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Key Points
� Osteopontin (OPN) is highly expressed by tubular epithelial cells in CKD and functions to maintain calcium-

phosphate solubility in tubular fluid.
� Reduced functional nephrons alone, in the absence of kidney injury, is sufficient to stimulate OPN expression

by tubular epithelial cells.
� High levels of tubular fluid phosphate or the presence of phosphate-based crystals may stimulate tubular OPN

production in CKD.

Abstract
Background Nephron loss dramatically increases tubular phosphate to concentrations that exceed
supersaturation. Osteopontin (OPN) is a matricellular protein that enhances mineral solubility in solution;
however, the role of OPN in maintaining urinary phosphate solubility in CKD remains undefined.

Methods Here, we examined (1) the expression patterns and timing of kidney/urine OPN changes in CKD mice,
(2) if tubular injury is necessary for kidney OPN expression in CKD, (3) how OPN deletion alters kidney mineral
deposition in CKDmice, (4) how neutralization of the mineral-binding (ASARM) motif of OPN alters kidney
mineral deposition in phosphaturic mice, and (5) the in vitro effect of phosphate-based nanocrystals on tubular
epithelial cell OPN expression.

Results Tubular OPN expression was dramatically increased in all studied CKD murine models. Kidney OPN
gene expression and urinary OPN/Cr ratios increased before changes in traditional biochemical markers of
kidney function. Moreover, a reduction of nephron numbers alone (by unilateral nephrectomy) was sufficient to
induce OPN expression in residual nephrons and induction of CKD in OPN-null mice fed excess phosphate
resulted in severe nephrocalcinosis. Neutralization of the ASARMmotif of OPN in phosphaturic mice resulted in
severe nephrocalcinosis that mimicked OPN-null CKDmice. Lastly, in vitro experiments revealed calcium-
phosphate nanocrystals to induce OPN expression by tubular epithelial cells directly.

Conclusions Kidney OPN expression increases in early CKD and serves a critical role in maintaining tubular
mineral solubility when tubular phosphate concentrations are exceedingly high, as in late-stage CKD. Calcium-
phosphate nanocrystals may be a proximal stimulus for tubular OPN production.
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Introduction
Renal excretion of phosphate is extremely efficient in
healthy kidneys, allowing serum phosphate concen-
trations to be maintained in a very narrow range,
despite fluctuations in dietary phosphate consump-
tion. Phosphate retention promotes a constellation of
mineral metabolism, bone, and cardiovascular abnor-
malities that contribute to the exceedingly high mor-
bidity and mortality observed in patients with CKD
(1); thus, compensatory mechanisms have evolved
specifically to promote urinary phosphate excretion
when functional nephron numbers are diminished.

Early micropuncture studies conducted on nephrons
from CKD rats showed a dramatic increase in the
tubular phosphate concentration compared with wild-
type (WT) rats (2). Likewise, studies in humans have
found a progressive rise in the urinary fractional
excretion of phosphate starting in early CKD (3). This
early rise in urinary phosphate excretion is largely
driven by fibroblast growth factor 23 (FGF23), a bone-
derived hormone that accumulates in the serum of
patients with decreased nephron mass (4).
Osteopontin (OPN), encoded by the secreted phos-

phoprotein 1 (Spp1) gene, is a multifunctional protein
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that is produced by a variety of cells, including tubular epi-
thelial cells, and is present at high concentrations in urine
(5). OPN contains a phosphorylated polyaspartate region
(ASARM sequence) that binds calcium-based crystals to
prevent their expansion (6,7). Prior studies examining the
role of OPN in kidney stone formation have demonstrated
OPN to serve a prominent role in maintaining mineral sol-
ubility in urine where mineral concentrations often exceed
supersaturation (8–10). OPN production by tubular epithe-
lial cells is dramatically increased in CKD; however, the
role of this protein in this setting remains unclear.
Because tubular fluid phosphate concentrations are

highly elevated in CKD and exceed the anticipated super-
saturation point for the precipitation of calcium-phosphate
complexes (2), we speculated that this increased production
of OPN by tubular epithelial cells may be an adaptive
response to prevent tubular crystal formation when func-
tional nephron numbers are reduced. To test this hypothe-
sis, we (1) characterized the timing of renal OPN changes
in CKD mice, (2) investigated if tubular injury was neces-
sary for enhancing tubular OPN production or if nephron
reduction alone was sufficient to induce this response, (3)
examined how induction of CKD in OPN-null mice altered
tubular phosphate solubility, (4) determined how neutrali-
zation of the ASARM motif (the domain of OPN that binds
mineral and enhances its solubility) alters kidney minerali-
zation in phosphaturic mice, and (5) evaluated the direct
effect of phosphate-based nanocrystals on tubular epithelial
expression of OPN.

