development of glomerular cysts in affected tubules, similar to results
seen by our experimental model. The significant inflammatory cell response seen
surrounding dilated renal tubules and crystals in the KO+HP mice supports the idea that
severe tubulointerstital disease can lead to the development of post-natal glomerulocystic
kidney disease. This tubulointerstital inflammation along with tubular crystal obstruction has
led to uremia in our KO+HP group.

While it is clear that OPN is an important inhibitor of both renal and vascular calcification, it
may also be playing a role in the regulation of systemic mineral metabolism. FGF-23 is
known to increase in response to a phosphate load and would be expected to be elevated in
the mice on the HP diet; however serum FGF-23 was markedly increased in the KO mouse
when compared to its diet matched control, suggesting that OPN may normally act to inhibit
serum FGF-23 accumulation. A link between OPN and FGF23 levels has also been reported
by Yuwan et al, who found that FGF-23 null mice, while having hyperphosphatemia and a
skeletal mineralization defect, displayed elevated levels of OPN both in bone and serum>®.
In addition, Kodek et al noted that PHEX, which is involved in FGF-23 release, also
regulates the OPN ASARM (acidic serine- and asparate-rich motif) peptides responsible for
phosphorylation-dependent mineralization inhibition89. Based on our finding of a notable
increase in the number of osteocytes expressing FGF-23 in the KO+HP mouse osteocytes,
we propose that OPN is an inhibitor of FGF-23 production at the level of the osteocyte. Loss
of OPN allows the high phosphate stimulated release of FGF-23 to proceed uninhibited and
causes decreased phosphate reabsorption in the proximal tubule of the nephron and
inappropriately increased urinary phosphate excretion in our model.

Serum calcium levels were lowest in the KO+HP mouse group. Both kidney dysfunction and
elevated FGF-23 levels together likely lead to the development of hypocalcemia in this
cohort. Declining GFR is associated with skeletal resistance to the calcemic activities of
PTH and is one of the causes of hypocalcemia in CKD8. Also, FGF-23 is known to down
regulate the activity of the 1-alpha- hydroxylase enzyme, decreasing conversion of 25-
hydroxy vitamin D to 1,25-dihydroxy Vitamin D32, Low levels of 1,25-dihydroxy Vitamin D
decrease intestinal absorption of calcium; unfortunately we were unable to obtain1,25-
dihydroxy Vitamin D levels due to the large volume of serum necessary.

In summary, a high phosphate load in the absence of OPN causes significant renal and
arterial mineral deposition, demonstrating OPN’s role in the prevention of phosphate
induced nephrocalcinosis and vascular calcification. Whether or not OPN therapy would
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mitigate nephrocalcinosis, progression of CKD, or VC in at risk groups still needs to be
studied.

Materials and Methods

Animal Studies

OPN knockout mice on the DBA/2J background were bred and genotyped in-house as
previously described®2. Diets included a synthetic, normal phosphate (0.5%) diet (NP) or a
high phosphate (1.5%) diet (HP) obtained from Dyets Inc., catalog numbers 181084 and
113322 respectively. Both diets had a calcium content of 0.6%. Wild type and knockout
mice were placed on either NP or HP diet for 11 weeks and were terminated at the end of the
study period. Mice were assigned to the following experimental groups: WT+NP, WT+HP,
KO+NP, and KO+HP (7= 10/group). All mice used were normal, adult females. OPN WT
control mice were generated from the same breeding and were often littermates of KO mice.
Mice had access to food and water ad /ibitum and were maintained according to IACUC
policies of the University of Washington, Seattle.

Serum Chemistries

Mice were fasted for 3 hours and terminal blood was collected via cardiac puncture during
tissue harvest at the end of the 11-week study period. Whole blood was allowed to clot for
one hour and then centrifuged at 3300 rpm for 15 minutes. The resulting serum was then
aliquoted. Serum calcium was ascertained using the o-cresolphthalein complexone kit for
calcium from Teco Diagnostics (catalog # C503-480). Serum BUN was determined using
the QuantiChrom™ urea assay kit from BioAssay Systems (catalog # DIUR-500). Serum
FGF-23 and PTH analyses were performed using the mouse/rat FGF-23 (C-Term) ELISA kit
from Immutopics (catalog # 60-6300) or the mouse PTH 1 — 84 ELISA kit from Immutopics
(catalog # 60-2305) respectively. Serum phosphorous was determined using a standard
autoanalyzer at Phoenix Central Laboratory (Everett, WA).

Aortic Calcium Quantification

Aortic arches and lower abdominal aortas were collected, lyophilized, and decalcified
separately with 0.6N HCI. Calcium content of supernatant was determined for each
individual arotic segment using the o-cresolphthalein complexone kit from Teco Diagnostics
(catalog # C503-480) and calcium content of aortic segments were normalized to the dry
weight of the corresponding tissue. The results of the aortic arch and lower abdominal aorta
were then added together and expressed as arch plus lower abdominal aorta (ug calcium/mg
dry weight).

