J Am Soc Nephrol 10: 444—-457, 1999

Osteopontin Expression in Fetal and Mature Human Kidney

KELLY L. HUDKINS,* CECILIA M. GIACHELLI,* YAN CUI,*

WILLIAM G. COUSER," RICHARD J. JOHNSON, and CHARLES E. ALPERS*
*Department of Pathology anDivision of Nephrology, Department of Medicine, University of Washington
School of Medicine, Seattle, Washington.

Abstract. Osteopontin is a secreted phosphoprotein that tisn. In the fetal kidney, osteopontin can also be seen occa-
expressed by normal kidney, and has been associated witkianally expressed in the ureteric buds and in some interstitial
number of functions including cell adhesion, migration, sigeells. As localized at the protein and mRNA level, the tubular
naling, and biomineralization. Although there is a vast literaxpression of osteopontin increases with increasing gestational
ture detailing osteopontin localization in various rodent modedgye and persists into adulthood. In the normal adult kidney,
of both development and disease, this article presents the fosteopontin is localized primarily to the distal nephron and is
comprehensive description of osteopontin localization in hstrongly expressed by the thick ascending limb of the loops of
man kidney. In this study, immunohistochemistry, immund-enle. Osteopontin expression can also be observed in some
electron microscopyin situ hybridization, and Northern blot- collecting duct epithelium. In cases that exhibit foci of inter-
ting are used to analyze osteopontin protein and mRNitial fibrosis and an associated influx of interstitial macro-
expression in human fetal and normal mature renal tissymhages, osteopontin expression is significantly upregulated in
Osteopontin is expressed in the human embryonic renal tubuddirtubular segments, including proximal tubules.

epithelium beginning on approximately day 75 to 80 of gesta-

Osteopontin is a secreted phosphoprotein that was originadlystruction, angiotensin Il infusion, cyclosporine nephrotoxic-
isolated from demineralized rat bone and was thought to béty passive Heyman nephritis, and the Thy-1 model of mes-
bone-specific protein. More recently, it has been shown to begial proliferative nephropathy (19-23). In these models,
expressed in a number of different tissues, including kidnegxpression of osteopontin has been identified in renal tubules,
lung, liver, bladder, pancreas, and breast (1,2). Its expressind upregulated tubular expression has been specifically linked
has also been demonstrated in vascular smooth muscle cellfocal accumulations of monocytic cells.
and macrophageis vitro andin vivo (3-5). Osteopontin has  Although there are a number of descriptions of the expres-
been known by a number of different names, depending on &ien of osteopontin in rodent kidney tissue (10,19-22,24-28),
investigator and site of action observed, such as rat boaed it is known to be expressed in human kidney (1), its precise
sialoprotein | (6), Eta-1 (early T lymphocyte activation gene 1pcalization in normal adult human kidney has not been well
(7), urinary stone protein (8), uropontin (9), and 2ar (10). Thusharacterized. This study presents the first description of os-
osteopontin appears to be a very multifunctional protet@opontin localization in human fetal kidney and the first
(11,12). comprehensive description of osteopontin localization in nor-
Osteopontin contains an arginine-glycine-aspartate (RGRal human kidney. This study was undertaken as part of an
binding sequence and is known to bind to a number of inteffort to extend observations made in rodent injury models to
grins, includingavp3 (13),avp5 (13), andavpl (14), as well jnvestigations of human disease. As a first step in that process,
as CD44, the hyaluronan receptor (15). Binding of osteopontjfe sought to establish that osteopontin exhibits a similar pat-
to the integrinavpB3 appears to mediate both metanephrigr of expression in human tissue. In this study, we used
tubulogenesis (16) and the adhesion and migration of vasculamunocytochemistry,in situ hybridization, and Northern
smooth muscle cells (17,18). blotting to determine the location of osteopontin protein and
There is an increasing body of evidence that identifies O$iRNA in developing and mature adult human kidney tissue.
teopontin as an important mediator of tubulointerstitial injuryye also used double immunocytochemistry to colocalize os-
in a variety of rodent renal injury models, including ureterqbopomin with both epithelial membrane antigen (EMA) and
sodium potassium ATPase (Na,K-ATPase). EMA is known to
- be expressed by distal convoluted tubules, collecting duct, and
Received June 15, 1998. Accepted September 21, 1998. the thick ascending limb of the loop of Henle (29,30), as is
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cytes present in the tissue. These findings suggest that knotlé avidin-biotin-horseradish peroxidase (HRP) complex (ABC; Vec-
edge gained from studies of osteopontin localization and )- The sections were then visualized with 3; 8iaminobenzidine
association with monocyte/macrophages that has been obtaiffAf; Sigma, St. Louis, MO) with nickel chloride enhancement to

from experimental models in rodents is likely to be applicab@ve a black-brown reaction product. After methyl green counterstain-
to our understanding of human disease ing, the slides were dehydrated and coverslipped. For all samples,