Materials and Methods
Animal Preparation and Study Protocol
All mice were maintained in accordance with recommen-

dations in the “Guide for Care and Use of Laboratory Ani-
mals” from the Institute on Laboratory Animal Resources,
National Research Council, and all animal protocols were
approved by the University of Kansas Medical Center Insti-
tutional Animal Care and Use Committee before the com-
mencement of this research. Spp12/2 mice were obtained
from the Jackson Laboratory (C57BL/6J, stock # 004936);
NaPi2a2/2 mice (129Sv background) were generated from
our in-house line that was originally donated by Dr. H. Susie
Tenenhouse (11). The Hyp strain was originally obtained
from the Jackson Laboratory (C57BL/6J, stock # 003950). Pcy/
pcymice (C57BL/6J background) were originally donated by
Dr. Darren Wallace at the University of Kansas Medical Cen-
ter. Col4a32/2 mice (F1 hybrid strain) were generated from
breeding two separate lines of Col4a3 mice from pure
C57BL/6J and SV129 backgrounds and studying only the
first-generation offspring, as previously described (12). All
mice were maintained on an ad libitum standard rodent diet
unless otherwise noted. Studies involving a high-phosphate
diet used a custom-made diet developed by Teklad (India-
napolis, IN) to contain 1.1% nonphytate phosphorus, 0.6%
calcium, and 3000 IU/kg vitamin D (TD.190801).

Induction of CKD
For the induction of CKD by adenine diet, adenine was

purchased from Sigma–Aldrich (St. Louis, MO; catalog
#A9451) and provided to Teklad for incorporation into our

custom high-phosphate diet for a final adenine content of
0.2% adenine per kilogram of diet. Adenine-induced CKD
was achieved by feeding mice this diet ad libitum over an
8-week duration. For the induction of CKD by aristolochic
acid, aristolochic acid was purchased from Sigma–Aldrich
(catalog #A8626) and mixed with PBS before administra-
tion to adult mice by intraperitoneal (ip) injection at a dose
of 3 mg/kg body weight five times per week for 9 weeks.

Administration of SPR4 Peptide to Hyp Mice
SPR4 (small synthetic peptide 4) is a 4.2 kDa peptide that

was designed “biomolecularly” to mimic the PHEX (phos-
phate-regulating endopeptidase homolog X-linked) protein
zinc catalytic binding site. PHEX is the only known prote-
ase that binds and cleaves ASARM peptide. The biochemi-
cal properties of SPR4 peptide have been extensively
characterized in our prior publication (13). To prepare
SPR4 for injection in the current studies, 10 mg of SPR4
peptide was first dissolved in 1 ml of 25 mM acetic acid,
then 9 ml of 50 mM Tris (pH 7.4)/150 mMNaCl was added
and thoroughly mixed. Finally, 200 ml of 1 mM ZnCl2 was
added and mixed thoroughly to generate the final SPR4
solution. Adult Hyp mice consuming a 2% phosphate diet
(Teklad TD.170496) were administered an initial 500 mg
bolus of SPR4 (or vehicle) at study initiation and were then
dosed with a total of 1175 mg SPR4 divided among eight ip
injections over 8 weeks. Mice were euthanized 12 weeks
after study initiation for tissue collection.

