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Background : Osteopontin (OPN) is a cytokine related to cell-matrix adhesion and cell sur-
vival and is expressed in the distal convoluted tubules in normal adult kidneys. Only one in
vitro study has investigated the role of OPN in mechanically stretched podocytes and their
actin cytoskeleton rearrangement. Methods : Glomerular OPN expression was investigated
in biopsies from patients with human idiopathic focal segmental glomerulosclerosis (FSGS)
(n = 25) and in normal renal biopsies (n = 16) by immunohistochemistry. Results : OPN was
expressed in the podocytes from patients with FSGS. OPN expression increased in podocytes
from both non-sclerotic hypertrophic and sclerotic glomerular tufts in patients with FSGS com-
pared to the podocytes in normal controls. Conclusions : The results suggest that OPN plays
a role in the early adaptive response of podocytes to the increased mechanical load caused
by glomerular hypertrophy preceding FSGS. OPN was involved in cell-matrix adhesion and
influenced the detachment delay of podocytes from the glomerular basement membrane and
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Osteopontin (OPN) is an arginine-glycine-aspartate (RGD)
containing phosphoprotein known as an early T cell activator-
1. OPN is a cytokine acting through avf3 and stimulates an
increase in bcl-2 activity and thereby opposes alternative sig-
nals that lead to an apoptotic response.'* As a cellular product,
OPN is capable of forming cell-cell and cell-matrix bridges via
its RGD sequence. The RGD sequence is an integrin binding
motif common to many extracellular matrix (ECM) proteins;
thus, OPN has also been classified as an ECM protein.

Endlich ez a/* reported that OPN pre-coating might con-
tribute to F-actin reorganization and the formation of radial
actin stress fibers in mechanically stretched podocytes, which
are involved in podocyte foot process attachment to the stretched
surface glomerular basement membrane that occurs in focal seg-
mental glomerulosclerosis (FSGS).! However, it is unclear which
OPN, the soluble cytokine type or matrix type, plays a role in
FSGS pathogenesis. Recent studies have provided evidence that
glomerular hypertrophy precedes podocyte detachment from
the glomerular basement membrane and that OPN mRNA
expression increases in the glomeruli of experimental hyperten-
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sive nephropathy models.* In human FSGS, OPN mRNA ex-
pression increases in glomeruli. OPN is not expressed in the
normal human adult glomeruli; however, it is expressed in the
distal convoluted tubules and thick ascending limbs of the loop
of Henle in the normal human adult kidney.” The goal of this
study was to investigate whether OPN is expressed in podocytes
in both non-sclerotic hypertrophic and sclerotic glomerular tufts
from patients with FSGS. Additionally, whether OPN is expre-
ssed in the podocytes of both glomeruli from patients with FSGS
and glomeruli from normal controls was evaluated. Finally, OPN
expression and the role it might play in the formation and pro-
gression of segmental glomerular sclerosis in human FSGS was
studied.

MATERIALS AND METHODS
Patients

Twenty-five patients with FSGS presented with clinical fea-
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tures of generalized edema and proteinuria from 2001 to 2006.
All 25 patients were diagnosed with idiopathic FSGS based on
the following criteria: absence of any other systemic diseases;
presence of FSGS morphological characteristics including glo-
merular hypertrophy, mesangial matrix expansion, and segmen-
tal sclerosis in the peri-hilar area or glomerular tip or any glo-
merular tuft; and absence of glomerular tuft collapse. Tests for
blood urea nitrogen (BUN) and serum creatinine concentra-
tions, as well as a urinalysis were performed using standard lab-
oratory procedures. Before the renal biopsy, each patient had a
24-hour urine collection for creatinine clearance (glomerular
filtration rate, GFR) and urinary protein excretion. Nephrotic-
range proteinuria was defined as proteinuria > 3.5 g/day. Renal
insufficiency was defined as a serum creatinine > 1.5 mg/dL or
as a GFR < 80 mL/min/1.73 m’. Normal controls were select-
ed from patients presenting for military service or employment
health screening. Sixteen biopsies had non-diagnostic abnor-
malities in patients who initially presented with an abnormal
routine urinalysis. One patient had mild proteinuria and 15 had
mild to moderate hematuria on the urinalysis; all had a 24-hour