Histology, Immunofluorescence, and Immunohistochemistry

Upper abdominal aortas were harvested, fixed, and examined for morphology/pathology,
calcification, and OPN and SM22a protein content. Kidneys were also harvested and fixed
in a similar manner, stained for H&E and PAS, and probed for CD45. Briefly, tissues were
fixed in 3:1 methanol:glacial acetic acid for 2 — 4 hours, processed, and sectioned. Paraffin
sections of aortas (n7 = 3/group) were hematoxylin and eosin stained (H&E) for morphology
and alizarin red S stained (AR) to locate calcification. OPN immunchistochemistry was
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conducted on KO aorta sections that contained mineral (/7= 3) to also confirm loss of the
OPN protein in the presence of calcification. SM22a IHC was performed on all aortic
sections. Paraffin sections of kidneys were stained for periodic acid Schiff’s (PAS) and H&E
for morphology/pathology. CD45 immunofluorescence (IF) was used to identify
inflammatory cells in the kidney sections of all groups. von Kossa (VK) staining was
utilized to detect calcium phosphate deposits. Black/brown precipitates on VK sections were
manually counted on blinded samples and a histochemical score was assigned according to
the number of granules in one longitudinal section per mouse. A score of 0 was given for no
granules found in the section, a 1 for1-25 granules, a 2 for 26-75 granules, a 3 for 76-150
granules, and a 4 for >150 granules as previously described®3. Absence of the OPN protein
was determined using IHC on all KO kidneys while running WT kidneys as an OPN positive
control. Slides of kidney tissue were blinded and kindly observed by Dr. Charles Alpers
from the University of Washington for pathological determination.

OPN IHC was carried out on fixed sections embedded in paraffin. Sections were
deparaffinized, rehydrated, and blocked with 0.3% hydrogen peroxide in methanol, 4%
normal rabbit serum in PBS, and finally with avidin & biotin. Samples were then incubated
sequentially with goat anti-mouse OPN primary antibody (R&D Systems, catalog # AF808),
rabbit anti-goat biotinylated IgG (Vector Laboratories, catalog #BA-5000), and avidin-
biotin-horseradish peroxidase (HRP) complex (Vector Laboratories). The
immunohistochemical signal was then visualized with 3,3’-diaminobenzidine (Sigma).
Slides were then counterstained with methyl green, dehydrated, and coverslipped. For all
samples, negative controls included substitution of the primary antibody with goat isotype
non-specific 1gG. SM22a IHC was carried out in identical fashion with a goat anti-sm22a,
primary antibody that reacts with mouse (Abcam, catalog # ab10135). CD45 IF was
performed on fixed kidney sections embedded in paraffin. Sections were deparaffinized,
rehydrated, and permeabilized with 0.1% Tween 20 in 0.05M Tris and 0.15M NaCl followed
by blocking with 4% normal donkey serum diluted in PBS. Kidney sections were then
incubated with a monoclonal rat anti-mouse CD45 1gG,y,, K (BD Biosciences, catalog #
550539) at 6.25ug/mL followed by incubation with an AffiniPure donkey anti-rat Cy™3-
conjugated secondary antibody (Jackson ImmunoResearch, catalog # 712-165-153) at
7.5ug/mL. Nuclei were then counterstained with 300nM 4/, 6-diamidino-2-phenylindole
dilactate (DAPI) (Life Technologies, catalog # D3571) and slides were mounted with
ProLong Gold antifade media (Life Technologies, catalog # P36930). Negative controls
consisted of incubation with isotype specific rat 1gG,p, K at 6.25ug/mL instead of the
primary antibody. For long bone histology and IF, femurs were harvested and preserved in
70% ethanol at 4°C. Femurs were then fixed in 4% paraformaldehyde at 4°C overnight and
decalcified at room temperature for 4 days in Cal-Ex® (Fisher, catalog # CS510-1D). After
decalcification, femurs were rinsed with water, stored in 70% ethanol, and then processed &
embedded in Paraplast® Plus. Longitudinal sections were cut, stained with H&E, and
probed for FGF-23. Femurs sections were incubated with a monoclonal rat anti-mouse
FGF-23 IgGoa clone # 283507 (R&D Systems, catalog # MAB26291) at 5ug/mL followed
by incubation with an Alexa Fluor® 488-conjugated AffiniPure Donkey Anti-Rat 1gG
secondary antibody at 7.5ug/mL (Jackson ImmunoResearch, catalog # 712-545-153). Slides
were mounted in ProLong Gold antifade media. A monoclonal rat 1gG,a isotype control at
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5ug/mL (R&D Systems, catalog # MABO006) was used as a negative control for antibody
specificity. Femurs stained for FGF-23 were then scored blinded as follows: 0 = no FGF-23
positive cells; + some FGF-23 positive cells in cortical bone; ++ many FGF-23 positive cells
in cortical bone; +++ many FGF-23 positive cells in cortical bone and in new trabecular
protrusions. Scoring data was then assigned an arbitrary unit and graphed.