Tissue Processing and Histology
Kidneys were fixed in 4% paraformaldehyde for 24

hours, embedded in paraffin, and cut into 4-mm sections.
For periodic acid-Schiff and Von Kossa staining, sections
were processed using standard staining protocols. For OPN
immunohistochemistry (IHC), sections were deparaffinized
and steamed in 0.01 M citrate buffer (pH 6.0) for 20 minutes
and then incubated in 3% H2O2 for 10 minutes followed by
incubation in horse serum for 1 hour at room temperature.
Sections were then incubated with anti-OPN (R&D Systems,
Minneapolis, MN; catalog #AF808) overnight at 4�C. An
ImmPRESS horseradish peroxidase horse anti-goat IgG sec-
ondary antibody (Vector Laboratories, Burlingame, CA; cat-
alog #MP-7045) was applied for 1 hour at room temperature
followed by the incubation with DAB substrate and hema-
toxylin counterstaining. Images for IHC quantification were
taken at 320 magnification using a Lumenera INFINITY-5
camera, with three images obtained from predetermined
locations from a midsagittal kidney section of each sample.
Nikon image analysis software was used to create a thresh-
old binary overlay, with 1.12 as a cutoff, and pixel intensity
of the DAB staining was quantified for each image by an
operator blinded to sample identification. Data were calcu-
lated as a ratio of total DAB-positive area relative to the
total tissue area, and the calculated average value obtained
from three pooled images for each sample was used as the
final expression value for that sample.

Biochemical Measurements and Reagents
Measurements of BUN and phosphorus in samples from

Col4a32/2 and control mice were obtained using an Integra
400 Plus Bioanalyzer (Roche Diagnostics, Indianapolis, IN).
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Intact FGF23 was measured by ELISA (Kainos Lab, Tokyo,
Japan), and parathyroid hormone (PTH) by the Mouse
Intact PTH ELISA (Alpco Diagnostics, Salem, NH). Urine
OPN was measured using a mouse/rat OPN ELISA (R&D
Systems, Minneapolis, MN). The SPR4-peptide was synthe-
sized using standard techniques by Polypeptide Laborato-
ries (San Diego, CA), and purity was confirmed at .85%
via HPLC, ion-exchange, and mass spectrometry, as previ-
ously described (13).

Gene Expression Analyses
For quantitative real-time PCR analysis of tissue gene

expression, kidney specimens were snap frozen in liquid
nitrogen and stored at –80�C until further processing.
Details of tissue processing and primer sequences are pro-
vided in the Supplemental Methods.
Transcriptomic analysis of kidney OPN gene expression

changes in Col4a32/2 mice was conducted after the Illu-
mina TruSeq mRNA-Seq protocol, with at least 15 million
reads for each sample. All FASTQ files from the RNA-Seq
experiment were processed with Omicsoft Array Studio
v6.2. Sequence reads were mapped to the reference mouse
genome (Genome Reference Consortium Build 37) by the
Omicsoft Aligner. Alignments were then quantified into
FPKM values at the gene level using the gene model from
“RefGene20121217” (14). For differential expression analy-
sis, log2 (FPKM11) values were used for Student’s two-
tailed t test on Col4a32/2 versus WT at different ages over
the disease progression

Micro-Computed Tomography Imaging
Whole formalin-fixed kidneys were individually wrapped

and heat-sealed in cling film to prevent dehydration and
stacked in a sample container for batch analysis by a
Scanco micro-QCT 40 (Scanco Medical, Br€uttisellen, Swit-
zerland). A batch control file with the following specifica-
tions was used: energy intensity 45 kVp, 88 mA, and 4W;
field of view/diameter 12 mm; voxel (VOX) resolution size
6 mM; integration time 300 mS. After raw data acquisition
and computer reconstruction, the output files were con-
toured and defined using the Scanco software morph and
integration functions. For three-dimensional image and
quantitative analyses, a script file with the following speci-
fications was used: Gauss s50.8, Gauss support51; lower
threshold5255 mg HA/ccm, upper threshold 1513 mg
HA/ccm.

Cell Culture Studies
Cell culture experiments were conducted using both a

mouse collecting duct cell line (mIMCD-3 cells, originally
purchased from ATCC, Manassas, VA) and a novel human
collecting duct cell line (RCTE-WT cells, developed by
Dr. Chris Ward’s laboratory; publication pending).
Calcium-phosphate (hydroxyapatite) nanocrystals were
purchased from Sigma–Aldrich (St. Louis, MO; catalog
#677418). mIMCD-3 cells were plated at 200,000 cells/well
in six-well plates containing DMEM/F12 with 10% FBS
and grown to 100% confluency (for 3 days). Once conflu-
ent, cells were treated with 500 mg/ml of hydroxyapatite
nanocrystals for 24, 48, and 72 hours in the same medium.
RCTE-WT cells were plated at 200,000 cells/well in six-well

plates containing RPMI-1640 with 5% FBS and grown to
100% confluency. Once confluent, cells were treated with
500 mg/ml of hydroxyapatite for 24, 48, and 72 hours in
the same medium. All control cells were incubated in iden-
tical medium alone.