urine anlaysis.
Tissue processing and immunohistochemistry

A portion of the tissue was placed in 10% phosphate buffered
formalin fixative for more than 12 hours, washed in tap water,
and embedded in paraffin. Up to three sections were cut in se-
quence and two or more sections were placed on each slide. Im-
munohistochemistry was performed on 25 formalin-fixed paraf-
fin-embedded renal biopsy specimens from patients with FSGS
and 16 normal controls. The technical control used from the
nephrectomy tissues was obtained, as described previously, using
an anti-OPN antibody.

Briefly, each serial 3 um paraffin section underwent deparaf-
finization and was rehydrated in serial ethanol solutions. The
tissue sections were immersed in methanol containing 0.3%
H:0, for 30 minutes to block endogenous peroxidase activity.
Before the sections were exposed to the antibodies, they were
incubated in 0.1 N citrate buffer to retrieve the unmasked anti-
gens and placed in a microwave at 600 W for 3-5 minutes. An
anti-OPN mouse anti-human monoclonal antibody was used
(1 : 400, American Research Products, Inc., Belmont, MA,
USA). The podocytes were identified with a mouse monoclonal
antibody against synaptopodin (1 : 200, Progen Biotechnik
GmbH, Heidelberg, Germany). Detection was conducted with
Vectastatin ABC Elite kits, and/or with Vectastatin ABC AP
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kit (Vector Laboratories, Burlingame, CA, USA) for double
stain. Next, the sections were labeled with 3,3 ’-diaminobenzi-
dine tetrahydrochloride (DAB; DakoCytomation, Glostrup,
Denmark) for 1 minute, or with 5-bromo-4-chloro-3-indolyl
phosphate/nitroblue tetrazolium (NBT/BCIP, Vector Laborato-
ries) for 5 minutes and then counter stained with 1% Mayer’s
hematoxylin.

Evaluation of immunohistochemistry and morphometric
analysis

To quantify glomerular OPN expression, the number of OPN-
positive podocytes was counted per glomerulus, and the mean
positive OPN podocyte number per glomerulus of each case
was calculated [Ny veo]. The glomerular density was deter-
mined using light microscopic sections at an magnification of
x 400 using the BA210 Digital Microscope Based Slide Scan-
ning System with image analyzing software Digilab 2.0 (Shin-
han Scientific Co., Ltd., Seoul, Korea; Motic Incorporation Ltd.,
Xiamen, China). The maximal planar area of each glomerulus
[Agom] could be measured by tracing each glomerulus on serial
sections. The mean glomerular tuft volume (MGV) could be
then calculated from MGV = [Agom]” X 1.38/1.01, as described
previously.” The number of OPN-positive podocytes was calcu-
lated [Noorx oveol, and the glomerular area [Agom] was evaluated
in each patient with FSGS and in the normal controls. The mean
number of OPN-positive podocytes per each glomerular area
[Noor evio/Agom] Was calculated to quantify the density of OPN-
positive podocytes per glomerulus.

Statistical analysis

The data were expressed as the mean + standard deviation.
Continuous and non-continuous values were compared between
the two groups with the student’s t-test and x” test. A p-value
< 0.05 was considered significant.

RESULTS
Clinical features of patients with FSGS and normal controls

The ages of the patients with FSGS ranged from 19 to 79
years (44.4 = 15.6), and the normal controls ages ranged from
19 to 59 years (38.3 £ 13.6) (Table 1). Thirteen men and ten

women were included in the former group, and ten men and
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Table 1. Clinical characteristics of patients with focal segmental glomerulosclerosis and normal controls