negative controls for the immunohistochemistry included substituting
. for the primary antibody an irrelevant IgG from the same species or
Materials and Methods phosphate-buffered saline (PBS).
Tissue Quantification was performed at a magnification ®¥#00. Ten
Mature human kidney tissue was obtained from macroscopicatigndom fields within the cortex were counted for each case studied.
normal portions of kidneys resected for localized neoplasms. Thée data are presented as the percentage of all tubular segments
patients ranged in age from 32 to 85 yr old. Human fetal kidneysitive for osteopontin expression. The number of CD68-positive
(estimated gestational age 54 to 127 d) were collected from tisstglls was counted as described previously (40), and the data are
examined after therapeutic abortions. Tissue specimens were fiygesented as total number of CD68-positive cells present per high-
either in methyl Carnoy’s solution (adults= 24; fetaln = 25;) as power field (HPF). Due to the often elongated morphology of mono-
described previously (33) or 10% neutral-buffered formalin (adulgytes/macrophages, positive cells were counted only if the nucleus
n = 24; fetalsn = 14). All fixed tissues were processed and embeddetas observed.
in paraffin according to standard protocols. Tissue sections stained with the anti-smooth muscle actin antibody
were examined in a blinded manner and assigned a semiquantitative
Anti . score, as described previously (33).The grading scale is as follows: 0,
ntibodies . i e ) - o
) ) ) . . ~ <2% interstitial staining; ¥, 2 to 10% of interstitium positively
LF7 is a rabbit polyclonal antibody directed against the 'ma%ttained; 2+, 10 to 25% of interstitium positively stained:+3 25 to

osteopgntin protein molgcule isolated from b9”e (34). Its specifgb% of interstitium positively stained;#, 50 to 75% of interstitium
recognition of osteopontin has been characterized by Western blﬁ’é’sitively stained; and b, 75 to 100% of interstitium positively
ting, and its ability to detect osteopontin by immunocytochemistry ié‘(ained

fixed tissue sections has been demonstrated previously (17). Furthebouble immunocytochemistry was performed to detect osteopontin
demonstration of the specificity of this antibody comes from prewo‘é%(pression in combination with CD68 and the tubular markers EMA
complementary studies that localize expression of osteopontin MRNA Na,K-ATPase. Briefly, slides were incubated with either LF7 or
to sites of peptide expression in tissue sections. In addition, we “%568, peroxidase-conjugated secondary antibody, and reacted with
a goat polyclonal antibody, OP199, specific for rat osteopontin, whighap 15 give a brown color product. After Washing,’residual peroxi-
also cross-reacts with human osteopontin protein. Its specificity fﬁése blocking with hydrogen peroxide and normal serum blocking, the
osteopontin has been characterized by Western blotting (18). BQjfyes \were then stained with the second primary antibody (I_,F7
antibodies demonstrated identical patterns of staining. We theref%rﬁlA' or Na,K-ATPase), biotinylated secondary antibody, ABC-HRP,
chose one of these reagents, LF7, because of its wider use in praiscyo) and reacted with Vector VIP peroxidase substrate kit (Vec-
ously published studies by ourselves and others, to perform mostgf 1, give a purple reaction product. Negative controls consisted of

the immunohistochemif:al Proced“f?s described in this_article. _ Substituting irrelevant mouse or rabbit IgG (Dako) for one of the two
PGM1 (Dako, Carpinteria, CA) is a well characterized mu”nﬁrimary antibodies

monoclonal antibody directed against the CD68 epitope present on
human monocytes and macrophages. Its specificity has been demon- )
strated by Western blotting, and it has been shown to be reactivel[imunoelectron Microscopy
formalin-fixed, paraffin-embedded tissue (35). Frozen, 4% paraformaldehyde-fixed kidneys were sectioned at 6
1A4 (Dako) is a murine monoclonal antibody specific fesmooth  um and air-dried on glass slides for 30 min. The sections were then
muscle actin (36). It has been extensively characterized by Weststained by hydrating in PBS for 15 min, incubated in 0.05% sodium
blotting, and previously shown to identify smooth muscle actin ihorohydride in PBS at 4°C for 60 min to reduce free aldehyde groups,
methyl Carnoy’s and formalin-fixed tissue using immunohistochenninsed, and then incubated with antibody LF7 overnight at 4°C. The
ical procedures (33,37). slides were then washed and incubated sequentially with biotinylated
EMA clone E29 (Dako) is a mouse monoclonal IgG2a that igoat-anti-rabbit antibody (Vector), ABC-peroxidase (Vector), and
specific for epithelial membrane antigen (38). It reacts with norm&8lAB. Afterward, the slides were rinsed in distilled water, reacted with
epithelium in a variety of tissues, and has been characterized 28 osmium tetroxide for 30 min, rinsed, and then dehydrated through
comparative immunocytochemistry with several other polyclonal amgladed ethanols and into propylene oxide. Sections were then infil-
monoclonal anti-EMA antibodies (38). trated with PolyBed resin (Polysciences, Warrington, PA). Beem
Rabbit anti-Na,K-ATPase (Upstate Biotechnology, Lake Placig¢apsules were filled with PolyBed, inverted over the sections, and
NY) is a whole rabbit antiserum created againstht subunit of rat polymerized at 55°C for 48 h. The blocks were removed by heating
Na,K-ATPase (39). It has been characterized with Western blottinthe slides briefly and snapping off the capsule. Thin, @m-sections
were cut, mounted on grids, and examined in a Philips 410 micro-

Immunohistochemistry scope.