Statistical Analyses
Differences between multiple groups were evaluated by

one-way ANOVA. Differences between two groups at a sin-
gle time point were evaluated by two-sided Student’s t test
(for data with a Gaussian distribution) or Mann–Whitney
test (for data with a non-Gaussian distribution); a t test with
Welch’s correction was used when equal variances could
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Figure 1. | Kidney osteopontin (OPN) expression is increased in
various CKD murine models. (A) Immunohistochemistry (IHC) of
OPN protein expression (brown) in kidneys from mice with normal
kidney function (wild type [WT]), cystic kidney disease (pcy/pcy),
chronic tubular injury/fibrosis (aristolochic acid), and primary glo-
merulonephritis (Alport disease; Col4a32/2). WT mice exhibit OPN
staining in distal tubules, whereas all other CKD models demon-
strate diffuse OPN staining in all nephron segments. (B) Quantifica-
tion of OPN IHC staining confirmed the higher OPN expression in
CKD models. Representative images were selected from a mini-
mum of three per group; scale bar5100 mm for all images
(*P,0.05 versus WT by t test with Welch’s correction; data pre-
sented as mean6SD).
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not be assumed. Computations were performed using
GraphPad Prism v8 (GraphPad Software, San Diego, CA).

Results
Tubular OPN Expression Is Consistently Increased in CKD
Murine Models
To examine kidney OPN expression patterns in response

to various forms of chronic kidney injury, we performed
IHC of kidney sections from multiple CKD murine models,
including cystic kidney disease (pcy/pcy), tubular toxin
(aristolochic acid), and glomerulonephritis (Col4a32/2)
models (Figure 1A). We observed WT mice to exhibit OPN
expression restricted to distal tubule epithelial cells (as pre-
viously described) (5), whereas CKD models all exhibited a
dramatic increase in OPN expression in all other tubular
segments. Quantification of OPN tissue staining confirmed
a consistent increase in kidney OPN expression in all CKD
models compared with WT mice (Figure 1B).

Kidney OPN Expression Is Upregulated Very Early in
CKD Mice
To examine the timing of kidney OPN changes in CKD,

we performed cross-sectional assessments of kidney Spp1
(OPN) gene expression (using an RNA-Seq database) (12)
and measured urine OPN-to-creatinine ratios to define
how changes in these parameters correspond to alterations
in biomarkers of mineral metabolism and kidney function
across the lifespan of Col4a32/2 mice, a murine model of
human Alport syndrome that exhibits a CKD mineral and
bone disorder phenotype similar to humans (15). We found
kidney OPN gene expression and urine OPN-to-creatinine

ratios to be substantially elevated by 6 weeks of age (Figure
2, A and B, respectively), long before elevations in BUN,
phosphate, FGF23, or PTH (Figure 2, C–F).

Reduction in Functional Nephron Numbers Induces Kidney
Spp1 (OPN) Gene Expression in Residual Nephrons
To determine if tubular injury was necessary for the