Variable FSGS NC p-value
No. of cases 25 16
Age (yr) 44.4 + 156 (19-79) 38.3 = 13.6 (19-59) 0.333
Gender
Males 13 10 0.540*
Females 12 6
Biochemistry
BUN (mg/dL) 19.3 + 12.9(1.3-137.8) 13.3 + 3.2(8.5-17.0) 0.039
sCr (mg/dL) 1.4 £ 0.7(0.5-8.49) 0.8 £ 0.2(0.5-0.92) 0.005
Urinalysis
Proteinuria positive 25 1 0.000*
negative 0 15
Hematuria positive 11 12 0.063*
negative 14 4
24-hour-urinalysis 16 13
24 urine volume 2,009.7 + 1,225.4 (890-510) 1,327.1 £ 721.2 (490-2,500) 0.156
GFR (mL/min/1.73 m?) 88.7 + 52.8 (5-298) 107.4 + 29.2 (65-153) 0.755
Protein excretion (mg/day) 3,666.2 + 3,403.9 (104.0-7148.3) 126.3 + 264.9 (1.0-222.0) 0.000

p-values are evaluated by student’s t-test or by *x* test.

FSGS, focal segmental glomerulosclerosis; NC, normal controls; BUN, blood urea nitrogen; sCr, serum creatinine; GFR, glomerular filtration rate.

six women were in the latter group. The serum BUN (19.3 +
12.9 mg/dL vs 13.3 = 3.2 mg/dL) and creatinine (1.4 £ 0.7
mg/dL vs 0.8 £ 0.2 mg/dL) levels were significantly higher in
the patients with FSGS than in the normal controls (p < 0.05).
Heavy proteinuria was present in all 25 patients with FSGS at
the time of biopsy (p < 0.01). Among the normal controls, one
patient with mild proteinuria had a serum BUN (20.0 mg/dL)
and creatinine (1.3 mg/dL) that were slightly elevated; howev-
er, after several weeks of follow-up the serum levels of BUN and
creatinine, including the proteinuria and hematuria, returned
to normal following a urinalysis, and the renal biopsy findings
were similar to the other controls. The mean amount of protein-
uria in the FSGS group was larger than in the control group
(3,666.2 £ 3,403.9 mg/day vs 126.3 £ 264.9 mg/day, p <
0.01). The mean GFR tended to be less in the FSGS group than
the control group (88.7 £ 52.8 mL/min/1.73 m? vs 107.4 +
29.2 mL/min/1.73 m?); however, these differences were not sig-
nificant.

Morphometric analysis data and OPN expression features
in the patients with FSGS

The mean glomerular area [Awm] increased in the patients
with FSGS compared with the normal controls ([17.30 + 4.57]
X 10° um? vs [12.49 £ 2.58] x 10° um?, p < 0.01). The mean
volume of glomeruli [Viuom] increased in the patients with FSGS
compared to the normal controls ([3.19 & 1.24] X 10°um’ vs
[1.94 £ 0.60] x 10°um’, p < 0.01) (Table 2). OPN expression

Table 2. Osteopontin expression in podocytes from patients with
focal segmental glomerulosclerosis and normal controls

FSGS NC p-value
Mean Nigom 7.08 £5.27 17.00 £9.31  0.001247
Mean Agom (X 10°um?) 17.30 £ 4.57 1249 =258  0.000165
Mean Vigon (X 10°um?®)  3.19 £ 1.24 194 £ 060 0.000158
Mean Nioen'avec) 9.90 £+ 4.99 0.45 £ 0.57  0.000000
Mean N(OPN*GVEC)/A(g\om) 618.10 + 370.38 37.10 = 46.91 0.000000

(x 10%urm?)

p-values are evaluated by student’s t-test.

FSGS, focal segmental glomerulosclerosis; NC, normal controls; Ngorm,
number of glomeruli; Niosn"evee), NUMber of osteopontin positive podo-
cytes per glomerulus; Agen, area of glomeruli; Vigan, volume of glomeruli;
Niorn"avee)/Agom, NUMber of osteopontin positive podocytes per glomeru-
lar area.