Methyl Carnoy’s-fixed, paraffin-embedded tissue sections were
deparaffinized, rehydrated, and then incubated in 3% hydrogen pHi-Situ Hybridization
oxide to block endogenous peroxidases. The sections were then incuduman osteopontin cDNA in plasmid pBluescript SK((plasmid
bated sequentially with 10% normal serum (only used for polyclon@P-10) was obtained from Dr. Larry Fisher (National Institutes of
antibodies to block nonspecific binding), primary antibody, biotinylHealth) (41). It contains a 1493-bp fragment of the human osteopontin
ated secondary antibody (Vector Laboratories, Burlingame, CA), agdne, which includes the entire protein encoding sequence of the
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human osteopontin la gene. This was linearized Witfal and Xhd  prehybridization fo 2 h in 50 ul of prehybidization buffer (50%
and then transcribed into both antisense and sense (negative confastpamide, 0.3 M NaCl, 20 mM Tris, pH 8.0, 5 mM ethylenediami-
riboprobes using reagents from Promega (Madison, WI), ext&pt netetra-acetic acid,» Denhardt’s solution, 10% dextran sulfate, 10
UTP, which was obtained from New England Nuclear (Boston, MAMM dithiothreitol, 50ug/ml yeast tRNA) at 50°C. The hybridizations
The details of this procedure have been previously published (42).viere started by adding either 500,000 cpnii§i-labeled riboprobe or
addition, nonradioactive riboprobe was labeled with digoxigenin-UTP ngjul digoxigenin-labeled riboprobe in 50l of prehybridization
(Boehringer Mannheim, Indianapolis, IN), using the same reagefsffer. The hybridization was allowed to proceed overnight at 50°C.
from Promega. After hybridization, sections were washed with 8.55SC, treated
Fetal and adult kidney tissue, which had been fixed in 10% fowith RNase A (20ug/ml, 30 min room temperature), washed ix 2
malin and embedded in paraffin, was deparaffinized following sta®SC (2 2 min), followed by three high stringency washes inX.1
dard protocol. The sections were washed with-0SSC (IX SSC=  SSC/0.1% Tween 20 (Sigma) at 50°C, and severalSSC washes.
150 mM NacCl, 15 mM Na citrate, pH 7.0) and digested withulfim! The slides hybridized with thé°S-labeled probe were dipped in
proteinase K (Sigma) in Tris buffer (500 mM NaCl, 10 mM Tris, pHNTB2 nuclear emulsion (Kodak, Rochester, NY) and exposed in the
8.0) for 30 min at 37°C. Several 06SSC washes were followed by dark at 4°C for 1 to 4 wk. After developing, the sections were

i b3 - .
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Figure 1.Expression of osteopontin in human fetal kidneys. (A) Low-power view of embryonic kidney, estimated gestation age 72 d. Focal
weak expression of osteopontin in tubular structures is undetectable at this magnification. (B) Higher power view of A, demonstrating ver
weak osteopontin immunoreactivity limited to the luminal surfaces of the tubular structures (arrows). (C) Low-power view of human fetal
kidney, estimated gestational age 105 d, demonstrating strong, cytoplasmic expression of osteopontin in tubules. There is no expression in
blastema, comma- or S-shaped glomeruli, or the more mature glomeruli. (D) Higher power view of B showing luminal expression of
osteopontin in a ureteric bud located within the metanephric blastema. (E) Osteopontin expression in a proximal tubule that is contiguous w
the parietal epithelium lining Bowman'’s capsule of a more mature glomerulus (gestational age 89 d). (F) Mesenchymal cells of the arteri

adventitia (arrow) in a kidney of gestational age 81 d, demonstrating positive osteopontin expression. Magnifidétim A and C;x400
in B and D; X600 in E and F.
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counterstained with hematoxylin and eosin, dehydrated, mounted, aesed, the membrane was stripped, hybridized with the biotin-labeled
viewed. Positive cellular labeling was defined as five or more silv&8S probe, and used for detection as above.
grains concentrated over a single cell.

Hybridization with the digoxigenin-labeled probe was visualize .. .
using the tyramide signal amplification system (New England Nucl&%—tat'sncal Analysis
ar). Briefly, after hybridization and high stringency washes, the slides For each adult kidney studied, the degree of cortical interstitial
were blocked with TNB buffer (New England Nuclear) for 30 min afnacrophage infiltration and cortical tubular osteopontin expression
37°C, then incubated sequentially with anti-digoxigenin HRP, biotinyyas determined and plotted on a scattergram. The statistical signifi-
tyramide, streptavidin-HRP, or streptavidin-alkaline phosphatase afiice of the data was analyzed using the Spearman rank correlation
finally visualized with DAB (with nickel chloride enhancement) orcoefficient (Spearman’s rho) of nonparametric data. Significance was
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (Boehflefined asP < 0.05.
inger Mannheim), respectively. Slides were counterstained with
methyl green, dehydrated, and mounted. Negative controls inclu% It
simultaneous hybridization performed on replicate tissue secti SUults

*ffuman Fetal Kidney

using the sense riboprobe. . - . L .
Immunohistochemistry. Osteopontin protein is uni-
Northern Hybridization fqrmly expre_ssed py a subsgt of tubu!ar structL_Jres in _th_e fetal
g\ldney. The intensity of the immunohistochemical staining, a

Biotin-labeled probes were transcribed using the Strip EZ RN . f th f .
transcription kit (Ambion) and biotin-21-UTP (Clontech, Palo AIto‘roug measure of the amount of protein present, appears to

CA). Both the OP-10 antisense template and the pTri-28S-RNACrease with increasing age of the fetus. In the kidneys from
antisense template (Ambion) were used to create probes. gestational age 54 d through approximately 80 d, tubules stain
Total RNA was isolated from mature human renal cortex and frokery weakly and essentially exclusively along the luminal

whole fetal kidney using the Totally RNA kit (Ambion). Five micro-surfaces of the tubules (Figure 1, A and B). A minority of
grams of total RNA (as measured by ultraviolet spectrophotometnyjeteric bud structures demonstrate similar, weak expression of
was electrophoresed on a 1% agarose gel containing 2% formalggteopontin at the luminal surface. Other structures, including
hyde, 40 mM MOPS (3§-morpholino] propanesulfonic acid), 10 yjastema, developing glomeruli, interstitial cells, vascular
mM sodium acetate, and 1 mM ethylenediaminetetra-acetic acid. Tél‘?uctures, and urothelium demonstrate no detectable expres-
RNA was then vacuum-blotted to a positively charged nylon mergd-on of osteopontin at this time point.