upregulation of tubular epithelial cell production of OPN
(versus nephron depletion alone), we investigated kidney
OPN expression changes in mice undergoing unilateral
nephrectomy versus a sham operation. In kidney speci-
mens collected 3 weeks after surgery, we found Spp1
(OPN) gene expression to be increased in unilateral
nephrectomy mice compared with sham mice (Figure 3A);
however, a comparison of urinary OPN-to-creatinine ratios
between these groups revealed no obvious difference in
urinary OPN excretion (Figure 3B). To evaluate differences
in kidney tissue expression of OPN protein, we performed
IHC for OPN in kidney sections from these same sham and
nephrectomy groups and found that residual kidneys
harvested from unilateral nephrectomy mice exhibited a
profound increase in OPN protein expression in both med-
ullary and cortical tubular segments (Figure 3, D and F,
respectively). To confirm that the observed OPN express-
ion was not secondary to tubular injury related to the
nephrectomy procedure, we performed periodic acid-Schiff
staining of kidney sections (Figure 3, G and H) and gene
expression by quantitative real-time PCR for markers of
tubular injury, including Kim-1 and Lcn2 (NGAL; Figure 3,
I and J). Notably, we observed no evidence of tubular dam-
age by either blinded histology evaluation or gene expres-
sion for injury markers, making it unlikely that acute injury
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Figure 2. | Kidney expression and urine concentrations of OPN are increased long before changes in traditional kidney function markers
and mineral metabolism parameters in Col4a32/2 (knockout) mice. Col4a32/2 mice possess defective glomerular basement membrane
structure leading to severe proteinuria and progressive CKD. We characterized changes in kidney and urine OPN in relation to established
mineral metabolism and kidney function parameters in Col4a32/2 mice (F1 hybrid background for SV129 and C57Bl/6 strains) at 6, 9, 12,
and 15 weeks of age. These measurements included (A) kidney OPN gene expression, (B) urine OPN/creatinine (Cr) ratio, (C) BUN, (D)
serum phosphorus, (E) serum fibroblast growth factor 23, and (F) serum parathyroid hormone (**P,0.01, ***P,0.001 versus WT of same
age; bars5mean per group).
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Figure 3. | Kidney OPN expression is increased by reduction of functional nephrons (unilateral nephrectomy; Uni-Nx). (A) Spp1 (OPN)
gene expression by quantitative real-time PCR was increased in the remaining kidney at 3 weeks post unilateral nephrectomy compared
with sham-operated littermates. (B) No difference was observed in urine OPN (normalized to Cr). (C) and (D) IHC staining of residual
kidneys from nephrectomy mice demonstrated markedly increased OPN expression (brown staining) in medullary tubules near the
corticomedullary junction compared with sham controls (310 magnification; scale bar5100 mm). Moreover, nearly all tubular segments
in the kidney cortex (E) and (F) exhibited increased OPN expression in the Uni-Nx group (320 magnification; scale bar550 mm).
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Figure 3. | (Continued) Importantly, no evidence of tubular injury was observed by periodic acid-Schiff staining of kidney sections (G) and
(H) (320 magnification; scale bar5100 mm) or gene expression for Kim1 or Lcn2 (NGAL) (I) and (J). Additionally, Adgre1 (F4/80) expression
was comparable for the two groups (K), suggesting no difference in macrophage accumulation in response to changes in OPN. Representa-
tive images were selected from a minimum of three per group (**P,0.01 by Student’s t test; all data presented as mean6SD; gene expression
normalized to HPRT).
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Figure 4. | Induction of CKD in Spp12/2 (OPN-null) mice results in severe nephrocalcinosis. (A) Representative whole kidney micro-
computed tomography (mCT) images demonstrating severe nephrocalcinosis in Spp12/2 mice after CKD induction by either chronic inges-
tion of 0.2% adenine or repeated subcutaneous injections of aristolochic acid. All mice were consuming a high (1.1%) phosphate diet for
these studies to ensure high levels of urinary phosphate excretion. (B) Quantification of total kidney mineralized volume over total volume
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was driving the OPN expression in this model. Finally, to
examine if this enhanced OPN expression led to macro-
phage recruitment, we performed Adgre1 (F4/80) gene
expression analysis and IHC staining for CD68, an estab-
lished macrophage marker. We observed no difference in
Adgre1 gene expression between the two groups (Figure
3K), and there was no obvious macrophage staining in kid-
ney sections by IHC (data not shown).

Induction of CKD in OPN-Null Mice Results in Severe
Nephrocalcinosis
We evaluated the role of OPN in maintaining mineral

solubility in tubular fluid of CKD mice by inducing CKD
in Spp12/2 (OPN null) mice using two separate methods of
CKD induction: ingestion of an adenine-containing diet,
and ip injections of aristolochic acid. Micro-computed
tomography scans of kidneys from these animals revealed
extensive mineral deposition in kidneys from CKD mice
lacking OPN expression (Figure 4). Interestingly, despite
the markedly increased mineral deposition in Spp12/2

CKD mice compared with WT CKD mice (Figure 4, A and
B), there was no obvious difference in gene expression pat-
terns for markers of inflammation (Tnfa, Il-1b), fibrosis
(Col1a1), and macrophage infiltration (Adgre1; Figure 4,
D–G). Serum biochemical parameters were also assessed in
these models, and the global absence of OPN had no obvi-
ous effect on serum mineral metabolism or kidney function
parameters in CKD mice (Table 1).