was localized in the podocytes in patients with FSGS. OPN ex-
pression increased in the podocytes from both hypertrophic non-
sclerotic and segmentally sclerotic glomerular tufts. OPN expre-
ssion also increased in a few podocytes from globally sclerotic
glomeruli in patients with FSGS compared to the podocytes in
normal controls (Fig. 1A-D). OPN expression was scarcely obser-
ved in any other glomerular cells from patients with FSGS, except
for a few monocytes trapped in the glomerular capillary lumen
and attenuated glomerular parietal epithelial cells (data not sh-
own). OPN expression was frequently noted in the distal con-
voluted tubules with luminal dilation adjacent to the age-relat-
ed globally sclerotic glomeruli. Synaptopodin was expressed
along the glomerular capillary tufts from the non-sclerotic hy-
pertrophic glomeruli but not along the segmentally sclerotic
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Fig. 1. Immunohistochemistry of osteopontin (OPN) expression in glomeruli from patients with focal segmental glomerulosclerosis (FSGS)
(A-C) compared to normal controls (D). (A) A hypertrophic, non-sclerotic glomerulus showing many podocytes expressing OPN (arrows).
(B) A segmentally sclerotic glomerular tuft (SS) showing few podocytes expressing OPN (arrowheads), and non-sclerotic glomerular tufts
showing many podocytes expressing OPN (arrows). (C) A globally sclerotic glomerulus (GS) showing few podocytes expressing OPN
(arrows). (D) A normal glomerulus from the normal controls showing no OPN expression. Double immunohistochemical staining for synap-
topodin (DAB)-OPN (NBT/BCIP) expression in glomeruli from patients with FSGS (E, F). (E) A hypertrophic non-sclerotic glomerulus show-
ing complete synaptopodin expression along the capillary tufts and many podocytes expressing OPN (arrows). (F) SS showing few podo-
cytes with synaptopodin loss (arrowheads) and non-sclerotic glomerular tufts showing many podocytes expressing OPN (arrows).
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glomerular capillary tufts in patients with FSGS (Fig. 1E, F).

DISCUSSION

Segmental glomerular sclerosis is a key pathological feature
of human idiopathic FSGS.’ Non-sclerotic hypertrophic glome-
rular tufts provide a morphological clue suggesting the progres-
sion of segmental glomerular sclerosis.”’ The detachment of
podocytes (urinary shedding) from the glomerular basement
membrane plays a key role in FSGS progression. However, it is
still unclear how many podocytes must lose their attachment
to the glomerular basement membrane to induce segmental
glomerular sclerosis in an individual glomerulus."! Wiggins'
suggested that more than a 20% podocyte loss results in seg-
mental glomerular tuft scarring.

In this study, the mean number of glomeruli [Nion] in pati-
ents with FSGS was significantly lower than that of normal con-
trols. This difference was not caused by technical problems but
was due to tubulointerstitial attenuation. The mean glomerular
area and volume [mean Agom] [mean Vi) increased signifi-
cantly in patients with FSGS compared to those in normal con-
trols, as described previously (p < 0.01) (Table 2)."” However,
the morphometric analysis had technical problems regarding
the counts of the podocyte area and volume. In normal glome-
ruli, the morphological features of podocytes showed that they
wete tightly attached to the glomerular basement membrane.
Under pathological conditions, slightly detached podocytes with
podocyte foot process effacement and their morphological fea-
tures could be easily mistaken for podocyte hypertrophy. In this
study, we did not evaluate the mean area and volume of podo-
cytes in patients with FSGS in normal controls.

Therefore, the molecular markers for non-sclerotic glomeru-
lar tufts restricted to the effects of FSGS progression might pro-
vide more significant clinical prognostic clues rather than count-
ing podocyte loss. Recently, Bennett ez /. reported that OPN
was highly expressed at the mRNA level in the glomeruli of
patients with FSGS; however, OPN expression was not local-
ized to specific glomerular cells. The present study demonstrat-
ed that OPN expression was localized in the podocytes from
hypertrophic non-sclerotic glomeruli in patients with FSGS
(Fig. 1). Additionally, the number of OPN positive podocytes
per glomerular area [Norx ovee/Agom] increased in patients with
FSGS compared to normal controls (p < 0.01) (Table 2).

It is still unknown whether OPN expression represents an
adaptive process or a process associated with decompensation.