e

brane, ultraviolet cross-linked, and hybridized with the biotin-label There is a striking and uniform chande in osteopontin ex-
OP-10 probe, using NorthernMax Hybridization solution (Ambion). 9 9 P

After overnight hybridization at 65°C and several high stringenc‘}ress'on_ in fetal _kldngys of greater than 80 d gestathn. This
washes, the biotin-labeled probe was detected with streptavidin c&f@nge is not primarily an altered pattern of expression, but
jugated to alkaline phosphatase (Ambion) and CDP Star (TropRn€ whereby the intensity of staining in tubular structures is
Bedford, MA), and the membrane was exposed to x-ray film (Kodakjicreased and frequently reveals the presence of osteopontin
To demonstrate the integrity and total amount of RNA electrophtiiroughout the tubular cell cytoplasm rather than confined to

Table 1. Pattern of osteopontin immunostaining in human fetal kidney

gsgt?é'g;g gltjl:?j?eeé Ureteric Bud Staining Tubular Staining Glomerular Staining
54 to 57 5 Negative Faint, luminal positivity Negative
59 1 Positive on luminal tip Faint, luminal positivity Negative
67 1 Negative Faint, luminal positivity Negative
72 2 Faint, luminal positivity Faint, luminal positivity Negative
73 2 Positive One faint positive, one Negative
strong positive
75 1 Positive Strong positive Negative
76 1 Negative Moderate positive Negative
81 3 Positive Strong positive One with positive parietal
epithelium, others
negative
84 1 Negative Strong positive Negative
89 2 Faint, luminal positivity Strong positive One with positive parietal
epithelium, others
negative
96 to 127 6 Negative Strong positive Negative
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Figure 2.Demonstration of osteopontin mMRNA in human fetal kidneyirbgitu hybridization. (A and B) Low-power view of 94-d fetal kidney
hybridized with the 35S-labeled antisense osteopontin riboprobe, demonstrating strong mRNA expression in tubular segments. Light (A) a
dark-field (B) photomicrographs of the same microscopic field. (C and D) Higher power view of the same kidney shown in A and B above
Osteopontin MRNA expression can be seen localized to two tubular segments, with no expression by glomeruli or interstitial cells. Light (C
and dark-field (D) photomicrographs of same microscopic field. (E) Negative control section was hybridized with 35S-labeled sens
osteopontin riboprobe. Dark-field photograph of same low-power view shown in A and B above. Magnificati@din A, B, and E;x400

in C and D.

the luminal surface (Figure 1C). The enhanced tubular expres-

Table 2. Gestational ages of fetal kidneys studied sion, while frequently widespread among all tubular segments
Gestational North present in the histologic sections, in some cases is found only
Aesalona ICC ISH otting. in a proportion of cortical tubules within the sample. The

ge (days) Blotting prop ple.

limited differentiation of tubular segments at this time period,

50 to 59 6 3 0 and the lack of segment-specific cell markers, precludes un-
60 to 69 . 2 0 equivocal determination of whether the focal expression of
7010 79 6 5 - osteopontin is restricted to specific tubular segments in these
88 :g gg 613 i é cases. However, in some cases, positively stained tubules can
Over 100 5 0 0 be seen emerging from the glomeruli, which identifies the

tubules as proximal segments (Figure 1E). There are also
2|CC, immunocytochemistry; ISHn situ hybridization. occasional osteopontin-expressing parietal epithelial cells lin-
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ing Bowman'’s capsule. Osteopontin expression could be iden- 1 2 3 4 5

tified in some, but not all, of the ureteric buds present in the

blastema, often demonstrating the same luminal localization

pattern observed in fetal kidneys of the younger gestational age

group (Figure 1D). A single fetal kidney of 81 d gestation

exhibited osteopontin expression in a minority of S-shaped " - —— 1.7kb
glomerular structures available for examination, but in general 5 & i

these older fetal kidneys demonstrated no detectable osteopon-

tin expression in blastema, immature or differentiated glomer-

uli, the majority of interstitial cells, collecting ducts, or urothe-

lium lining the fetal bladder. There was very strong expression m~'" 28S

of osteopontin in a small subset of cells found within the = T

med_“”?‘ry interstitium and just under the capsule of the ki,dneﬁ{i' ure 3. Northern blot of total human kidney RNA. Northern blot
Beginning at approximately day 72, there was expression @fing piotin-labeled riboprobe to osteopontin. Lane 1, 72-d fetal
osteopontin in the mesenchymal cells comprising the adventigigney; lane 2, 85-d fetal kidney; lane 3, adult kidney 1; lane 4, adult
of the arterial vessels (Figure 1F), but no expression was sé@fhey 2; lane 5, adult kidney 3. There are faint, barely detectable
in the vascular smooth muscle cells or endothelial surface ifnds at 1.7 kb in lanes 1 and 3, which are not readily seen at the level

these vessels. A summary of the observed immunostainiwfgexposure that permits delineation of distinct bands seen in lanes 2,
pattern is presented in Table 1. 4, and 5. Shown below the Northern blot is the same membrane