High Tubular Phosphate Concentrations Promote Kidney
OPN Expression
Our prior studies demonstrated that feeding WT mice a

low-phosphate diet resulted in a dramatic reduction in uri-
nary OPN-to-creatinine ratio (16). We speculated that this
observation resulted from reduced tubular fluid phosphate
that would accompany low dietary phosphate ingestion.
To determine if phosphaturia is a direct driver of kidney
OPN production, we examined kidney OPN expression in
two separate phosphaturic murine models: NaPi2a2/2 mice
(that exhibit primary phosphate wasting) and Hyp mice
(that exhibit excess urinary phosphate excretion secondary

to high serum FGF23). We observed kidney Spp1 (OPN)
gene (Figure 5, A and D) and OPN protein (Figure 5, B and
C and E and F) expression to be increased in both phospha-
turic models.

Neutralization of the Mineral-Binding (ASARM) Peptide
Sequence of OPN Leads to Severe Nephrocalcinosis in
Phosphaturic Mice

OPN contains a phosphorylated polyaspartate region
(ASARM sequence) that is critical to its capacity to bind
hydroxyapatite (calcium-phosphate) and enhance the solu-
bility of this mineral compound in solution. We tested how
neutralization of this ASARM motif altered tubular mineral
solubility by administering an ASARM inhibitor (SPR4) to
phosphaturic Hyp mice. We observed marked nephrocalci-
nosis in Hyp mice receiving SPR4 compared with vehicle-
treated mice (Figure 5, G and H).

Calcium-Phosphate Nanocrystals Stimulate OPN
Expression by Tubular Epithelial Cells In Vitro

We hypothesized that the formation of early calcium-
phosphate nanocrystals in tubular fluid may be a proximal
stimulus for OPN production by tubular epithelial cells in
the setting of excess urinary phosphate excretion. To test
this theory, we conducted in vitro cell culture experiments
with two separate collecting duct cell lines: one of mouse
origin (IMCD-3) and one of human origin (RCTE). Over
the span of 72 hours, we observed the addition of calcium-
phosphate nanocrystals stimulated Spp1 (OPN) gene
expression in each of these cell lines (Figure 6).

Discussion
OPN, encoded by the secreted phosphoprotein 1 (Spp1)

gene, is a multifunctional protein that is produced by tubu-
lar epithelial cells and is present at high concentrations in
urine (5,17). The name “osteopontin” is derived from the
Latin words for “bone” and “bridge” because a prominent
feature of this protein is facilitating the attachment of min-
eral compounds to extracellular matrix or cells. In normal
human and murine kidneys, OPN is primarily expressed

Table 1. Serum biochemistries in wild-type and Spp12/2 mice with and without CKD

Control CKD—Adenine CKD—Aristolochic Acid

Parameter Wild Type Spp12/2 Wild Type Spp12/2 Wild Type Spp12/2

Serum Phos (mg/dl) 6.660.5 6.661.3 9.963.3b 11.662.8b 11.063.3b 8.662b

Serum Ca (mg/dl) 8.660.2 8.660.2 9.460.6b 8.760.5a 9.360.5 9.460.6b

PTH (pg/ml) 685.7 617.1 1850.4 2449.6 1374.3 1905.5
(569.1–908.2) (446.3–1152.4) (654.8–3071.1) (1864.7–3529.5)b (634.8–2079.2) (1278–4766.6)b

FGF23 (pg/ml) 647.4 544.5 13,329.9 8021.8 8470.7 10,095.7
(523.9–713.2) (362.8–733.3) (6369.8–20,416.4)b (5080–13,992.4)b (4478.2–14,691.9)b (7427.3–21,706.7)b