Ghil Suk Yoon - Tae Sook Kim

Endlich ef #/.** demonstrated that podocytes are mechanosensi-
tive and easily from mechanical stretch-induced radial actin
stress fibers, which are similar to podocyte actin cytoskeleton
rearrangements in response to glomerular capillary hyperten-
sion." An in vitro study showed that OPN is the most signifi-
cantly up-regulated gene in podocytes, in response to mechani-
cal stretch.* A few in vivo studies have shown that OPN is high-
ly expressed at the protein and mRNA levels, in the glomeruli
of an experimental spontaneous renal hypertension model.’ In
this study, OPN expression was frequently noted in non-scle-
rotic hypertrophic glomerular tufts rather than in sclerotic glo-
merular tufts. Furthermore, OPN expression also increased in
the podocytes from glomeruli in patients with FSGS compared
to the podocytes in normal controls (Fig. 1). An OPN-integrin
interaction induces cell-matrix adhesion, and OPN expression
is more reliable as an early “adaptive” adhesive process before
mechanical stretch-induced podocyte foot process detachment
in vitro.®

OPN is an acidic 70 kD glycoprotein, which yields 24 and
45 fragments.”” OPN is thought to bind primarily to avB3 inte-
grin heterodimers through its RGD sequence; however, other
OPN receptors have been described. The integrin heterodimers
avBl, avB3, and avB> have affinity for the OPN RGD motif,
and OPN contains a cryptic binding sequence (SVVYGLR) rec-
ognized by the 981 and a4B1 integrin heterodimers."® Injury
derived intracellular Ca** signaling may regulate cell adhesion
through OPN-integrin interaction'” and increased soluble inte-
grins regulate intracellular Ca* influx."® Mechanical stretch-
induced intracellular Ca* influx in podocytes may be capable
of responding to changes in glomerular capillary pressure."
Moreover, OPN is also capable of binding the CD44 cell sur-
face proteoglycan. However, standard or variant CD44 expres-
sion was not found in any of the glomerular cells in normal con-
trols in a previous study (data not shown).” A few human and
animal studies have reported that parietal epithelial cells express-
ing OPN-CD44 contribute to cellular crescent formation.”"*
The autocrine occupation of CD44 by its ligand OPN, induces
the loosening of cell-matrix adhesion and contributes to the cel-
lular migration via Rho family GTPase and Racl activation.”

OPN expression increases in the parietal epithelial cells aro-
und sclerotic glomerular tufts from the early to late phases in
an adriamycin-induced experimental model.” However, in this
study, OPN expression increased mainly in the glomerular vis-
ceral epithelial cells and scarcely in the attenuated glomerular
parietal epithelial cells around the hypertrophic glomerular tufts
in patients with idiopathic FSGS, which results from an enlarged
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Bowman'’s capsule (data not shown). Additionally, parietal pro-
genitor epithelial cell hyperplasia with collapsing glomerulopa-
thy has been reported® but not with perihilar sclerotic FSGS or
glomerular tip lesions in humans; the glomeruli are not related
to an animal model of spontaneous glomerular hypertension.®

OPN expression is enhanced in the atrophic or attenuated
distal tubules and thick loops of Henle in normal adult kidney
compared to that in normal childhood kidney.”® After long-term
treatment with cyclosporine A, OPN is expressed in the tubular
epithelial cells in humans and in experimental models.”” How-
ever, cyclosporine A-induced podocyte injury is not initiated
by mechanical stretch but by cytoskeletal remodeling.** OPN
expression is due, in part, to the adaptive process to mechanical
stretch; however, another portion of OPN exptession is due to
hypoxic injury in age-related peritubular capillary damage in-
duced tubulointerstitial disease.” Furthermore, we have also
observed OPN expression in the dilated distal tubules from sur-
gically resected kidney specimens.”

In this study, OPN was strongly expressed in podocytes from
the non-sclerotic hypertrophic glomerular tufts in patients with
FSGS compared to the podocytes in normal controls. These re-
sults suggest that OPN might contribute to an early podocyte
response to the mechanical stress caused by glomerular hyper-
trophy preceding FSGS. These results also suggest that OPN
might contribute to the increase in transient survival of podo-
cytes before detachment and podocyte migration to the denud-
ed glomerular basement membrane surface.
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