In Situ Hybridization. In situ hybridization localization hybridized with a biotin-labeled 28S riboprobe, demonstrating the
of osteopontin mRNA in tissue sections was performed usif pro_ximate relative concentration of total RNA loaded and the
both the®S-labeled riboprobe (Figure 2) and the digoxigeniritedrity of the RNA used.
labeled riboprobe (data not shown). The results were consistent
with those obtained by immunocytochemistry and Northern
blotting, showing the strongest mRNA signals in tubular segoelectron microscopy, osteopontin immunoreactivity was lo-
ments of the kidneys greater than 80 d gestation (Figure 2,calized primarily to the luminal surface of distal tubular seg-
through E), and little or no detectable signal in younger kidnents, with focal immunostaining seen within the cytoplasm
neys (data not shown). Strong hybridization signal of scatter@iéigure 5). The cytoplasmic staining appears to be associated
subcapsular and interstitial cells could also be seen, althougith the Golgi apparatus and possibly the endoplasmic reticu-
the identity of these cells remains unknown. We studied a totam, as well as some possible lysosomal structures. Staining
of 25 fetal kidneys by immunohistochemistry, 13 loysitu for osteopontin could also be seen occasionally in individual
hybridization and two by Northern blotting. These representeglls of the collecting duct (Figure 4B), although the vast
a range of gestational ages as shown in Table 2. majority of collecting ducts present in the tissues studied

Northern Blotting. The distinct patterns of osteopontindemonstrated no specific expression. Staining of the proximal
expression between kidneys of less than 80 d gestation dndular segments varied greatly among the tissue sections used
those that are older, indicative of increased amounts of ds-this study, from very little or no staining to widespread
teopontin in the more developed kidneys observed by immstrong staining. When the proximal tubules demonstrated ex-
nohistochemical andh situ hybridization studies, was sup-pression of osteopontin protein, the staining was very punctate
ported by complementary studies of osteopontin mRNA withiemd was seen in a distinct perinuclear pattern (Figure 4C). In
these tissues as assessed by Northern blotting. In these studiese kidneys in which proximal tubular expression was iden-
hybridization to blots of whole kidney mRNA revealed veryified, there was uniform staining of all cells comprising the
weakly detectable (by this technique) osteopontin mRNA intabular segments present in the histologic section.
kidney of 72 d gestation. More developed kidneys revealedDue to the heterogeneity and the limited availability of
increased production of osteopontin RNA, with a very strorfguman tissue, it is difficult to definitively determine the degree

band detected in the age 85 d kidney (Figure 3). and localization of osteopontin expression in “normal” adult
kidney. In this study, we used portions of kidneys resected for
Human Adult Kidney localized tumors that were macroscopically and microscopi-

Immunohistochemistry. In the human adult kidney, os- cally uninvolved by the neoplastic process. We cannot rule out
teopontin is uniformly expressed by a subset of distal tubuléke possibility that presence of the malignancy contributed to
All of the cases studied demonstrated osteopontin positivity ine observed osteopontin expression or macrophage infiltra-
the distal nephron, although the total number of positive tubtien.
lar cross sections varied widely. Immunostaining for osteopon-In Situ Hybridization.  Results of then situ hybridization
tin is especially strong in what appear to be the thick ascendifuy osteopontin mRNA expression closely mirrored those seen
limb of the loop of Henle (Figure 4A), based on the morphdsy immunocytochemistry, with distal segments of the nephron
logic appearance of low columnar cells and a lack of brushowing positive signal in all tissue sections studied and a wide
border. The immunostaining in the distal tubular segmemntange of expression exhibited by the proximal tubules (Figure
appears cytoplasmic at the light microscopic level. By immu, A through D). The antibody LF7 is also reactive in formalin-
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Figure 4.Immunocytochemical demonstration of osteopontin expression in adult human kidney. (A) Osteopontin is constitutively expressed in dist
tubules of adult human kidney (arrow). (B) Osteopontin is expressed in individual cells of the collecting duct in some kidney sections. (ChExpressit
of osteopontin is seen in the proximal tubules of some adult kidneys. This expression is usually seen in a very distinct, perinuclear pattern (arro
Magpnification: X600 in A through C.

of localization of osteopontin protein and mRNA are very
similar.

Northern Blotting. The heterogeneity of osteopontin ex-
pression in our nephrectomy tissues is also demonstrated by
Northern blotting (Figure 3), which clearly shows that some
kidneys, although classified as normal, contain a great deal of
osteopontin mRNA, while other express very little. Quantita-
tively, adult kidney 1 (lane 3) had 13% of the total tubular
population osteopontin positive, whereas adult kidney 2 (lane
4) had 86% positive and adult kidney 3 (lane 5) had 91%
positive. Osteopontin immunostaining of adult kidney 2 can be
seen in Figure 7, A and B, and osteopontin expression in adult
kidney 3 is shown in Figure 4C.

Correlation of Osteopontin Expression and Macrophage
Infiltrate.  In the adult renal tissue sections used in this study,
which are primarily obtained from older patients and generally
come from kidneys resected for localized neoplasms, there is a
avide range of “normal” phenotype of kidney uninvolved by
Osteopontin immunostaining is very strong at the luminal surface f@fmor and located at a distance from the tumor margins. Many
the tubule, but there is also focal expression seen in lysosogglihese tissues have mild-to-moderate degrees of interstitial
structures (arrow) and near the basal Surff".ce’.poss'bly associated Wﬁposis, which has a well established association with aging.
the Golgi apparatus (arrowheads). Magnificatiot2100. . . o . .