BUN (mg/dl) 24.663.7 25.462.9 42.967.1b 52.2610.9b 44.7623.6b 37.5617.5b

All normally distributed parameters are presented as mean6SD, non-normally distributed parameters (FGF23 and PTH) are
presented as median (interquartile range); n$7 mice per group for each time point. Group differences were analyzed by one-way
ANOVA with multiple comparisons. Phos, phosphorus; Ca, calcium; PTH, parathyroid hormone; FGF23, fibroblast growth factor
23; Spp12/2, OPN-null mice.
aStatistically different (P,0.05) compared with WT in same group.
bStatistically different (P,0.05) compared with mice of same genotype in control (non-CKD) group.
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by epithelial cells of the thick ascending limb and distal
tubule (18); however, in the setting of kidney injury, OPN
is produced by tubular epithelial cells located in other
nephron segments (Figure 1).
The functional domains of OPN are highly conserved

among species and include a phosphorylated polyaspartate

region (ASARM sequence) that binds tightly to calcium-
based mineral aggregates (6,7) and a separate RGD motif
that binds to a-integrins to coordinate OPN attachment to
matrix and cells and serves as a potent chemotactic stimu-
lus for macrophage recruitment and propagates tissue
fibrosis (19–24). Mice with inactivation of OPN exhibit
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impaired macrophage chemotaxis to sites of injury and
altered wound healing (25,26). Prior animal studies suggest
a dichotomous role of OPN in kidney biology. In rodent
models of AKI, OPN promotes inflammation and fibrosis,
as anti-OPN therapies attenuated these effects (27,28). On
the contrary, studies investigating the role of OPN in kid-
ney stone formation have established a central role of OPN
in maintaining both calcium-phosphate and calcium-
oxalate solubility in urine (7–9), a site where mineral
concentrations commonly exceed their supersaturation
threshold (2,8). Macrophages appear to play a vital role in
nanocrystal clearance from the kidney (29–31); thus, it is
plausible that OPN may assist in mediating macrophage
recognition of early mineral aggregates that form in tubular
fluid or are endocytosed by tubular epithelial cells. How-
ever, our current studies do not support tubular OPN
expression as a sole trigger for macrophage recruitment to
the kidney because kidneys harvested from mice undergo-
ing prior unilateral nephrectomy demonstrated a clear
increase of OPN protein expression compared with sham

controls (Figure 3, C–F) but no evidence of kidney macro-
phage accumulation by either IHC staining (not shown) or
gene expression for Adgre1 (F4/80), an established macro-
phage marker (Figure 3K). Likewise, Spp1 (OPN) null mice
with CKD demonstrated no obvious difference in kidney
Adgre1 (F4/80) gene expression compared with WT CKD
mice (Figure 4G).

Evidence from prior studies has shown tubular phos-
phate concentrations to far exceed their supersaturation
point in residual nephrons in CKD (2,3). In line with the
known role of OPN for increasing urine mineral solubility
(9), we hypothesized that increased OPN production by
tubular epithelial cells in CKD kidneys represents an
important evolutionary response to facilitate tubular phos-
phate solubility and excretion when tubular phosphate
concentrations are forced to exceed their supersaturation
point to maintain systemic phosphate balance. Our first
notable finding in support of this theory was a generalized
upregulation of OPN production by tubular epithelial cells
across all studied CKD murine models, including models
of polycystic kidney disease (pcy/pcy), glomerulonephritis
(Col4a32/2), and chronic tubulointerstitial nephritis (aristo-
lochic acid; Figure 1). Moreover, we found residual kidneys
from mice with prior unilateral nephrectomy exhibited
increased OPN expression compared with sham-operated
mice (Figure 3), suggesting that reduced nephron numbers
alone (in the absence of tubular injury) can trigger early
OPN production by residual nephrons.