Statistical Analysis

All results are displayed as mean + standard error. Differences between the means of the
groups were compared using one-way ANOVA analysis with Tukey post-hoc analysis. A p
value of less than 0.05 was considered to be statistically significant. SPSS software v16.0
(SPSS, Chicago, IL) was used for all statistical analysis.
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H&E
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Figure 1. Loss of normal renal structure in the KO+HP group
H&E staining of the WT+NP (A), KO+NP (B), and WT+HP (C) kidneys are normal. H&E

staining of the kidneys of the KO+HP group (D) demonstrate a marked cellular infiltrate
(arrows) surrounding both dilated tubular structures and mineral deposits (D, arrowhead).
PAS staining of the WT+NP (E) and KO+NP (F) kidneys is normal. Occasional tubular
mineral deposits are seen on PAS staining of WT+HP kidneys (G, arrowhead) with
otherwise normal morphology. PAS staining of KO+HP kidneys (H) demonstrates cystic
glomeruli (arrows) with marked dilatation of Bowman’s capsule. Dilated tubules are also
seen. CD45 IF of the WT+NP (1) and KO+NP (J) indicates the presence of occasional
inflammatory cells. The WT+HP group shows mild subcapsular and interstitial
inflammation. A significant inflammatory infiltrate is present near cystic, dilated glomeruli
and calcification sites (orange in panel L). Original magnification = 20X. Scale bar = 75 um.
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Figure 2. OPN KO mice on HP diet develop abundant renal calcium phosphate deposition
i. VK staining confirms presence of calcium phosphate deposition throughout the kidney of

KO+HP mice (B). Occasional renal mineral deposition is seen in the WT+HP mice (A).
Original magnification = 10X. Scale bar = 150 um. ii. VK scoring for mineral granules
demonstrates a marked increase in renal calcium deposits in the KO+HP group when
compared to the WT+HP group. 0 = no granules found in the section, 1 = 1-25 granules, 2 =
26-75 granules, 3 = 76-150 granules, 4 = >150 granules

Kidney Int. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Paloian et al. Page 16

KO+NP KO+HP

Figure 3. OPN Immunohistochemistry confirms depletion of OPN protein in KO kidney
Kidney sections of WT+NP (A) and WT+HP (C) demonstrate abundant renal tubular OPN

expression. OPN expression is absent in the KO+NP (B) and KO+HP (D) kidneys. Original
magnification = 40X. Scale bar = 30 um. G = glomerulus; T = Tubule.
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Figure 4. KO+HP mice develop vascular calcification
i. Aortic arch plus lower abdominal aorta biochemical calcium content expressed as |ig

calcium normalized to mg dry weight (meanzs.e.m.). *p<0.05 compared to the WT+NP, KO
+NP, and WT+HP. Calcification was not different between the WT+NP, KO+NP, and WT
+HP groups. ii. Alizarin Red stains of the abdominal aorta show marked calcification in the
KO+HP group (B) and absence of mineral in the WT+HP group (A). Original magnification
= 4X (cropped). Scale bar = 350 pm. Magnification of the mineral (box) in the KO+HP aorta
(C) shows that the mineral is located entirely in the medial layer of the vessel. Original
magnification = 40X. Scale bar = 30 um. L = lumen.
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Figure 5. Loss of sm22 alpha expression in the KO+HP aorta confirms phenotypic
transformation of VSMCs

Sm22a expression is normal throughout the length of the abdominal aorta in the WT+NP
(A), KO+NP (B), and WT+HP (C) groups.) Sm22a expression is absent in areas of the aorta
(arrows) in the KO+HP mice (D) consistent with phenotypic transformation of the VSMC
seen in vascular calcification. Original magnification = 40X. Scale bar = 30 ym. L = lumen.
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WT+HP - KO+HP KO+HP

Figure 6. OPN expression is absent in the calcified vasculature of the KO+HP group
OPN IHC of the abdominal aorta of the WT+HP mice (A) demonstrates no OPN expression

in the vessel as expected in the absence of calcification. Despite the presence of mineral
(arrow) the KO+HP aorta (B) is devoid of OPN. An adjacent section of the KO+HP aorta
(C) is stained with Alizarin Red to highlight the mineral. Original magnification = 40X.
Scale bar = 30 um. L = lumen.
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Figure 7. FGF-23 expression is increased in OPN+HP femurs
i. FGF-23 expression is elevated in femurs of WT+HP, but expression is highest in KO+HP.

ii. H&E staining of femurs demonstrates widening of the diaphysis and increased cortical
porosity (arrows) in both HP fed mice (C,D). Large protrusions of trabeculae (arrowheads)
are noted exclusively in the KO+HP group (D). There is more new bone forming in the KO
+ HP group, and therefore more osteocytes expressing FGF23 per bone area as seen in the
IF. H&E: Original magnification = 4X. Scale bar = 350uM. FGF-23 IF: Original
magnification = 20X. Scale bar = 75uM.
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