Most also have the mild focal interstitial inflammation that is

almost invariably encountered in areas of interstitial fibrosis.
fixed tissue, and so replicate sections were used for immuni® examine these factors, tissue sections were stained with
cytochemistry andn situ hybridization with the digoxigenin- anti-a-smooth muscle actin and with anti-CD68 antibodies to
labeled probe. As can be seen in Figure 6, E and F, the pattedlesnonstrate interstitial myofibroblasts and macrophages, re-
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Figure 6.Protein and mRNA expression in adult human kidney demonstratéa $iju hybridization and immunohistochemistry. (A and B)

In situ hybridization of a normal adult kidney usinjS-UTP labeled riboprobe demonstrating localization of osteopontin mRNA to distal
tubules. Light (A) and dark-field (B) photomicrographs of same field. (C anthBjtu hybridization £°S-labeled riboprobe) of an adult kidney
exhibiting foci of interstitial fibrosis. Osteopontin mMRNA is widespread, showing strong localization in distal tubules and distinct but lesser
signal in the proximal tubules. Light (C) and dark-field (D) photomicrographs of same fielth @ hybridization of the same tissue section
shown in A, using a digoxigenin-labeled riboprobe instead of a radiolabeled riboprobe. A similar pattern of mRNA localization in the distal
tubules is demonstrated regardless of whether radioactive isotopes or digoxigenin labels are used as the test system for analysis.
Immunohistochemical staining of same adult kidney as shown in E with antibody LF7, showing osteopontin protein expression general
confined to the distal tubules, corresponding to patterns of osteopontin synthesis demonstmatsitlibybridization. Magnification:x100

in A through D; X400 in E and F.

spectively. All of the tissue sections were examined in the degree of interstitial macrophage accumulation (#ho
blinded manner. Using a magnification 8f400, 10 random 0.793; P < 0.005). Two representative cases are shown in
cortical fields were counted for positive expression of ogsigure 7, demonstrating that increased tubular osteopontin
teopontin in tubular cross sections and, on a separate seeigbression correlates with the degree of macrophage infiltrate
section, 10 equivalent random fields were counted for CD6Bresent in the tissue. The degree of smooth muscle actin-
positive cells. The quantitative data on the extent of interstitipbsitive cells present in the interstitium was graded semiquan-
macrophage infiltrate and osteopontin expression present in titatively, as outlined in Materials and Methods. There was no
adult kidneys used for this study are presented as a scattergsignificant correlation between actin staining and osteopontin
in Figure 8. In individual tissue sections, the number of ogxpression (data not shown). There was no correlation between
teopontin-positive tubular segments correlated strongly withe patient age and the degree of osteopontin expression.
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Figure 7.Comparison of osteopontin expression and the presence of CD68-positive macrophages. (A) Osteopontin expression in adult hur
kidney with tubulointerstitial fibrosis. Osteopontin is expressed by nearly all tubules present in the cortex. (B) Staining of serially sectione
tissue from the same specimen as A with anti-CD68 antibody, demonstrating widespread presence of interstitial macrophages. (C) Normal a
kidney with no expression of osteopontin in proximal tubular epithelium. Osteopontin immunoreactivity can be seen in two distal tubula
segments directly adjacent to the glomerulus. (D) Serially sectioned tissue from the same specimen as C, stained with anti-CD68 antibo
showing essentially no macrophages present in the interstitium. Magnificaté®0 in A through D.

100 - This pattern of expression was confirmed by double immuno-
90 | labeling with the anti-Na,K-ATPase antibody (Figure 9B).
Immunostaining of serial sections showed a similar colocaliza-
80 tion of osteopontin, EMA, and Na,K-ATPase in the distal
70 nephron (Figure 10, A through C) in a kidney that had less that
60 25% of the total tubular segments present positive for os-
50

teopontin. In a kidney that had greater than 90% of the total
tubular segments osteopontin-positive, staining for osteopontin
40
30 photograph, due to the methyl green counterstain used, many
of the osteopontin-positive tubules shown have a visible brush
0 ‘ . of the distal nephron. Thus, osteopontin expression could be
0 10 20 30 found in many, but not all, segments of the distal nephron in

Figure 8. Comparison of tubular osteopontin expression with mondvere negative for both EMA and Na,K-ATPase.

cyte infiltration of adjacent interstitium (rhe 0.793;P < 0.005).

% of Tubules Osteopontin Positive

can be observed in all tubular segments (Figure 10D), includ-
ing proximal tubular segments. Although not apparent in the
20 ! - ) ) .
border. Serial sections were immunostained with EMA and
10 1 Na,K-ATPase (Figure 10, E and F) to further localize portions
every tissue studied. In some cases, punctate perinuclear stain-
Number of CD68 Positive Cells/HPF ing for osteopontin occurs in proximal tubular segments that

Discussion
In this study, we describe the localization and expression of
Identification of Osteopontin-Positive Tubules. Double osteopontin in the normal developing and adult human kidney.
immunohistochemistry demonstrated colocalization of o®steopontin expression in the human fetal kidney closely cor-
teopontin and EMA in distal tubular segments (Figure 9AJelates with patterns of localization seen in the developing
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of Henle in developing mouse kidney (10). Studies in normal
rat demonstrate osteopontin protein and mRNA localized to the
thin limb of Henle and papillary surface epithelium (26,45),
distal tubules (8,22), parietal epithelial cells (22), and collect-
ing duct (22). In these studies, there was no report of osteopon-
tin in proximal tubules of a normal kidney. There are a number
of reports of upregulation of osteopontin expression in cortical
s tubules in renal disease models (15,19-22,27,28,43). Immu-
noelectron microscopic studies have also been somewhat con-
- flicting. Osteopontin protein has been localized to the Golgi
A apparatus and cytoplasmic vesicles in the thin limb and distal
tubular epithelium and to the vacuolar-lysosomal system in
J proximal tubules of rat kidney (26), to secretory vesicles that
b,
Lo
o~