Renal OPN production appears to be regulated by a
multitude of stimuli, including the renin-angiotensin-aldo-
sterone system and hormonal regulators of mineral metab-
olism (32,33). Given the importance of OPN in maintaining
mineral solubility in tubular fluid, we speculated that an
additional regulator of kidney OPN production may be
phosphate or phosphate-based nanocrystal formation. In
support of this potential relationship, a prior study found
phosphate to stimulate OPN production by cultured osteo-
blasts directly (34). Moreover, we previously found WT
mice consuming a high-phosphate diet to exhibit increased
concentrations of urine OPN (16). From an evolutionary
standpoint, it seems logical that elevated mineral concen-
trations in tubular fluid would be an important trigger for
enhancing the production of factors that are critical for
maintaining mineral solubility in tubular fluid. Thus, we
theorized that high concentrations of tubular phosphate
itself may be an important stimulus for OPN production in
the kidney. In agreement with this theory, we found two
separate phosphaturic murine models to demonstrate
enhanced kidney OPN production (Figure 5, A–F), suggest-
ing that tubular fluid phosphate may be a direct stimulus
for tubular epithelial cell OPN production. Because phos-
phaturic mice and unilateral nephrectomy mice likely both
exhibit increased tubular fluid flow (from either decreased
proximal tubule sodium reabsorption or hyperfiltration,
respectively), it is plausible that enhanced tubular fluid flow
through residual nephrons could be an additional driver of
OPN production in our models and in CKD. In support of
such a mechanism, prior in vitro studies using both cultured
tubular epithelial cells and osteoblasts showed that either
increased fluid flow or mechanical force could directly stim-
ulate OPN production by these cell lines (35,36).
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Consistent with prior in vitro studies showing ASARM
peptides can significantly enhance mineral solubility in solu-
tion, our current experiments confirm the ASARM peptide
motif to be critical for maintaining mineral solubility in
urine. As such, targeted neutralization of this ASARM
sequence with SPR4 peptide in phosphaturic mice (Figure 4)
recapitulated our observations in global OPN null mice with
CKD (Figure 5). We cannot eliminate the possibility that the
nephrocalcinosis phenotype seen in SPR4-treated mice was
related to neutralization of either free ASARM peptides or
the ASARM motif of other SIBLING proteins; however, the
similarity between the phenotypes observed in these sepa-
rate experiments suggests a substantial contribution of
OPN-derived ASARM in mediating this finding. We specu-
late that the difference in the pattern of calcification
observed in the adenine diet and aristolochic acid models
likely resulted from the proximal tubule deposition of ade-
nine crystals serving as a nidus for mineral attachment in
the cortical regions of the kidney. The medullary pattern of
nephrocalcinosis observed in aristolochic acid and SPR4-
treated mice is more consistent with what would be
expected under normal physiologic conditions where tubu-
lar mineral content would be dramatically increased in
more distal tubular segments where final water reabsorp-
tion leads to a substantial increase in the concentration of
tubular phosphate (2).
The current investigation has both important strengths

and limitations. Strengths of this work include performing
experiments in multiple CKD models to demonstrate that
our findings are not specific to any single CKD rodent
model, use of micro-computed tomography imaging to
perform precise total kidney quantification of mineral con-
tent, data from two separate phosphaturic murine models
to provide in vivo mechanistic insight into the role of phos-
phaturia in kidney OPN production, the inclusion of confir-
matory studies demonstrating that direct inhibition of the
ASARM peptide motif can recapitulate our observations
with global OPN deficiency, and the conduction of cell cul-
ture studies to determine the direct effect of calcium-
phosphate nanocrystals on OPN expression by tubular
epithelial cells. Important limitations include a potential
difference in the biologic pathways regulating urine min-
eral solubility in mice and humans, the use of a global
OPN-deficient mouse makes us unable to ascribe our neph-
rocalcinosis phenotype definitively to reduced kidney-
specific OPN expression, and no examination of how OPN
deficiency or SPR4 neutralization affects long-term renal
outcomes in our models.
The current investigation represents an important advance-

ment in our understanding of the biologic processes regulat-
ing mineral solubility in CKD and establishes OPN as a
central contributor to this process. Although prior investiga-
tions have described renal OPN as a contributor to kidney
injury and CKD progression through its actions to promote
local inflammation and fibrosis, we postulate that these tis-
sue effects are a downstream consequence of the important
evolutionary role of OPN to maintain mineral solubility in
tubular fluid when functional nephron numbers become
substantially reduced. Given the known role of immune
cells in facilitating nanocrystal clearance from the kidney,
any proinflammatory effects of OPN may simply represent

another long-term “trade-off” for facilitating the immediate
clearance of early mineral aggregates under conditions of
extreme mineral burden to residual nephrons. Future stud-
ies should help further delineate the role of urinary phos-
phate as a promoter of kidney inflammation and fibrosis
and decipher the precise role of kidney OPN expression as
an intermediary in these processes.
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