i : were distinct from lysosomes and endosomes in rat papillary
; surface epithelium (45), and to the phagolysosomes in the

e& ‘ | absorptive epithelial cells of rat small intestine (46).
% aa In contrast to these studies, very little is known about the

i ?} .-}‘*% localization of osteopontin in human kidney, with the excep-
%3& ) tion of one report that surveyed a wide range of tissues and
R 3 *% “- R e \‘{ ’ demonstrated the Iocalization. of osteopontin prptein and
, r:i& Ve . . MRNA in distal tubules, collecting duct, and transitional epi-
it 3 i , thelium of the renal pelvis (1). To extend the observations of
B 5 “@ . . . osteopontin expression seen in rodent models of renal disease
pla ¥ Y ; : and development to the human state, it is imperative to pre-

Figure 9.Double immunohistochemistry for osteopontin and marke@isely localize osteopontin in human kidney.
of distal tubules. (A) Distal tubules produce osteopontin as shown byExpression of osteopontin in the human fetal kidney appears
double labeling with antibodies to osteopontin (brown) and epithelied be developmentally regulated. There is very low expression
membrane antigen (EMA) (purple). (B) Replicate tissue section gf both mRNA (by Northern blotting aniah situ hybridization)
that shown in A, dempnstrating double labeling of the same (_jis@hd peptide product (by immunohistochemistry) in kidneys of
tubules with osteopontin (brown) and Na,K-ATPase (purple) antiboflsss than 75 d gestation, compared with upregulated expression
les. Magnification:x400 in A and B. detected in kidneys of approximately 80 d gestation and older.
The increased immunostaining seen in the kidneys older than
80 d does not represent simply an increase in absorption of
mouse and rat (10,24), although we did identify a differentiaisteopontin protein from the developing fetus’ urine, since a
expression of the molecule depending on the gestational ageofresponding increase was shown to occur in mRNA expres-
the human fetal kidney. Osteopontin protein and mMRNA exion, indicative of active synthesis, bysitu hybridization and
pression are significantly upregulated at approximately day Rerthern blotting. This agrees with data in developing rat
to 80 of gestation. In the adult human kidney, expression kidney, in which a marked increase in osteopontin RNA was
osteopontin protein and mRNA is very heterogeneous, rangiseen in day 2Yersusday 14 embryonic rat kidney (10,24). The
from expression only in a subset of the distal nephron tpestions of how osteopontin functions in human nephrogen-
widespread expression in all tubular segments. Localized esis and why its expression appears to be turned on or signif-
pression of osteopontin correlates well with the number @fantly upregulated at approximately 80 d gestation remains an
interstitial macrophages present in the same tissue locatiorsnigma.

Osteopontin was originally isolated from bone and was The most striking demonstration of the potential importance
thought to be a bone-specific protein (6). More recently, osf osteopontin in orderly tubular development comes from
teopontin has been localized in a number of other tissusg,dies of a rat metanephric organ culture system, where it has
including kidney (2,10,22,24,26), and appears to be widebeen demonstrated that osteopontin expression is essential for
associated with the luminal surfaces of epithelial cells in r@ormal tubulogenesis to occur (16). In this system, when
number of organs (1). Osteopontin expression has been dersteopontin activity was blocked with neutralizing antibody or
onstrated in the developing mouse and rat kidney (10,16,24) veisen the avB3 receptor for osteopontin was inhibited by
well as in normal and diseased adult rat kidneys (20—22,26inding with specific antibody or with a competing RGD
28,43). Reports of the precise cellular localization of osteopopeptide, the tubules failed to develop normally and showed
tin within the rodent kidney have been somewhat conflictingncreased apoptosis. This finding suggests that osteopontin
Studies in normal mouse kidney localized osteopontin proteumctions, at least in part, as a survival factor for renal tubular
to the thick ascending limb of the loop of Henle and the distabpithelium during development. In another study, integrin
tubules (44), while another group reported localization of opeptide-antisense oligodeoxynucleotide or antibody specific
teopontin mMRNA in both proximal and distal tubules and looder av was introduced to a metanephric culture, resulting
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Figure 10.Immunolocalization of osteopontin, EMA, and Na,K-ATPase. (A through C) Osteopontin (A), EMA (B), and Na,K-ATPase (C)
expression in serial sections of a kidney demonstrating low expression of osteopontin (21% of tubular segments are osteopontin-positiv
Osteopontin immunoreactivity is confined to distal tubular segments that are also positive for both EMA and Na,K-ATPase. (D through F
Osteopontin (D), EMA (E), and Na,K-ATPase (F) expression in serial sections from a kidney demonstrating high expression of osteopont
(91% of tubular segments are osteopontin-positive). Osteopontin expression is seen in virtually all tubular segments shown, includir
proximal tubules, which are negative for both EMA and Na,K-ATPase (asterisks). Although not apparent in the photograph due to th
counterstain used, the tubular segments marked with asterisks had a brush border that could be identified under the microsco
Magnification: X400 in A through F.

significant disruption of kidney development (4é) integrin that there are alternate mechanisms that allow the kidney to
is expressed in the mouse beginning at day 13 of gestation, aledelop in the absence of osteopontin.

its expression increases progressively in the fetal and neonatalhere are several postulatadvivo functions for osteopon-
kidney (47). From these studies, it would appear that osteopain-in the adult kidney. Osteopontin has been shown to block
tin and its interaction with thewvB3 integrin is an important calcium oxalate crystal formation (49) and block adhesion of
mediator of normal tubulogenesis, and that both are spatiotecaicium oxalate crystals to cultured renal epithelial cells (50).
porally expressed during nephrogenesis. However, osteoportirurine obtained from patients with kidney stones, however,
is not absolutely required for normal tubulogenesis, as it hae significant difference in the levels of urinary osteopontin
been observed that kidneys in osteopontin knockout mice amuld be found when compared with control subjects, although
velop normally, without apparent defects (48). This indicatéke patients did have an increase in the level of low molecular
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weight variants of osteopontin compared with the healthy and distribution of osteopontin in human tissues: Widespread
subjects (51). Thus, in functionally normal kidneys, intact association with luminal epithelial surfacedlol Biol Cell 3:
osteopontin may act to inhibit the formation and binding of ~1169-1180, 1992 o

calcium oxalate crystals found in the urine and thereby inhibi¢- Butler WT: The nature and significance of osteopor@onnect
stone formation. Tissue Re23: 123-136, 1989

3. Murry CE, Giachelli CM, Schwartz SM, Vracko R: Macrophages

Our group and others have shown that tubular osteopontini . ; ; ) ;
L T . . express osteopontin during repair of myocardial necrasis.J

expression is significantly increased in several rat models of o /445 1450-1462, 1994
renal disease, which mirror human disease, including the Thy-4  giachelii C, Bae N, Lombardi D, Majesky M, Schwartz S:
model of mesangial proliferative nephropathy (22), the amino-  volecular cloning and characterization of 2B7, a rat mRNA
nucleoside nephrosis model of minimal change disease (22,27), which distinguishes smooth muscle cell phenotypes in vitro and
the passive Heymann nephritis model of membranous nephrop- is identical to osteopontin (secreted phosphoprotein 1, 2aR).
athy (22), cyclosporine nephropathy (21,23), and angiotensin Biochem Biophys Res Commui7: 867-873, 1991
ll-induced tubulointerstitial nephritis (20). These studies alb. Giachelli CM, Liaw L, Murry CE, Schwartz SM, Almeida M:
show an influx of macrophages following the early increased Os.teopontin expression in cardiovascular diseases.NY Acad
expression of osteopontin and the tendency of macrophages to S¢i 760: 109-126, 1995 .
localize near tubules expressing osteopontin. Osteopontin €%- ©!dberg A, Franzen A, Heinegard D: Cloning and sequence
pression by renal tubules is also increased by conditions that analysis of rat bone sialoprotein (osteopontin) cDNA reveals an

. o . o . Arg-Gly-Asp cell-binding sequenc@roc Natl Acad Sci US&3:
induce proteinuria and lead to interstitial inflammation and 88198823 1986

f|br05|§ (43)’_ 'and n k‘,j(kd mice that Spontaneously develpg_ Patarca R, Freeman GJ, Singh RP, Wei FY, Durfee T, Blattner F,
tubulointerstitial nephritis (15). These studies, coupled with  Regnier DC, Kozak CA, Mock BA, Morse HC, Jerrells TR,
others showing that a subcutaneous injection of osteopontin cantor H: Structural and functional studies of the early T lym-
leads to a cellular infiltrate that is primarily composed of phocyte activation 1 (Eta-1) gene: Definition of a novel T cell-
macrophages (52), strongly suggest that osteopontin plays a dependent response associated with genetic resistance to bacte-
proinflammatory role by promoting the recruitment of macro-  rial infection.J Exp Med170: 145-161, 1989

phages to sites of tubulointerstitial injury in the kidney. Con-8. Kohri K, Nomura S, Kitamura Y, Nagata T, Yoshioka K, Iguchi
sistent with this hypothesis, neutralizing antibodies directed M. Yamate T, Umekawa T, Suzuki Y, Sinohara H, Kurita T:
against osteopontin blocked macrophage infiltration in a rat Structure and expression of the mMRNA encoding urinary stone
dermal inflammation model (40). Additionally, in a model of protein (osteopontin)) Biol Chem268: 1518015184, 1993
ureteral obstruction, osteopontin knockout mice demonstratega shiraga H, Min W, VanDusen WJ, Clayman MD, Miner D,

: ’ S . . Terrell CH, Sherbotie JR, Foreman JW, Przysiecki C, Neilson
decrease _'n r.enal macrOpth‘ge infiltrate and ar? |nc'rease In EG, Hoyer JR: Inhibition of calcium oxalate crystal growth in
tubular epithelial cell apoptosis when compared with wild-type  yitro by uropontin: Another member of the aspartic acid-rich
mice (48). protein superfamilyProc Natl Acad Sci USB9: 426430, 1992

In the present study, we demonstrate that osteopontini® Nomura S, Wills AJ, Edwards DR, Heath JK, Hogan BL: De-
constitutively expressed in a subset of the human distal velopmental expression of 2ar (osteopontin) and SPARC (os-
nephron. In addition, we show that osteopontin expression can teonectin) RNA as revealed by in situ hybridizatidnCell Biol
be seen to be locally upregulated in human kidneys at sites that 106: 441-450, 1988
exhibit interstitial inflammation and fibrosis. The extent oftl. Uede T, Katagiri Y, lizuka J, Murakami M: Osteopontin, a
expression of osteopontin in individual samples of renal cortex coordinator of host defense system: A cytokine or an extracel-
correlates to the degree of interstitial macrophage infiltrate, lular adhesive proteinklicrobiol Immunol41: 641-648, 1997
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g g prop p :

. . . . . tions. FASEB J7: 1475-1482, 1993
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serve as a proinflammatory stimulus by mediating nitric oxide 26238, 1995
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